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Fourteen flavonoid aglycones, and the flavonoid glyco- 
side rutin, with redox potentials ranging from 0.20 
(myricetin) to 0.83 V (chrysin) vs. NHE, as determined 
by cyclic voltammetry at 23°C in aqueous 50mM 
phosphate, ionic strength 0.16 (NaCI) with pH = 7.4 
and compared with redox potentials determined for 
four cinnamic acid derivatives, were all found to 
reduce ferrylmyoglobin, MbFe(IV)=O, to metmyoglo- 
bin, MbFe(II1). Reaction stoichiometry depends 
strongly on the number of hydroxyl groups in the 
flavonoid B-ring. All compounds with 3’,4’-dihydroxy 
substitution reduce 2 equivalents of MbFe(IV)=O, 
whereas naringenin, hesperitin and kaempferol, with 
one hydroxyl group in the B-ring, reduce with a one-to- 
one stoichiometry. As studied spectrophotometrically 
under pseudo-first-order conditions with flavonoids 
in excess, rutin and apigenin react with MbFe(IV)=O 
with very similar and moderately high activation 
enthalpies of Mig8 = 69 f 1 kJmol-’ and AH:,, = 
65 f 3 kJ mol-I, respectively, and with positive acti- 
vation entropies of AS:,, = 23 * 4J mol-’ K-’ and 
Ask9, = 1319 Jmol-’ K-’, respectively, in agreement 
with outer-sphere electron transfer as rate determin- 
ing. For the fifteen plant polyphenols only qualitative 
relations exist between redox potential and rate 
constants rather than a linear free energy relationship 
( r2  = 0.503), and especially the flavone apigenin was 

found more efficient as reducing agent. For the flava- 
nones, a linear relation ( r2  = 0.971) indicate that, in 
the absence of a 2,3 double bond, removal of the 4- 
carbonyl group or addition of a 3-hydroxy group only 
has minor effect on reactivity. The flavonols are the 
most efficient reducing agents, effectively reducing 
MbFe(IV)=O to MbFe(II1) and establishing a steady 
state distribution between the flavonol and MbFe(II1) 
and oxymyoglobin, MbFe(II)02. Oxidised flavonols 
reduces MbFe(1II) to MbFe(II)02 very efficiently and 
much faster than the parent flavonol. 

Keywords: Ferrylmyoglobin, hypervalent iron, flavonoids, 
redox potentials, cyclic voltammetry, linear free energy 
relationship 

INTRODUCTION 

Epidemiological studies indicate that diets rich 
in vegetables and fruits seem to have positive 
health effects and to yield protection against 
certain chronic diseases such as arteriosclerosis 
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336 L. V. J0RGENSEN AND L. H. SKIBSTED 

and cancer."'21 In an effort to understand these 
observations, increasing attention has been paid 
to the antioxidative properties of different groups 
of non-nutritive components in vegetables and 
fruits. Especially the role of flavonoids and carot- 
enoids as antioxidants have been the subject of 
renewed interest. More than 4000 flavonoids are 
presently known,[31 but the major interest has 
been devoted to those which occur in the human 
diet in amounts comparable to the better char- 
acterised antioxidants vitamin C, vitamin E and p- 
carotene. Currently, the estimated daily intake 
in Denmark per capita of flavonoids is 26mg 
ag1y~one.I~~ In nature flavonoids primarily occur 
as glycosides, and it is usually assumed that they 
are cleaved to the corresponding aglycone in the 
intestinal tract, and that this cleavage is essential 
for further ab~orption.'~] In a recent study, 
however, surprisingly high concentrations of 
especially quercetin glycosides were found in 
human plasma obtained from normal individuals 
on a non-supplemented diet.[61 Numerous stud- 
ies have focused on the flavonoids as antiox- 
idant~[~-'*~ and in many of these investigations 
attempts have been made to establish structure- 
activity relationships, following the original pro- 
posal by Bors et ~ 1 . " ~ ~  This has proved successful 
in several cases for a large number of flavonoids 
using specific assays. Notably, the order reverses 
for some compounds, when different screening 
assays are compared and many explanations 
have been offered, such as differences in solubil- 
ity, lipophilicity and metal chelation properties. 
On the other hand, it seems always to be 
assumed, that flavonoids exert their antioxida- 
tive action by a common mechanism depending 
on the hydrogen atom donating properties of the 
phenolic groups. Moreover, this mechanism also 
accounts for the observation that flavonoids, 
which display excellent antioxidant activity, 
under some conditions are prooxidants in the 
presence of CU~+."~]  

Hypervalent forms of the heme pigments 
haemoglobin and myoglobin, detected under 
ischaemic conditions in cardiac muscle"31 have 

been shown to be powerful initiators of lipid 
~xidation"~] and of protein ~ross-linking."~~ 
The hypervalent muscle heme protein ferryl- 
myoglobin has been shown to oxidise cinnamic 
acid derivatives,"61 and we undertook the pre- 
sent investigation in order to explore whether it 
is reasonable to assume that flavonoids act as 
antioxidants by electron donation to heme 
derived prooxidants parallel to the more well- 
established hydrogen atom donation to lipid 
derived free radicals. Flavonoids were selected 
according to two criteria: (i) each should be 
commonly occurring in a typical diet, and 
(ii) they should together provide a large span in 
electron donating properties. The structure of 
the fifteen compounds selected may be seen in 
Figure I, and the combined electrochemical and 
reaction kinetic investigation of the electron 
donating properties of these compounds should 
provide data for a discussion of structure- 
activity relationships. A verification of a linear 

Flavan-3-ol 
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FIGURE 1 Flavonoid structures. 
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F'LAVONOID DEACTIVATION OF FERRYLMYOGLOBIN 337 

free energy relationship would empirically be a 
strong indication of a common reaction mech- 
anism in deactivation of ferrylmyoglobin by 
flavonoids with a large span in redox poten- 
t ia l~.[ '~]  Large deviations from linearity, although 
less informative, could indicate different reaction 
mechanisms. 

MATERIALS AND METHODS 

Chemicals 

Metmyoglobin, MbFe(III), (horse heart, type 111) 
and bovine liver catalase (41 000units/mg 
protein, 140 mg protein/ml, used as received) 
were obtained from Sigma Chemical Co. 
(St. Louis, MO, USA). MbFe(II1) was (10mg/ml 
in 50.0 mM phosphate, pH = 7.4, ionic strength 
0.16 with NaC1) chromatographically purified 
on a Sephadex G50 column (40 x 2.5cm). H202 
(35%) was from Riedel-de Haen (Seelze, 
Germany). Tetrabutylammonium tetrafluoro- 
borate (99%), TBABF4, quercetin dihydrate 
(98%), rutin trihydrate, fisetin, naringenin, 
caffeic acid (97%), trans-cinnamic acid (99%), 
Trolox@ (6-hydroxy-2,5,8-tetramethylchroman-2- 
carboxylic acid) (97%) and anthraquinone (97%) 
from Aldrich Chemical Co. (Steinheim, Germany). 
Kaempferol, chrysin, myricetin, apigenin, luteolin 
and (-)-epicatechin were from Apin Chemicals 
Ltd. (Abingdon, UK), and morin, (+)-catechin 
hydrate, ( 41 )-taxifolin, hesperitin, chlorogenic 
acid ( > 95%), ferulic acid and p-coumaric acid 
were from Sigma Chemical Co. (St. Louis, MO, 
USA). Eriodictyol was from Roth (Karlsruhe, 
Germany), ascorbic acid (99.7%), all-ruc-a-toco- 
pherol and potassium hexacyanoferrate(lI1) 
(99%) from Merck (Darmstadt, Germany) and 
aluminium oxide (alumina) was from BDH 
Chemicals Ltd. (Poole, England). All these 
chemicals were used without further purifica- 
tion. Analytical grade dimethyl sulphoxide, 
DMSO, and dimethylformamide, DMF, were 
from Labscan Ltd. (Dublin, Ireland) and water 

was purified through a Millipore Q-plus purifi- 
cation train (Millipore, MA 01757, USA). 

Redox Potentials 

Cyclic voltammograms, with a scan-rate of 
100mV/s, were acquired with a BAS CV-50W 
voltammetric analyser (Bioanalytical Systems 
Inc., W. Lafayette, IN, USA) at 23 5 1°C both for 
aqueous and DMF solutions, with a 3.0mm 
diameter glassy carbon working electrode (BAS 
MF-2012, polished before each scan with a BAS 
PK-4 polishing kit, and rinsed by sonification) vs. 
a Ag/ AgCl reference electrode (BAS MF-2063), 
and with a platinum wire auxiliary electrode (BAS 
MW-1032) under a blanket of argon. Cinnamic 
acid, its derivatives, ascorbic acid and TroloxB 
dissolved (2.00 mM) in 50 mM phosphate, pH = 

7.4, ionic strength 0.16 with NaC1, was purged, 
while stirring, for 10 min with argon before 
recording the voltammograms. As for the flavo- 
noids, 4.88 ml 50 mM phosphate, pH = 7.4, ionic 
strength 0.16 with NaC1, was purged for 10min 
with argon, and then 125 pl of a 20 mM flavonoid 
solution in DMSO was added, to yield 0.50mM 
(except for quercetin, kaempferol and apigenin 
where 0.20mM solutions and for chrysin where 
an O.lOmM solution were analysed) and 2.5% 
(v/v) DMSO. Compensation for the voltage drop 
iR, (due to solution resistance) was performed 
electronically with the BAS CV-50 W analyser at a 
potential where no Faradaic processes occurred, 
i.e. at -0.2V vs. Ag/AgCl (OV vs. NHE), at 0.8V 
for potassium hexacyanoferrate(II1) and at 0 V 
vs. a non-aqueous reference electrode (BAS 
MF-2062) containing DMF/O.l M TBABF4, for 
DMF solutions. The voltammograms used to 
determine the redox potentials were acquired 
by sweeping the potential linearly from -0.2V 
vs. Ag/AgCI to 0.2V after the peak potential, 
and vice versa in the reverse scan, following 
exploratory scans to f1.0 V. The redox potentials 
were calculated from anodic and cathodic peak 
potentials, as half-wave potentials, El l2 = (E,,+ 
Epc) /2, for the reversible and quasi-reversible 
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338 L. V. J0RGENSEN AND L. H. SKIBSTED 

systems, while for irreversible systems, the 
potential was determined as half-peak poten- 
tials, Ep/2, where current is half the anodic peak 
current. Potentials vs. NHE were calculated by 
addition of 197mV to the value obtained versus 
the Ag/AgCl reference electrode."'] For the 
measurements in DMF/O.l M TBABF4, the sol- 
vent with supporting electrolyte was dried 
through a column of activated alumina just 
before use, and potentials calculated using 
the first reversible wave of anthraquinone as 
internal standard with -0.800V vs. SCE 
(-0.559 V vs. NHE""). 

Reaction Stoichiometry 

Flavonoid solutions in DMSO were made the day 
used, but were found (W-Vis spectroscopy) 
stable for at least 3 months in a refrigerator. 
Concentrations of MbFe(II1) and H202 were 
determined spectrophotometrically (&525 = 
7700 M-' ~rn-~[''] and ~ 2 4 0  = 39.4 M-' cm-"201 
respectively). Solutions of MbFe(IV)=O were 
synthesised by reacting 5.00 ml of 220 pM 
MbFe(II1) with 0.500 ml of 8.63 mM H202 (ratio 
of 1 : 3.9) for 3 min followed by addition of 10 pl 
catalase, stored on ice and identified spectro- 
photometrically (HP 8453 W-vis diode array, 
Hewlett-Packard Co., Palo Alto, CA, USA). In 
experiments designed to establish reaction stoi- 
chiometry, 2.94ml of MbFe(IV)=O was added, 
immediately after synthesis, to a 10.00 mm quartz 
cuvette (Hellma, Mullheim/Baden, Germany) in 
a thermostatted cell-holder with magnetic 
stirring at 2O.O0C, and decay of absorbance at 
580 nm monitored. Temperature equilibrium was 
allowed to be established for lOmin, and the 
observed decay reflected autoreduction of 
MbFe(IV)=O to MbFe(III)."91 Initial concentra- 
tion of MbFe(IV)=O was 140f5pM, as calcu- 
lated from spectral data, using the Whitburn 
equations,[211 corresponding to 70% conversion 
from MbFe(III), as expected from the MbFe(III)/ 
H202 ratio of 1 : 4,1171 decreasing to 125 f 10 pM 
after 10 min of autoreduction in agreement with 

autoreduction rate."'] To the MbFe(IV)=O 
solution was then 4 x 15 pl of a 6.00 mh4 flavo- 
noid DMSO solution added with constant stir- 
ring, i.e. 120pM flavonoid in reaction mixture. 
Absorption spectra were recorded following 
each of the four additions, and when two 
additions were sufficient for conversion of 
MbFe(IV)=O to MbFe(III), a stoichiometric factor 
of 2 assigned, which was further confirmed in 
experiments between the same amount of 
MbFe(IV)=O and a single addition of 30pl of 
6.00 mM flavonoid. For compounds were 4 
additions were found necessary for a complete 
conversion of MbFe(IV)=O to MbFe(III), a stoi- 
chiometric factor 1 was assigned. Again it was 
confirmed that a single addition of 60p1 of 
6.00mM flavonoid did yield conversion of 
MbFe(IV)=O to MbFe(III), and equally impor- 
tant, that no MbFe(II)02 was formed. 

Reaction Kinetics 

MbFe(IV)=O solution (0.500 ml) was diluted 10 
times by 4.50ml buffer, and 2.90ml was trans- 
ferred to the cuvette, and a temperature equilib- 
rium allowed to be established for 5 min (10.0 or 
25.0"C). The total myoglobin concentration was 
20 pM with a MbFe(IV)=O concentration be- 
tween 12 and 14 pM as determined from spectral 
data, depending on the temperature.1791 Reduc- 
tion of MbFe(IV)=O by flavonoid was followed 
under pseudo-first-order conditions after addi- 
tion of 100 pl of 6.0 mM flavonoid, using decay in 
absorption at 580 nm. Exponential decays were 
observed in agreement with first-order kinetics, 
and pseudo-first-order rate constants were cal- 
culated using non-linear regression analysis. The 
decay observed by addition of DMSO alone 
could not be distinguished from autoreduction, 
confirming that DMSO did not influence the 
reaction. Due to solubility problems, the reaction 
with apigenin was studied in a solution with 6- 
7pM MbFe(IV)=O after addition of loop1 of a 
3 mM apigenin DMSO solution. At 10°C the low 
solubility of apigenin in water hampered the 
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kinetic investigation, and the rate constant at 
10°C was estimated using the Arrhenius relation- 
ship. The solubility of chrysin in water is low, 
and the reaction with MbFe(IV)=O slow, and it 
was not followed to completion at either 10 or 
25°C. Myricetin, quercetin, fisetin and kaempferol 
all converted MbFe(IV)=O to a mixture of 
MbFe(II1) and h4bFe(II)02 with flavonoid in 
excess, and concentrations of MbFe(II1) and 
MbFe(II)02 were calculated using the extinction 
coefficient &580 = 3200 M-' cm-' for MbFeUII), 
and €580 = 14400 M-l cm-' for M ~ F ~ ( I I ) o ~ , " ~ ]  
respectively, and 

.no 
l 2  0 0  0 4  I 

V vs. NHE 

Since any MbFe(II)02 formed during reduction 
of MbFe(IV)=O will be converted to MbFe(II1) in 
a slow autoxidation reaction and since MbFe(II1) 
may be converted to MbFe(II)02 by the flavo- 
noids, an upper limit for formation of MbFe(II)02 
during the direct reduction of MbFe(IV)=O was 
estimated for all flavonoids. The absorbance 
minimum at 580nm with respect to time corre- 
sponds to the maximal concentration of 
MbFe(II)02 formed directly from MbFe(IV)=O, 
which, with the exception of myricetin, querce- 
tin, fisetin and kaempferol, was found less than 
4%, and to have minor influence on the observed 
pseudo-first-order rate constants kobs, for reduc- 
tion of MbFe(IV)=O to MbFe(II1). For myricetin, 
quercetin, fisetin and kaempferol, only the 
absorbance change for the time elapsed to reach 
the absorbance minimum was used to calculate 
kobs, (vide infra). The Pro/Kineticist software 
(Applied Photophysics Ltd., London, UK) using 
numerical integration was used to determine the 
rate constant, kl, for direct reduction of 
MbFe(IV)=O to MbFe(II1) by the flavonoids, 
correcting for subsequent reactions such as 
further reduction of MbFe(II1) to MbFe(IU02 by 
oxidised flavonoids. 

RESULTS 

Three types of results were obtained in the 
present study under similar experimental condi- 
tions in aqueous solution with pH = 7.4 (50 mM 
phosphate buffer) adjusted to ionic strength 0.16 
with NaC1: (i) redox potentials for fourteen 
flavonoid aglycones and for the glycoside rutin 
(see Figure 3) in comparison with five cinnamic 
acid derivatives and a-tocopherol, Trolox@ and 
ascorbate; (ii) reaction stoichiometries for reac- 
tion between MbFe(IV)=O and flavonoids; and 
(iii) kinetic data for reduction of MbFe(IV)=O by 
the flavonoids. 

Electrochemical Characterisation 

Voltammograms for cinnamic acid derivatives are 
shown in Figure 2. Cinnamic acid could not be 
oxidised in the aqueous medium and it should be 

p' 

HOOC &'> 

FIGURE 2 Cyclic voltammograms of cinnamic acid deriv- 
atives obtained at 23°C for 2.00mM solutions in 50mM 
phosphate buffer, pH = 7.4, ionic strength 0.16 adjusted 
with NaCl vs. a Ag/AgCl reference electrode at a scan rate 
of 100 mV/s. A: p-coumaric acid (R1=OH, R2=H), irrevers- 
ible, dotted line; and caffeic acid (Rl=OH,R2=OH), quasi- 
reversible, full line. B: Chlorogenic acid (RI=OH, R2=OH 
and esterified with 3-OH of quinic acid (1,3,4,5-tetrahydroxy- 
cyclohexanecarboxylic acid)), reversible. C: Ferulic acid 
(RI=OH, R2=OCH3), irreversible. D: Cyclic voltammo- 
grams for a 2.00mM solution of Troloxm (fulI line) and all- 
rac-a-tocopherol (dotted line) in DMF/O.l M TBABF, vs. 
NHE. 
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FIGURE 3 Cyclic voltammograms of flavonoids obtained 
at 23°C for a 0.50mM solution in 50mM phosphate buffer, 
pH = 7.4, ionic strength 0.16 adjusted with NaCl vs. a Ag/ 
AgCl reference electrode. A: Myricetin, quasi reversible 
(full line), and naringenin, irreversible (dotted line). B: 
Hesperitin (irreversible). C:  WTaxifolin (reversible). D: 
Morin (quasi-reversible). E (+)-Catechin (quasi-reversible). 

noted that oxidationof chlorogenicacidand caffeic 
acid, which are the more reducing, occurs as 
reversible and quasi-reversible processes, res- 
pectively, while p-coumaric and ferulic acid which 
are less reducing, are oxidised in an irreversible 
process. Also, the oxidation of Trolox@ and ascor- 
bate in aqueous solution and of Trolox@ and all-ruc- 
a-tocopherol in DMF was irreversible processes. 
These differences in reversibility at the electrode 
should be considered in relation to the normalised 
anodic peak current (ipalcreducing agent) given 
in Table I, and which typically is higher for the 
reversible processes. From Figure 2 it is thus seen 
that the anodic peak currents for the dihydroxy 
compounds chlorogenic and caffeic acid are at 
least twice as high as for the monohydroxy 
compounds. Comparison with the cathodic peak 
current for a 2.0 mM solution of the one-electron 
reduction of potassium hexacyanoferrate(II1) 
known to be fully reversible (ips = 20 PA, i.e. 

Zpa/creducing agent = 0.010 pA 1 mol-l, results not 
shown) indicate, that the voltammograms of 
the dihydroxy compounds corresponds to two- 
electron oxidations, and to one-electron oxida- 
tions for the monohydroxy compounds (see 
Figure 2). It was characteristic for the four 
cinnamic acid derivatives, that they only dis- 
played one voltammetric curve in the potential 
window investigated (-0.2 to 1.OV vs. Ag/AgCl, 
i.e. 0 to 0.8V vs. NHE), as seen in Figure 2A. 
Since the water soluble vitamin E analogue, 
Trolox@, is a common reference compound for 
quantification of antioxidant activity, we also 
investigated the voltammetric behaviour of 
Trolox@ in aqueous solution and in the aprotic 
solvent DMF for comparison with a-tocopherol 
(Figure 2D). The potentials in DMF for Trolox@ 
and a-tocopherol (Table I), differed by 90mV, 
which is more than normally assumed.'221 For the 
flavonoids similar electrochemical characterisa- 
tion is collected in Table I1 and cyclic voltammo- 
grams shown in Figure 3. Again it is seen, that 
the reducing agents with the highest normalised 
anodic peak current tend to undergo reversible 
processes. Redox potentials have previously 
been determined for several flavonoids under 
varying  condition^.[^'^'^^'^^'^^ As may be seen 
from Table 111, there is generally good agreement 
between the electrochemically determined po- 
tentials considering the slightly differing solu- 
tion and temperature conditions, in contrast to 
the potentials determined from pulse radiolysis 
experiments,[7T26r271 which tend to deviate non- 
systematically from potentials determined elec- 
trochemically. However, it should be noted that 
the high pH conditions used for pulse radiolysis 
entail an uncertain extrapolation procedure to 
neutral pH,'9r26,281 and redox potentials should 
preferably be reported without extrapolation.'261 
Redox potentials for the most commonly occur- 
ring flavonoids (Table 11) determined by cyclic 
voltammetry under identical conditions span the 
rather large potential range of 0.63V, which is 
much larger than the potential range of 0.30 V for 
the cinnamic acid derivatives (Table I). Moreover, 
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FLAVONOID DEACTIVATION OF FERRYLMYOGLOBIN 34 1 

TABLE I determined by cyclic 
voltammetry at 23°C for cinnamic acid derivatives, Troloxm and ascorbate, each 2.00 mM in aqueous solution pH = 7.4 
(50 mM phosphate buffer and ionic strength adjusted to 0.16 with NaCl), and for Trolox@ and all-ruc-a-tocopherol (also 
2.00mM) in DMF/O.l M TBABF4. Comparison is made with v,, the initial rate of reduction of MbFe(IV)=O, generated from 
the reaction between 10pM MbFe(II1) and 1 5 ~ M  H202, by 10pM reducing agent at 37"C, from Ref. I161, and where 
available, with the second-order rate constant for the reducing agents at 37°C from Ref. [29]. The carotenoid crocin is 
included for further comparison (data at 37°C from Ref. 1381) 

Redox potentials vs. NHE together with normalised anodic peak current (iPa/creducmg 

Reducing agent ipa/creducing agent EIV vs. NHE" E/V vs. NHEa in DMF Y, (pMmin-') k (1 mol-'s-') 
(pA 1 mol-') aqueous solution 

b - - Cinnamic acid - > 1.4 
p-Coumaric acid 0.008 0.66 (i) - 2.4 22.5 
Ferulic acid 0.008 0.50 (i) - 6.7 8 
Chlorogenic acid 0 026 0.37 (r) - 11.9 
Caffeic acid 0.025 0.36 (q) - 15.6 65 
a-tocopherol - - 0.80 (i) 
Trolox" - 0.31 (i) 0.89 (i) 
Ascorbate - 0.22 (i) - 
Crocin - 0.74 (i) - - 465 

a The waves in the corresponding cyclic voltammograms are characterised as (i): irreversible, (q): quasi-reversible and 
(r): reversible, cf. Figure 2. 

- 

- - 

- - 

- - 

NO reaction. 

while the cinnamic acid derivatives only display 
one wave in the potential window examined 
(Figure 2A), all the investigated flavonoids show 
at least two waves in their cyclic voltammograms 
(see Figure 3A), aIthough only the first seems 
well defined. The anodic peak current normal- 
ised by division with flavonoid concentration 
also shown in Table 11, do not give as clear a 
division into one- or two-electron oxidations as 
for the cinnamic acid derivatives. Although large 
variations should be expected due to different 
diffusion coefficients, more or less reversible 
electron transfer reactions and differences in 
relative stability of the intermediates formed by 
oxidation at the electrode, it is noteworthy, that 
the three flavonoids with the lowest normalised 
currents, hesperitin, naringenin and kaempferol, 
only have one free hydroxyl group in the B-ring, 
whereas apigenin, despite only one hydroxyl 
group in the B-ring, has one of the highest 
normalised currents. 

Reaction Stoichiometries 

Depending on the redox potentials of the in- 
dividual flavonoids (flav) and the relative stabil- 

ity and reactivity of the one-electron oxidised 
flavonoids, flav'(-H), different reactions may 
be important under different concentration 
conditions to yield the two-electron oxidised 
flavonoids (flav(-2H)) or the flavonoid dimers 
(flav-flav): 

MbFe(1V) = 0 + flav + H+ 

% MbFe(II1) + flav'(-H) + H20 (1) 

MbFe(1V) = 0 + flav'(-H) + H+ 

5 MbFe(II1) + flav(-2H) + H20 (2) 

MbFe(II1) + flav 
k3 

k-3 
+ MbFe(I1) + flav'(-H) + H+ (3) 

MbFe(II1) + flav'(-H) 

5 MbFe(I1) + flav( -2H) + H+ (4) 

MbFe(I1) + 0 2  5 MbFe(II)02 (5) 
k6 flav'(-H) + flav'(-H) - flav(-2H) + flav 

( 6 )  

flav'(-H) + flav'(-H) 5 flav-flav. (7) 
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342 L. V. J0RGENSEN AND L. H. SKIBSTED 

TABLE I1 Redox potentials vs. NHE together with normalised anodic peak current (ipa/creducing agent) for flavonoids deter- 
mined by cyclic voltammetry at 23°C in aqueous 50mM phosphate buffer, 2.5% DMSO, pH=7.4, ionic strength adjusted to 
0.16 with NaCI, compared with pseudo-first-order rate constants determined for reduction of MbFe(IV)=O to yield MbFe(1II) 
at pH=7.4, ionic strength 0.16 (with NaCl) at 10.OfO.2"C and at 25.0fO.l"C for conditions of excess flavonoid. The 
stoichiometric factor, n, as determined by optical titration, is the number of MbFe(IV)=O reduced to MbFe(1Il) by each 
reducing agent 

Reducing agent n ipa/creducing agent E/V vs. NHE a k ,  (1 rno1-l s-') kl (ImoI-'s-') 
(PA 1 mol-') at 1 0 . 0 " ~ ~  at 25.0"C 

~~ 

Myricetin 
Ascorbate 
Quercetin 
Fisetin 
Troloxa 
Epicatechin 
Morin 
Catechin 
Eriodictyol 
Taxifolin 
Kaempferol 
Rutin 
Luteolin 
Hesperitin 
Apigenin 
Naringenin 
Chrysin 

2 

2 
2 

2 
1 
2 
2 
2 
1 
2 
2 
1 
2 
1 

- 

- 

g 

0.043 
0.026 
0.043 
0.032 
0.018 
0.036 
0.037 
0.032 
0.035 
0.037 
0.025 
0.026 
0.037 
0.016 
0.042 
0.023 
0.032 

0.20 (q) 
0.22 (i) 
0.29 (q) 
0.30 (q) 
0.31 
0.33 (q) 
0.34 (q) 
0.36 (q) 
0.36 (r) 
0.37 (r) 
0.39 (q) 
0.40 (q) 
0.41 (r) 
0.59 (i) 
0.71 (i) 
0.76 (i) 
0.83 (i) 

572f3OC 
16.3 f 0.4 
279f2OC 
88f1OC 

20.4 f 0.2 
2 0 1 1  

111f8 
23.3 f 0.6 

2 5 k 1  
17.8 f 0.2 
115f10' 

22.7 f 0.3 
63.3 1 0.5 
9.3 f 0.1 
3112 '  

4.03 f 0.01 
g 

- 
- 
- 
- 

9 5 f 3  
9 3 1 4  

119 f 10 
11214 
9 5 f l  

105 ZL 1 

4 2 f l  
125 f 6 
14.5 1 0.5 

< l P  

- 

- 

- 

a The waves in the corresponding cyclic voltammograms are characterised as (i): irreversible, (q): quasi-reversible and 
(r): reversible, cf. Figure 3. 
Second-order rate constant calculated from pseudo-first-order rate constants, as mean of 3-6 measurements, using k ,  = 

k,~,/[flavonoid], cf. Figure 6A for rutin. 
Derived from simulations with the Pro/Kineticist software. 
From Table I. 

'A more detailed study of the reaction with ascorbate is available'351 in which this rate constant is shown to be a composite 
quantity. 
*Rate constant at 10°C calculated from the Arrhenius plot, cf. Figure 6B, as the kinetic experiment could not be performed at 10°C 
due to low solubility. 
gReaction to slow to provide reliable data. 

Due to a stronger driving force for reactions 
involving MbFe(IV)=O we will neglect the reverse 
reactions of Eqs. (1) and (2), as we will also neglect 
any two-electron reduction processes in the kinetic 
modelling. A reaction sequence combining reac- 
tions of Eqs. (1) and (2), or combining two 
reactions of Eq. (1) with the reaction of Eq. (6), 
yields a two-to-one MbFe(IV)=O/flav stoichio- 
metry with metmyoglobin as reaction product 
(Case 1): 

2MbFe(IV)=O + flav + 2HS 

+ 2MbFe(III) + flav( -2H) + 2H20 (8) 

while the formation of flavonoid dimers (or poly- 
mers) by oxidation (two reactions of Eq. (1) and 
one of Eq. (7)) yields a one-to-one MbFe(IV)=O/ 
flav stoichiometry with metmyoglobin as reaction 
product (Case 2): 

2MbFe(IV)=O + 2flav + 2HS 

-+ 2MbFe(III) + flav-flav + 2H20. (9) 

Further reaction of flav'(-H) or flav with 
MbFe(II1) may lead to formation of MbFe(1I)Oz 
as seen (i) from a combination of the reactions of 
Eqs. ( I ) ,  (4) and (9, or (ii) from a combination of 
the reaction of Eq. (1) with the reaction of Eq. (3) 
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FLAVONOID DEACTIVATION OF FERRYLMYOGLOBIN 343 

TABLE I11 A comparison between redox potentials determined by cyclic voltammetry (CV) and pulse radiolysis (PR) 

Method 
Reference 

Temperature 
Flavonoid 
Querce tin 
Fisetin 
Taxifolin 
Kaempferol 
Rutin 
Luteolin 

PH 

cv 
(this paper) 

7.4 
23°C 

0.29 
0.30 
0.37 
0.39 
0.40 
0.41 

CV 
I91 

7.4” 
n.s.e 

0.27 
0.36 
0.39 
0.36 
0.42 
0.42 

cv 
1231 

7.5b 
25°C 

0.30 
0.38 
0.39 
0.41 

0.42 
- 

cv 
1251 

7.0‘ 
l l .S .e  

0.28 
0.31 

0.38 

0.40 

- 

- 

PR 
17,271 

7.0d 
20°C 

0.33, 0.6 
- 

- 
0.95 
0.6 
- 

PR 
[261 

8.5 
22°C 

0.398 
0.214 
0.083 
0.209 
0.275 
0.299 

~ 

a0.050M phosphate buffer, 2.5% (v/v) DMSO. Potentials converted from SCE to NHE by addition of 241 mV. Scan rate 
Y = 20 mV/s. 
bO.lOM phosphate buffer, 2.5% (v/v) DMSO. Potentials converted from SCE to NHE by addition of 241 mV. Scan rate 
Y = 100 mV/s except for kaempferol where Y = 500 mV/s. 
‘0.10 M phosphate buffer, 50% (v/v) methanol. Potentials converted from Ag/AgCl to NHE by addition of 197mV. Scan rate 
1 )  = 200mV/s. 

‘Conditions not specified. 
Calculated from values obtained in aqueous solution at pH = 10. 

and with the reactions of Eqs. (5) and (6), to yield a 
one-to-one MbFe(IV)=O/flav stoichiometry with 
oxymyoglobin as reaction product (Case 3): 

MbFe(IV)=O + flav + 0 2  - MbFe(II)O, + flav(-2H) + H20. (10) 

A one-to-two MbFe(IV)=O/flav stoichiometry to 
yield MbFe(II)02 is obtained by combining the 
reactions of Eqs. (l), (3), (5) and (7) (Case 4): 

MbFe(IV)=O + 2flav + 0 2  

+ MbFe(II)O, + flav-flav + H20. (11) 

The optical titration experiments, in which notably 
MbFe(IV)=O were in excess during the reactions 
were, designed to distinguish between Case 1 
(Eq. (8)) and Case 2 (Eq. (9)), and from the ex- 
amples shown in Figure 4, it is seen that 
kaempferol provides an example of Case 2 with a 
one-to-one MbFe(IV)=O/flav stoichiometry, while 
quercetin has a two-to-one MbFe(IV)=O/flav 
stoichiometry (Case 1). The stoichiometric factors 
found for the flavonoids may be found in Table I1 
(except for chrysin where the reaction was too slow 
to be investigated). It is seen, that all compounds 
having a 3 ’,4’-dihydroxy substitution pattern in 

the B-ring are capable of reducing two moles of 
MbFe(IV)=O, whereas all of the investigated com- 
pounds, except apigenin, with only one hydroxyl 
group in the B-ring, deactivates MbFe(IV)=O to 
MbFe(I1I) with a one-to-one stoichiometry. Morin 
has two hydroxyl groups in the B-ring, but in the 
2‘ and 4‘ position, which notably leads to a one- 
to-one stoichiometry. On the contrary, apigenin is 
capable of reducing two moles of MbFe(IV)=O, 
despite it only has 1 hydroxyl group in the B-ring. 
Of the four flavonoids reacting with a 1 : 1 
stoichiometry, we recognise kaempferol, hesperitin 
and naringenin as those with the lowest normal- 
ised anodic peak current of the compounds 
investigated. However, the slow increase in absor- 
bance at 580nm seen in Figure 4B for quercetin 
following the initial reduction of MbFe(IV)=O 
corresponds to a further reduction of MbFe(II1) to 
MbFe(II)02 (cf. Eq. ( 3 ) ) .  Fisetin and myricetin 
showed similar spectral behaviour as those shown 
in the inset to Figure 4B, while for kaempferol 
(Figure 4A) the reduction although significant was 
even slower. This leads us to the conclusion, that 
while quercetin, myricetin and fisetin are examples 
of Case 1 for short reaction times, they provide 
examples were further oxidation of the two- 
electron oxidised flavonoids, flav(-2H) occurs. 
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0 6  - I 

0 10 20 30 
tlmelmin. 

450 550 650 
l l n m  

0 10 20 30 
tlmetmin. 

0 6 /  ~ 

FIGURE 4 Upper panel: Absorbance at 580 nm during opti- 
cal titration at 20.0"C of 2.94ml of solution of 128pM 
MbFe(N)=O as calculated after 10 min of autoreduction by 
stepwise addition of 60 p1 of a 6.00mM kaempferol solution 
in DMSO at 10, 12, 14 and 16min (as marked with an 
arrow) to increase the kaempferol concentration with 30 pM 
at each of the four additions. Inset - the absorption spectra 
recorded at 10, 12, 14, 16 and 30min. Lower panel: Absor- 
bance at 580 nm during optical titration at 20.0"C of 2.94 ml 
of 115pM MbFe(N)=O as calculated at 10min of autore- 
duction by stepwise addition of 60p1 of a 6.00mM querce- 
tin solution in DMSO at 10, 12, 18 and 20min (as marked 
with an arrow) to increase the quercetin concentration with 
30pM at each of the four additions. Inset - the absorption 
spectra recorded at 10, 12, 18 and 30min. For both optical 
titrations the initial decrease in absorbance until first 
addition at 10min is due to (slow) autoreduction of 
MbFe(IV)=O. 

Further discussion of examples of Case 4 (Eq. (1  1)) 
will have to await flavonoid product analysis, and 
such work is in progress. 

Reaction Kinetics 

In contrast to the optical titrations, the reaction 
kinetics of reduction of MbFe(IV)=O by flavo- 
noids were studied under conditions of large 
excess of flavonoid. As may be seen from Table I, 
in which initial rates or second-order-rate con- 

stants for reduction of MbFe(IV)=O by cinnamic 
acid derivatives, where available,"6f291 are com- 
pared with the redox potentials of the cinnamic 
acid derivatives, at least a qualitative correlation 
exist between initial rates and driving force. It 
should be noted that for none of the cinnamic 
acid derivatives a subsequent reduction of 
MbFe(II1) to MbFe(II)02 was observed even on 
a longer time scale.'16' For the flavonoids a larger 
number of closely related compounds are avail- 
able and the primary goal of the kinetic investi- 
gation was to determine kl, the second-order-rate 
constant for the reaction of Eq. (1). However, due 
to varying stoichiometries a kinetic investigation 
was considered necessary for each reducing 
agent in order to correct for other reactions than 
the initial reduction. As may be seen in Figure 5 
(upper panel) under the conditions of (at least) 
10 times excess of flavonoid compared to 
MbFe(IV)=O, most of the flavonoids converted 
MbFe(IV)=O completely to MbFe(II1) at 10°C 
before significant amounts of MbFe(II)02 was 
formed in much slower reactions (cf. Eq. (3)) .  
Chrysin forms an exception as hardly any 
reaction occurred with MbFe(IV)=O. For the 
flavonoids other than flavonols, where the for- 
mation of MbFe(II1) was separated in time from 
the formation of MbFe(II)02, simple first-order 
kinetics was observed, as seen in Figure 5 (upper 
panel) for luteolin and taxifolin (examples of 
Case 1 stoichiometry) and for hesperitin (an 
example of Case 2 stoichiometry). The observed 
pseudo-first-order rate constant, kobs, was further 
found to depend linearly on the reducing agent 
concentration as shown in Figure 6A for rutin, 
and the second-order-rate constant of the reac- 
tion of Eq. (1) given in Table I1 was for all 
reducing agents except myricetin, quercetin, 
fisetin and kaempferol calculated according to 
the simple relationship: 

kl = kobs/[reducing agent]. (12) 

For the flavonols, the further reduction of 
MbFe(II1) to MbFe(II)02 was, with the exception 
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'I 14 
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450 500 550 600 650 loo 
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F'IGURE 5 Upper  panel: Absorbance change at 580nm ob- 
served during reaction between MbFe(IV)=O (approxi- 
mately 14pM in aqueous solution with pH=7.4 (50mM 
phosphate buffer) at ionic strength 0.16 at 1O.o"C) and 
I: hesperitin; I 1  taxifolin; and 111: luteolin, each in a concen- 
tration of 200pM. Inset - absorption spectra recorded dur- 
ing the reduction of MbFe(IV)=O to MbFe(II1) by taxifolin 
at 16.2 s, 77.7 s, 2 min and 48 s, 6 min and 20 s, and at 28 min 
and 30s. Midmost pane[: Absorbance change at 580nm, ob- 
served during the reaction between MbFe(IV)=O (approxi- 
mately 14pM in aqueous solution with pH=7.4 (50mM 
phosphate buffer) at ionic strength 0.16 at 1O.o"C) and 
I: myricetin; 11: quercetin; 111: fisetin; I V  kaempferol; and 
V morin; each in a concentration of 200pM. The total myo- 
globin concentration is 20pM in all experiments, and con- 
sists, in the absorbance minimum, of a mixture of MbFe(II1) 
and MbFe(II)02, where the percentage of MbFe(II)02 has 
been calculated to be I: 24413; 11: 17.5i0.4; 111: 7.2f0.4; 
I V  6.5f0.3; and V 2.9f0.1. Lower panel: The absorption 
spectra recorded at 1O.O"C during reduction of 2.94ml of a 
20.0 pM MbFe(II1) solution by stepwise addition of 60 p1 of 
a 6.00 mM quercetin solution in DMSO, resulting in partial 
conversion of MbFe(II1) to MbFe(II)02. Inset - absorbance 
at 580nm at 1O.o"C during reduction of 2.90ml of a 20.0 pM 
MbFe(II1) solution by addition of 100 p1 of a 6.00 mM quer- 
cetin solution in DMSO, from which an approximate 
second-order rate constant of 2.61mol-' SC' is derived. The 
reaction could only be followed for 20min due to precipita- 
tion of quercetin (or quercetin reaction products). 

of morin, occurring on the same time scale as the 
initial reduction, cf. Figure 5 (midmost panel). 
However, the direct reaction between the flavo- 
nols and MbFe(II1) was, when investigated 
separately, surprisingly slow, cf. Figure 5 (lower 
panel). For the fastest reduction of MbFe(II1) by a 
flavonoid, i.e. the reduction by myricetin, a 
second-order rate constant of 3.5 1 mol-' s-' was 
estimated from the initial rate, corresponding to 
a half-life of approximately 16 min while for the 
second fastest, quercetin, 2.6 1 mol-' s-' was 
estimated from the initial rate, corresponding 
to a half-life of approximately 22 min (cf. the inset 
of Figure 5 (lower panel)). Complete conversion 
to MbFe(II)02 was found for none of the 
flavonoids, and equilibrium between MbFe(II1) 
and MbFe(II)02 seems to be established in the 
presence of the flavonol, and the observed rate 
constant is accordingly the sum of the rate 
constants for the forward and backward reac- 
tions of the equilibrium process. Determination 
of the equilibrium constant was strongly compli- 
cated by the facts, that MbFe(II)02 autoxidises to 
MbFe(III), and that flavonol precipitates from the 
solution after a few hours. Rather than equilib- 
rium, the distribution between MbFe(II)02 and 
MbFe(II1) can be characterised as a steady state. 
Calculations using the Pro/Kineticist software 
showed, that when using a rate constant of 
3.5 1 mol-' s-', as determined for myricetin, for 
the conversion of MbFe(II1) to MbFe(II)02, an 
almost negligible amount of MbFe(II)02 would 
have been formed at the time where the absor- 
bance minimum is reached (cf. Figure 5 (mid- 
most panel)). The faster formation of MbFe(II)02 
was then ascribed to reactions initiated by the 
conversion of MbFe(IV)=O to MbFe(III), notably 
the reaction of Eq. (4) in which one-electron 
oxidised flavonoid is reducing MbFe(II1). For 
the four flavonols, the absorbance changes 
occurring until the absorbance minimum is 
reached, was used to calculate approximate 
values of kobs, and from simulations based on 
the differential equations describing the rate for 
the reactions of Eqs. (l), (2), (4), (6) and (7) it was 
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T * I  

' I  
0 2 0 0  400 800 8 0 0  

RutinllpM 

8 . 5  1 

2.5 4 
32 3 3  3 4  35 

T'.ICIK-' 

FIGURE 6 A: Pseudo-first order rate constants determined 
at 10°C for reduction of h4bFe(N)=O in an initial concen- 
tration of approximately 14 pM by rutin as function of rutin 
concentration in aqueous solution with pH = 7.4 (50 mM 
phosphate buffer) at ionic strength 0.16. From the linear de- 
pendence a second-order rate constant of 22 f 2 1 mol-' s-' is 
determined. B: (0) Second-order rate constants for the reac- 
tion between MbFe(IV)=O and rutin in 50mM phosphate 
buffer (pH=7.4) with ionic strength 0.16 plotted according to 
the Arrhenius equation. (+) Second-order rate constants for 
the reaction between MbFe(IV)=O and apigenin in 50 mM 
phosphate buffer (pH= 7.4) with ionic strength 0.16 plotted 
according to the Arrhenius equation. 

concluded, that the amount of MbFe(II)02 de- 
tected spectrophotometrically could not be 
formed without the involvement of one-electron 
oxidised flavonoids. 

For rutin and apigenin (both simple Case 1 
stoichiometry), the temperature dependence was 
studied in the temperature range 5-30°C, and 20- 
35"C, respectively, and linear Arrhenius plot was 
obtained for the second-order rate constants as 
shown in Figure 6B. Using transition state theory, 
the following activation parameters were de- 
rived: AH;,, = 69 f 1 kJ mol-' and AS',, = 23 f 
4 J mol-' K-' for rutin; and A&, = 65 f 
3 kJmol-' and AS:,, = 13 f 9 Jmol-' K-' for 
apigenin. 

DISCUSSION 

Few mechanistic studies of flavonoids as anti- 
oxidants are available. Jovanovic et d."] studied 
the reaction between a number of flavonoids and 
the superoxide anion radical and find that 
flavonoids reduce the superoxide anion radical 
in the pH range 7-10. It is interesting to compare 
the superoxide reduction with the ferrylmyoglo- 
bin reduction by flavonoids since the standard 
reduction potential for (O;-, 2Ht)/H202 at pH = 

7.0 of f0.94V is very similar to the standard 
reduction potential Eo = $0.85 V (pH = 7.4) vs. 
NHE for MbFe(IV)=O/MbFe(III).130~311 For the 
superoxide anion radical very low activation 
enthalpies, AH;,, = 9.6 to 15.1 kJmol-', and 
negative activation entropies, AS!,, = -105 to 
- 7 17 J mol-' K-' , were found for the reaction 
with rutin and Trolox@ at pH=10 and for 
methylgallate at pH = 7, suggesting an inner- 
sphere electron transfer mechanism for reduc- 
t i~n . '~ ]  In contrast, relatively high activation 
enthalpies, AH:,, = 69 f 1 kJmol-' for rutin 
and AHi9, = 65 & 3 kJ mol-' for apigenin, respec- 
tively, were found in the present study for reduc- 
tion of ferrylmyoglobin together with positive 
activation entropies, AS!,, = 23 f 4 J mol-' K-' 
for rutin and AS:,, = 13 * 9 Jmol-' K-' for api- 
genin, respectively. Both the relatively high 
enthalpy and the positive entropy of activation 
suggest an outer-sphere electron transfer reac- 
tion mechanism for reduction of ferrylmyoglobin 
by flavonoids. 

It should be noted, that although outer-sphere 
electron transfer also seems to be indicated for 
apigenin, the rate of reduction of ferrylmyoglo- 
bin differs significantly when apigenin is com- 
pared to other flavonoids with similar redox 
potentials as seen in Figure 7, in which a free 
energy relationship is explored by plotting ln(kl) 
versus redox potential. As seen from Figure 7A, a 
simple linear relationship is not observed be- 
tween reaction free energy and activation free 
energy (proportional to ln(kl)), and especially the 
flavone apigenin seems to be a much more 
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0 4  , 
0 0.2 0.4 0.6 0.8 1 

EIVvs.NHE 

I \ 
2 1  I 

0 0.2 0.4 0.8 0.8 1 

E I V vs. NHE 

FIGURE 7 A: l n ( k l / l m o l ~ ' s ~ '  where kl is the second- 
order rate constant for reduction of MbFe(IV)=O deter- 
mined at 1O"C, as function of redox potentials as 
determined by cyclic voltammetry at  ZYC, cf. Table 11. Fla- 
vanones (e), flavones (o), flavonols (m), flavan-3-01s (+) 
and rutin (A). Inset - total number of hydroxyl groups as 
function of redox potentials, as determined by cyclic voltam- 
metry at 23°C. B: In(k,/lmol~'s-l where kl is the second- 
order rate constant for reduction of MbFe(IV)=O determined 
at 25"C, as function of redox potentials as determined by 
cyclic voltammetry at 23"C, cf. Table 11. Flavanones (a), 
flavones (O) ,  flavan-3-01s (+) and rutin (A). 

efficient reducing agent than flavonoids with 
similar redox potentials. The kinetic data 
(Table 11) further reveal that, whereas addition 
of a 3-hydroxyl group to the flavones apigenin or 
luteolin significantly raises the reactivity of the 
resulting compounds, kaempferol and quercetin, 
a similar effect is not seen when the 2,3 double 
bond is absent, as in the flavanones. Addition of 
a 3-hydroxyl group to eriodictyol, formally to 

convert it to taxifolin, actually lowers the reac- 
tivity, and removal of the 4-carbonyl group from 
taxifolin, as in catechin and epicatechin, surpris- 
ingly leads to a minor increase in reactivity. 
While addition of a 3-hydroxy group to luteolin 
to yield quercetin increases the reactivity, glyco- 
side formation with a sugar residue, like in rutin, 
dramatically lowers the reactivity. The flavonols 
myricetin, quercetin and kaempferol exhibit high 
correlation between reaction free energy and 
activation free energy, in contrast morin and 
fisetin clearly behave differently. In comparison 
with quercetin, the lack of the 5-OH group in 
fisetin, lowers the reactivity despite the fact that 
the redox potentials are very similar, and surpris- 
ingly, kl is even lower for fisetin than for 
kaempferol. Apparently, the effect of interrupt- 
ing the catechol pattern as in morin only has a 
minor effect on kl, although less MbFe(II)02 is 
produced with morin as reducing agent, com- 
pared to kaempferol, as seen from Figure 5 
(midmost panel). 

Cao et al. recently found a linear relationship 
between the antioxidant activity of flavones, as 
determined by the oxygen radical absorbance 
capacity (ORAC) assay, and the number of 
hydroxyl groups, but not for the flavanones.'"] 
From the inset in Figure 7A, it is seen, that some 
relationship between the ease of oxidation and 
the number of hydroxyl groups exists. The rate of 
reduction of ferrylmyoglobin is thus controlled 
by the ease of oxidation of the antioxidant as is 
further demonstrated in Figure 7A, where a 
relationship is evident although the linear corre- 
lation coefficient is only 2 = 0.509. It is, however, 
apparent that, not considering apigenin, the 
flavonoids can be divided into two groups: 
(i) The flavonols and the flavone luteolin 
(Y* = 0.749), and (ii) the flavanones, rutin, (+)- 
catechin and (-)-epicatechin (2 = 0.946 at 10°C 
and 2 =0.955 at 25°C). The 2,3 double bond 
seems accordingly to be the most important 
single factor in determining the relation between 
rate of electron transfer and driving force. 
Candeias et ~ 1 . ' ~ ~ '  recently demonstrated that 
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the ease of oxidation of an antioxidant only 
partly explains the reactivity in the study of the 
reaction between horseradish peroxidase com- 
pound I and substituted phenols and indole-3- 
acetic acids. The rate of reaction was concluded 
to be controlled by the redox potential of 
substrate within each substrate class, but sub- 
strates of different structures were oxidised by 
compound I at very different rates, even when 
the driving force was the same. Both enzyme- 
substrate complex dissociation and reorganisa- 
tion energy was considered to be important. 
Similar effects are also to be expected for 
ferrylmyoglobin, and when the reactivities of 
flavanones, flavones, glycosylated flavones, fla- 
vonols, and catechins as reducing agents for 
ferrylmyoglobin are compared, only a qualitative 
correlation with the redox potentials is to be 
expected. However, the large deviation for the 
reactivity of apigenin still remains to be ex- 
plained as it could indicate a different reaction 
mechanism compared to the other flavonoids. 

It is also noteworthy, that with E0(O2(lAg)/ 
O;-) = +0.65V at pH 7.0,[301 the phenoxyl 
radicals of flavonoids as apigenin, naringenin 
and chrysin ( E p l P  > +0.65 V vs. NHE, see Table 11) 
should be capable of oxidising the superoxide 
anion radical to singlet oxygen. Singlet oxygen 
should on the other hand oxidise all other 
flavonoids in Table I1 to yield the superoxide 
anion radical and flavonoid phenoxyl radicals as 
primary oxidation products. However, Tournaire 
et al. find that flavanones such as eriodictyol, 
taxifolin and naringenin as well as the flavan-3-01 
catechin are chemically inert towards singlet 
oxygen, while flavones, and especially flavonoles 
were found to react with singlet oxygen.[331 Most 
surprisingly, a (slow) reaction between chrysin 
and singlet oxygen has been observed although 
electron transfer can be concluded to be thermo- 
dynamically unfavourable according to the po- 
tential determined for chrysin (Table 11). A [2+2] 
cycloaddition of singlet oxygen to the 2,3 double 
bond in the C-ring, with a subsequent opening of 
the C-ring, as concluded from the 'H NMR 

spectrum was suggested, although a mechanism 
entailing an opening of the C-ring still seems 
controversial. Further characterisation of struc- 
ture, stability and reactivity of the oxidised 
flavonoids is clearly needed prior to further 
discussions of free energy relationships. 

Laranjinha et al.  investigated the reduction of 
MbFe(rV)=O by phenolic acid derivatives of 
cinnamic acid."61 Cinnamic acid itself was found 
not to be reactive towards MbFe(IVs=O, whereas 
the efficiency of the derivatives was ranked in 
terms of differences in the initial rate of reduction 
which was correlated with redox potentials, 
although unknown under the actual experimen- 
tal conditions. Caffeic and chlorogenic acid 
reacted faster with MbFe(IV)=O than Trolox@, 
and caffeic acid again reacted faster than ascor- 
bate. Castelluccio et U I . ' ~ ~ ]  determined the second- 
order rate constant at 37°C for the reaction 
between three of the compounds and 
MbFe(IV)=O (Table I). It may be concluded from 
Table I, that the potentials at least quantitatively 
reflects the order of the initial rates for the 
cinnamic acid derivatives, but not the higher 
reactivity of caffeic acid compared to Trolox@ 
and ascorbate, or the higher reactivity of chloro- 
genic acid compared to Trolox@. It is note- 
worthy, that the sequence chlorogenic = caffeic > 
ferulic > p-coumaric acid is also found for the 
antioxidants effectiveness against lipid peroxyl 
radicals.[291 Laranjinha et al. further suggest that 
caffeic acid acts synergistically with a-tocopherol 
by recycling the a-tocopheroxyl radical, and find 
that the phenoxyl radical of p-coumaric acid 
(produced by electron-transfer between p-  
coumaric acid and ferrylmyoglobin) oxidises 
a-tocopherol, assuming that the standard reduc- 
tion potential of a-tocopherol is identical to that 
for the water-soluble analogue, Trolox@.[341 The 
half-peak potentials, in aprotic media (Table I), 
obtained in the present study, differ by 90mV 
between Trolox@ and of a-tocopherol. If a similar 
difference exist between the standard reduction 
potentials for the oxidised form of Trolox@ and 
a-tocopherol in aqueous systems, this would 
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mean that the standard reduction potentials for 
a-tocopherol and ascorbate would be identical, 
which is interesting in relation to the theory of 
regeneration of a-tocopherol by ascorbate in bio- 
logical membranes. Notably, the value of +0.39 V 
for Trolox@ was reported for pH = 8.5[261 in better 
agreement with our value of +0.31V than the 
often quoted value of +0.48V.[221 Even for a 
potential of a-tocopherol identical to that of 
Trolox@, the regeneration of a-tocopherol by 
caffeic acid should, however, not be thermody- 
namic f avourable. [7p221 

Cyclic voltammetry as well as pulse radiolysis 
are both excellent techniques for measuring 
redox potentials, and should, of course, result in 
comparable values. However, as seen from Table 
111, it is difficult to establish an unambiguous 
antioxidant hierarchy based on reported poten- 
tials. The potentials determined by Jovanovic 
et al. at pH=7.0 by pulse radiolysis gives 
consistently higher values, although the trend is 
similar to the electrochemically determined 
potentials.i7r271 The potentials determined by 
pulse radiolysis have been determined ex- 
clusively with Trolox@ as the standard redox 
compound, but the redox potential for Trolox@ 
has only been measured by pulse radiolysis at 
pH = 13.5, and the reference value of 0.48V vs. 
NHE at pH = 7.0 subsequently calculated.[221 Such 
a calculation requires a detailed knowledge of 
pK, values of the parent compound as well as of 
its phenoxyl radical, which makes a directly 
measured value more reliable. It is notable, that 
Jovanovic et al. in their latest in~estigation'~~] use 
ascorbate as standard to determine the redox 
potential for quercetin, and obtain 0.33 V vs. NHE 
at pH = 7.0. Assuming a decrease of 60 mV per 
pH unit, as predicted from the Nernst equation, 
this latter value is within experimental uncer- 
tainty identical to our value of 0.29 Vat pH = 7.4, 
i.e. the difference between the redox potentials at 
pH = 7.0 reported by Jovanovic et ~ 1 . ~ ~ ~  and our 
measured redox potentials can be ascribed to 
differences in reference values. The redox poten- 
tials determined by Bors et al.[261 are different 

both in value and ordering compared to the 
values obtained by Jovanovic et al. r7,27' most 
likely due to the very high doses used by Bors 
et al.[261 resulting in interference from second- 
order radical-radical processes.[271 

Notably, most of the flavonoids in Table I1 
react faster with MbFe(IV)=O than ascorbate. 
The most striking example is apigenin, which 
has a redox potential almost half a volt more 
positive than ascorbate, and clearly a change in 
reaction mechanism is indicated by the activa- 
tion parameters, AH;,, = 65 kJ mol-' and 
AS;,, = +13 J mol-' K-' for apigenin, as com- 
pared to AH;,, = 45 kJ mol-' and AS;,, = 

-85 J mol-' K-' for as~orbate . '~~ '  Also the oxi- 
dised flavonoids or cinnamic acid derivatives 
may in subsequent reactions be effective as 
antioxidants and, as may be seen from Table 11, 
most of the investigated flavonoids reduce 
MbFe(IV)=O in a two-to-one stoichiometry, 
which means either, that both the flavonoid, 
and the derived phenoxyl radical is capable of 
reducing MbFe(IV)=O to MbFe(IIl), cf. Eqs. (1) 
and (2), or that the flavonoid is regenerated by 
disproportionation, cf. Eq. (6). The half-life of the 
phenoxyl radicals of fisetin, kaempferol, querce- 
tin and morin has been found to be on the 
millisecond time scale at pH = 11.5 but less at 
pH = 7.4.[36,281 Antioxidants reacting with a one- 
to-one stoichiometry is a priori expected to be 
only half as efficient as antioxidants reacting 
with a two-to-one stoichiometry, a fact which 
should be taken into account when considering 
structure-activity relationships, and which at 
least partly, could explain why quercetin has 
been found 3 times better as antioxidant than 
kaempferol.ilO1 Like kaempferol, wine phenolics 
has recently been found to react in a one-to-one 
stoichiometry with ferrylmy~globin.[~~] The stoi- 
chiometric factor of two for apigenin is difficult 
to explain, but a high pK, (and the pK, value is at 
present unknown) might lead to a transient 
cation radical with high reactivity as found for 
the water-soluble carotenoid crocin. Crocin was 
found to have a redox potential of 0.74V vs. 
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NHE, but despite this high redox potential it 
deactivates MbFe(IV)=O very effectively, and 
much faster than asc~rbate . '~~ '  On the other 
hand, the electron donating capacity is expected 
to increase with increasing negative charge as 
has been found in the reaction between the 2,6- 
di-tert-butyl-4-(4-methoxyphenyl)phenoxyl radi- 
cal and rutin for increasing pH and negative 
charge.[391 However, if electron transfer precedes 
loss of a proton, as expected for apigenin, the 
resulting cation radical will be highly acidic, and 
proton dissociation is expected to compete with 
further reduction at physiological pH. It is 
generally assumed, that the dissociation of 
flavonoids occur in the sequence 7-OH > 4'- 
OH > 5-OH[401 with the exception of morin, 
where the 2'-OH group dissociates first, with 
the exceptional low pK, (1) value of 3.46 and 
pK, (2) = 8.1.'71 At pH = 7.4 morin molecules 
oxidised at the electrode during cyclic voltam- 
metry will be double negatively charged, yielding 
a two-electron oxidation, whereas the one-to-one 
stoichiometry observed for the reaction between 
MbFe(IV)=O and morin suggests, that dimerisa- 
tion of the radicals obtained after initial reduc- 
tion of MbFe(IV)=O is more important than 
further reduction of MbFe(IV)=O. 

Hypervalent iron in heme pigments is a 
powerful oxidant and flavonoids may prove to 
have important functions in deactivation of 
ferrylmyoglobin and ferrylhemoglobin during 
oxidative stress.[411 It is concluded, that flavo- 
noids deactivate ferrylmyoglobin by outer- 
sphere electron transfer but with different 
reaction stoichiometries, and linear relationships 
seems to exist between reaction free energy and 
activation free energy separately within series of 
flavanones and flavonols. For the flavonoids 
without a 2,3 double bond, the reaction rate is 
less sensitive to changes in the redox potential of 
the flavonoid. One flavone, apigenin, has, how- 
ever, been found to have significantly higher 
reactivity than expected from the redox potential 
and also to deactivate to ferrylmyoglobin with a 
2 : 1 stoichiometry despite rather poor reducing 

properties. In contrast morin, with better reduc- 
ing properties, only deactivates ferrylmyoglobin 
with a 1 : 1 stoichiometry. Such specific effects 
will be studied in more detail. 
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