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Abstract—Quantitative structure—activity relationship (QSAR) models are useful in understanding how chemical structure relates to
the biological activity of natural and synthetic chemicals and for design of newer and better therapeutics. In the present study, 46
flavonoids and related polyphenols were evaluated for direct/indirect antioxidant activity in three different assay systems of increas-
ing complexity (chemical, enzymatic, and intact phagocytes). Based on these data, two different QSAR models were developed using
(1) physicochemical and structural (PC&S) descriptors to generate multiparameter partial least squares (PLS) regression equations
derived from optimized molecular structures of the tested compounds and (ii) a partial 3D comparison of the 46 compounds with
local fingerprints obtained from fragments of the molecules by the frontal polygon (FP) method. We obtained much higher QSAR
correlation coefficients (r) for flavonoid end-point antioxidant activity in all three assay systems using the FP method (0.966, 0.948,
and 0.965 for datasets evaluated in the biochemical, enzymatic, and whole cell assay systems, respectively). Furthermore, high leave-
one-out cross-validation coefficients (qz) of 0.907, 0.821, and 0.897 for these datasets, respectively, indicated enhanced predictive
ability and robustness of the model. Using the FP method, structural fragments (submolecules) responsible for the end-point anti-
oxidant activity in the three assay systems were also identified. To our knowledge, this is the first QSAR model derived for descrip-
tion of flavonoid direct/indirect antioxidant effects in a cellular system, and this model could form the basis for further drug
development of flavonoid-like antioxidant compounds with therapeutic potential.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Flavonoids are widely distributed across the plant king-
dom and represent the most abundant antioxidants in
the diet.""> These compounds have gained tremendous
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interest as potential therapeutic agents against a wide
variety of diseases, most of which involve oxidant
damage.? The unusually wide pharmacological spectrum
of flavonoids was originally thought to result from their
antioxidant activity; however, recent studies suggest
various flavonoids may utilize other protective mecha-
nisms as well.>* Flavonoids can scavenge a wide range
of reactive oxygen species (ROS) and can inhibit lipid
peroxidation.# In biological organisms, ROS are gener-
ated by a number of enzymatic systems (reviewed in>),
and inhibition of these enzymes or down-regulation of
their intracellular expression and activity has also been
proposed to be a important mechanism of flavonoid
‘antioxidant’ effects.” 1% Thus, the term antioxidant has
been defined in a broader sense as any substance that
directly scavenges ROS or indirectly acts to upregulate
antioxidant defenses or inhibit ROS production.!!

A number of studies suggest flavonoids have anti-in-
flammatory action via their ability to modulate ROS
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production by phagocytic leukocytes.”-*!> Phagocytes
can generate high levels of ROS at sites of inflammation,
which contributes to local tissue injury and can lead to
the development of chronic inflammatory condi-
tions.'3!* Thus, the identification of new compounds
that are able to down-regulate phagocyte ROS produc-
tion has been of great interest.!? Indeed, flavonoids have
been shown to inhibit a variety of enzymes involved in
phagocyte signaling and ROS production.”-*!5-22 Flavo-
noids utilize a diverse array of antioxidant and non-an-
tioxidant mechanisms, making it difficult to develop
quantitative structure—activity relationship (QSAR)
models of flavonoid molecules that accurately predict
end-point inhibitory effects on ROS production in enzy-
matic and cell-based systems. Nevertheless, such a
QSAR model would be an extremely useful tool for
the development of novel flavonoid-based antioxidants
and anti-inflammatory agents.??

Although structure—activity relationship (SAR) analysis
has been reported for various flavonoid antioxidant and
antiradical activities (e.g., see Refs. 24-27), only a few
QSAR models have been developed.?® 32 Most of these
models are limited in scope, however, correlating to only
a few molecular parameters and/or limited to structural-
ly related flavonoids. Since different moieties of the fla-
vonoid scaffold are likely responsible for antiradical
activity and inhibition of ROS production in enzymatic
and whole cell systems,®33 we suggest subdivision of the
flavonoid molecule into submolecular fragments could
potentially be a more informative approach in QSAR
modeling. In addition, an indirect approach would be
preferable for QSAR modeling of drug effects in com-
plex systems (enzymatic systems, cells, and organisms),
since this type of approach allows for modeling when
an exact structure of the biological target is not known.

QSAR models utilizing a flexible docking approach have
been shown to be highly efficient in the description of li-
gand-receptor interactions.** Alternatively, approaches
utilizing ligand-based 3D-QSAR principles are required
when detailed receptor structure is not available. These
methods rely on pair-wise comparison of molecular spa-
tial structures within a dataset or their superimposition
on a template molecule;3> however, the problems of con-
formational flexibility and structural diversity are signif-
icant in performing structure comparisons when a
dataset includes molecules from different chemical clas-
ses. Although several approaches for resolving these
problems have been suggested,®37 there are still difficul-
ties in defining optimal orientation and/or conformation
of a compound with respect to a given template.

In the present studies, we developed an indirect, inte-
grated QSAR model to predict end-point antioxidant
activity of flavonoids in chemical, enzymatic, and cell-
based systems. Comparison with an independent model
that was based on physicochemical and structural
(PC&S) molecular descriptors showed the indirect
QSAR approach provides a relatively accurate model
to evaluate antioxidant activities of flavonoid com-
pounds. Thus, this approach could be further developed
for de novo design of novel polyphenol compounds.

2. Results and discussion

2.1. End-point antioxidant activity of polyphenols in
chemical, enzymatic, and cellular systems

The set of 46 flavonoid and polyphenol compounds used
in this study (indicated as compounds 1-46) included
three main classes of flavonoids: flavones (34 com-
pounds), flavanones (5 compounds), and isoflavones (2
compounds) (structures shown in Tables 1 and 2). These
compounds were assessed for direct/indirect antioxidant
activity in three different systems of increasing complex-
ity (chemical, enzymatic, and intact cells). Consequently,
end-point antioxidant activity was detected, regardless
of whether the polyphenol exerted its effect on the radi-
cal itself or, in the case of the enzymatic and cellular sys-
tems, on the radical-generating system. As shown in
Tables 1 and 2, the various flavonoid compounds exhib-
ited different levels of activity in each system; however,
there was little difference in the order of effectiveness
of the compounds in the chemical and enzymatic test-
systems. Flavones 1 and 2 were the most potent free
radical scavengers, with DPPH radical scavenging
activity ICys < 1 uM. Flavone 2 was the most potent
antioxidant in the X/XO system as well. Flavones 1
and 29-31 were insoluble in aqueous buffers and could
not be evaluated in the enzymatic and cellular systems.

The majority of compounds (84.2%) with antioxidant
activity in the X/XO system were also active in the
DPPH system, and a relatively strong linear correlation
(r=0.817, n=13) was obtained by plotting the loga-
rithms of these activities, with the exception of 2 outliers
(compounds 6 and 18) (Fig. 1A). To account for inactive
compounds, we plotted the reciprocal values of IC,s
(1/IC55), where inactive compounds were assigned a val-
ue of 0, and obtained an even stronger linear correlation
without any outliers (+ = 0.920, n = 33) (Fig. 1B). The
point corresponding to compound 2 in this case lies
far from the group of other points, so the correlation
coefficient may be somewhat overestimated. Neverthe-
less, without this point we still obtained a relatively high
correlation [r = 0.788 (n = 32)]. In support of these data,
a positive relationship between DPPH radical scaveng-
ing activity and inhibition of superoxide anion (O, )
production in the X/XO system was reported previously
for several flavonoids.?®3° However, the antioxidant
effect of flavonoids in the X/XO system can result from
the combined effects of O, scavenging and XO inhibi-
tion.%2* Thus, the mechanisms involved in flavonoid
antioxidant effects in the X/XO system are difficult to
define when there is close efficacy for radical scavenging
and enzyme inhibition.*! Indeed, flavones have been
proposed to act in their anionic form as electron donors
in a charge-transfer mechanism with XO** and could,
thereby, be undergoing redox cycling.

All of the water-soluble compounds tested (2-28, 32-46)
exhibited end-point antioxidant activity in the BM
leukocyte system, with a broad range of activity (IC,s
values 0.5 nM < IC,5 < 5.6 pM) (Tables 1 and 2). Flav-
ones 2, 10, and 11 were the most potent compounds,
with 1C,5 <2 nM. However, in contrast to the X/XO
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Table 1. Structure and antioxidant activity of the flavones and flavanones tested

3

Flavones 1-34

Flavanones 35-39

N Substituents at carbon position DPPH ICys, uM X/XO ICys5, uM BM cells 1C,5, nM
C-ring A-ring B-ring
3 5 6 7 8 2/ 3’ 4/ 5!
1 H H H H H OH OH H H 0.5 Ins. Ins.
2 OH H H H H H OH OH H 0.7 0.68 1.75
3 OH H H H H H OH H H N.A. N.A. 240
4 OH OH H OH OGlu H OH OH H 43 6.4 67.5
5 OH OH H OH H H H OH H 22.6 N.A. 4.0
6 OH H H OH H H H OH H 4.1 48.0 23.0
7 H H H H H H OMe OH H N.A. N.A. 14.5
8 H OMe H H H H H OH H N.A. N.A. 1270
9 H OH H OH H OH H H H N.A. N.A. 5.7
10 H H H OH OH OH H H H 2.1 1.2 0.52
1 H H H OH OH H OH H H 2.7 2.4 0.8
12 OMe H H OH H H H H H N.A. N.A. 1050
13 H H H OMe OH H H H H N.A. N.A. 3.1
14 H OH H OH H H H OMe H N.A. 16.3 1180
15 H OH H OH H H H OH H N.A. N.A. 113
16 H OH H O-R, H H H OH H N.D. 7.2 201
17 H OH OH OH H H H H H 1.5 2.6 104
18 H OH OH OGlu H H H H H 6.4 18.9 2.0
19 H OH H OR, H H OH OMe H N.A. N.A. 70
20 OH H H OH H H OH OH H 7.9 2.7 31
21 OH OH H OH H H H H H 86.4 N.A. 43
22 OH OH H OH H H OH OH OH 4138 6.8 5.2
23 OH OH H OH H H OH OH H 8.1 3.0 3.5
24 H OH H OH H H OH OH H 12.1 6.9 13.7
25 H OH H OGlu H H OH OH H 2.0 2.9 44
26 H OH H OGlu= H H H OMe H N.A. N.A. 1930
27 OMe OH H OH H H OH OH H 5.9 3.6 58
28 OR, OH H OH H H OH OH H 12.2 4.5 33
29 OH H OH H H H H OH H 4.5 Ins. Ins.
30 H OH H H H H OH OH H 1.5 Ins. Ins.
31 OH H Me H H H OMe OMe H 89 Ins. Ins.
32 OH H H H H OMe H H H N.A. Ins. 49
33 H OH H OMe H H H H H N.A. N.A. 160
34 H OH H OH H H H H H N.A. N.A. 4480
353 H H H H H OH H H H N.A. N.A. 5620
36 H H H H H H H OH H N.A. N.A. 3300
37 H OH H OR, H H OH OMe H N.A. N.A. 38
33 H OH H OH H H H OH H N.A. N.A. 551
39 H OH H OH H H OH OMe H 83 N.A. 647

R, neohesperidoside, R,, rhamnose—glucose; OH groups with the lowest O-H bond dissociation energy are shown in bold (*for compound 26, the
lowest dissociation energy obtained was for the OH group from CH,OH of the carbohydrate residue). N.A., not active; N.D., not determined; Ins.,

compound was insoluble in the assay buffer.

system, the linear correlation was rather low (r = 0.444,
n =39) when comparing logarithm values of antioxi-
dant activity in the DPPH radical and whole cell sys-
tems (Fig. 1C). One possible explanation for the low
correlation is that a number of inactive compounds in
the DPPH radical system were active in the whole cell
system. Indeed, plotting these activities as reciprocal
values split the compounds into two groups
(Fig. 1D). One group had, in general, high DPPH rad-

ical scavenging activity (r=0.940, n=12), and the
other group included, for the most part, low-activity
and inactive DPPH radical scavengers (r = 0.975,
n =27). Note, however, that 10 of the 23 active poly-
phenols (43.5%) had very high antioxidant activity in
this cell system (0.5 nM <IC,5 <6 nM) and were far
more effective than similar and/or related flavonoids
used to inhibit agonist-stimulated ROS production by
neutrophils,19-33-4344
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Table 2. Structure and antioxidant activity of the isoflavones and other polyphenols tested

N Structure DPPH IC,s, uM X/XO 1Cys, uM BM cells 1C,5, nM
40" 0 o N.D. N.A. 105
Glu ‘ |
OH O O o CHs
HO o
|
41 O O N.A. N.A. 33
OH O _CH
O 3
Ho O
o . O OH
42 61.4 7.7 140
HO H
HSC,o O OH
ou
HO. O .
43 OH 33.3 45.8 168
OH
OH O OH
44 N.A. N.A. 300
HO HO OH
HO
45 O \ 349 N.A. 70
[ on
HO
OH
HO.
46 O‘ N.D. 16.2 14

o=

Ha

OH groups with the lowest O—H bond dissociation energy are shown in bold (* for compound 40, the lowest dissociation energy obtained was for the
OH group from CH,OH of the carbohydrate residue). N.A., not active; N.D., not determined.

2.2. QSAR modeling

Based on relative antioxidant activity in each assay sys-
tem, the compounds were grouped into three sets, desig-
nated as the DPPH, X/XO, and BM sets, respectively.
The DPPH set consisted of 23 DPPH radical scavengers
1, 2, 4-6, 10, 11, 17, 18, 20-25, 27-31, 42, 43, and 45).
The X/XO set included 19 compounds with the ability to
scavenge and/or inhibit O, generation in the X/XO
system (compounds 2, 4, 6, 10, 11, 14, 16-18, 20, 22—
25,27, 28, 38, 42, and 46). Finally, the BM set was com-
prised of 42 scavengers and/or inhibitors of ROS
production by BM leukocytes (2-28 and 32-46).

Two types of QSAR approaches were utilized for char-
acterization and analysis of relationship between poly-
phenol structures and their antioxidant activities. One
approach used ‘classical’ physicochemical and quan-
tum-mechanical characteristics calculated by the semi-
empirical PM3 method (AAHg, S, V, Epyar, logP, R,
Pe» Enomo, ELumo) together with integer variables ob-
tained directly from structural formulae (N, Ng, Nc,
NBa, NBg, Nou, Npy:) (see Section 4). These descrip-

tors, which are shown in Supplementary Data Table
S1, contain information about the whole molecule and
have been applied previously to QSAR analysis of other
flavonoid series.?®:31:45-50 The second approach utilized
the frontal polygon (FP) method and is based on the
principles of local 3D similarity between molecules®!
and has been used previously to successfully develop
QSAR models describing the biological activities of nit-
roazoles,>”> cytochrome P450 inducers,>® and CXCR2
inhibitors.>* This method is based on determining local
fingerprints obtained from rigid and flexible fragments
of molecules and uses both geometric and physicochem-
ical parameters of molecular recognition and overcomes
problems associated with heterogeneity of target
molecules. In addition, the FP method allows one to
derive QSAR for a variety of diverse molecules. For
comparison, the characteristics derived for both models
are summarized in Table 3, with FP models exhibiting
the best correlation or predictive ability indicated in
bold. Note that the highest quality QSAR models were
derived by the FP method, with a significantly lower
number of latent variables (H) than those obtained
with PC&S descriptors (Table 3). Five variables were
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Figure 1. Correlation of end-point antioxidant activity in the DPPH, X/XO, and BM phagocyte assay systems. (A and B) Plots of polyphenol DPPH
radical scavenging activity versus antioxidant effects in the X/XO system. (C and D) Plots of polyphenol DPPH radical scavenging activity versus
antioxidant effects in the BM cell system. Activities are represented as logarithm (logICss) (A and C) and inverse (1/IC,s) values (B and D).
Compounds 6 and 18 were omitted from the regression calculation in (A) and are shown as outliers.

Table 3. Characteristics of the PC&S and FP QSAR models

2

Test-system QSAR model H K, K r q Pinp
DPPH radical PC&S 9 — 0.332 0.889 0.760 0.999
FP 5 0.1 0.294 0.934 0.775 0.892
0.2 0.212 0.966 0.907 0.955
0.3 0.211 0.967 0.888 0.982
X/XO PC&S 7 — 0.289 0.789 0.522 0.999
FP 5 0.1 0.181 0.945 0.801 0.928
0.2 0.185 0.942 0.791 0.968
0.3 0.176 0.948 0.821 0.988
0.4 0.234 0.906 0.303 0.994
BM cells PC&S 11 — 0.656 0.781 0.587 0.999
FP 8 0.1 0.423 0.932 0.802 0.931
0.2 0.305 0.965 0.897 0.959
0.3 0.438 0.927 0.792 0.979

Ky, threshold of the optimality criterion Eq. 9; s, standard deviation of approximation by a QSAR model; Py, part of the information contained in
initial variables (descriptors) and accounted for by H latent variables. Characteristics of the optimal QSAR models are indicated in bold.

sufficient to attain hlgh values of r and reasonable predic-
tive ability expressed in terms of ¢> for the DPPH and
X/XO sets, whereas 9- and 7-dimensional space of
orthogonal regressors were necessary for the PC&S mod-
els of these datasets, respectively. For the larger BM cell
set, 8 variables were used in the FP method, as compared
to 11 regressors for the PC&S descriptor approach. The
number of latent variables in all the cases was chosen

based on r and ¢?, and further increases of H did not lead
to significant improvement of these coeflicients.

To evaluate the PC&S and optimal FP models
described in Table 3, we compared experimental pICy; (exp)
w1th the calculated pIC25 and cross- Vahdated
pICY“Y values for polyphenol antioxidant act1v1ty (Table
4), and corresponding plots of pIngred) versus pIC: (exp
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Table 4. Experimental, calculated, and cross-validated activities of polyphenols in the DPPH, X/XO, and BM systems

N DPPH system X/XO system BM cells
PC&S model FP model PC&S model FP model PC&S model FP model

pICEY  pICY, pICRY pICy) pIc™Y pICt pICYY pICE pICY pIC) pIC? pICY pICE* pICY pICE*)
1 028 0.30  0.36 022 021
2 016 —0.51 -0.58 0.02 —0.01 0.17 -044 -0.54 0.16  0.15 -0.24 -1.19 -1.22 -0.17 -0.16
3 -238 —1.90 —-1.90 —2.44 -245
4 -0.63 —0.85 —0.85 —0.88 —0.95 -0.81 —0.80 —0.80 -0.88 —0.89 -1.83  -0.89 -0.87 —-1.50 —-145
5 -135 -1.16 -1.15 —1.46 -1.48 -0.60 —0.78 —0.77 —0.67 —0.68
6 —0.61 —1.00 -1.01 -0.75 —-0.77 —-1.68 —1.02 —0.90 —1.58 —1.43 -136 —093 -0.91 —-1.35 —-1.35
7 -1.16 —1.86 —1.88 —1.58 —1.67
8 -3.10 -223 -221 -3.19 -3.21
9 -0.76 —1.95 -1.98 -0.94 -0.97
10 -0.32 0.16  0.20 —0.15 -0.12 -0.08 0.05 0.13 -0.32 -0.34 028 —0.44 -043 0.62 0.78
11 -043 —-044 —-044 -0.51 —0.53 -0.38 —0.40 -0.39 -0.22 -0.20 0.10 —-0.94 -0.97 -0.28 —0.38
12 -3.02 -2.68 -2.69 -2.83 -2.81
13 -049 —-1.52 —-1.55 —0.61 —0.62
14 -1.21 -1.34 -1.37 -1.17 -1.17 -3.07 -2.68 -2.69 -3.16 -3.17
15 -2.05 —196 -1.96 —2.51 -2.56
16 -0.86 —0.81 —0.81 —-1.06 —-1.09 -230 —-2.58 -2.60 —241 -245
17 -0.18 —0.57 —0.60 -0.36 —0.38 -0.41 -0.71 -0.73 —0.47 -0.48 —1.02 0.27  0.33 —1.60 —1.67
18 -0.81 —-0.78 —0.78 —-0.91 -0.93 -1.28 —1.11 -1.11 -1.24 -1.19 -0.30 —0.38 —0.35 -0.37 -0.38
19 —-1.85 —1.66 —1.66 -1.58 —-1.54
20 -090 —0.62 —0.61 —0.69 —0.69 -0.43 —-0.56 —0.56 —0.73 —0.80 —-1.49 -0.56 —0.53 -1.31 -1.29
21 —-194 —-1.63 -1.62 —1.67 —1.58 -0.63 —-1.72 -1.76 —-1.09 -1.15
22 162 —-091 -0.86 —1.57 —1.55 -0.83 —0.53 -0.52 -0.73 -0.72 -0.72 —-0.73 —-0.71 -0.42 -0.25
23 —091 —-1.26 -1.28 —1.05 —1.06 -0.48 —-0.99 -1.02 -0.36 —0.35 -0.54 -0.89 —0.88 —0.44 -0.42
24 -1.08 —086 —0.85 —0.69 —0.66 -0.84 —0.56 —0.54 -0.51 —-0.49 -1.13  —-1.26 -1.25 —-1.20 -1.20
25 —-030 —0.68 —0.70 —0.44 -0.46 -0.46 —-0.53 —0.53 -0.62 —0.63 -0.64 —1.11 -1.11 —0.81 —0.83
26 -329 244 242 -3.07 -3.00
27 —-0.77 —-123 -1.25 —-1.07 -1.09 -0.56 —0.34 —0.32 —0.55 -0.55 -1.76  —1.17 -1.16 —-1.39 —-1.36
28 —-1.09 —0.81 -0.80 -0.73 —0.67 -0.65 —-0.78 —0.78 —0.55 —0.54 -1.52  —1.51 -1.51 —-1.53 —-1.53
29 —0.65 —0.65 —0.65 —0.57 -0.55
30 —-0.18 —0.06 —0.04 —0.03 —0.02
31 -195 172 -1.71 —-1.89 —-1.80
32 -1.69 —-1.70 —-1.70 -1.10 -0.94
33 —-220 244 -245 —2.55 -2.61
34 -3.65 224 -2.16 -291 -2.83
35 -375 =296 -2.96 —3.66 —3.62
36 -352 =319 -3.23 —3.54 -3.55
37 —-1.58 -2.06 -2.07 —-1.73 -1.77
38 —-1.46 —-147 -1.52 —1.46 —-145 -2.74 =261 -2.63 -2.89 -2.92
39 -2.81 -235 -235 -2.72 -2.70
40 -2.02 -232 -2.33 -2.07 -2.07
41 —-1.52  -241 -242 —1.34 —-1.33
42 -179 -180 -1.82 —-1.88 —-2.02 -0.89 —0.89 —0.89 -091 -1.03 -2.15 =221 =222 -2.03 -1.78
43 —-152 —1.64 -1.66 —-1.52 -1.51 -223 =235 -2.36 —224 -225
44 -248 —=3.06 -3.10 —2.37 =235
45 254 242 -250 —2.55 -2.57 —-1.85 —1.60 —1.60 —1.81 -1.80
46 -121 -1.13 -1.14 —-1.16 —0.86 -1.15  —-1.05 -1.04 -1.44 -1.70

Experimental activities are represented as the negative logarithm of 1C,s values taken from Tables 1 and 2. Values for the FP model were obtained

using the optimal models for each set (see Table 3 in bold).

shown in Figure 2 for both models. For activity of poly-
phenols in all three test systems, much smaller deviations
of pICY and pICE*Y from pIC\™ were obtained in FP
models, as compared to QSAR models that were based
on conventional PC&S descriptors. Standard deviations
of pIC(Z? from the experimental values for antioxidant
activities in the DPPH, X/XO and BM systems were
0.212, 0.176, and 0.305, respectively, and corresponding
values for pICZ‘;red) were of the same order of magnitude
(0.221, 0.199, and 0.337, respectively). The PC&S
approach with PLS regression achieved QSAR models

of medium quality, with correlation coefficients ranging
from 0.78 (BM set) to 0.89 (DPPH set). In contrast, this
approach achieved a much higher r value for the DPPH
set, which may be due to the defined chemical nature of
this reaction. Hence, changes in flavonoid antioxidant
activity in a radical scavenging assay system are described
quite well by a QSAR model with PC&S descriptors. By
comparison, the activities measured with the BM and X/
XO systems appear to be determined by very specific
interactions of the compounds with these biotargets.
Thus, the activities for the X/XO and BM sets can be con-
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Figure 2. Comparison of calculated and experimentally determined antioxidant activities for flavonoids and related polyphenols in the DPPH,
X/XO0, and BM phagocyte assay systems. QSAR analysis was performed using physicochemical and structural (PC&S) descriptors (left panels) and

the FP method (right panels).

sidered as biochemical and biological, respectively, result-
ing in QSAR models of lower quality with PC&S
descriptors.

The FP method allows development of more extensive
QSAR models based on local features of a chemical
structure and also provides an assessment of the impor-
tance of different molecular fragments in the manifesta-
tion of biological activity. Thus, the FP method has the
ability to account for local molecular substructures
responsible for very specific processes of molecular rec-
ognition which contribute to activity in more complex
enzymatic and biological systems. The modes of possible

specific interactions are encoded in arrays of optimal
superimpositions (OS). Interestingly, we obtained higher
coefficients (r and ¢°) for the DPPH set using the FP
method, as compared with the PC&S descriptor ap-
proach (Table 3). Although DPPH scavenging activity
implies a lower specificity of interaction, it still can be
sensitive to steric effects and planarity of the flavonoid
molecule.>> Consequently, the higher level of structure
description in the FP method can result in a higher qual-
ity QSAR model.

It is clear that one of the most important parameters for
OS selection is the optimality criteria threshold, K, (see
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Section 4). It defines the specificity requirements for the
superimposition to be treated as optimal. The influence
of K, on the quality of FP QSAR models is evident from
Table 3. For the dataset from each assay system, r and
¢° values first increased, reached a maximal level, and
then decreased with further increases in K. This obser-
vation can be interpreted in terms of OS specificity. At
Ky=0.1, when only OS with very high specificity are
included in the array, a lot of structural information use-
ful for better QSAR models is lost, and the quality of
linear models is not great. On the other hand, a more re-
laxed level of OS selection at higher K, also decreases
coefficients r and ¢* because of informational ‘noise’
(i.e., the OS array contains low-specificity superimposi-
tions, which may not fully reflect all requirements for
compound recognition). Thus, optimal QSAR models
were constructed with K, = 0.2 for activity in the DPPH
radical and BM cell sets and with K, = 0.3 for antioxi-
dant activity determined in the X/XO system (Table 3,
in bold). The ¢* and r? values were comparable, indicat-
ing the stability of the inclusion or deletion of cases.

Latent variables derived and used in the partial least
squares (PLS) procedure were linear combinations of
the initial descriptors. Hence, it is rather difficult to esti-
mate the influence of each PC&S descriptor on activities
of a compound directly from QSAR obtained on the ba-
sis of latent variables. We utilized an alternative ap-
proach for this estimation, which involved additional
PLS-derived QSAR models constructed without one of
the initial PC&S characteristics. From changes in the
quality of these QSAR models, it was then possible to
evaluate the importance of an excluded descriptor for
a given type of activity of the polyphenol. The numbers
of latent variables remained the same as those for the
corresponding base models listed in Table 3 for each
dataset, and the correlation coefficients (r) for the mod-
els after exclusion of descriptors and for base models are
shown in Figure 3. Exclusion of the majority of PC&S
characteristics did not lead to noticeable variations in
r, and some r values were even slightly higher than for
a base model. However, exclusion of some of PC&S
descriptors resulted in significantly decreased r values,
suggesting these descriptors were more important for
the explanation of activity differences. Thus, the key
descriptors are NBa, NBg, and Ej,yq, for DPPH scaveng-
ing properties, Epyqr and NBy for activity in the X/XO
system, and Eyomo, AAH;, and N¢ for end-point anti-
oxidant activity of polyphenols in the BM cell system.
Note that the ability to form a radical (EFyomo) corre-
lates primarily with activity variations in the BM cell
system. For relatively less complex systems, (DPPH
and X/XO), the exclusion of AAH; and Eyomo from
the set of initial variables did not lead to significant
changes in » obtained by the PLS procedure, as com-
pared to r from the corresponding base QSAR models
(Fig. 3). For these systems, the neighborhood of the
OH groups in rings A and B was more important than
most other factors. The importance of Eyyq, for the dif-
ferences in activities of the compounds in the DPPH and
X/XO systems can be explained by possible desolvation
of molecules upon their interaction with corresponding
targets in the chemical and enzymatic systems. In addi-
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0.891 ] —
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S 0.781
=
[0}
o
&)
c  0.76
o
k5]
o
5 074
) H
0.72
0.80-
BM
0.784 _____ M — ]
0.761 T
0.741
0.721 H
M A N Y
E i 8 5 3 zzzz
w w
(0]
(7]
©
o

Figure 3. Correlation coefficient determined for the PLS-derived
QSAR models after exclusion of individual PC&S descriptors. The
indicated descriptor under each bar was excluded, and the resulting r
values are shown.

tion, Ehyqgr is closely associated with a number of OH
groups in aglycone flavonoids®' that, together with high
importance of integer variables NB, and NBg for differ-
entiation of their activities in the chemical and enzymat-
ic systems, are in accordance with significance of total
number of OH groups in flavonoid antioxidant
activities.?8-3!

In contrast to the PC&S descriptors, which characterize
molecules as whole objects, the FP method is based on
local representation of chemical structures. Analysis of
prediction data for QSAR models obtained by the FP
method (Table 3 and Fig. 2) shows that there are no dis-
tinct outliers among the compounds cross-validated
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within all datasets investigated. The greatest absolute
differences |4| between predicted and experimental
plCs,s values correspond to 24 (luteolin) (DPPH-set,
A=0.424), 20 (fisetin) (XO-set, 4 =—0.372), and 34
(chrysin) (BM-set, 4 =0.820), although these values
are only 1.92, 1.87, and 2.43 times higher than standard
deviations between predicted and experimental data
mentioned above. It is interesting to note that this low-
ered predictive ability of FP method occurs for these
flavones that contain OH groups simultaneously in
5,7-positions and/or in 3’,4’-positions. This may be a
consequence of specific interactions with radicals or
enzymatic sites that are not accounted for by the FP
method. Nevertheless, QSAR models based on local
similarity principles are of much higher quality than
models constructed by PLS-analysis of PC&S descrip-
tors. It is noteworthy that the enhancement of ¢* values
[A¢* = ¢*(FP method) — ¢>(PC&S descriptors)] increases
as the level of complexity increases in the three assay
systems evaluated (Ag”>=0.147, 0.229, and 0.310 for
the DPPH, X/XO, and BM systems, respectively) (Table
3). Thus, the more detailed description of specific molec-
ular features used in the FP method leads to improved
QSAR models for the more complex enzymatic and
cell-based systems.

2.3. Characteristics of submolecules and prospectives for
de novo design of antioxidants

A key feature of the FP method is that the biological
effect of a given compound can be represented by the
sum of partial contributions (weights W) due to the
constituent rigid submolecules,>® as described by Eq. 1:

L
> Wy =pICY, (1)
=1

where L is the total number of rigid fragments in the jth
molecule. W, reflects an increment of activity for the /th
submolecule in a novel compound if this submolecule is
surrounded by substituents similar in recognition
parameters to the substituents surrounding a given sub-
molecule in the parent compound and can be useful for
the de novo design of active antioxidant substances.’® In
other words, the fragment environment represents an
important factor in this approach. Based on this para-
digm, we considered the DPPH, X/XO, and BM cell sets
of the flavonoids as a series of parent compounds and
utilized refractions (R) and hydrophobicities (H) as rec-
ognition parameters. We then calculated W, for submol-
ecules with the use of OS arrays obtained by
construction of corresponding QSAR models, and
selected values of W for each type of molecular frag-
ment are presented in Tables 5-7. The fragments in Ta-
bles 5-7 are generally listed in a descending order of W),.
Note, however, that some chemical substructures had a
range of different W), values, which were determined by
their environment in a given molecule (i.e., R and H of
substituents X, Y, and Z). Such a situation is consistent
with the idea of optimal de novo design®’ where individ-
ual fragments are regarded not just as chemical sub-
structures, but are considered in the context of
environmental parameters (Rx, Hx). If these recognition

parameters differ between chemically equal substruc-
tures, the substructures are treated as different frag-
ments with distinct W) Likewise, de novo design can
be performed through linking submolecules to one
another to achieve a large sum of Wj; in a novel mole-
cule.’® The latter should reflect an optimal environment
for each fragment, which would be close to that in par-
ent molecules. Consequently, this procedure suggests
that not only fragments with large W) are useful for
drug design, since some important submolecules possess
low Wj or are flexible (Wj;=0) (e.g., X-CH=CH-Y)
(see Table 5) and could form certain spatial arrange-
ments that significantly influence the environment of
other constituents of the molecule.

As shown in Tables 5-7, submolecules containing a ben-
zo-y-pyrone fragment (rings A and C of the flavonoid
moiety) had the highest correlation with DPPH-scav-
enging properties and antioxidant activity in the BM cell
system, while multiply substituted phenyl fragments
(ring B) were among the most important features corre-
lating with antioxidant action in the X/XO system. For
example, 7,8-dihydroxy substituted benzo-y-pyrone had
the highest activity in BM cells and was the fourth high-
est for DPPH-scavenging activity. In comparison, this
fragment was much less important in the X/XO system,
being tenth in the descending order of W} (Table 6).
Similarly, 5,6,7-trihydroxy substituted benzo-y-pyrone
was third in importance for DPPH scavenging and anti-
oxidant activity in BM cells (Tables 5 and 7), while it
was thirteenth in the X/XO enzymatic system (Table
6). Conversely, the m,p-dihydroxyphenyl submolecule
was second in importance for antioxidant activity in
the X/XO system, but only eleventh and twelfth in the
BM cell and DPPH systems, respectively. Thus, these
data suggest the possibility that ring B of the flavonoid
moiety significantly determines interaction of a com-
pound with XO, thereby influencing the end-point anti-
oxidant activity in the X/XO system.>%-60

In all three datasets, the m,p-dihydroxyphenyl chemical
substructure (substituted ring B) occured in many differ-
ent environments, thus providing many individual build-
ing fragments (Tables 5-7). Such a variety of data
allowed us to derive statistically relevant linear regres-
sions for m,p-dihydroxyphenyl submolecules [Eqs. 2-4
for the DPPH (r=0.853; s=0.14, n=9), X/XO
(r=0.889; 5s=0.06;, n=7), and BM (r=0.911;
s = 0.19; n = 8) sets, respectively]:

W, = —0.0099(£0.0007)Rx — 0.14(£0.02)Hx  (2)

W = 1.7(£0.2) — 0.036(40.004)Rx
—0.20(£0.02)Hx (3)

W = 3.5(£0.4) — 0.081(£0.008)Rx
— 0.59(£0.05)Hx (4)

Using these formulae, it is possible to evaluate the
increment in W) for this submolecule when varying
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Table 5. Characteristics of rigid submolecules of the polyphenols and their contributions to antioxidant activity in the DPPH assay system®

Submolecule Rx Hx Wi

27.90 1.55 0.70

T
(@) o O (@]
x

X
27.90 1.55 0.61
HO. O X
m 24.86 1.66 0.48
HO
OH O
OH
HO. O. X
\ 26.38 1.60 0.39
(o]
0. _X
| 26.38 1.60 0.16
HO OH
(0]
O. X
@ 27.90 1.55 0.09
oH
(6]
HO. O. X
m 26.38 1.60 0.07
OH
(@]
HO. O X
m 27.90 1.55 —0.07
OH
(0]
X
\Q\ 76.21 —4.20 —0.08
OH 79.25 ~5.06 —0.13
OH 44.53 0.76 —0.34
43.01 0.82 —0.46
41.49 0.87 —0.49
43.01 1.57 —0.58
42.98 0.41 ~0.66
41.49 1.62 —0.72
49.01 0.80 ~0.77
HO@/X 27.90 1.55 ~0.10
OH O
X
\© 77.73 —425 ~0.16
44.53 1.51 —0.85
44.53 0.76 ~131
OH
39.97 1.68 —0.28

&
o
I
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Table 5 (continued)
Submolecule Rx Hx w;
74.13 2.03 —-0.32
HO O 27.90 1.55 —0.86
OH
OH O
CH;-X 71.40 2.42 —0.35
113.5 2.03 —-0.35
78.64 2.64 —0.35
HO O X 24.86 1.66 ~0.35
| 26.38 1.60 —0.41
OH 29.42 1.50 —0.56
OH O 27.90 1.55 —0.53
X OH
\©/ 43.01 1.58 ~0.51
X
:@ 43.01 1.57 —0.63
HO
X
\©\ 43.01 0.82 —0.88
OH 44.56 0.76 -1.00
36.53 2.37 —~1.35
X OH
\Q: 4453 0.76 —1.05
OH
OH
X OH
\Q/ 35.01 242 —1.16
OH
Submolecule Rx Hx Ry Hy Wy
X 27.90 1.55 26.38 1.60 0.00
Y
o _X
/@(\l[ 38.18 1.95 5.51 0.61 —0.01
\% OH
o)
HO o__X
\Q;‘j[o 27.90 1.55 5.51 —0.07 —0.20
OH O v
X O~y
\@ 85.95 0.21 5.51 —0.07 —0.29
OH
_O o _X
Y |
m 27.90 1.55 33.57 —6.03 —0.50
OH O
© oI X
24.86 1.66 33.57 —6.03 —0.55
HO
OH O

(continued on next page)
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Table 5 (continued)

Submolecule Rx Hx Ry Hy W;
v 27.90 1.55 33.57 —6.03 —0.62
o
HO. (o) X
|
OH
OH O
X
Y/O O ‘
24.86 1.66 33.57 —6.03 —0.55
HO
OH O
Submolecule Rx Hx Ry Hy R, H, W;
X o—v 45.97 1.30 5.51 —0.07 5.51 -0.07 —0.50
: 0oz
—0.96

O._X
/@ I 7.03 —0.74 33.04 1.75 44.86 —-0.07
z oYy

#Submolecules with one (X), two (X and Y), and three (X, Y, and Z) substitutions are represented separately.

Table 6. Characteristics of rigid submolecules of the polyphenols and their contributions to antioxidant activity in the X/XO assay system®

Submolecule Rx Hx W
o X 27.90 1.55 0.22
\
L,
o
X
41.49 0.87 0.11
OH 44.53 0.76 0.00
OH 43.01 0.82 ~0.08
76.21 —4.20 ~0.15
79.25 ~5.06 ~0.16
43.01 1.57 ~0.16
49.01 0.80 ~0.19
X
j@ 43.01 1.57 0.07
HO
CH;-X 71.40 242 ~0.07
69.02 3.44 ~0.07
113.5 2.03 ~0.07
69.03 2.57 ~0.07
X OH
\©/ 76.21 —4.20 ~0.15
X
\©\ 43.34 1.06 —0.17
OH 43.01 0.82 ~0.82
X OH
44.53 0.76 ~0.18
OH

OH
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Table 6 (continued)

Submolecule Rx Hx w;
X 44.53 1.51 —0.19
\© 7773 —425 ~0.30
OH
HO 0. X
\ 26.38 1.60 ~0.20
o)
HO 0L _X
m 24.86 1.66 —0.46
HO
OH O
HO. o _X
\Q;‘J/ 27.90 1.55 ~0.48
31.52 1.80 ~0.54
OH O
HO. 0 _X
W 27.90 1.55 ~0.53
OH 29.42 1.50 ~0.55
OH O
HO. 0. _X
\C;;[ 27.90 1.55 ~0.58
OH 26.38 1.60 —0.78
o)
HO. 0 _X
74.13 2.03 ~0.74
OH
OH O
HO. o _X
\Q;g/ 26.38 1.60 ~0.87
OH O
OH
HO.
“ 5.51 ~0.07 ~1.19
N
H %
Submolecule Rx Hx Ry Hy W;
85.95 0.21 5.51 —0.07 0.09
X oL,

I
o 2
égo
o I
g X
\
—<
"
wn
wn
=

27.90 —0.07 —0.42
OH O
X
\©\ v 43.01 1.57 5.51 —-0.07 —0.44
o
Y/O O‘ X
27.90 1.55 33.57 —6.03 —0.59

o
I
@)

(continued on next page)
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Table 6 (continued)
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Submolecule Rx Hx Ry Hy W;
O/Y 27.90 1.55 33.57 —6.03 —0.62
HO. O X
|
OH
OH O
o) O X
Y |
24.86 1.66 33.57 —6.03 —0.74
OH O
Submolecule Rx Hx Ry Hy R, H, W;
33.04 1.75 7.03 —0.74 44.86 —0.07 —0.03

X

#Submolecules with one (X), two (X and Y), and three (X, Y, and Z) substitutions are represented separately.

Table 7. Characteristics of rigid submolecules of the polyphenols and their contributions to antioxidant activity in the BM phagocyte assay system®

Submolecule Rx Hyx Wi
OH 26.38 1.60 1.63
Ho\©;c‘j/x
I
o)
HO. o _X
:@;‘J/ 24.86 1.66 0.83
HO
OH O
HO O X 24.86 1.66 0.77
| 26.38 1.60 0.64
OH 27.90 1.56 —0.18
OH © 29.42 1.50 ~0.23
HO o
m 31.52 1.80 0.37
X
OH O
HO. o__X
| 26.38 1.60 0.33
o 27.90 1.55 —0.90
o)
o _X
@;]J/ 33.04 1.75 0.31
o)
X
; “OH 76.21 —4.20 0.03
OH 79.25 —5.06 —0.08
8 fragmentsP 49.01 0.80 -0.97
43.01 1.57 ~1.00
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Table 7 (continued)
Submolecule Rx Hx Wi
X 77.73 425 ~0.02
48.15 1.77 ~1.29
. 43.01 1.57 225
6 fragments 45.97 1.30 -2.29
HO O X 26.38 1.60 —0.22
| 24.86 1.66 ~0.50
27.90 1.55 ~0.70
OH © 31.52 1.80 —1.40
o _X
@ 27.90 1.55 ~0.27
OH 31.52 1.80 —0.28
% 26.38 1.60 —0.28
X OH
44.53 0.76 ~0.28
OH
OH
CH;-X 6 fragments® 67.50 3.49 —0.41
65.32 2.35 —0.41
70.87 2.88 —0.42
102.2 232 —0.42
X OH
\Q/ 35.01 242 —0.50
OH
X
:@ 43.01 1.57 ~0.54
HO 40.30 1.17 ~1.10
OH
X
:@\ 41.70 1.82 —0.76
HO OH
HO o
m 31.52 1.80 —0.80
X
o}
HO o _X
\Q;; 26.38 1.60 ~0.95
33.04 1.75 ~1.13
OH O
OH
HO
O‘ 5.51 —0.07 —121
oY
« X
\©\OH 44.53 0.76 131
A 43.01 0.82 ~1.39
8 fragments 44.74 1.71 —1.84
43.34 1.06 ~1.90
X OH
\©/ 4301 1.57 _1.64
41.49 0.80 ~2.02

(continued on next page)
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Submolecule Rx Hx Wy
o _X
@ 26.38 1.64 —1.66
0
HO. o _X
m 27.90 1.50 ~-1.75
OH
HO. O. X
74.13 2.03 -2.09
OH
OH O
Submolecule Rx Hyx Ry Hy Wi
OH
+© o _X
| 24.86 1.66 5.51 -0.07 1.56
o)
HO. o__X
\Q;\J:O/Y 27.90 1.55 5.51 -0.07 0.26
OH O
X
/=/ 27.90 1.55 26.38 1.60 0.00
%
X
\©\ 76.21 —4.20 5.51 —0.07 —0.10
oY 43.01 1.57 5.51 —0.07 ~1.02
43.01 1.07 5.51 —0.07 -1.02
41.49 1.13 5.51 ~0.07 ~1.05
HO. o _X
\Q;;[Y 24.86 1.66 5.51 0.61 ~0.19
o]
© o‘ X
24.86 1.66 33.57 —6.03 —0.41
HO
OH O
X o.,
\©: 85.95 0.21 5.51 -0.07 —0.49
OH 39.97 1.68 5.51 ~0.07 —1.24
v©° O X 24.86 1.66 5.51 ~0.07 ~0.58
‘ 27.90 1.55 33.57 —6.03 ~1.85
31.52 1.80 33.57 —6.03 —2.34
OH O
X OH
\©: v 43.34 1.06 5.51 —0.07 ~1.02
o
41.49 0.87 5.51 —-0.07 -1.08
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Table 7 (continued)

Submolecule Rx Hyx Ry Hy Wy
Y
O
HO. (o) X
‘ 27.90 1.55 33.57 —6.03 —-1.25
OH
OH O
o _X
|
Q;g/ 26.38 1.60 5.51 -0.07 —1.50
Y/O (e}
Submolecule Rx Hx Ry Hy R, H, W
33.04 1.75 7.03 —0.74 44.86 —0.07 0.16

T

#Submolecules with one (X), two (X and Y), and three (X, Y, and Z) substitutions are represented separately.
®Selected fragments of each type with minimal and maximal W;; values are presented.

the benzo-y-pyrone moiety X for the construction of
new antioxidant compounds. From the absolute values
of the regression coefficients in Eqgs. 24, it is evident
that the sensitivity of W), to changes in substituent char-
acteristics Ry and Hyx increases as the assay system
increases in complexity from chemical to enzymatic to
whole cells. In contrast, the correlation between W
and the characteristics of substituents X is very weak
(r = 0.260) for the p-hydroxyphenyl substructure, which
had 8 different fragments within the BM-set (Table 7),
perhaps, due to less specific interactions of this substruc-
ture with biotargets, as compared to the m,p-dihydroxy-
phenyl moiety. The occurrence of multiple fragments of
other chemical entities in Tables 5-7 was not very high,
so construction of regressions similar to Eqgs. 2-4 was
not possible. Nevertheless, all of the submolecules listed
in these tables, as well as flexible fragments, can be
exploited in a systematic manner to perform de novo
design®’ for development of novel flavonoid compounds
in the future.

3. Conclusions

In the present study, end-point antioxidant activities of
46 flavonoids and related polyphenols were determined
in systems of different complexity and organization,
including a chemical system (DPPH radical system), a
biochemical/enzymatic system (X/XO system), and an
ex vivo cellular system (BM phagocyte system). QSAR
modeling was performed on compounds with relative
antioxidant activity in each of the three systems utilizing
two alternative approaches using (i) conventional PC&S
descriptors and (ii) the FP approach. As summarized in
Table 8, the models obtained in this study were highly
predictive, especially the indirect integrated FP-based
QSAR model, as indicated by r and cross-validated ¢*
values. Note that ¢ coefficients were not reported in
most previous studies on flavonoids. Furthermore, this
is the first reported QSAR model for end-point antioxi-
dant activity in a cell-based system. Although QSAR

model based on PC&S descriptors had similar or better
r values than most previously published relationships for
end-point antioxidant activity in chemical?®*® and bio-
chemical/enzymatic,?!**” our data show QSAR models
of even higher quality were derived by the indirect FP
method with a significantly lower number of latent vari-
ables (H) as compared to the models obtained with
PC&S descriptors. These FP-derived models were
achieved by more complex and elaborate computations
involving partitioning of molecules into fragments and
searching for optimal superimpositions of ‘fingerprints’.
With this submolecule-based approach it was possible to
identify structural molecular fragments responsible for
differences in activity in the assay systems tested. Thus,
the FP QSAR models reported here are among the best
available in relation to predictive ability and will signif-
icantly advance our efforts in de novo design of new fla-
vonoid analogs with potent antioxidant activity in
biological systems.

4. Materials and methods
4.1. Test compounds and chemicals

Most flavonoids and related polyphenols (42 of 46 com-
pounds) were obtained from TimTec, Inc. (Newark,
DE). The general set of compounds included well-
known flavonoids and polyphenols (compound number
shown in bold, see Tables 1 and 2), such as gossypin (4),
kaempferol (5), apigenin (15), baicalein (17), baicalin
(18), diosmin (19), fisetin (20), galangin (21), gardenin
(22), quercetin (23), luteolin (24), rutin (27), chrysin
(34), sissotrin (40), biochanin A (41), catechin (43),
phloretin (44), resveratrol (45), and apomorphine (46).
Four additional flavonoids [acacetin (14), rhoifolin
(16), 2’-hydroxyflavone (35), and 4’-hydroxyflavone
(36)] were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Sixteen compounds (7, 8, 12-14,
19, 26, 27, 31-33, 37, 39, and 40-42) were methylated
derivatives, and eight compounds (4, 16, 18, 19, 25, 26,
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systems
Test system Molecule parameter and model r 7 n References
Chemical Number of OH groups and indicator variables representing position of OH groups 0.890 N.D. 42 28
Number of OH groups and indicator variables representing position of OH groups 0.938 N.D. 29 29
13 PLS components based on topological descriptors 0.994 N.D. 36 30

Ehydr

Ehydr and LUMO

Topological descriptors and 5 PC&S descriptors
Ep/2

9 PLS components based on PC&S descriptors
FP model

Enzymatic Ep/2
7 PLS components based on PC&S descriptors
FP model

Cellular 11 PLS components based on PC&S descriptors

FP model

0.747 N.D. 12 31
0.759 N.D. 12 31
0.938 0.846 27 32
0.734 N.D. 19 47
0.889 0.760 23 Our model
0.966 0.907 23 Our model

0.762 N.D. 19 47

0.789 0.522 19 Our model
0.948 0.821 19 Our model
0.781 0.587 42 Our model
0.965 0.897 42 Our model

r, correlation coefficient; qz, cross-validation coefficient; 7, number of compounds in the set; Ep/2, half peak oxidation potential; Ej,yq,, hydration

energy.

28, and 37) contained sugar moieties. Commercial re-
agents and solvents were used as obtained without
further purification. 8-Amino-5-chloro-7-phenylpyridol-
[3,4-d]pyridazine-1,4(2H,3H)-dione (L-012) was pur-
chased from Wako Chemicals (Richmond, VA, USA).
Bovine superoxide dismutase (SOD), xanthine, xanthine
oxidase, horseradish peroxidase, nitroblue tetrazolium
(NBT), and 1,1-diphenyl-2-picrylhydrazyl (DPPH) were
purchased from Sigma Chemical Co.

4.2. Measurement of DPPH radical scavenging activity

Radical scavenging activity was evaluated using a mod-
ification of the DPPH assay described by Munoz-Esp-
ada et al.®' Thirty microliters of each compound was
added to wells of a 96-well microtiter plate containing
220 pL of 100 uM DPPH dissolved in ethanol. The plate
was covered with aluminum foil, incubated at room tem-
perature for 20 min, and sample absorption was mea-
sured at 517 nm using a SpectraMax Plus microtiter
plate reader (Molecular Devices, Sunnyvale, CA) versus
ethanol as a blank. The percent antiradical activity
(ARA%) against DPPH radical was calculated using
the following equation:

ARA% =(1 — absorbance of sample
/absorbance of blank) x 100

Antiradical activity was plotted against the compound
concentration, and a logarithmic regression curve was
established in order to calculate the 1C,s, which is the
amount of sample necessary to decrease the absorbance
of DPPH radical by 25%. Each line was determined
using 5-6 tested concentrations. Compound was as-
signed as ‘non-active’ (N.A.) if no effect on absorbance
of DPPH radical was seen at the highest concentration
tested (400 pM).

4.3. Xanthine/xanthine oxidase (X/XO) system
O, was generated in an enzymatic system consisting of

500 uM xanthine, 500 uM NBT, 3.75 mU/mL XO, and
0.1 M phosphate buffer (pH 7.5), and O, production

was determined by monitoring reduction of NBT to
monoformazan dye at 560 nm in the presence or absence
of test compounds. The reactions were monitored at
560 nm with a SpectraMax Plus microtiter plate spectro-
photometer at 25 °C, and the rate of absorption change
was determined. To minimize potential effects caused by
direct inhibition of XO by the tested compounds, the
value of the concentration required to produce 25%
inhibition (IC,s) was used.®> The IC,s was obtained by
graphing the rate of NBT reduction versus the logarithm
of the concentration of tested compound. Each line was
determined using 5-7 tested concentrations. A com-
pound was assigned as ‘non-active’ (N.A.) if no effect
on inhibition of NBT reduction was seen at the highest
concentration tested (50 uM). This concentration was
used because some compounds are poorly soluble at
concentrations above 50 uM.

4.4. Murine bone marrow phagocyte isolation

Most comparative studies on phagocyte isolation tech-
niques have shown either activation or functional
impairment of the cells due to different separation pro-
cesses.®> Thus, murine whole bone marrow (BM) cells
were used in these studies as an ex vivo model of cellular
ROS production. This procedure minimizes any phago-
cyte activation during isolation and, thus, their function
more accurately reflects the physical condition of these
cells in vivo. ROS generation in BM preparations is pri-
marily due to neutrophils, as lymphocytes present do
not release detectable ROS.** BM cells were flushed
from tibias and femurs of BALB/c mice with Hank’s
balanced salt solution (HBSS) without phenol red (pH
7.4) using a syringe with 27-gauge needle. Cells were
resuspended by gentle pipetting, filtered through 70 um
nylon cell strainers (Becton—Dickinson), and diluted as
needed to final suspensions of 1 x 10° cells/mL.

4.5. Ex vivo phagocyte ROS production

We evaluated phagocyte basal ROS production without
any additional stimulation, as flavonoid effects on
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functional activity of agonist-stimulated phagocytes
have been shown to be highly dependent on the type
of agonist used,”!>1%434 making it difficult to interpret
their mode of action. ROS production was determined
by monitoring L-012-enhanced luminescence, which
represents a sensitive and reliable method for detecting
O, production in in vitro and ex vivo systems.®
L-102 and horseradish peroxidase were added to BM
suspensions at final concentrations of 40 uM and 8 pg/
ml, accordingly, and 100 pL of this mixture was added
to the wells of white 96-well flat-bottomed microtiter
plates containing 100 pL HBSS with various concentra-
tions of test compounds (from DMSO stock) or DMSO
(solvent control). The final concentration of DMSO was
1% in the test and control samples. Luminescence was
monitored for 60 min (2 min intervals) at 37 °C using a
Fluroscan Ascent FL microtiter plate reader and kinet-
ics software (Thremo Electron, Waltham, MA). The
curve of light intensity (in relative luminescent units)
was plotted against time, and the area under the curve
was calculated as total luminescence. The percent inhibi-
tion of luminescence was calculated as:

%inhibition of luminescence

= (control — sample)/control x 100 (6)

IC,5 was obtained by graphing the % inhibition of lumi-
nescence versus the logarithm of concentration of tested
compound. Each line was determined using 5-7 tested
concentrations. L-012-enhanced luminescence due to
phagocyte basal ROS production was completely inhib-
ited by 1 U/mL SOD (data not shown).

4.6. Conformational analysis and semiempirical
calculations

The geometric structures of molecules, atomic charges
(gx), and energies of O-H bond dissociation were calcu-
lated by a semiempirical PM3 method, as implemented
in the HyperChem™ program package (Version 7).
Semiempirical calculations of radicals obtained upon
homolytic dissociation of O-H bonds were performed
using the unrestricted Hartree-Fock (UHF) approxima-
tion. Full optimization of geometry was made by the
conjugate gradient procedure untll the rms gradient be-
came less than 0.01 kcal mol ™' A=, Atomic coordinates
and charges obtained for molecules were used in similar-
ity comparisons with the FP method. Other molecular
features necessary for this analysis were hydrophobici-
ties (Hx) and molar refractions (Rx) of the correspond-
ing substituents at atoms X. Hydrophobicities and
refractions of substituents and fragments were calculat-
ed by an additive scheme®® that includes various incre-
ments for different atom types and is well suited for
compounds 1-46.

4.7. Generation and orthogonalization of descriptors

Based on published data for the construction of SAR
and QSAR models with different series of flavonoids
and related polyphenols,'828:31:45:47-50 e selected the
following set of physicochemical and structural
(PC&S) descriptors for QSAR analysis of compounds

1-46 (compounds shown in Tables 1 and 2): minimal
energy of O-H bond homolytic dissociation estimated
as the difference in enthalpies of formation (AAHy) be-
tween a corresponding radical and an initial polyphenol;
surface area (.S); molecular volume (V); hydration ener-
gy (Enyar); logarithm of octanol-water partition coeffi-
cient (logP); refractivity (R); polarizability (p.);
energies of the highest occupied and lowest unoccupied
molecular orbitals (Eyomo and Epymo, respectively);
and integer variables: number of OH groups in rings
A, B, C (Na, Ng, Nc), maximal number of neighboring
OH groups in rings A and B (NBa, NBpg, respectively),
total number of OH groups in a molecule, including
pyranose rings (Noyg), and number of carbohydrate
pyranose rings (Npy,). These values were obtained with
the use of HyperChem™ for the geometries optimized
by the PM3 method (described above) or taken directly
from structural formulae (Na, Ng, Nc, NBa, NBg, Non,
Npyr). As an example, the integer variables for com-
pound 4 were 2, 2, 1, 1, 2, 9, and 1 for N, Np, Nc,
NBa, NBg, Nogn, and prr, respectively. For compounds
44-46, the A-C-B ring structure was not assigned, and
these integer variables, except Noy, were set equal to
zero. In compound 42, the fused benzene ring belonging
to the terminal bicyclic moiety was considered as ring A,
the neighboring oxygen-containing cycle was regarded
as ring C, while the fused benzene cycle in the central
bicyclic moiety was considered as ring B for calculation
of integer descriptors N, N, Nc, NBa, and NBg.

Since the number of PC&S descriptors was quite large
for the datasets investigated here, standard multivariate
regression analysis was not possible. In order to reduce
dimensionality, we applied the partial least squares
(PLS) procedure,®” which converts descriptor space into
a subspace of orthogonal latent variables linearly depen-
dent on the initial PC&S descriptors. The number of
latent variables (H) is smaller than the initial dimension-
ality, which is statistically acceptable. H values were
chosen as small as possible, but still providing for negli-
glble increases in conventional () and cross-validated
(¢%) correlation coefficients with further increases of
H. The PLS regression technique is especially useful in
common cases where the number of descriptors (inde-
pendent variables) is comparable to or greater than the
number of compounds (data points) and/or there exist
other factors leading to correlations between variables.
On the other hand, PLS approach leads to stable,
correct, and highly predictive models even for correlated
descriptors.®® The PLS procedure was used as
implemented in the data analysis software system
STATISTICA 6.0 (StatSoft, Inc., Tulsa, OK).

4.8. FP method

The FP method considers the three-dimensional (3D)
similarity of molecules, making it possible to process a
series of conformationally flexible and structurally di-
verse compounds.®'->® Molecules were subdivided into
rigid and flexible fragments (submolecules), as described
previously.’® Flavonoid bicyclic moieties, phenyl and
methyl groups, as well as olefinic substructures were
treated as rigid fragments. All other submolecules that
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Compound 32

Compound 42

Figure 4. Illustration of molecule subdivision into fragments for QSAR analysis. Subdivision of compounds 32 and 42 into rigid (enclosed by dashed

lines) and flexible fragments is shown.

were too small for local similarity analysis or containing
internal rotational degrees of freedom, including
carbohydrate residues, were treated as flexible. Local
similarity was investigated between peripheral areas
(fingerprints) of rigid fragments only. Flexible fragments
did not serve as sources of fingerprints, and their
properties were accounted for through substituent
characteristics Hx and Ry (vide infra). An example of
subdividing compounds 32 and 42 into rigid and flexible
submolecules is shown in Figure 4.

Template molecules for structure comparison were cho-
sen for each set from the most active and the least active
compounds as follows: DPPH set [high activity (com-
pounds 1, 2, 17, 25, 30) and low activity (compounds
21, 22, 31, 45)]; X/XO set [high activity (compounds 2,
10, 11, 17, 20) and low activity (compounds 6, 14, 18,
38)]; and BM cell set [high activity (compounds 2, 10,
11, 13, 18) and low activity (compounds 26, 34, 35)].
These compounds were used for obtaining template fin-
gerprints. Fingerprints were obtained from rigid frag-
ments using the previously described parameters®!->®
and included the projections of atoms characterized by
their distances (/x) to the parent atom X with the atom-
ic charge (¢x). Projections of the boundary atoms (adja-
cent to other fragments) were additionally characterized
by hydrophobicities (Hx) and molar refractions (Rx) of
the corresponding substituents at atom X.

The fingerprints of the compounds investigated were
subjected to a pair-wise comparison with template fin-
gerprints to establish the degree of local similarity of
molecules in optimal superimpositions (OS), using the
following optimality criterion:>!-¢

F :I’lig {Wrzrg(p + wy, Z(hx — hp)z
W, Z(‘Ix - f]P)z + wy Z(HX — HP)Z
+wg Z(RX - RP)z} (7)

where ng is the number of assignments in a given OS;
o = 1.5 is the parameter reflecting the specificity of the

superimposition (increasing with rg); P is the atom from
a template molecule fingerprint and X is the atom from a
given molecule fingerprint assigned to each other in a
given superimposition; rxp is the distance (in A) between
assigned projections in a given superimposition; Hy, Hp
and Ry, Rp are hydrophobicities and molar refractions,
respectively, of substituents bound to atoms X and P (if
no submolecules are bound to an atom, these values are
equal to 0); and w,, wj, w,, wgy, and wg are the weight
coefficients. Weight coefficient values were adopted to
be reciprocal to dispersions of the molecular recognition
criteria ryy, hx, gx, Hx, Rx among all compounds under
consideration. Taking into account that five criteria
were used, each weight was calculated as follows:

w=1/(5D) (8)

where D is the dispersion of the corresponding criterion.
Summation in Eq. 7 was performed over the pairs of
projections (for atoms X, P) related by assignments.
Superimpositions satisfying the conditions:

no = No; F <Ko )

(where Ky and N, are parameters) were considered as
optimal.

Projection of an atom from the superimposed fingerprint
was regarded as assigned to a projection from the tem-
plate fingerprint if the distance between these projections
was <0.45 A>1-% Optimality of a superimposition was
attained by mutual translations and rotations of finger-
prints with the use of the efficient algorithm.® See our re-
cent report for an example of a superimposition and
details on the general scheme of the FP method.>* For
further details on the FP method and software features,
refer to previous publications.>!->6:¢

QSAR models were constructed using the arrays of OS
obtained with Ny =4 (the value recommended in previ-
ous publications using the FP method?>®) and for
various Kj (i.e., for different requirements on the degree
of structural similarity between molecules) to attain
the best predictive ability with high correlation coeffi-
cient (r).
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Finally, particular QSAR were established in the form
of linear equations based on the arrays of OS:

H

h=1

where pICéCS) is the calculated activity and oy are the
regression coeflicients. Using the information contained
in OS array, the reduced basis of variables (Z;) was
determined by the PLS procedure,®’ as described previ-
ously.’® The dimensionality (H) of the basis was selected
as small as possible but still providing for sufficiently
high values of the correlation coefficient (r) and the
cross-validation coefficient (¢%). The latter characterizes
the quality of the activity prediction in a leave-one-out
procedure:

Say
e (11)

ser

g =1

where S is the mean-square uncertainty of the cross-
validation prognosis and S2_ is the mean-square devia-

ser
tion of activity in the series of compounds studied.
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