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A flavone glucoside, luteolin-7-O-glucoside (luteolin-7-G)
inhibited the formation of pentyl and 7-carboxyheptyl
radicals in the reaction of 13-hydroperoxy-9,11-octadeca-
dienoic (13-HPODE) acid with iron(Il) ions. The inhibitory
effect of luteolin-7-G was diminished in the presence of
EDTA. These results indicated that the inhibitory effects of
luteolin-7-G occur partly through the chelation of iron ions.
Measurement of visible spectra also showed that luteolin-
7-G chelates iron ions. On the other hand, luteolin-7-G did
not inhibit the reaction under anaerobic conditions,
suggesting that oxygen molecules participate in the
inhibition. Oxygen consumption measurements showed
that the luteolin-7-G/iron ion complexes react with oxygen
molecules in competition with 13-HPODE acid, and free
iron ions exclusively react with 13-HPODE acid. The
reaction of luteolin-7-G/iron ion complexes with oxygen
molecules possibly diminishes the formation of pentyl and
7-carboxyheptyl radicals.

Keywords: Lipid peroxidation; Luteolin; Antioxidant; Radicals;
HPLC-ESR-MS

INTRODUCTION

Flavonoids are expected to be promising potential
compounds for combating free radicals pathologies
such as ischaemia, anaemia, arthritis, asbestosis, etc.
Flavonoids occur widely in the plant kingdom, and
are especially common in leaves, flowering tissues
and pollens. They are also abundant in woody parts
such as stems and barks. Humans consume

substantial amounts of flavonoids in fruits, vege-
tables, herbs and beverages.!' ™! The average diet
contains approximately 1g/day of mixed flavo-
noids."! Thus, it is of interest to examine the
influence of flavonoids on human health in view of
their widespread occurrence in food products and
the relatively large quantities consumed by virtually
the entire human population.

Flavonoids are known to act as strong scavengers
of superoxide radicals (O, ),">®! hydroxyl radicals”!
and peroxyl radicals.'® Singlet oxygen (‘O,) is quen-
ched by flavonoids.”” Flavonoids are also able to sca-
venge NO radicals"” and peroxynitrite.'!! Several
papers showed that flavonoids inhibit lipid peroxi-
dation in iron-dependent lipid peroxidation sys-
tems.['2~1°l However, details of the mechanism of the
inhibitory effect of flavonoids on the lipid peroxi-
dation in iron-dependent lipid peroxidation systems
have not been clarified. We focus on the inhibitory
effects of a flavone glucoside, luteolin-7-O-glucoside
(luteolin-7-G) (Fig. 1) on the following reaction:

LOOH + Fe** - OH™ + LO + Fe** (1)

where LOOH and LO' represent 13-hydroperoxy-
9,11-octadecadienoic acid (13-HPODE) (or 12,13-
epoxy-9-hydroperoxy-10-octadecenoic acid) and
1-pentyl-12-carboxy-2,4-dodecadienyloxyl radicals
[or 1-(7-carboxyheptyl)-4,5-epoxy-2-decenyloxyl
radicals], respectively (Scheme 1).1"!
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OH MATERIALS AND METHODS

Materials

Luteolin-7-G was from Funakoshi Technical Services
(Tokyo, Japan). a-(4-Pyridyl 1-oxide)-N-tert-butyl-
nitrone (4-POBN) was purchased from Tokyo Kasei
Kogyo, Ltd. (Tokyo, Japan). Ethylenediaminetetra-
R:Glucose acetic acid (EDTA) disodium salt and luteolin were
OH 0 obtained from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Soybean lipoxygenase (EC 1.13.11.12)
Type V and linoleic acid were from Sigma Chemical
FIGURE 1 Structure of luteolin-7-O-glucoside. R is glucose. Co. (St. Louis, MO, USA). Ammonium iron(II)
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SCHEME 1 A possible mechanism for the inhibitory effect of luteolin-7-G on the formation of the 7-carboxyheptyl and pentyl radicals.
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sulphate was obtained from Kishida Chemical Co.
(Osaka, Japan). Glucose was purchased from Nakalai
Tesque, Inc. (Kyoto, Japan). All other chemicals used
were commercial products of the highest grade
available.

Preparation of 13-HPODE Acid

The reaction mixture contained, in total volume of
25ml, 1.5mg/ml linoleic acid, 440 units/ml soybean
lipoxygenase and 0.2M boric acid (pH 9.0). The
reaction was performed at 25°C under air for 1 h. The
reaction mixture (25 ml) was acidified to pH 2.0 and
extracted with 20 ml diethyl ether. The extracts were
evaporated under reduced pressure and applied to
the normal-phase HPLC.!"”! The normal-phase HPLC
used consisted of a model 7125 Rheodyne injector
(Reodyne, Cotati, CA), a model Hitachi 655A-11
pump with a model L-5000 LC controller (Hitachi
Ltd., Ibaragi, Japan) and a model SPD-M10AVP diode
array detector (Shimadzu Co., Kyoto, Japan) with a
model CLASS-LC10 LC workstation (Shimadzu Co.).
The SPD-M10AVP diode array detector was operated
from 200 to 350nm in the HPLC system. The
HPLC was performed on Zorbax SIL column
(25.0cm X 9.4 mm) (Du Pont Company, Wilmington,
DE) with n-hexane-diethyl ether-acetic acid mixture
(v/v,1000:150:1) at 20°C. The flow rate was 3 ml/min.
When the HPLC profile was monitored at 234 nm,
four prominent peaks (P46, P56, P60 and P64)
were observed at retention times of 46, 56, 60 and
64 min, respectively. Based on the paper by Teng and
Smith, ") we assigned the four peaks as follows: P46,
13-hydroperoxy-(9Z,11E)-octadeca-9,11-dienoic acid;
P56, 13-hydroperoxy-(9E,11E)-octadeca-9,11-dienoic
acid; P60, 9-hydroperoxy-(10E,12Z)-octadeca-10,12-
dienoic acid; P64, 9-hydroperoxy-(10E,12E)-octa-
deca-10,12-dienoic acid. We collected the P46 and
used it for the reaction. The concentration of
13-HPODE was determined from its absorbance at
234nm (g = 25,600/cm/M).[2%

ESR Measurements

The ESR spectra were obtained using a model JES-
FR30 Free Radical Monitor (JEOL Ltd., Tokyo,
Japan). Samples were aspirated into a Teflon tube
centred in a microwave cavity. Operating conditions
of the ESR spectrometer were: power, 4mW;
modulation width, 0.1 mT; centre of magnetic field,
337.000 mT; sweep time, 4 min; sweep width, 10mT;
time constant, 0.3 s. Magnetic fields were calculated
by the splitting of MnO (AH3z_4 = 8.69 mT).

HPLC-ESR and HPLC-ESR-MS Analyses

HPLC-ESR and HPLC-ESR-MS analyses were per-
formed as described in the previous paper.'®!

HPLC-UV Analyses

The HPLC used in the HPLC-UV consisted of a
model 7125 injector (Reodyne) with a 5ml sample
loop, a model 655A-11 pump with a model L-5000
LC controller (Hitachi Ltd.), and a Model
SPD-M10AVP diode array detector with a
Model CLASS-LC10LC workstation (Shimazu,
Kyoto, Japan). A semi-preparative column
(30 X 10mm” in diameter) packed with TSKgel
ODS-120T (5mm  particle size) (Tosoh, Tokyo,
Japan) was used. The column was kept at 20°C
throughout the analyses. For the HPLC-UV
analyses, two solvents were used: solvent A,
50mM acetic acid; solvent B, 50 mM acetic acid/
acetonitrile (20:80, v/v). A combination of isocratic
and linear gradient was used for the analyses of
13-0x0-9,11-tridecadienoic acid: 0-5min, 100%
A (isocratic) at flow rate 2.0ml/min; 5-50min,
100-0% A (linear gradient) at flow rate
2.0ml/min; 50-60min, 100% B (isocratic) at flow
rate 2.0 ml/min.

Control Reaction Mixture of 13-HPODE with
Iron(IT) Ions

The control reaction mixture of 13-HPODE with
iron(Il) ions contained 140 M 13-HPODE, 67 uM
Fe(NH4)2(SO4)2, 0.1M «-(4-POBN), and 37 mM
phosphate-buffered solution (pH 7.4). 4-POBN is a
spin-trapping reagent. The reaction was started by
adding Fe(NH4),(SO4),. The reaction was performed
for 2min at 25°C. Anaerobic conditions were
obtained with 3VP-C rotary pump (Hitachi Co.,
Tokyo, Japan) in Thunberg tubes.

Visible Absorption Spectra

Visible absorption spectra were measured using a
model UV-160A ultraviolet-visible spectrophoto-
meter (Shimadzu Co.). The measurements were
performed at 20°C.

Oxygen Consumption

Oxygen consumption studies were performed with a
Clark-type electrode (Yellow Spring Instrument Co.,
Yellow Spring, OH). All of the components for the
control reaction mixture of 13-HPODE with
Fe(NH4)2(SO,), were put into the sample chamber
except for Fe(NH4)2(SO4),. After a delay of 2min for
equilibrium, the reaction was started by the addition
of Fe(NH,4)>(SO4), at 20°C. For the purpose of
calculation, the reaction mixture was assumed to
contain the same amount of dissolved oxygen as
pure water (281 pM at 20°C).
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FIGURE 2 ESR spectra of the reaction of 13-HPODE with iron(II)
ions in the presence of luteolin-7-G. ESR and reaction conditions
were as described in the “Materials and methods”. (A) Control
reaction mixture; (B) control reaction mixture with luteolin-7-G
(180 pM); (C) control reaction mixture with EDTA (330 pM); (D)
control reaction mixture with luteolin-7-G (180 uM) and EDTA
(330 pM).

RESULTS

ESR Measurements

An ESR spectrum (aN = 1.58 mT and a''g = 0.26 mT)
was observed in the control reaction mixture of
13-HPODE with iron(Il) ions (Fig. 2A). The ESR
spectrum was hardly observed in the control reaction
mixture without iron(Il) ions (or 13-HPODE) (data
not shown). On addition of 180 uM luteolin-7-G to
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the control reaction mixture, the ESR peak height
decreased to 45% (% 7%, n = 3) of the control reaction
mixture (Fig. 2B), suggesting that luteolin-7-G
inhibits the formation of the 13-HPODE-derived
radicals. To establish whether or not chelation of iron
ions is essential to the inhibitory effects, 330 uM
EDTA was added to the control reaction mixture
(Fig. 2C). On addition of the EDTA to the control
reaction mixture, the ESR peak heights increased to
120% (*=10%, n = 3) of the control reaction mixture.
Addition of the luteolin-7-G into the control reaction
mixture with the EDTA resulted in less effect on the
ESR peak height [75% (£8%, n = 3) of the control
mixture with the EDTA] (Fig. 2D). These results
indicated that luteolin-7-G inhibits the formation of
the 13-HPODE-derived radicals partly through the
chelation of iron ions in the reaction mixture.

To know which moiety of luteolin-7-G is essential
for the inhibitory effect, inhibitory effects of luteolin
(or glucose) was examined. On addition of 180 uM
luteolin to the control reaction mixture, the ESR peak
heights decreased to 42% (= 3%, n = 3) of the control
reaction mixture. On the other hand, on addition of
180 uM glucose to the control reaction mixture, the
ESR peak heights remained unchanged [97% (*10%,
n = 3) of the control mixture]. The above results
show that luteolin moiety is essential for the
inhibitory effect.

UV/Visible Absorption Spectra of the Solutions
Containing Luteolin-7-G and Iron(II) Ions

In order to discern whether or not iron(Il) ions
interact with luteolin-7-G, UV /visible absorption
spectra of the solutions containing luteolin-7-G and
iron(Il) ions were measured (Fig. 3). The solution,
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FIGURE 3 UV /visible absorption spectra of the solutions containing iron(II) ions and luteolin-7-G. UV /visible absorption spectra were
observed for the solutions of iron(I) ions and luteolin-7-G in the following ranges: (I) 220—-400 nm, (II) 400—-800 nm. (I-A) 90 M luteolin-7-
G in 37 mM phosphate-buffered solution (pH 7.4); (I-B) a mixture of 90 pM luteolin-7-G and 33 uM Fe(NH,4)»(SO,), in 37 mM phosphate-
buffered solution (pH 7.4); (I-C) a mixture of 90 uM luteolin-7-G, 33 uM Fe(NH,),(SO,), and 165 .M EDTA in 37 mM phosphate-buffered
solution (pH 7.4); (II-A) 180 uM luteolin-7-G in 37 mM phosphate-buffered solution (pH 7.4); (II-B) a mixture of 180 uM luteolin-7-G and
67 pM Fe(NH,4)>(SO4), in 37 mM phosphate-buffered (pH 7.4); (II-C) a mixture of 180 uM luteolin-7-G, 67 uM Fe(NH4)>(SO4), and 330 uM

EDTA in 37 mM phosphate-buffered solution (pH 7.4).
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FIGURE 4 The HPLC-ESR analysis of the control reaction
mixture of 13-HPODE with iron(II) ions. Reaction mixtures (0.9 ml)
were applied to the HPLC-ESR. (A) Control reaction mixture
under aerobic conditions, (B) control reaction mixture with 180 uM
luteolin-7-G under aerobic conditions, (C) control reaction mixture
under anaerobic conditions and (D) control reaction mixture with
180 uM luteolin-7-G under anaerobic conditions.

which contained both luteolin-7-G and Fe(NHy),
(SO4), in phosphate-buffered solution (pH 7.4),
showed an absorption spectrum with Anaxs of 260,
382 and around 600nm (Fig. 3, I-B and II-B). The
solution containing only luteolin-7-G in phosphate-
buffered solution (pH 7.4) showed an absorption
spectrum with Apays of 260 and 350 nm (Fig. 3, I-A
and II-A). When 330 uM EDTA, which is a strong
chelating agent of iron(Il) ions, was added to
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the solution containing both iron(Ill) ions and
luteolin-7-G, an absorption spectrum reverted to
the one of luteolin-7-G alone (Fig. 3, I-C and II-C).
These results suggested that the luteolin-7-G/iron
ion complexes form in the solution.

HPLC-ESR and HPLC-ESR-MS Analyses

In order to probe the effect of luteolin-7-G on the
formation of respective 13-HPODE-derived radicals,
the HPLC-ESR analyses were performed. On the
HPLC-ESR elution profile of the control reaction
mixture, two peaks were observed at the retention
times of 31.0 *# 0.3min (n=23) (peak 1) and
482 + 0.1min (n=3) (peak 2), respectively
(Fig. 4A). In order to identify peaks 1 and 2, the
HPLC-ESR-MS analyses were performed (Fig. 5).
The HPLC-ESR-MS analysis of peak 1 compound
gave ions at m/z 251 and 338 (Fig. 5A). The ion m/z
338 corresponds to the protonated molecular ions of
the 4-POBN/7-carboxyheptyl radical adducts,
[M + HJ]". A fragment ion at m/z 251 corresponds
to the loss of [(CH3);C(O)N] from the protonated
molecular ion. The HPLC-ESR-MS analysis of peak 2
gave ions at m/z 179 and 266 (Fig. 5B). The ion m/z
266 corresponds to the protonated molecular ion of
the 4-POBN/pentyl radical adducts, [M + H]".
A fragment ion at m/z 179 corresponds to the loss
of [(CH;3)3C(O)N] from the protonated molecular ion.
Thus, the two peaks are assigned as follows: peak 1,
4-POBN/7-carboxyheptyl radical adducts; peak 2,
4-POBN/pentyl radical adducts.

338
251
300 400
m/z
266
300 400
m/z

FIGURE 5 The HPLC-ESR-MS analysis of the control reaction mixture. (A) A mass spectrum of peak 1, (B) a mass spectrum of peak 2.
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Under aerobic conditions, peak 1 was predomi-
nant (Fig. 4A). On the other hand, peak 2 became
predominant under anaerobic conditions (Fig. 4C).
Since oxygen molecules participate in the formation
of 7-carboxyheptyl radicals from 13-HPODE
(Scheme 1),"”1 the formation of pentyl radicals
becomes predominant in the reaction mixture
under anaerobic conditions.

On addition of luteolin-7-G to the control reaction
mixture under aerobic conditions, the peak height of
peak 1 decreased to 44% (% 13%, n = 3) of the control
reaction mixture (Fig. 4B). On the other hand, on
addition of luteolin-7-G to the control reaction
mixture under anaerobic conditions, the peak height
of 4-POBN/pentyl radical adducts (peak 2)
remained unchanged [113% (£19%, n=3) of the
control reaction mixture] (Fig. 4D).

Detection of 13-Oxo0-9,11,tridecadienoic Acid

13-Ox0-9,11-tridecadienoic acid and pentyl radicals
form from 1-pentyl-12-carboxy-2,4-dodecadienyl-
oxyl radicals simultaneously (Scheme 1). In order
to detect 13-0x0-9,11-tridecadienoic acid, HPLC-UV
analyses were performed for the reaction mixture of
13-HPODE (140 pM) with Fe** (67 uM). A promi-
nent peak was observed at the retention time of
50.2min on the HPLC-UV analysis (280 nm) of the
reaction under anaerobic conditions (Fig. 6B). An UV
spectrum of the peak showed a A,y of 279 nm. Mass
spectrum measurement of the peak gave two
prominent ions, m/z 225 and 207. The ion, m/z
225 corresponds to the protonated molecular ions
of the 13-0x0-9,11-tridecadienoic acid, [M + H]".
A fragment ion at m/z 207 corresponds to the loss
of [H,O] from the protonated molecular ion.

fan}
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o
SV |A

T T T T T T
0 10 20 30 40 50 60 70

Retention time (min)

FIGURE 6 HPLC-UV analyses of the reaction mixture of
13-HPODE with ferrous ions. The reaction mixture contained
13-HPODE (140 uM) and Fe®" (67 uM). The reaction was
performed for 2min at 25°C. The reactions were performed
under aerobic condition (A) and anaerobic condition (B). Five
hundred microlitres of the reaction mixture was applied to the
HPLC-UV. UV detector was set at 280 nm.

Reaction time

J 2min ¢

Yenppasmanat D

Q2 consumed
30 uM

FIGURE 7 Oxygen consumptions in the reaction mixtures of
13-HPODE with Fe(NH4)2(SO4)2. The FE(NH4)2(SO4)2 was added
at the respective times indicated by arrows. (A) Control reaction
mixture, (B) control reaction mixture without 13-HPODE, (C)
control reaction mixture in the presence of 180 uM luteolin-7-G
and (D) control reaction mixture without 13-HPODE in the
presence of 180 uM luteolin-7-G.

When the reaction was performed under aerobic
conditions, the HPLC-UV peak height decreased to
11% of the one observed for the reaction under
anaerobic conditions (Fig. 6A). This result supports
Scheme 1.

Oxygen Consumption

In order to investigate the role of oxygen molecules
in the inhibition, oxygen consumption was measured
(Fig. 7). When Fe(NH4),(SO4), was added to the
control reaction mixture, oxygen molecules were
consumed to a great extent (Fig. 7A). The results are
consistent with Scheme 1. On the other hand,
addition of Fe(NHy),(SO4), to the control reaction
mixture with luteolin-7-G resulted in less oxygen
consumption (Fig. 7C). These results indicated
that luteolin-7-G inhibits oxygen consumption in
the control reaction mixture of 13-HPODE with
iron(Il) ions.

When Fe(NH,),(SO,), was added to the control
reaction mixture without 13-HPODE in the presence
of luteolin-7-G, a rapid oxygen consumption was
observed (Fig. 7D). On the other hand, a slow oxygen
consumption was observed in the control reaction
mixture without 13-HPODE in the absence of
luteolin-7-G (Fig. 7B).

DISCUSSION

Luteolin-7-G inhibited formation of the 7-carboxy-
heptyl radical in the control reaction mixture of 13-
HPODE with iron(Il) ions under aerobic conditions
(Fig. 4B). UV /visible spectra of the solution contain-
ing iron(Il) ions and luteolin-7-G clearly showed the
formation of the luteolin-7-G/iron ion complexes
(Fig. 3). Because luteolin-7-G did not inhibit the
radical formation in the presence of EDTA (Fig. 2D),
the formation of the luteolin-7-G/iron ion complexes
are essential for the inhibitory effects of luteolin-7-G.
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Luteolin-7-G possibly inhibits the reaction (1), i.e. the
reaction between 13-HPODE acid and 1-pentyl-12-
carboxy-2,4-dodecadienyloxyl radicals [or between
12,13-epoxy-9-hydroperoxy-10-octadecenoic acid
and 1-(7-carboxyheptyl)-4,5-epoxy-2-decenyloxyl
radicals] because iron(Il) ions participate in the
reaction (Scheme 1). The catechol in luteolin-7-G
appears to be essential for the chelation of iron ions.
The catechol seems to chelate iron ions through the
two hydroxyl groups. Indeed, o-benzenediol inhibits
the formation of 13-HPODE-derived radicals.!'”!
Thus, the catechol in luteolin-7-G seems to be one of
the important factors for the inhibition. On the other
hand, Ferrali et al. showed that both the hydroxyl
(in C3) and the carbonyl (in C4) group of the C ring
(Fig. 1) are necessary to bind iron ions in the other
flavonoids such as quercetin and kaempferol.!*®!

On addition of iron(Il) ions to the phosphate-
buffered solution without luteolin-7-G, reaction (2)
occurs with a slower oxygen consumption (Fig. 7B)
compared with reactions (1.1)—(1.3) (Fig. 7A):

Fe?* /phosphate ions + O,

— Fe®* /phosphate ions + O5 2)
LOOH + Fe?t — OH™ + LO + Fe** (1.1)
LO — epoxyL’ (1.2)

epoxyL’ + Oy — epoxyLOO’ (1.3)

where LOOH, LO, epoxyL’ and epoxyLOO" are
13-HPODE acid, 1-pentyl-12-carboxy-2,4-dodecadie-
nyloxyl radicals, 1-(7-carboxyheptyl)-4,5-epoxy-2-
decenyl radicals, 1-(7-carboxyheptyl)-4,5-epoxy-2-
decenylperoxyl radicals, respectively. Thus, iron(Il)
ions exclusively react with LOOH in the reaction
mixture containing both LOOH and O, in the
absence of luteolin-7-G.

On the other hand, on addition of iron(II) ions to
the phosphate-buffered solution with luteolin-7-G,
reaction (3) occurs with a comparable oxygen
consumption rate as reactions (1.1)—(1.3) (Fig. 6D):

Fe’* /luteolin — 7 — G + O, — Fe*' /luteolin
-7-G+0O5 (6)

where Fe?" /luteolin-7-G (or Fe**/luteolin-7-G) is a
luteolin-7-G/Fe®" (or a luteolin-7-G/Fe ") complex.
Reactions (1.1)—(1.3) possibly proceeds in com-
petition with reaction (3) in the reaction mixture
containing both LOOH and O, in the presence of
luteolin-7-G. Thus, formation of the 1-pentyl-12-
carboxy-2,4-dodecadienyloxyl = radical  from
13-HPODE [or formation of the 1-(7-carboxyhep-
tyl)-4,5-epoxy-2-decenyloxyl radical from 12,13-
epoxy-9-hydroperoxy-10-octadecenoic acid] is
possibly inhibited in the presence of luteolin-7-G
under aerobic conditions. A possible mechanism of

the inhibitory effect of luteolin-7-G on the formation
of the 7-carboxyheptyl radical (or the pentyl radical)
is shown in Scheme 1. Luteolin-7-G did not inhibit
the pentyl radical formation under anaerobic
conditions (Fig. 4D), supporting the above
mechanism.

The mechanism described here is applicable only
to the iron-dependent lipid peroxidation systems.
Flavonoids inhibit the lipid peroxidation even in the
iron-independent lipid peroxidation systems!®!
where flavonoids seems to act as H-atom donors to
the peroxy radical.
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