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Even hydroxyflavones show diverse biological functions, they have two common features such as show-
ing antioxidative effects and containing hydroxyl groups. The authors tested the antioxidative effects of
thirty hydroxyflavones using 1,1-diphenyl-2-picrylhydrazyl radical scavenging assay. While the scaveng-
ing activity of galangin, 3,5,7-trihydroxyflavone was 52.5%, fisetin, 3,7,3',4’-tetrahydroxyflavone showed
85.2%. To investigate the relationships between the structures of hydroxyflavones and their antioxidative
effects, the three-dimensional quantitative structure-activity relationships were examined.

© 2010 Elsevier Ltd. All rights reserved.

Flavonoids are found ubiquitously in plants as secondary
metabolites and according to the International Union of Pure and
Applied Chemistry (IUPAC) nomenclature they can be classified
to flavonoids, isoflavonoids, and neoflavonoids which have moie-
ties such as 2-phenylchromen-4-one, 3-phenylchromen-4-one,
and 4-phenylcoumarin, respectively. They show diverse biological
functions. A pentahydroxyflavonoid, quercetin shows anti-inflam-
matory effect in airway allergic inflammatory mice model,! an-
other pentahydroxyflavonoid, morin regulates the expression of
nuclear factor kappa-light-chain-enhancer of activated B cells,?
hexahydroxyflavonoid, quercetagetin inhibits tomato bushy stunt
virus infection,® another hexahydroxyflavonoid, muyricetin is
known to inhibit cell transformation,* and tetrahydroxyflavonoid,
kaempferol inhibits angiogenesis.” These hydroxyflavonoids have
two common features: they show antioxidative effects and belong
to flavones. Flavonoids consist of C6-C3-C6 skeleton. In flavones,
this skeleton is composed of three rings, A-, C-, and B-ring, respec-
tively. It is known that many flavones show antioxidative effects.
The authors tested the antioxidative effects of 30 hydroxyflavones
using 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging as-
say. While the scavenging activity of galangin, 3,5,7-trihydroxyf-
lavone was 52.5%, fisetin, 3,7,3',4'-tetrahydroxyflavone showed
85.2%. They have 3-hydroxychrome-4-one moiety, but the number
of hydroxyl groups and their positions are different. Here, the
activity was compared to vitamin C of 89.1% and vitamin E of
59.9%. The test compounds include three dihydroxyflavones, nine
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trihydroxyflavones, 11 tetrahydroxyflavones, five pentahydroxyf-
lavones, and two hexahydroxyflavones. Because simple intuitional
analysis cannot explain this phenomenon, a computational analy-
sis, three-dimensional quantitative structure-activity relationships
(3D-QSAR) was applied.

In order to elucidate the relationships between the structures of
hydroxyflavones and their antioxidative effects, the DPPH radical
scavenging assay was first carried out.® All flavone derivatives
were purchased from Indofine Chemical Co. Inc. (Hillsborough,
N]J). The 3D-QSAR calculations were examined using the sysyL 7.3
program.” The 30 compounds were divided into two groups: a
training set of 24 compounds to create QSAR models, and a test
set of six compounds (4, 8,12, 17, 18, and 29 in Table 1) to validate
the models. The structures of the 30 hydroxyflavones and their
antioxidative effects are given in Table 1.

Computational methods were carried out on a Linux PC work-
station.®® As mentioned above, flavonoids consist of a C6-C3-C6
skeleton which are named A-, C-, and B-rings, respectively. Because
flavones do not include any chiral center, the 3D structures of the
compounds used here were built up using sysyL program based on
the 3D structure of quercetin, 3,5,7,3',4’-pentahydroxyflavone
whose crystallographic structure can be obtained from the Protein
Data Bank (203P pdb) where its crystal structure was deposited as
an inhibitor for pim-1 kinase.!® The initial structures of all hydrox-
yflavones were subjected to energy minimization.!!

All compounds were aligned using the DATABASE Alignment
module in the sysyL program.'? Compound 19, 7,3',4',5'-tetrahydr-
oxyflavone showing the best activity value, was used as a template
and the atom-based root mean square (rms) fit method with
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Table 1
Structures of the 30 hydroxyflavones and their antioxidative effects
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Training set ~ Nomenclature R! R? R® R* R® R® R’ R® R® Scavenging activity (%)
1 3,2’-Dihydroxyflavone OH H H H H OH H H H 69.3
2 3,5,-Dihydroxyflavone OH OH H H H H H H H 58.3
3 3/,5’-Dihydroxyflavone H H H H H H OH H OH 61.8
5 3,5,7-Trihydroxyflavone (galangin) OH OH H OH H H H H H 52.5
6 5,7,8-Trihydroxyflavone H OH H OH OH H H H H 58.8
7 7,8,2'-Trihydroxyflavone H H H OH OH OH H H H 79.9
9 6,2’,3'-Trihydroxyflavone H H OH H H OH OH H H 87.1

10 6,3',4'-Trihydroxyflavone H H OH H H H OH OH H 83.9

11 7,3',4'-Trihydroxyflavone H H H OH H H OH OH H 84.9

13 3,7,3',4'-Tetrahydroxyflavone (fisetin) OH H H OH H H OH OH H 85.2

14 3,6,2',3'-Tetrahydroxyflavone OH H OH H H OH OH H H 86.6

15 3,6,3',4'-Tetrahydroxyflavone OH H OH H H H OH OH H 86.7

16 3,6,2",4'-Tetrahydroxyflavone OH H OH H H OH H OH H 86.3

19 7,3',4',5'-Tetrahydroxyflavone H H H OH H H OH OH OH 88.8

20 5,6,7,4'-Tetrahydroxyflavone (6-hydroxyapigenin) H OH OH OH H H H OH H 69.9

21 7,8,3',4'-Tetrahydroxyflavone H H H OH OH H OH OH H 87.4

22 3,7,8,2'-Tetrahydroxyflavone OH H H OH OH OH H H H 83.1

23 6,7,3',4'-Tetrahydroxyflavone H H OH OH H H OH OH H 86.4

24 3,5,7,2',4'-Pentahydroxyflavone (morin) OH OH H OH H OH H OH H 81.5

25 3,5,7,3',4'-Pentahydroxyflavone (quercetin dehydrate) OH OH H OH H H OH OH H 87.8

26 5,7,3',4',5'-Pentahydroxyflavone H OH H OH H H OH OH OH 88.1

27 3,6,2',4',5'-Pentahydroxyflavone OH H OH H H OH H OH OH 85.6

28 3,7,3',4' 5'-Pentahydroxyflavone OH H H OH H H OH OH OH 79.9

30 3,5,7,8,3',4'-Hexahydroxyflavone (gossypetin) OH OH H OH OH H OH OH H 85.4

Test set
4 3,3",4'-Trihydroxyflavone OH H H H H H OH OH H 85.7
8 7,8,3'-Trihydroxyflavone H H H OH OH H OH H H 87.1

12 3,6,2'-Trihydroxyflavone OH H OH H H OH H H H 86.8

17 3,5,7,2'-Tetrahydroxyflavone (datiscetin) OH OH H OH H OH H H H 86.5

18 3,5,7,4'-Tetrahydroxyflavone (kaempferol) OH OH H OH H H H OH H 77.2

29 3,5,7,3',4',5'-Hexahydroxyflavone (myricetin) OH OH H OH H H OH OH OH 79.5

DATABASE ALIGN option in sysvL was adapted.!® A training set was
used for comparative molecular field analysis (CoMFA). The steric
and electrostatic field energies were calculated using Lennard-
Jones 6-12 potential and Coulombic potential, respectively.'* Since
comparative molecular similarity indices analysis (CoMSIA) can
calculate the steric and electrostatic fields as well as the hydropho-
bic, hydrogen bond (H-bond) donor, and H-bond acceptor fields,
the contour maps obtained from CoMSIA were useful. The partial
least square (PLS) analysis was carried out to examine the correla-
tion between the biological activities and descriptors showing the
physicochemical properties of the compounds. The cross-valida-
tion analysis was performed using the ‘leave one out’ (LOO) meth-
od. The optimum number of components obtained from the LOO
method was applied to derive the final non-cross-validated corre-
lation 2. The best COMFA or CoMSIA model was improved by a
region focusing method.

Among the several models generated from CoMFA, the model
showing the best cross-validated value (q? = 0.888) was chosen. In
this experiment, the 1 value was 0.978. The number of components
and standard error of estimate were 6 and 1.919, respectively.

F value for PLS was 125.311. The best CoOMFA model was obtained
with a region focusing method. To check the CoMFA model, the
activities of the compounds contained in the training set were
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Figure 1. Correlation between experimental and predicted values from the COMFA
model.
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predicted and compared to the experimental data (Fig. 1). The
residual values between the experimental and predicted values for
the training set ranged within 6%.'> The maximum residual value
was observed in 3,5-dihydroxyflavone whose experimental scav-
enging effect was 58.3% and calculated value, 54.6%. To validate
the QSAR model, a test set was selected. The residual values between
the experimental and predicted values for the test set were less than
19%.'3 The largest residual value was observed in datiscetin. There-
fore, the CoOMFA model was good for the test set.

As mentioned above, to calculate the steric and electrostatic
fields as well as the hydrophobic, H-bond donor, and H-bond
acceptor fields, the several models of COMSIA were generated. Of
them, the model displaying the best cross-validated value
(q% =0.770) was selected. The corresponding r? was 0.947.' The
number of components and standard error of estimate were 6
and 2.975, respectively. F value for PLS was 50.504. The residual
values between the experimental and predicted values for the
training set ranged from 7%.!> The largest residual value was ob-
served in galangin and 3,7,8,2'-tetrahydroxyflavone. The residual
values between the experimental and predicted values for the test
set were less than 17%.!> The maximum residual values was ob-
served in 3,6,2'-trihydroxyflavone and datiscetin. The ranges of
residuals obtained from the experimental and predicted values
were small enough to be accepted.

To visualize the relationships between the structures and their
activities, COMFA contour maps were generated using sysyr 7.3. The
steric and electrostatic contributions are 32.9% and 67.1%, respec-
tively, and are depicted in Figure 2. In the electrostatic field, the
electronegative favored region contributed 74% and the electropos-
itive favored region 26%. The electronegative region colored in red
contained the 4-position of the C-ring and the 7-position of the A-
ring. In the case of the steric field, the steric bulky favored region
contributed 15% and the disfavored region 85%. The bulky favored
region contained the 3’,4',5'-positions of the B-ring and 7-position
of the A-ring.

In order to obtain information on the steric, electrostatic, hydro-
phobic, and hydrogen bond (H-bond) donor properties, CoMSIA
contour maps were generated (Fig. 3). Their fields were contrib-
uted as 1.7%, 40.7%, 9.5%, and 48.1%, respectively. In the case of
the steric field, the steric bulky favored region contributed 6%
and the disfavored region 94%. The bulky favored region contained
3’-position of the B-ring and 4-position of the C-ring; the bulky dis-
favored region, 6'-pisition of the B-ring. In the electrostatic field,
the electronegative favored region contributed 85% and the elec-
tropositive favored region 15%. The electronegative region was
near 3’-position of the B-ring. The hydrophobic contour map

Figure 2. CoMFA contour maps. The corresponding steric and electrostatic field
contributions are 32.9% and 67.1%, respectively. The electrostatic field contours are
shown in red (electronegative substituent favored), while the steric field contours
are shown in green (more bulk favored).

Figure 3. More bulk favored (green), electronegative favored (red), hydrophilic
favored (white), and H-bond donor disfavored (purple) region contours are shown
in CoMSIA contour maps. The corresponding field contributions of steric, electro-
static, hydrophobic, and H-bond donor are 1.7%, 40.7%, 9.5%, and 48.1%,
respectively.

indicates the hydrophobic substituent favored region and the
hydrophilic substituent favored region which were contributed
as 8% and 92%, respectively. The hydrophilic region was near the
4-position of the B-ring. The H-bond donor favored region and dis-
favored region were contributed as 96% and 4%, respectively. The
disfavored region was observed between the 8-position of the A-
ring and the 6'-position of the B-ring.

As a result, the structural conditions of hydroxyflavone to show
the good scavenging effect are as follows: As the number of hydro-
xyl groups increases, the derivatives have a tendency to show
better scavenging effects. In addition, two hydroxyl groups neigh-
boring to each other show better effects too. For example, 3,5,7-tri-
hydroxyflavone shows the activity of 52.5% which is lower than
that of dihydroxyflavones. When the 3’-position has the bulky
group, according to the CoMFA results the derivative shows better
activity such as 6,2',3'-trihydroxyflavone and 7,8,3'-trihydroxyflav-
one. The same phenomenon was observed in the results obtained
by the authors previously.!® The scavenging effects of four trihydr-
oxyflavones, 5,7,2'-trihydroxyflavone, 5,3’,4’-trihydroxyflavone,
6,7,3'-trihydroxyflavone, and 7,8,4'-trihydroxyflavone were mea-
sured and their activities were 9.7%, 81.0%, 87.8%, and 87.7%,
respectively. Even though they all contain three hydroxyl groups,
compounds with hydroxyl groups neighboring to each other
showed much higher antioxidative activities than the compound
with separated hydroxyl groups. In the case of dihydroxyflavone,
the same result was observed.'® While 2’,3'-dihydroxyflavone
showed 85.8%, 2’,4’-dihydroxyflavone did 40.4%. Therefore, ortho
position of dihydroxyl groups is one of the structural conditions
of hydroxyflavone for the good scavenging effect.
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