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Abstract—To clarify the structural requirements of flavonoids for formation of advanced glycation end-products (AGEs), various
flavonoids were examined. The results suggested the following structural requirements of flavonoids for the inhibition of AGEs
formation: (1) as the hydroxyl groups at the 30-, 40-, 5-, and 7-positions increased in number, the inhibitory activities became stronger;
(2) the activities of flavones were stronger than those of corresponding flavonols, flavanones, and isoflavones; (3) methylation or
glucosylation of the 40-hydroxyl group of flavones, flavonols, and flavanones reduced activity; (4) methylation or glycosylation of
the 3-hydroxyl group of flavonols tended to increase activity; (5) glycosylation of the 7-hydroxyl group of flavones and isoflavones
reduced activity. In addition, various flavonoids with strong AGEs formation inhibitory activity tended to exhibit strong scaven-
ging activity for 1,1-diphenyl-2-picrylhydrazyl and superoxide anion radicals, with several exceptions.
# 2003 Elsevier Ltd. All rights reserved.
Introduction

Hyperglycemia, the primary clinical manifestation of
diabetes, is associated with development of diabetic
complications. Several mechanisms for the development
of diabetic complications are reported as follows: (1)
increase of polyol pathway flux; (2) increase of
advanced glycation end-products (AGEs) formation; (3)
activation of protein kinase C isomers; and (4) increase
of hexosamine pathway flux.1 Among them, AGEs are
well known to be a cause of aging as well as diabetic
complications. As a first step of AGEs formation, pro-
teins in the tissues are modified by reducing sugars (e.g.,
glucose and fructose). The first step of this modification
is the reaction between a free amino group of proteins
and a carbonyl group of the sugars, leading to the for-
mation of fructosamines via a Schiff base by Amadori
rearrangement. Then important precursors, a-dicar-
bonyl compounds (e.g., glyoxal, methylglyoxal, and
3-deoxyglucosone), are formed as a result of the initial
reaction. Next, the precursors are oxidized and cross-
linked, and finally fluorescent AGEs (e.g., pentosidine,
and crossline), which are useful markers of AGEs for-
mation, are formed.2
Active oxygen species and free radicals react with bio-
molecular constituents (e.g., lipids, protein, and DNA)
to cause certain clinical diseases, such as cerebral ische-
mia, atherosclerosis, inflammation, diabetes, and can-
cer.3 Recently, a hyperglycemia-induced process of
overproduction of the superoxide anion radical (�O2

�) by
the mitochondrial electron transport chain was reported
to partially inhibit the glycolytic enzyme glyceraldehyde
phosphatase dehydrogenase, thereby diverting upstream
metabolites from glycolysis into the polyol pathway and
AGEs formation, etc.1 In addition, active oxygen spe-
cies were reported to detect during the glycation pro-
cesses with traces of metal ions, and strong antioxidants
having a phenolic moiety scavenge active oxygen species
derived from the glycation processes, and inhibit
advanced glycation processes.4,5

In the course of our characterization studies on the
antidiabetic principles of natural medicines,6 we pre-
viously reported inhibitory activities of 80 flavonoids
against aldose reductase, a key enzyme of the polyol
pathway, and clarified several structural requirements
for the activity.6g As a continuing study, inhibitory
effects of the flavonoids on bovine serum albumin
(BSA) glycation were examined by a fluorescence
method. Previously, inhibitory effects of several flavo-
noids on AGEs formation were reported and their acti-
vites in connection with their radical scavenging
activities were discussed.5,7 However, their structure–
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activity relationships and the relation between their
inhibitory activities for AGEs formation and their radi-
cal scavenging activities were not discussed satisfactorily
because of the limited number of compounds. In the
present study, 62 flavonoids were examined to clarify
further structural requirements of flavonoids for AGEs
formation inhibitory activity and the relation between
inhibitory activities of flavonoids for AGEs formation
and their DPPH radical and �O2

� scavenging activities.
Results and Discussion

Inhibitory effects of flavonoids on AGEs formation and
their structural requirements for the activity

First, to clarify the structure–activity relation of flavo-
noids for AGEs formation inhibitory activity, inhibitory
effects of 62 flavonoids (15 favones, 27 flavonols, 6 fla-
vanoes, 7 isoflavones, 3 flavan-3-ols, and 4 anthocya-
nins) on AGEs formation were examined using a
fluorescent method.7 As shown in Tables 1–7, 7 flavones
[30,40-dihydroxyflavone (5, IC50=ca. 200 mM), apigenin
(7, IC50=172 mM), luteolin (8, 99 mM), wogonin (12, ca.
200 mM), baicalein (13, 93 mM), and luteolins 7-O-b-d-
glucopyranoside (14, 169 mM) and 7-O-b-d-glucopyr-
anosiduronic acid (15, ca. 200 mM)], 8 flavonols [quer-
cetin (18, 151 mM), rhamnetin (19, 156 mM), 21 (169
mM), isoquercitrin (27, 167 mM), rutin (28, 162 mM),
rhamnetin 3-O-rutinoside (29, ca. 200 mM), myricetin
(33, 119 mM), and myricitrin (38, ca. 200 mM)], 3 fla-
van-3-ols [(+)-catechin (56, 112 mM), (�)-epicatechin
(57, 144 mM), and (�)-epigallocatechin (58, ca. 200
mM)], and 4 anthocyanins [cyanidins 3-O-b-d-gluco-
pyranoside (59, 132 mM) and 3-O-rutinoside (60, 154
mM) and delphinidins 3-O-b-d-glucopyranoside (61, 99
mM) and 3-O-rutinoside (62, 163 mM)] showed sub-
stantial inhibitory activities and their activities were
stronger than that of a reference compound, amino-
guanidine (1.2 mM). On the other hand, a flavone (1),
flavonols (24, 26, 32, 34, 36, 37, 42), flavanones (43, 46,
47), and isoflavones (50, 52, 53) lacked the effect (inhi-
bition% at 200 mM: less than 25%), and other flavones
(2–4, 6, 9–11), flavonols (16, 17, 20, 22, 23, 25, 30, 31,
35, 39-–41), flavanones (44, 45, 48), and isoflavones
(49, 51, 54, 55) weakly inhibited the AGEs formation
by 25–46% at 200 mM.

By a comparison of the structures of flavonoids with
their inhibitory activities, the following structural
requirements of flavonoids for the activity were
obtained. (1) As the hydroxyl groups of flavones at the 30-,
40-, 5-, and 7-positions increased in number, the inhibitory
activities became stronger (1<2<3 and 4<7<8; 6<8).
(2) The activities of flavones were stronger than those of
corresponding flavonols, flavanones, and isoflavones
(17<7; 18<8; 24<11; 32<6; 48<8; 49<4; 51<7),
except for the relation between 1 and 16 (1<16) and
between 9 and 20 (9<20). Lou et al. reported that
methylation or glycosilation of the 30- or 40-hydroxyl
group reduced the activity from the results of flavonol 3-
O-glycosides.5 In agreement with this report, (3) methyl-
ation or glucosylation of the 40-hydroxyl group of
flavones, flavonols, and flavanones reduced the activity
(9<8; 20<18; 30<29; 34<33; 46<44; 47<45). (4)
Methylation of the 3-hydroxyl group of flavonols ten-
ded to increase the activity (19621; 22<23; 24<25). (5)
Glycosylation of the 7-hydroxyl group of flavones and
isoflavones reduced the activity (14 and 15<8; 50<49;
52<51). (6) The activities of anthocyanins were stron-
ger than those of the corresponding flavonol glycosides
(27 and 28<59 and 60; 38<61 and 62).

DPPH radical and �O2
� scavenging activities of flavo-

noids and their structural requirements for the activity

Flavonoids have been recognized largely as beneficial
antioxidants that can scavenge harmful active oxygen
species including �O2

�, H2O2,
�OH, and 1O2 and there

are many reports of structure-antioxidant activity rela-
tionships of flavonoids.8 Although some different results
have been reported because of the differences in target
active oxygen species or experimental methods, it is
generally accepted that the presence of catechol moiety
(the 30,40-dihydroxyl group) in the B-ring, pyrogallol
moiety (the 5,6,7-trihydroxyl group or the 30,40,50-trihy-
droxyl group) in the A- or B-ring, and the 3-hydroxyl
group with the 2,3-double bond in the C-ring are
important to scavenge the active oxygen species.

The DPPH radical, which is stable and shows an
absorption at 517 nm, has been used as a convenient
tool for the radical scavenge assay, and this assay is
independent of any enzyme activity.9 The xanthine–
xanthine oxidase system was conventionally used for
generation of �O2

�, which was detected by the reduction
of nitroblue tetrazolium (NBT) in the present study.10

Scavenging effects of flavonoids on DPPH radical and
�O2

� have been reported and structure–activity relations
were discussed, but experimental protocols and results
were different in some cases.8

In the present study, 62 flavonoids were examined to
clarify the further structural requirements of flavonoids
for their radical scavenging activity and relation
between inhibitory activities of fravonoids for AGEs
formation and their radical scavenging activity. As to
DPPH radical scavenging activities, 6 flavones [30,40-
dihydroxyflavone (5, SC50=6.5 mM), 30,40,7-trihydroxy-
flavone (6, 11 mM), luteolin (8, 4.8 mM), baicalein (13,
13 mM), and luteolins 7-O-b-d-glucopyranoside (14, 9.2
mM) and 7-O-b-d-glucopyranosiduronic acid (15, 7.8
mM)], 10 flavonols [kaempferol (17, 10 mM), quercetin
(18, 3.3 mM), 21 (6.0 mM), isoquercitrin (27, 4.6 mM),
rutin (28, 4.3 mM), rhamnetin 3-O-rutinoside (29, 9.8
mM), fisetin (32, 3.7 mM), myricetin (33, 4.0 mM), 35 (8.3
mM), myricitrin (38, 8.8 mM)], a flavanone [eriodictyol
(48, 6.5 mM)], 3 flavan-3-ols [(+)-catechin (56, 5.9 mM),
(�)-epicatechin (57, 4.1 mM), and (�)-epigallocatechin
(58, 2.5 mM)], and 4 anthocyanins [cyanidins 3-O-b-d-
glucopyranoside (59, 3.6 mM) and 3-O-rutinoside (60,
3.1 mM) and delphinidins 3-O-b-d-glucopyranoside (61,
3.0 mM) and 3-O-rutinoside (62, 3.8 mM)] showed sub-
stantial DPPH radical scavenging activities with SC50

values less than 15 mM and their activities were equiv-
alent to or stronger than that of a reference compound,
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a-tocopherol (10 mM). On the other hand, flavones (1–4,
7, 9–12), flavonols (16, 23, 25, 26, 30, 31, 37, 39, 41, 42),
flavanones (43–47), and isoflavones (49–55) lacked the
effect and other flavonols (19, 20, 22, 24, 34, 36, 40)
weakly scavenged the DPPH radical with SC50 values
from 15 to 40 mM (Tables 1–7).

Comparison of the structures of the flavonoids with
their inhibitory activities led us to clarify the following
structural requirements of flavonoids for the activity. (1)
The catechol or pyrogallol moiety at A or B rings in
flavones and flavonols was important to show the sub-
stantial DPPH radical scavenging activities (1<5;
3<13; 4<6; 7<8; 17<18), and methylation of the
40-hydroxyl group of flavones and flavonols tended to
reduce the activity (9<8; 20<18; 22619; 30<29;
34<33). (2) The activities of flavonols were stronger
than those of corresponding flavones (6<32; 7<17;
8<18; 9<20; 10<22; 11<24), and methylation or gly-
cosylation of the 3-hydroxyl group reduced the activity
(23<22; 25<24; 27 and 28<18; 30<22; 31<24;
37<36; 38<33; 41<36), except for the relation between
19 and 21, 29 (19<21 and 29), although Okawa et al.
reported that the 3-hydroxyl group of flavonols did not
contribute to scavenge for DPPH radicals.8e (4) The
activities of flavones were stronger than those of flava-
nones (48<8). (5) Glycosylation of flavones at the 7-
position reduced the activity (14 and 15<8). (6)
Anthocyanins showed stronger activities than the cor-
responding flavonol glycosides (27 and 28<59 and 60;
38<61 and 62). In addition, the scavenging activities of
anthocyanins with the catechol moiety at the B ring
were shown to be equivalent to those of anthocyanins
with the pyrogallol moiety (59661, 60662), different
from the activities of flavan-3-ols (57<58).

As to �O2
� scavenging activities, 7 flavones [30,40-dihy-

droxyflavone (5, IC50=2.5 mM), 30,40,7-trihydroxy-
flavone (6, 8.8 mM), luteolin (8, 7.8 mM), diosmetin (9,
8.0 mM), baicalein (13, 10 mM), and luteolins 7-O-b-d-
glucopyranoside (14, 2.2 mM) and 7-O-b-d-glucopyr-
anosiduronic acid (15, 6.2 mM)], 9 flavonols [kaempferol
(17, 11 mM), tamarixetin (20, 8.0 mM), 21 (8.7 mM),
isoquercitrin (27, 13 mM), and rutin (28, 15 mM), rham-
netin 3-O-rutinoside (29, 18 mM), 35 (18 mM), myricitrin
(38, 16 mM), and 39 (11 mM)], a flavanone [eriodictyol
(48, 7.0 mM)], 3 flavan-3-ols [(+)-catechin (56, 5.3 mM),
(�)-epicatechin (57, 4.1 mM), and (�)-epigallocatechin
(58, 5.6 mM)], and 2 anthocyanins [delphinidins 3-O-b-
d-glucopyranoside (61, 8.2 mM) and 3-O-rutinoside (62,
13 mM)] inhibited the NBT formazan formation by �O2

�

less than 20 mM. On the other hand, flavones (1, 2, 4,
10–12), flavonols (16, 23–25, 31, 36, 37, 42), flavanoes
(43–47), and isoflavones (49–55) lacked the effects, while
flavones (3, 7), flavonols (19, 22, 26, 30, 32, 34, 40, 41),
and anthocyanins (59, 60) weakly inhibited the forma-
tion of NBT formazan with IC50 values from 20 to 100
mM (Tables 1–7). Compounds 5, 14, and 20 sub-
stantially inhibited the XOD enzyme activity, and com-
pounds 6, 15, 21, 34, and 48 weakly inhibited the XOD
enzyme activity, suggesting that their inhibitions of
NBT formazan formation were partially dependent on
their XOD enzyme inhibitory activities.
Comparison of their structures with their inhibitory
activities indicated the following structural requirements
of the flavonoids for such activities. (1) As the hydroxyl
groups of flavones at the 30-, 40-, 5-, 6-, and 7-positions
increased in number, the inhibitory activities tended to
become stronger (2<3<13; 6 and 7<8), with some
exceptions (6<5; 7<3). (2) The activities of flavonols
were stronger than those of flavones (7<17). (4) The
activities of flavones were stronger than those of iso-
flavones (51<7). Anthocyanins with a catechol moiety
at the B ring showed weaker activity than the corres-
ponding flavonols glycosides (59 and 60<27 and 28). In
addition, anthocyanins with a pyrogallol moiety at the
B ring showed stronger activities than anthocyanins
with a catechol moiety (59<61; 60<62) similar to those
of flavonols (19<35).

Relation between their inhibitory activities for AGEs for-
mation and their scavenging activities for DPPH radical
and �O2

�

Lou et al. reported that the AGEs formation inhibitory
activities of several flavonoids were in accordance with
their DPPH radical scavenging activities.5 In addition, it
was reported that flavonoids might act as metal chela-
tors and/or radical scavengers, and tea catechines such
as (�)-epigallocatechin gallate inhibit the formation of
AGEs by their radical scavenging activities.11 In agree-
ment with the previous studies, various flavonoids (5, 8,
13–15, 18, 21, 27–29, 33, 38, 56–62) with strong AGEs
inhibitory activity (IC50=93–200 mM) tended to show
strong scavenging activity for the DPPH radical
(IC50=3.3–13 mM) and/or �O2

� (IC50=2.2–18 mM).
However, several conflicts were observed; that is, com-
pounds 7, 12, and 19 substantially exhibited AGE for-
mation inhibitory activity, but they exhibited weak or
less radical scavenging activities, and methylation of the
3-hydroxyl group enhanced the AGEs formation inhi-
bitory activity but reduced DPPH radical scavenging
activity. Detailed investigations including in vivo
experiments need to be made.

In conclusion, we clarified several structural require-
ments of flavonoids for AGEs formation inhibitory
activity and confirmed the relation of AGEs formation
inhibitory activities and scavenging activities for the
DPPH radical and �O2

� in vitro experiments.
Bioassay Methods

Preparation of flavonoids

Flavonoids 1–58 were prepared with some chemical
modifications, as described previously.6g Anthocyanins
59–62 isolated from black currant12 were kindly pro-
vided by Health & Bioscience Laboratories, Meiji Seika
Kaisha, Ltd.

Effects on AGEs formation. The AGEs formation was
assessed by characteristic fluorescence reported by
Morimitsu et al.7 with slight modifications. Briefly, the
reaction mixture of 100 mg d-glucose, 10 mg BSA in 1
H. Matsuda et al. / Bioorg. Med. Chem. 11 (2003) 5317–5323 5319



Table 1. Effects of flavones (1–15) on AGEs formation and their radical scavenging activities

AGEs DPPH �O�
Inhibition
% at 200 mM
Radical

2

NBT
 XOD

R1
 R2
 R3
 R4
 R5
 R6
 [IC50 (mM)]
 SC50 (mM)
 IC50 (mM)
 IC50 (mM)
Flavone (1)
 H
 H
 H
 H
 H
 H
 5%
 >40
 >100
 —

7-Hydroxyflavone (2)
 H
 H
 OH
 H
 H
 H
 27%
 >40
 >100
 —

Chrysin (3)
 OH
 H
 OH
 H
 H
 H
 43%
 >40
 20
 >30

40,7-Dihydroxyflavone (4)
 H
 H
 OH
 H
 H
 OH
 44%
 >40
 >100
 —

30,40-Dihydroxyflavone (5)
 H
 H
 H
 H
 OH
 OH
 49% [ca. 200]
 6.5
 2.5
 7.9

30,40,7-Trihydroxyflavone (6)
 H
 H
 OH
 H
 OH
 OH
 44%
 11
 8.8
 49

Apigenin (7)
 OH
 H
 OH
 H
 H
 OH
 53% [172]
 >40
 42
 >100

Luteolin (8)
 OH
 H
 OH
 H
 OH
 OH
 64% [99]
 4.8
 7.8
 >100

Diosmetin (9)
 OH
 H
 OH
 H
 OH
 OCH3
 27%
 >40
 8.0
 >100

Pilloin (10)
 OH
 H
 OCH3
 H
 OH
 OCH3
 29%
 >40
 >100
 —

11
 OH
 H
 OCH3
 H
 OCH3
 OCH3
 29%
 >40
 >100
 —

Wogonin (12)
 OH
 H
 OH
 OCH3
 H
 H
 50% [ca. 200]
 >40
 >100
 —

Baicalein (13)
 OH
 OH
 OH
 H
 H
 H
 79% [93]
 13
 10
 >30

Luteolin 7-O-Glc (14)
 OH
 H
 O-Glc
 H
 OH
 OH
 53% [169]
 9.2
 2.2
 4.9

Luteolin 7-O-GlcA (15)
 OH
 H
 O-GlcA
 H
 OH
 OH
 51% [ca. 200]
 7.8
 6.2
 29
Glc: b-d-glucopyranosyl; GlcA: b-d-glucopyranosiduronic acid.
Table 2. Effects of flavonols (16–32) on AGEs formation and their radical scavenging activities-1

� �
AGEs
Inhibition

% at 200 mM
DPPH
Radical
O2
NBT
 XOD

R1
 R2
 R3
 R4
 R5
 [IC50 (mM)]
 SC50 (mM)
 IC50 (mM)
 IC50 (mM)
3-Hydroxyflavone (16)
 H
 H
 H
 H
 H
 34%
 >40
 >100
 —

Kaempferol (17)
 H
 OH
 OH
 H
 OH
 46%
 10
 11
 >30

Quercetin (18)
 H
 OH
 OH
 OH
 OH
 57% [151]
 3.3
 —
 —

Rhamnetin (19)
 H
 OH
 OCH3
 OH
 OH
 55% [156]
 21
 44
 >30

Tamarixetin (20)
 H
 OH
 OH
 OH
 OCH3
 45%
 15
 8.0
 9.4

21
 CH3
 OH
 OCH3
 OH
 OH
 57% [169]
 6.0
 8.7
 ca. 30

Ombuine (22)
 H
 OH
 OCH3
 OH
 OCH3
 27%
 18
 75
 >100

Ayanin (23)
 CH3
 OH
 OCH3
 OH
 OCH3
 40%
 >40
 >100
 —

24
 H
 OH
 OCH3
 OCH3
 OCH3
 13%
 24
 >100
 —

25
 CH3
 OH
 OCH3
 OCH3
 OCH3
 30%
 >40
 >100
 —

26
 CH3
 OCH3
 OCH3
 OCH3
 OCH3
 7%
 >40
 ca. 100
 —

Isoquercitrin (27)
 Glc
 OH
 OH
 OH
 OH
 52% [167]
 4.6
 13
 >30

Rutin (28)
 Rut
 OH
 OH
 OH
 OH
 55% [162]
 4.3
 15
 >100

Rhamnetin 3-O-Rut (29)
 Rut
 OH
 OCH3
 OH
 OH
 48% [ca. 200]
 9.8
 18
 >100

Ombuine 3-O-Rut (30)
 Rut
 OH
 OCH3
 OH
 OCH3
 37%
 >40
 73
 >100

31
 Rut
 OH
 OCH3
 OCH3
 OCH3
 39%
 >40
 >100
 —

Fisetin (32)
 H
 H
 OH
 OH
 OH
 4%
 3.7
 80
 >100
Glc: b-d-glucopyranosyl; GlcA: b-d-glucopyranosiduronic acid; Gal: b-d-galactopyranosyl; Rha: a-l-rhamnopyranosyl; Rut: a-l-
rhamnopyranosyl(1!6)-b-d-glucopyranosyl.
5320 H. Matsuda et al. / Bioorg. Med. Chem. 11 (2003) 5317–5323



mL sodium phosphate buffer (67 mM, pH 7.2) was
incubated at 60 �C for 2 days with or without the test
compound. The reaction solution (0.2 mL) was diluted
with water (2 mL), and the intensity of fluorescence was
measured using a fluorophotometer (Luminescence
Spectrometer LS50B, Perkin–Elmer Ltd, Buckingham-
shire, England) at an excitation wavelength of 370 nm
and an emmision wavelength of 440 nm. The reaction
mixture without d-glucose was used as a blank solution.
Measurements were performed in duplicate, and the
concentration required for a 50% inhibition (IC50) of
the intensity of fluorescence was determined graphically.
Aminoguanidine was used as a reference compound.

DPPH radical scavenging activity. The free radical
scavenging activity of the constituents of flavonoids
were assessed using the DPPH radical.9 An ethanol
solution of DPPH (100 mM, 1.0 mL) was mixed with
different concentrations of each test compound (0–200
mM, 0.5 mL) and a 0.1M acetate buffer (pH 5.5, 1.0
mL), and the absorbance change at 517 nm was mea-
sured 30 min later. The reaction solution without
DPPH was used as a blank test. Measurements were
performed in duplicate, and the concentration required
for a 50% reduction (50% scavenging concentration,
SC50) of 40 mM DPPH radical solution was determined
graphically. a-Tocohperol was used as a reference
compound.

�O2
� Scavenging activity. The improved assay method

for superoxide dismutase described by Imanari et al.
was used.10 Briefly, a reaction mixture containing 100
mM xanthine, 100 mM EDTA, 25 mM NBT, 0.005%
bovine serum albumin, and ca. 1.8 mU/mL xanthine
Table 3. Effects of flavonols (33–42) on AGEs formation and their radical scavenging activities-2

AGEs DPPH Radical �O�
Inhibition
% at 200 mM
2

NBT
 XOD

R1
 R2
 R3
 R4
 R5
 R6
 [IC50 (mM)]
 IC50 (mM)
 IC50 (mM)
 IC50 (mM)
Myricetin (33)
 H
 H
 H
 H
 H
 H
 61% [119]
 4.0
 —
 —

Mearnsetin (34)
 H
 H
 H
 H
 CH3
 H
 10%
 22
 21
 ca. 100

35
 H
 H
 CH3
 H
 H
 H
 42%
 8.3
 18
 >100

36
 H
 H
 CH3
 CH3
 CH3
 H
 17%
 39
 >100
 —

37
 CH3
 CH3
 CH3
 CH3
 CH3
 CH3
 23%
 >40
 >100
 —

Myricitrin (38)
 Rha
 H
 H
 H
 H
 H
 52% [ca. 200]
 8.8
 16
 >100

39
 Rha
 H
 CH3
 H
 CH3
 H
 35%
 >40
 11
 >100

40
 Rha
 H
 H
 CH3
 CH3
 H
 41%
 28
 42
 >100

41
 Rha
 H
 CH3
 CH3
 CH3
 H
 28%
 >40
 82
 >100

42
 Rha
 H
 CH3
 CH3
 CH3
 CH3
 16%
 >40
 >100
 —
Rha: a-l-rhamnopyranosyl.
Table 4. Effects of flavanones (43–48) on AGEs formation and their radical scavenging activities

� �
AGEs
Inhibition

% at 200 mM
DPPH
Radical
O2
NBT
 XOD

R1
 R2
 R3
 R4
 [IC50 (mM)]
 SC50 (mM)
 IC50 (mM)
 IC50 (mM)
Flavanone (43)
 H
 H
 H
 H
 9%
 >40
 >100
 —

Liquiritigenin (44)
 H
 OH
 H
 OH
 40%
 >40
 >100
 —

45
 H
 OCH3
 H
 OH
 44%
 >40
 >100
 —

Liquiritin (46)
 H
 OH
 H
 O-Glc
 18%
 >40
 >100
 —

47
 H
 OCH3
 H
 O-Glc
 18%
 >40
 >100
 —

Eriodictyol (48)
 OH
 OH
 OH
 OH
 46%
 6.5
 7.0
 79
Glc: b-d-glucopyranosyl.
H. Matsuda et al. / Bioorg. Med. Chem. 11 (2003) 5317–5323 5321



Table 5. Effects of isoflavones (49–55) on AGEs formation and their radical scavenging activities

� �
AGEs
Inhibition

% at 200 mM
DPPH
Radical
O2
NBT
 XOD

R1
 R2
 R3
 R4
 R5
 [IC50 (mM)]
 SC50 (mM)
 IC50 (mM)
 IC50 (mM)
Daidzein (49)
 H
 H
 OH
 H
 OH
 33%
 >40
 >100
 —

Daidzin (50)
 H
 H
 O-Glc
 H
 OH
 �1%
 >40
 >100
 —

Genistein (51)
 OH
 H
 OH
 H
 OH
 34%
 >40
 >100
 —

Genistin (52)
 OH
 H
 O-Glc
 H
 OH
 12%
 >40
 >100
 —

Tectoridin (53)
 OH
 OCH3
 O-Glc
 H
 OH
 7%
 >40
 >100
 —

Puerarin (54)
 H
 H
 OH
 Glc
 OH
 25%
 >40
 >100
 —

Biochanin A (55)
 OH
 H
 OH
 H
 OCH3
 36%
 >40
 >100
 —
Glc: b-d-glucopyranosyl.
Table 6. Effects of Flavan-3-ols (56–58) on AGEs formation and their radical scavenging activities

AGEs DPPH �O�
Inhibition
% at 200 mM
Radical

2

NBT
 XOD

R1
 R2
 [IC50 (mM)]
 SC50 (mM)
 IC50 (mM)
 IC50 (mM)
(+)-Catechin (56)
 b-OH
 H
 69% [112]
 5.9
 5.3
 >100

(�)-Epicatechin (57)
 a-OH
 H
 60% [144]
 4.1
 4.1
 >100

(�)-Epigallocatechin (58)
 a-OH
 OH
 48% [ca. 200]
 2.5
 5.6
 >100
Table 7. Effects of anthocyanins (59–62) on AGEs formation and their radical scavenging activities

AGEs DPPH �O�
Inhibition
% at 200 mM
Radical

2

NBT
 XOD

R1
 R2
 [IC50 (mM)]
 SC50 (mM)
 IC50 (mM)
 IC50 (mM)
Cyanidin 3-O-Glc (59)
 -Glc
 H
 62% [132]
 3.6
 57
 >100

Cyanidin 3-O-Rut (60)
 -Rut
 H
 58% [154]
 3.1
 54
 >100

Delphinidin 3-O-Glc (61)
 -Glc
 OH
 70% [99]
 3.0
 8.2
 >100

Delphinidin 3-O-Rut (62)
 -Rut
 OH
 56% [163]
 3.8
 13
 >100
Glc: b-d-glucopyranosyl; Rut: a-l-rhamnopyranosyl(!)-b-d-glucopyranosyl.
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oxidase in 33.3 mM sodium carbonate buffer (pH 10.2)
was incubated with or without each test sample for 20
min at 25 �C (total volume: 3.0 mL). After incubation,
the solution was mixed with 0.1 mL of 6 mM CuCl2 to
stop the reaction. The formazan formation was mon-
itored at 560 nm. In this assay method, since com-
pounds 18 and 33 reacted with NBT and they showed
high optical density in the blank test, the �O2

� scaven-
ging activities of 18 and 33 could not be determined. In
addition, inhibitory effects of test compounds on xan-
thine oxidase activity were examined to clarify whether
the inhibition of formazan formation was due to inhi-
bition of xanthine oxidase. The reaction mixture with-
out NBT was incubated in similar conditions described
above and 0.1 mL of 2M HCl was added to stop the
reaction. Uric acid formation was monitored at 290 nm.
Several flavonoids (3, 13, 17, 19, 21, 27) at 100 mM
showed high optical density in the blank test, therefore
30 mM was chosen as the maximum concentration.
Measurements were performed in duplicate, and the
concentration required for a 50% inhibition (IC50) of
the NBT formazan formation or uric acid formation
was determined graphically.
References and Notes

1. (a) Nishikawa, T.; Edelstein, D.; Du, X. L.; Yamagishi, S.;
Matsumura, T.; Kaneda, Y.; Yorek, M. A; Beebe, D.; Oates,
P. J.; Hammes, H. P.; Giardino, I.; Brownlee, M. Nature 2000,
404, 787. (b) Brownlee, M. Nature 2001, 414, 813. (c) Du,
X. L.; Edelstein, D.; Rossetti, L.; Fantus, I. G.; Goldberg, H.;
Ziyadeh, F.; Wu, J.; Brownlee, M. Proc. Natl. Acad. Sci.
U.S.A. 2000, 97, 12222.
2. Ulrich, P.; Cerami, A. Recent Progress in Hormone
Research 2001, 56, 1.
3. (a) Kehrer, J. P. Crit. Rev. Toxicol. 1993, 23, 21. (b) Soto-
matsu, A. Saishin-Igaku 1990, 45, 1748 (in Japanese). (c)
MacCord, J. M. Adv. Free Radic. Biol. Med. 1986, 2, 325. (d)
Kensler, T. W.; Taffe, B. G. Adv. Free Radic. Biol. Med. 1986,
2, 347. (e) Paolisso, G.; Giugliano, D. Diabetologia 1996, 39,
357.
4. Sakurai, T.; Tsuchiya, S. FEBS Lett. 1988, 236, 406.
5. Lou, H.; Yuan, H.; Yamazaki, Y.; Sasaki, T.; Oka, S.
Planta Med. 2001, 67, 345.
6. (a) Yoshikawa, M.; Matsuda, H. BioFactors 2000, 13, 231.
(b) Yoshikawa, M.; Nishida, N.; Shimoda, H.; Takada, M.;
Kawahara, Y.; Matsuda, H. Yakugaku Zasshi 2001, 121, 371.
(c) Matsuda, H.; Morikawa, T.; Ueda, H.; Yosikawa, M.
Heterocycles 2001, 55, 1499. (d) Muraoka, O.; Ying, S.;
Yoshikai, K.; Matsuura, Y.; Yamada, E.; Minematsu, T.;
Tanabe, G.; Matsuda, H.; Yoshikawa, M. Chem. Pharm. Bull.
2001, 49, 1503. (e) Matsuda, H.; Nishida, N.; Yoshikawa, M.
Chem. Pharm. Bull. 2002, 50, 429. (f) Yoshikawa, M.; Mor-
ikawa, T.; Matsuda, H.; Tanabe, G.; Muraoka, O. Bioorg.
Med. Chem. 2002, 10, 1547. (g) Matsuda, H.; Morikawa, T.;
Toguchida, I.; Yoshikawa, M. Chem. Pharm. Bull. 2002, 50,
788. (h) Matsuda, H.; Morikawa, T.; Toguchida, I.; Harima,
S.; Yoshikawa, M. Chem. Pharm. Bull. 2002, 50, 972. (i)
Yoshikawa, M.; Shimoda, H.; Nishida, N.; Takada, M.; Mat-
suda, H. J. Nutr. 2002, 132, 1819. (j) Matsuda, H.; Morikawa,
T.; Yoshikawa, M. Pure Appl. Chem. 2002, 74, 1301 and lit-
eratures cited therein.
7. Morimitsu, Y.; Yoshida, K.; Esaki, S.; Hirota, A. Biosci.
Biotech. Biochem. 1995, 59, 2018.
8. (a) Sichel, G.; Corsaro, C.; Scalia, M.; Di Bilio, A. J.;
Bonomo, R. P. Free Rad. Biol. Med. 1991, 11, 1. (b) Yoko-
zawa, T.; Chen, C. P.; Dong, E.; Tanaka, T.; Nonaka, G.;
Nishioka, I. Biochem. Pharmacol. 1998, 56, 213. (c) Cos, P.;
Ying, L.; Calomme, M.; Hu, J. P.; Cimanga, K.; Poel, B. V.;
Pieters, L.; Vlietinck, A. J.; Berghe, D. V. J. Nat. Prod. 1998,
61, 71. (d) Cimanga, K.; Ying, L.; De Bruyne, T.; Apers, S.;
Cos, P.; Hermans, N.; Bakana, P.; Tona, L.; Kambu, K.;
Kalenda, D. T.; Pieters, L.; Vanden Berghe, D.; Vlietinck, A. J.
J. Pharma. Pharmacol. 2001, 53, 757. (e) Okawa, M.; Kinjo, J.;
Nohara, T.; Ono, M. Biol. Pharm. Bull. 2001, 24, 1202. (f)
Furuno, K.; Akasako, T.; Sugihara, N. Biol. Pharm. Bull.
2002, 25, 19. (g) Silva, M. M.; Santos, M. R.; Caroco, G.;
Rocha, R.; Justino, G.; Mira, L. Free Radic. Res. 2002, 36,
1219 and literatures cited therein.
9. (a) Uchiyama, M.; Suzuki, Y.; Fukuzawa, K. Yakugaku
Zasshi 1968, 88, 678. (b) Blois, M. S. Nature 1958, 181, 1199.
10. (a) Imanari, T.; Hirota, M.; Miyazaki, M.; Hayakawa, K.;
Tamura, Z. Igaku No Ayumi 1977, 101, 496 (in Japanese). (b)
McCord, J. M.; Fridovich, I. J. Biol. Chem. 1969, 244, 6049.
11. Nakagawa, T.; Yokozawa, T.; Terasawa, K.; Shu, S.;
Juneja, L. R. J. Agric. Food Chem. 2002, 50, 2418.
12. Matsumoto, H.; Hanamura, S.; Kishi, M.; Kawakami, T.;
Sato, Y.; Hirayama, M. J. Argic. Food Chem. 2001, 49, 1541.
H. Matsuda et al. / Bioorg. Med. Chem. 11 (2003) 5317–5323 5323


	Structural requirements of flavonoids for inhibition of protein glycation and radical scavenging activities
	Introduction
	Results and discussion
	Inhibitory effects of flavonoids on AGEs formation and their structural requirements for the activity
	DPPH radical and O2- scavenging activities of flavonoids and their structural requirements for the activity
	Relation between their inhibitory activities for AGEs formation and their scavenging activities for DPPH radical and O2-

	Bioassay Methods
	Preparation of flavonoids
	Effects on AGEs formation
	DPPH radical scavenging activity
	O2- Scavenging activity


	References and Notes


