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Kinetic Study of the Quenching Reaction of Singlet Oxygen by Flavonoids in Ethanol
Solution
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The quenching rate of singlet oxygei®g) by seven kinds of flavonoids (flavone, flavonol, chrysin, apigenin,

rutin, quercetin, and myricetin) with 2,3-double bonds has been measured spectrophotometrically in ethanol

at 35°C. The overall rate constanks (=kq + k, physical quenching- chemical reaction) increased as the
number of OH groups substituted to the flavone skeleton (that is, the total electron-donating capacity of
flavonoids) increases. The existence of catechol or pyrogallol structure in the B-ring is essential*@y the
guenching of flavonoids. Lok, was found to correlate with their peak oxidation potentijs the flavonoids

that have smalleEr values show higher reactivities. Similarly, 1&g values of flavonoids correlate with the
energy level of the highest occupied molecular orbiEaoyo), calculated by the PM3 MO method, and the
longest wavelengthrr* excitation energy Ee,). The contribution of the chemical reactidk)(was found to

be negligible in these flavonoids. Tlkg values of rutin, quercetin, and myricetin [(1:2%8.12) x 108 M~

s 1] were found to be larger than those of lipids [(88.4) x 10* M~! s71], amino acids €3.7 x 10’ M~!

s 1), and DNA (5.1x 10° M~1s™1). The result suggests that these flavonoids may contribute to the protection
of oxidative damage in foods and plants, by quenchidg

1. Introduction flavonoids increase in the order

Flavonoids are natural polyphenolic compounds widely fiayone < chrysin< flavonol < apigenin< rutin <
distributed in foods and plants. Flavonoids display pronounced quercetin (3)
biological activities, protecting against coronary heart disease
(CHD),'?cancers~® inflammation? etc. The biological activities  independent of both pH value and solvent system. Rutin and
of flavonoids have been related to their properties as antioxi- quercetin, with 3 and 4-OH groups at the B-ring, showed high
dants, and many studies have been performed on the inhibitionreactivity, indicating that the catechol structure in the B-ring is
of lipid peroxidation in biological systems or model media the obvious radical target site for flavonoilsi2 It was found
[microsomes, mitochondria, liposomes, low-density lipoprotein that quercetin and rutin have high activity in vitamin E
(LDL), etc.]5710 A notable feature of flavonoids is their high  regeneratior’
reactivity toward active free radical species. Several kinetic  Illumination with excess photosynthetically active radiation
studies have been performed on the reaction of flavonoids with (PAR) is a stress factor for plants, known as photoinhibition. It
active free radicals (N, HOs, O, °, t-BuOs, and LOG) by has been found that photoinhibition of photosynthesis in broad
use of pulse radiolysis technigdés'* and high-performance  bean leaves is accompanied by singlet oxygd)(produc-

liquid chromatography (HPLC}16 tion.18 Recently, it has been reported tH€, is generated in

In a previous work, to clarify the structur@ctivity relation- the UVA-irradiated skin of live micé? Flavonoids are widely
ship in the scavenging reaction of free radical by flavonoids, present in foods and plants in high concentration and may
we have measured the second-order rate consteng@kg) function as quenchers d, in biological systems. Conse-
for the reaction of six kinds of flavonoids (flavone, chrysin, quently, measurements of the quenching ratel@f with
flavonol, apigenin, rutin, and quercetin) with 2,64dit-butyl- flavonoids are very important. However, the examples are very
4-(4-methoxyphenyl)phenoxyl (ArDabbreviated to aroxyl) and  limited, as described below.
5,7-diisopropyltocopheroxyl (Te} radicals in ethanol, 2-pro- The quenching rateky (= kg + ki, physical quenching-
panol/water (5:1 v/v), and aqueous Triton X-100 micellar chemical reaction) of singlet oxygen with catechins-)K
solutions (5.0 wt %) (reactions 1 and ¥): catechin (CA), epicatechin (EC), epigallocatechin (EGC), epi-

catechingallate (ECG), and epigallocatechingallate (EGCG)] in
ks . CH3CN have been reported by Jovanovic et'alby a laser
ArOe + flavonoid— ArOH + flavonoick 1) flassh photolysis methc[))d: y by

k= .
Toos + flavonoid— TocH + flavonoice (2) 102 + fIavonoidi

The rate constantkg and kg) obtained in micellar solution physical quenchingq) + chemical reactionk) (4)

showed notable pH dependence. and kg values of . I
P P The ke where the former results in energy transfer and de-excitation

* Corresponding author: tel 81-89-927-9588; fax 81-89-927-9590; e-mail Of the singlet state but no chemical change in the energy
mukai@chem.sci.ehime-u.ac.jp. acceptor. The latter results in modification of the target. The
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Figure 1. Molecular structures of flavone (FI), flavonol, chrysin (Ch),
apigenin (Ap), rutin (Ru), quercetin (Qu), myricetin (My), naringenin
(Na), taxifolin (Ta), and DPBF and numbering system.

notable differences in the rate constaritg) (have not been
observed for catechins; the values obtained arex1 1%, 9.6

x 107, 1.1 x 18, 2.2 x 105, and 2.2x 108 M~1 s71 for CA,

EC, EGC, ECG, and EGCG, respectively. The difference in the
rate constants is less than 3-fold. A kinetic study of the
guenching reaction dfO, by 13 kinds of flavonoids (from the
flavonol, flavone, flavanone, and flavane families) in £CHH

has been performed by Tournaire et?dlysing a near-IRO;

luminescence method. They reported that the efficiency of the

physical quenchingk) is mainly controlled by the presence of
a catechol moiety on ring B, whereas the structure of ring C
(particularly the presence of a hydroxyl group activating the
2,3-double bond) is the main factor determining the efficiency
of the chemical reactivitykf) of flavonoids with'O,. The total
reactivity scale Kg) is dominated bykg, which is in general
higher thark. (+)-Catechin showed the highest overall quench-
ing rate ko = kg + k = 5.8 x 10° M1 571 in CH3OH) among
the above flavonoids. However, thg value obtained for)-
catechin is about 20 times smaller than that (¥.1.08 M1
s™1) reported by Jovanovic et .

In the present work, the quenching rakesof O, by seven
kinds of flavone derivatives (flavone, flavonol, chrysin, apigenin,
rutin, quercetin, and myricetin; see Figure 1), having different
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numbers i = 0~6) of OH substituents on a flavone skeleton,
have been measured in ethanol at ®5 by a competition
reaction methott=23 (see Schemes 1 and 2). The rate constants
of two structurally related flavonoids (naringenin and taxifolin)
without a 2,3-double bond were measured to investigate the
effect ofz-conjugation between A- (resorcinol) and B- (phenol,
catechol and pyrogallol) rings on the reaction rate. The chemical
reaction k;) of flavonoids with'O, has been studied spectro-
photometrically, by reacting flavonoids wittd,. PM3 molecular
orbital (MO) calculations and the measurements of-tiNé
absorption spectra were performed for these flavonoids. From
the results, the structurectivity relationship in thelO,
guenching reaction of flavonoids has been discussed.

2. Experimental Section

2.1. Materials. All the flavonoids used in the present work
are commercially available: flavone (Kanto Chemicals), fla-
vonol (Wako Chemicals, Japan), chrysin (Aldrich), apigenin
(Tokyo Kasei Organic Chemicals, Japan), rutin (Nakarai
Chemicals, Japan), quercetin (Aldrich), myricetin (Aldrich),
naringenin (Aldrich), and taxifolin (Aldrich). 3-(1,4-Epidioxy-
4-methyl-1,4-dihydro-1-naphthyl)propionic acid (endoperoxide,
EP) (see Scheme 1) was prepared by the published proc&dure.
2,5-Diphenyl-3,4-benzofuran [DPBF (Tokyo Kasei Chemicals,
Japan) (see Figure 1)] is commercially available.

2.2. MeasurementsThe measurements of rate constant were
performed on a Shimadzu UV-2100S spectrophotometer. All
measurements were performed at 3%®.5 °C.

2.3. Calculations.The semiempirical MO calculations were
performed with MOPAC 2000 ver. 1.0 on Windows XP with
parameters in ref 24. The optimized geometries, energy param-
eters, and MO coefficients were calculated by the semiempirical
PM3 method. Molecular geometries were totally optimized.

3. Results

3.1. Overall Rate Constants ko) for the Reaction of 'O,
with Flavonoids. Singlet oxygen was generated by the thermal
decomposition of the endoperoxide (BP§22,5-Diphenyl-3,4-
benzofuran (DPBF) was used as standard compound. The overall
rate constantko (=kq + k) for the reaction of'!O, with
flavonoids were determined in ethanol by eq 5 derived from
the steady-state treatment of Schen¥s 2:

SSs= 1+ [(k, + k) [flavonoid]

whereS andSs are slopes of the first-order plots of disappear-
ance of!O, acceptor, DPBF, in the absence and presence of
flavonoid, respectivelyky is the rate of deactivation df, in
ethanol.

Figure 2 shows an example of the interaction between DPBF
(5.98 x 1075 M) and EP (2.94x 104 M) without flavonoids
in ethanol solution at 38C. By the reaction, the appearance of
absorption of EP precursor &tax = 288 nm due to the thermal
decomposition of EP (and, thus, the productiod®@f) and the
disappearance of DPBF atax = 411 nm due to the chemical
reaction between DPBF an¥D, produced were observed
simultaneously at 288 and 411 nm, respectively (see Table 1).
The pseudo-first-order rate constartp)( was obtained by
following the decrease in absorbance at 411 nm of the DPBF.

Similarly, solutions containing EP (3.69 10~4 M), DPBF
(7.02x 1075 M), and various amounts of rutin{a.17 x 103
M) in ethanol were reacted at 3%. The disappearance of
DPBF was measured at 411 @A?% A plot of /S vs
concentration of rutin is shown in Figure 3. The overall rate

(6)
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SCHEME 1
CH; CH, 'o, CH,
MB/hv /O,
—_— 44
<0°C 35°C
CH,CH,COOH CH,CHCOOH CH,CH,COOH
EP - Precursor EP
SCHEME 2 TABLE 1. UV —Vis Absorption Maxima (4Amax) and Molar
ke Flavonoid Extinction Coefficients (¢) of the Flavonoids and Related
EP 'o, Q Quenching + Reaction Compounds in Ethanol, and Energy Level of HOMO
k (Eromo)
(ky) (k)
ka ks, DPBF .
0 B1OH flavonoids Amax NM L mol~tcm™* Enomo, €V
30 Product at35°C flavone 294 23300 —9.29
? 251 19 400
constantsKg) were calculated by using the valuekgfin ethanol flavonol 343 19 000 —8.97
(ks = 8.3 x 10* s1), reported by Merkel and Kearis. 305 13600
Similarly, flavonoids were reacted wittD; in ethanol.S/Ss i 240 21300
y, 1 > rea 2 1N : chrysin 313 17 600 -9.24
vs [flavonoid] plots for apigenin and myricetin are also shown 269 43600
in Figure 3. Thekg values obtained were summarized in Table o 246 (sh) 21200
2, together with those reported for and y-tocopheroP629 apigenin 23;3%5 o 1133?88 —9.16
ubiquinol-10%° and y-tocopherol hydroquinone (plastoquinol 569 (sh) 17 300
model)3° The experimental error ikg value for each flavonoid rutin 361 17 500 —9.06
was +8% at maximum. 295 (sh) 7610
3.2. Chemical Reaction offO, with Flavonoids. Endoper- ) 259 20300
oxide (EP) was prepared by the reaction of 3-(4-methyl-1-  duercetin 371 20 300 —9.05
o= M= g 301 (sh) 6440
naphthyl)propionic acid (EP precursor) wit, produced by 256 19 000
the photosensitization reaction of methylene _blu_e (MB) in myricetin 377 59 200 —9.06
ethanol (see SchemeZ)The NMR measurement indicates that 305 18 200
the powder sample of EP includes about 19% unreacted EP ) _ 255 50 000
precursor. The UV absorption spectra of (a) EP (including about ~ arngenin 290 52000 —9.27
. taxifolin 291 51 600 —9.18
24% EP precursor) and (b) EP precursor in ethanol at@5 EP 229 6510
are shown in Figure 4, where both [EP] and [EP precursor] are  EP precursor 299 (sh) 4470
1.50x 1074 M. EP precursor shows absorption maxima &y 288 6560
(€) =299 (sh) (4470), 288 (6560), 279 (5340), and 233 (9430), %g 8338
as listed in Table 1. In fact, the UV absorption spectrum of EP DPBE 11 194700
in ethanol shows a maximum &fax = 288 nm due to about 311 7260
24% EP precursor in addition to a maximumigtx = 229 nm 262 25900
(e = 6510) due to intrinsic EP. Rutin shows two absorption
maxima Bmax (€) = 361 nm (17 500) and 259 nm (20 300)] at 4 ' T T T
different wavelength regions (see Table 1). —&— Myricetin
5 B —H=— Rutin N
BERREEEERELERE —&— Apigenin
[EP],_,=294 X 10*M 3
[ [DPBF ] _ =598 X 10°M
L5 Interval : 20 min ] (/)m
In EtOH at 35°C ~
w@
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Figure 2. Change in electronic absorption spectrum of DPBF and Figure 3. Plot of /S vs concentrations of apigenin, rutin, and
endoperoxide (EP) during reaction of DPBF with EP in ethanol solution myricetin.

at 35°C. [DPBF}_o = 5.98 x 105 M and [EP]_o = 2.94 x 104 M. _ . . .
The spectra were recorded at 20 min intervals. The arrow indicates  Figure 5 shows an example of the interaction between rutin

decreasing absorbance of DPBF and increasing absorbance of EF4.50 x 107> M) and EP (1.25x 10* M) in ethanol solution
precursor with time, respectively. at 35°C. The spectra were recorded at 30 min intervals. At 35
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TABLE 2: Second-Order Rate Constants ko) and Relative
Rate Constants [108o(AO)/kg(a-Toc)] for the Reaction of
10, with Flavonoids and Related Compounds in Ethanol,
and Peak Oxidation Potentials Ep)?

100ko(AO)/ Ep, V Vs

antioxidants n ko, Mts?t ko(a-Toc) Ag/AgCIP

flavone 0 <3x 1P <0.145
flavonol 1 53310 2.59
chrysin 2 2.01x 107 9.76 0.794
apigenin 3 2.84 107 13.8 0.658
rutin 4 1.21x10C° 58.7 0.360
quercetin 5 45% 10° 222 0.178
myricetin 6 5.12x 10 249
naringenin 3 3.6& 10° 1.79 0.688
taxifolin 5 9.37x 1¢° 4.54 0.248
o-tocopherol 2.06< 10°¢ 100
y-tocopherol 1.38 10%¢ 67.0
y-tocopherol 1.17 x 10¢ 56.8

hydroquinone¢-TQH,)

(plastoquinol model)
ubiquinol-10 (UQoH>) 1.58x 10°¢ 76.7
p-carotene 1.58& 10 7670

an denotes number of OH groups substituted to flavone skeleton
bValues reported by Hotta et aBJ). ¢ Values reported in a previous

paper 80).

[EP] = 150X 10™* M
[EP-Precursor] = 1.50X 10™ M

Absorbance

300

270
Wavelength / nm
Figure 4. UV absorption spectra of endoperoxide (EP) and EP

precursor in ethanol at 3%C. [EP] = [EP precursorl= 1.50 x 1074
M.
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[Rutin] _ =450x 10°M

[EP] _,=125% 10°M
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Figure 5. Increase of the absorption of EP precursor at 288 nm due
to the generation of singlet oxygen from endoperoxide (EP) in ethanol
at 35°C. [EP]= 1.25x 104 M and [rutin] = 4.50 x 1075 M. The
spectra were recorded at 30 min intervals.

0.0 L
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log kQ
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Figure 6. Plot of log ko Vs Enowmo for flavonol, chrysin, apigenin,
rutin, quercetin, myricetin, naringenin, and taxifolin.

C-ring show chemical reactivity, althoudyis in general higher

than k.. On the other hand, the chemical reaction was not
observed for the flavonoids without the 2,3-double bond.
However, the result obtained here shows that the chemical

°C, EP decomposes and generates singlet oxygen and EReaction is almost negligible in all the flavonoids studied. The
precursor. The arrow indicates an increase in absorbance of EReason for such a difference in the chemical reactividy i€

precursor at 288 nm with time. However, the absorption of rutin
at lmax = 361 nm shows no change in the intensity. The
chemical reaction betweéi®, and rutin is very slow, and the

not clear at present.
3.3. Molecular Orbital Calculations of Flavonoids. Mo-
lecular orbital calculations were performed for the flavonoids

measurable change in the absorption spectrum of rutin was notby the semiempirical PM3 methé@d.The energy levels of the
observed. Similar measurements were performed for the reactionhighest occupied molecular orbitdt {(omo) obtained are listed

between EP and flavonoids with and without a 2,3-double bond.
The chemical reaction expected was not observed for all the
flavonoids studied. Consequently, tkg values obtained for
flavonoids are thought to be due to physical quenchiag (
that is, kg ~ Ky.

in Table 1. The values of lok, for flavonoids have been plotted
againstExomo. As shown in Figure 6, lodkg of flavonoids
except for flavonol correlates well witByomo With a slope of
8.2+ 1.6 eV (correlation coefficient= 0.91). The flavonoids
that have higheEnomo values show higher reactivities with

It has been reported that tocopherols can act as efficientsinglet oxygen.

scavengers 0f0,.26729 |t was shown thati-tocopherol scav-
enges!O, by a combination of physical quenchingg) and
chemical reactionk). For instance, thég value kg = kq +

k) of a-tocopherol is 2.5« 108 M~1 s71 in pyridine. Because
kq > k;, the quenching process is almost entirely “physical”;
that is,a-tocopherol deactivates about 120, molecules before
being destroyed by chemical reaction (e¢®%)’ As described

in the Introduction, Tournaire et #lreported that the flavonoids
with a hydroxyl group activating the 2,3-double bond at the

3.4. UV—Vis Absorption Spectra of Flavonoids.Measure-
ments of UV-vis absorption spectra have been performed for
the flavonoids in ethanol solution. Absorption spectra of
flavonoids with 2,3-double bonds are shown in Figure 7. The
wavelengths of absorption maximag,) and molar absorption
coefficients €) obtained are listed in Table 1, indicating that
the values ofe at Amax are similar to each other in these
flavonoids. Thelmas values of the longest wavelength in
flavonoids, except for flavonol, increase with increasing number
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Figure 7. Absorption spectra of flavone, flavonol, chrysin, apigenin,
rutin, and quercetin. [Flavonoid} 1.50 x 1075 M.
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Figure 8. Plot of log kg vs 14Amat for flavonol, chrysin, apigenin,
rutin, quercetin, myricetin, naringenin, and taxifolin.

3.8

of OH groups substituted to the flavone skeleton. The plot of
log ko vs inverse absorption maximum £kh¢) is shown in
Figure 8. The good correlatioRE 0.96) with a slope of-(2.33

+ 0.30) x 10* cm~! was observed for flavonoids except for
flavonol, indicating that flavonoids with largéa+ values show
fasterlO, quenching rates.

4, Discussion

4.1. Structure—Activity Relationship of the 10, Quenching
Reaction by Flavonoids in Ethanol Solution.As shown in
Figure 1, the flavonoids except for naringenin and taxifolin are
OH derivatives of flavone, in which the aromatic A- and B-rings
aresr-conjugated to each other by a 2,3-double bond. As listed
in Table 2, thekg values obtained are less tha® x 10° M1
s1 for flavone, 5.33x 10° M~1 s71 for flavonol, and 2.01x
10’ M~1 s71 for chrysin. The reactivity of flavone without an
OH group is very weak and almost negligible. Flavonol with a
3-OH group at the C-ring shows low reactivity. Chrysin has
higher reactivity than flavonol, clearly indicating that the
resorcinol A-ring contributes to th&D, quenching action by
flavonoids. The reaction rat&kd = 2.84 x 10" M~1 s7%) of
apigenin, with a 40H group at the B-ring, is larger than that
of chrysin, suggesting that the-@H group at the B-ring
contributes to théO, quenching. Further, the, values obtained
for rutin (ko = 1.21 x 108 M~1 s71) and quercetinky = 4.57
x 108 M~1s71), which have 3 and 4-OH groups at the B-ring,

Nagai et al.

indicates that the catechol structure in the B-ring of rutin and
quercetin mainly contributes to the quenching'®b. The kg
value (5.12x 10° M~ s71) obtained for myricetin, which has
3'-, 4-, and 53-OH groups at the B-ring, is larger than those of
rutin and quercetin.

As described above, the quenching rates@f oxygen for
flavonoids increase in the order

flavone = 0) < flavonol (n = 1) < chrysin = 2) <
apigenin o= 3) < rutin (h=4) < quercetinfi=15) <
myricetin Q= 6) (6)

in ethanol solution, whera is the number of OH substituents

in these flavonoids. The result clearly indicates that the
guenching rate increases with increasing number of OH sub-
stituents, that is, the electron-donating capacity of these fla-
vonoids. Especially, the existence of catechol or pyrogallol
structure in the B-ring is essential for tA®, quenching of
flavonoids, although the resorcinol structure in the A-ring also
contributes partly (417%) to the'O, quenching.

Apigenin and naringenin have 5- and 7-OH groups at the
A-ring and a 4OH group at the B-ring. Further, only the
apigenin has a 2,3-double bond, which is responsible for
s-conjugation between A- and B-rings. In fact, the quenching
rate (o) of apigenin (2.84x 10’ M~1s™%) is 7.7 times larger
than that of naringenin (3.6& 10° M~* s™1) without a 2,3-
double bond in ethanol. Similarly, the of quercetin (4.57
18 M1 s71) and rutin (1.21x 18 M1 s71) are 49 and 13
times larger than that of taxifolin (9.3% 10° M~1 s71) in
ethanol, respectively. The result indicates that the existence of
the 2,3-double bond in quercetin, rutin, and apigenin is important
for 'O, quenching.

Bors et a2 measured the second-order rate constants for
the reaction of flavonoids with HQ Ns., andt-BuOe radicals,
at pH 11.5, by a pulse radiolysis technique and reported that
three structural groups in flavonoids are important determinants
for radical scavenging: (i) the'-3and 4-OH groups (catechol
structure) in B-ring, which are the obvious radical target site
for all flavonoids; (ii) the 2,3-double bond in conjugation with
a 4-oxo function, which is responsible for electron delocalization
from the B-ring; and (iii) the existence of both 3- and 5-OH
groups for maximal radical-scavenging activity. The results
obtained in the present work indicate that all the above
determinants-iii proposed for the radical-scavenging by Bors
et all%12 are also important for singlet oxygen quenching in
flavonoids.

4.2. Correlation between Logkg and Peak Oxidation
Potentials.In a previous work, the rate of quenching’ah, by
17 kinds of tocopherol derivatives, including, -, y-, and
d-tocopherols, and five structurally related phenols has been
measured spectrophotometrically in ethanol at°@%° The
result indicates that the overall rate constakgs,increase as
the total electron-donating capacity of the alkyl substituents on
the aromatic ring increases. L&g was found to correlate with
their peak oxidation potential€p. Similar correlation was
observed for the biological hydroguinones and related com-
pounds®®

Measurements dEp of flavonoids (chrysin, apigenin, rutin,
guercetin, naringenin, and taxifolin) were performed in 1:1 (v/
v) water—ethanol containing 50 mM KCl and 50 mM phosphate
buffer (pH 7.0) by Hotta et aP! using cyclic voltammetry. The
Ep values reported are listed in Table 2. The values ofkgg
for flavonoids have been plotted agaifst As shown in Figure
9, logkg of chrysin, apigenin, rutin, and quercetin (compounds

are 6.0 and 23 times larger than that for chrysin. The result with 2,3-double bonds) correlates wi with a slope of—2.2
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10 T T T observed for the carotenoid derivatives having comparatively
higher excitation energies [(2.22.30) x 10* cm~], that is,
slower quenching ratekd = (1.0 x 10%)~(3.0 x 1°) M~!
s711.35 The result suggests that flavonoids with smafgyvalues
show highefO, quenching activities and, thus, higher biological
activity, as described above.

The results of the X-ray structure analyses show that the
torsion anglesf() between B- and C-rings in flavone derivatives
without an OH substituent at the 3-position are-@24.1° (avg
12°), indicating that the molecules take planar structdfes.
Similarly, the torsion angle®j in flavonol and quercetin with
B | an OH substituent at the 3-position are®sabd 7, respectively,
indicating planar structur€:38Both quercetin and rutin, which
is quercetin rutinoside at the 3-position, have OH substituents
at 3-, 4-, 5-, and 7-positions, and we can expect similar rate
constants Kp) for these flavonoids. However, the value of
Figure 9. Plot of logkg vs Er for chrysin, apigenin, rutin, quercetin,  rutin is 3.8 times smaller than that of quercetin in ethanol, as
naringenin, and taxifolin. listed in Table 2. Ther-conjugation between B- and C-rings in
rutin will be weaker than that in quercetin, because the B-ring
of rutin is considered to twist much more than that of quercetin
by the steric repulsion between the @or 2-) ring proton at
the B-ring and the rutinose group. In such a case, the energy
level of HOMO Enowmo) of rutin lowers, the oxidation potential

log kQ

6 ! ! ! !
0.0 0.2 0.4 0.6 0.8 1.0

E, IV

+ 0.2 V1 (correlation coefficient= —0.99). The flavonoids
that have smalleEp values show higher reactivities. The result
suggests that the transition state in the ab®g quenching
reaction by flavonoids has the property of a charge-transfer
intermediate®? On the other hand, the values of naringenin and (Ep) of rutin increases, thémat value decreases, and thus the
taxifolin, without 2,3-double bonds, deviate from the above ko value will decreaség_jgo,gslnfact’ theEp value of ’rutin (0.360
correlation line. TheEp values reported for naringenin and /o Ag/AgCl) is larger than that of quercetin (0.178 ¥jand

taxifolin are consm!ered to be smaller than those ex.pected fromtheimaxL value of rutin (361 nm) is smaller than that of quercetin
Enowmo values obtained by MO calculation, as described below. (371 nm)

As reported in a previous work, the rate constants of
scavenging of Ar@ (ks) by tocopherol derivatives increase as
the total electron-donating capacity of the alkyl groups at the
aromatic ring increase8.A plot of log ks and logkg versus
peak oxidation potentialHp) was found to be linear and the
slope was negative. Linear correlation between the rates of
quenching of singlet oxygerkg) and scavenging of peroxyl
and aroxyl radicalskg) in solution was found? As described
in a previous section, the andkg values of flavonoids increase
in the order shown in eq 3, independent of both pH value an
solvent system’ On the other hand, thp values of the above
flavonoids reported by Hotta et al. decrease in the order chrysin
> apigenin> flavonol > rutin > quercetin. Hendrickson et
al34 found that the effect of flavonoids on microsomal phenol
hydroxylase activity correlates well with the oxidation potential
(Ep) for flavonoids aglycons; the flavonoids that have smaller
Ep values show higher inhibitions of phenol hydroxylase activity.
Further, the correlation between tBgvalues of flavonoids and
their log 1G5 values for doxorubicin-induced lipid peroxidation
has been reported by Acker etéalhese results suggest that
the flavonoids with smalleEp values show higher free radical
scavenging and singlet oxygen quenching activities, and thus

4.4. Comparison between the Quenching Ratekd) of
Flavonoids and Biological CompoundsSinglet oxygen reacts
with a wide variety of biological targets including lipids, sterols,
proteins (amino acids), DNA, etc. Rate constdai$—=k, + k;)
for a large number of these reactions have been reported
previously (see Table 1 in ref 39). Most reactions'©f with
biological targets occur via chemical rather than physical routes.
For instance, peroxidation of unsaturated lipids is induced by
d singlet oxygen. The quenching ratdg) of 'O, by saturated
and unsaturated fatty acids and lipids are 9.00° M~1 s71
for stearic acid, 1.7 10* M~ s7! for oleic acid, 4.2x 10*

M~1 s™1 for linoleic acid, and 6.0« 10* M~1 s71 for egg yolk
phosphatidylcholind®4! The quenching rate increases as the
number of double bonds in the fatty acid molecule increases.
The kg values [(3.68x 10F)~(5.12 x 1(%) M~* s™1] observed

for eight kinds of flavonoids are-24 orders of magnitude larger
than those for fatty acids and phospholipid. The result suggests
that these flavonoids may contribute to the quenchingQaf

and prevent lipid peroxidation in cell membranes. Similarly,
the kg values observed for flavonoids are-3 orders of
magnitude larger than that (5:4 10° M~ s71) for DNA.

higher biological activity. Davies et af®42reported that proteins will be major targets
4.3. Correlation of Log ko with Energy Level of HOMO for YO, within cells, as the rate constants for reaction'©f
and Inverse Absorption Maximum in UV —Vis Absorption with amino acid side chains in proteins are higher than those

Spectra.As shown in Figure 6, the flavonoids that have higher With most other cellular targets, and proteins are present at high
Erowmo Values show higher reactivities. The result is reasonable, concentrations when compared to other species within cells. Of
because the flavonoids that have higBgsvo values will show ~ the common amino acids present in proteins, only Try, His,
smaller ionization potentiallg), that is, smaller oxidation  TYr. Met, and Cys react at significant rates at physiological pH
potential Ep). values. Rate constants reported for these amino acids are
UV —Vis absorption spectra of flavonoids with 2,3-double (0.8~3.7) x 10" M~* s”%. The values are similar to those of
bonds are shown in Figure 7. THga- values for the longest ~ chrysin (2.01x 10" M~* s™*) and apigenin (2.84< 10" M~*
wavelengthz* excitation in flavonoids increase with increasing S ) and -2 orders of magnitude smaller than those of rutin
number of OH groups substituted to the flavone skeleton. As (1.21 x 10° M~* s™%), quercetin (4.57x 10° M~* s™%), and
shown in Figure 8, a good correlation between lagand myricetin (5.12x 10° M~ts™).
1/max, that is, the longest-wavelengtir* excitation energy a-, -, v-, ando-Tocopherol and biological hydroquinones,
(Eex), was observed for flavonoids. A similar correlation was such as ubiquinol-10 (UfH>), vitamin K; hydroquinone, and



4240 J. Phys. Chem. B, Vol. 109, No. 9, 2005

plastoquinol (PQHK), are well-known as the most popular lipid-
soluble antioxidantsy-Tocopherol hydroquinone/{TQH,) is
considered to be a plastoquinol model, because both,RQe
y-TQH, have two methyl substituents at 2- and 3-positions and

Nagai et al.

(10) Rice-Evans, C. A.; Miller, N. J.; Paganga, Bee Rad. Biol. Med
1996 20, 933-956.

(11) Bors, W.; Saran, MiFree Rad. Res. Commuk987, 2, 289-294.

(12) Bors, W.; Heller, W.; Michel, C.; Saran, M. Flavonoids as
antioxidants: Determination of radical-scavenging efficiencieMdthods

a long alkyl chain at the 6-position, and thus the rate constantsin Enzymology Academic Press: New York, 1990; Vol. 186, pp 343

ko of PQH andy-TQH, are thought to be similar to each other.
The quenching rates d, by these antioxidants have been
reported in previous works (see Table?25°As described in a
previous section, the rate of the quenching reactiotOgfwith
flavonoids increases in the order shown in eq 6 in ethanol
solution. The rate constantsy) obtained for rutin (1.2x 10°
M~1s71), quercetin (4.57% 1C8), and myricetin (5.12«x 10°)

are similar to (or larger than) those oftocopherol (2.06x

18 M~1s71), y-tocopherol (1.38«< 10°), UQyoH, (1.58 x 1(B),
andy-TQH, (plastoquinol model) (1.1% 10®). Flavonoids are

found in high concentration in foods and plants. The present

355.
(13) Jovanovic, S. V.; Steenken, S.; Tosic, M.; Marjanovic, B.; Simic,
M. G. J. Am. Chem. S0d.994 116, 4846-4851.
(14) Jovanovic, S. V.; Hara, Y.; Steenken, S.; Simic MJGAmM. Chem.
Soc.1995 117, 9881-9888.
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284.

(16) loku, K.; Tsushida, T.; Takei, Y.; Nakatani, N.; TeraoBibchim.
Biophys. Actal995 1234 99-104.

(17) Mukai, K.; Oka, W.; Watanabe, K.; Egawa, Y.; NagaokaJS.
Phys. Chem. A1997, 101, 3746-3753.

(18) Hideg, E.; Kalai, T.; Hideg, K.; Vass, Biochemistry1998 37,
11405-11411.

(19) Yasui, H.; Sakurai, HBiochem. Biophys. Res. Commga0Q 269,

kinetic study suggests that the above flavonoids function as 131-136.

singlet oxygen quenchers in biological systems (such as cell

(20) Tournaire, C.; Sylvie, S.; Maurette, M.-T..Photochem. Photobiol.

membranes, photosynthetic systems, etc.) and protect theB: Biol 1993 19, 205-215.

(21) Saito, I.; Matsuura, T.; Inoue, Kl. Am. Chem. Sod983 105,

systems from oxidative damage. However, the quenching ratess, g5 3506,

of these flavonoids are-12 orders of magnitude smaller than
that (1.58x 10'°M~1s71) of S-carotene, which is well-known
as a representativé, quencher.
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