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The radical scavenging potential of phenolic compounds occurring in Olea europaea and of recently
identified hydroxytyrosol metabolites was evaluated by means of quantum chemical calculations.
The bond dissociation enthalpy (BDE) of phenolic hydroxyl groups and the ionization potential (IP)
were calculated as descriptors to predict the H-atom-donating and electron-donating abilities of
antioxidants, respectively. Catechol derivatives had the lowest BDE values (77.7-80.1 kcal/mol)
whereas the lignans, pinoresinol and 1-acetoxypinoresinol, and other monophenols had much higher
BDE values (85.1-88.0 kcal/mol), which suggested a lower potential for radical scavenging. Side
chain characteristics were not found to affect the size of BDE values although differences in lipophilicity
(on the basis of calculated Log P values) indicate variability in the activity in real systems. Conclusions
for the antioxidant potential could not be drawn based on the IP values. Lack of experimental data
for most of the studied compounds due to oxidative instability and difficulties in synthesis or isolation
supports the usefulness of a computational approach for those interested in the antioxidant potential
of phenolics encountered in O. europaea products.
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INTRODUCTION

This work is a further step of our investigation on structure-
activity relationships of phenolic antioxidants (1-5). The
oxidative instability and difficulties in synthesis or isolation of
individual compounds seem to restrict respective studies for a
great number of phenolics. The aim of the present study was
the elucidation of the radical scavenging potential of compounds
naturally encountered in methanol or water/methanol extracts
of Olea europaeaproducts (leaves, unprocessed and processed
olives, and virgin olive oil) (6-15) as there is a lack of published
experimental data for most of them. To our knowledge, no bond
dissociation enthalpy (BDE) or ionization potential (IP) values
are also available for the compounds under investigation. In
the most relevant studies, especially those using density
functional theory (DFT) or ab initio calculations, the antioxidants
examined are of a moderate molecular size (i.e., MW 94-224)
(1, 4). Given that the size of certain selected compounds did

not allow the application of the above methodologies, a
combined DFT/AM1 method was employed, which provides a
good combination of economy and accuracy (16) despite some
limitations. The lack of experimental data for the most of the
compounds supports the usefulness of such a computational
approach for those interested in the antioxidant potential of
bioactive compounds such as oleuropein. The results may assist
decisions on the use of antioxidants fromO. europaeaproducts
in medical or food applications.

MATERIALS AND METHODS

Method of Calculation. By definition, (i) BDE ) Hr + Hh - Hp,
whereHr is the enthalpy for a radical generated after H-atom abstraction,
Hh is the enthalpy for a hydrogen atom, andHp is the enthalpy for a
parent molecule, and (ii) IP) Ec - EP, whereEc is the energy of a
cation radical generated after electron transfer andEp is the energy of
parent phenol. Lower values for the two molecular descriptors indicate
a higher radical scavenging activity.

For the compounds under investigation, the O-H BDEs and IPs
were calculated by the combined DFT method proposed by Wright et
al. (16), which takes advantages of economy and accuracy. The detailed
procedures are as follows. The geometry optimization and the total
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determination of vibration frequencies were performed on the AM1
level (17). Electronic energies were obtained by the B3LYP functional
on the 6-31G (p′) level, wherep represents polarization functions only
on hydrogen andp′ indicates that the normalp exponent has been
modified to the value 1.0 (18). Using the electronic energies and the
scaled zero point vibrational energies (the scaled factor is 0.947), O-H
BDE and IP values were obtained (16). For certain compounds, in water
IP values were also calculated. The solvent effect was considered by
employing the self-consistent reaction field method with a polarized
continuum model to do a single point calculation on the B3LYP/
6-31G (p′) level. This method has been justified in a recent study (19).
All of the quantum chemical calculations were accomplished by
Gaussian 94 (20).

Calculation of Partition Coefficient (Log P). Calculation of the
Log P values, simulating partitioning of phenols in ann-octanol/water
(1:1, v/v) system, was based on Broto’s fragmentation method (21)
and was accomplished using the Chem Draw program (4.5 Ultra,
Cambridge Soft Corp., 1985-1997).

Evaluation of Antioxidant Activity in Bulk Oils . Purified triolein
samples containing caffeic acid, hydroxytyrosol, or oleuropein at the
level of 10 mg/kg were stored in an oven at 45°C. Aliquots of triolein
(2.5 g) were then distributed in a series of clear open transparent glass
bottles of pharmacopeia quality (18 mm i.d.). The process of oxidation
was followed by periodic measurement of the peroxide value (PV) in
duplicate (CV %) (2.6, n ) 7 for PV ) 10). Triolein was purified
as reported elsewhere (3).

RESULTS AND DISCUSSION

The examined components were the simple phenols tyrosol
(1), hydroxytyrosol (6), secoiridoid oleuropein (8), verbascoside
(16), and derivatives (2-5,7, and9-14) and also the lignans
pinoresinol (17) and 1-acetoxypinoresinol (18) (Chart 1). The
set included certain nonphenolic compounds reported to be
present in the above extracts (19-21). The radical scavenging
activity of tyrosol, hydroxytyrosol, and oleuropein has been
studied extensively (6-10), but published works for the
activities of other derivatives are rather limited. Indeed, limited
is the experimental evidence for the acetate analogue of
hydroxytyrosol (11), the dialdehydic form of elenolic acid linked
to hydroxytyrosol or tyrosol (12, 13), an aldehydic form of
oleuropein aglycone (11,12), verbascoside (14) for the lignan
1-acetoxypinoresinol (15) and also for certain metabolites of
hydroxytyrosol identified in human and rats urine (22). Because
the study of the radical scavenging potential of all of the selected
compounds was not feasible experimentally, a computational
approach was employed. To this point, the values of molecular
descriptors such as the O-H BDE and the IP were calculated
as indices of expected differences in the radical scavenging
activity of phenolic compounds through hydrogen atom or
electron donation (23). The calculated BDE and IP values for
the compounds ofFigure 1 are given inTable 1. In the same
table, IP values in the gas phase, the molecular weights, and
calculated LogP values are also given.

Grouping of Compounds of Figure 1 on the Basis of BDE
Values.On the basis of the calculated BDE values (Table 1),
the investigated compounds were sorted into three groups
according to their hydrogen atom-donating ability. Compounds
1-5,17, and18, which are all monophenols, comprised group
A; compounds6-16 possessing a catechol moiety comprised
group B, whereas the nonphenolic compounds cornoside,
helleridone, and elenolic acid (19-21) were group C. The
catechol derivatives (i.e., hydroxytyrosol, oleuropein, and ver-
bascoside) presented lower BDE values (77.7-80.1 kcal/mol)
in comparison to those of monophenols (i.e., tyrosol, ligstroside,
and pinoresinol) (85.1-88.0 kcal/mol). Caffeic acid (15),
included in the study for comparison since both experimental

and theoretical evidence can be found in the literature (1, 3, 4,
24), had the lowest BDE value. The difference between the
highest BDE value calculated for members of group A and the
lowest one for members of group B was approximately 5 kcal/
mol, whereas the differences among members of each group
were much smaller. It can, therefore, be postulated that all of
the compounds of group B will be more efficient antioxidants
than the monophenols. Elenolic acid, cornoside, and halleridone
(group C) are not expected to exhibit any antioxidant properties,
and indeed, their corresponding BDE values were much higher
(96.14-102.63 kcal/mol) even than that of unsubstituted phenol

Chart 1
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(86.42 kcal/mol). The predicted superiority for the radical
scavenging activity by the catechol derivatives is in line with
experimental data for phenolic antioxidants (25).

IP values did not exhibit any regularity as this descriptor
depends on the whole structure of the molecule and not on the
effects introduced to the phenolic ring by substituents, so that
no similar grouping could be derived. It may be argued that
electron donation is not the prevalent mechanism of action for
all phenolic antioxidants (23).

Radical Scavenging Potential of Compounds Belonging
to Group A. The most common members of the group (1-5)
are not expected to show differences in radical scavenging
potential on the basis of BDE values. Differences could be
expected in real systems due to differences in molecular weight

and consequently in lipophilicity of phenolic antioxidants.
However, no such data are available for all of the above-
mentioned compounds. Data found for tyrosol activity were
mainly for comparison with that of olive product polyphenols
proving that the former is rather inactive (e.g.,6, 15).

The results for the radical scavenging potential of the two
lignans, pinoresinol (17) and 1-actetoxypinoresinol (18), which
were recently identified in some virgin olive oils in significant
amounts (26), were not in agreement with those reported by
Owen et al. (15). These investigators, using a hypoxanthine/
xanthine oxidase system to produce hydroxyl radicals, reported
that 1-acetoxypinoresinol was more efficient than the catechol
derivatives caffeic acid (6.6×), hydroxytyrosol (1.5×), and
oleuropein (8.6×). However, such efficiency is not expected
on the basis of the calculated BDE values for the two lignans
and it also cannot be attributed to the structural characteristics
of the lignans. If the exceptionally high activity of18 is not
related to experimental conditions, i.e., inhibitory effect on
xanthine oxidase, then the low IP value that was calculated for
it in the gas phase (161.2 kcal/mol) could suggest electron
donation ability.

Radical Scavenging Potential of Compounds Belonging
to Group B. Within this group of compounds, the type or the
size of the carbon side chain is not expected to affect
significantly the radical scavenging potential because the
differences in BDE values vary within∼2 kcal/mol. An
exception could be verbascoside (16), which possesses two
catechol moieties with similar hydrogen-donating activity16-
H(1) and-H(2). The high activity predicted for verbascoside
was not supported by the limited experimental data (14).

Extended conjugation and the stereochemistry of the molecule
contribute to the further stabilization of phenoxy radicals as
shown inFigure 2 for spin distribution in the cases of6, 8,
and15 resulting in lower BDE values (Table 1). Although the
relative order for the radical scavenging ability toward DPPH•

(24) was in line with the respective BDE values, the antioxidant
performance in triolein autoxidation (Figure 3) was obviously
influenced by other factors (e.g., kinetics).

Other factors that may contribute to the overall performance
of the compounds in real systems are the size and the

Figure 1. Phenolic compounds encountered in O. europaea products.

Table 1. B3LYP/6-31G (p′)//AM1-Calculated O−H BDEs, IPs, and
Other Physicochemical Parameters for Phenolic Compounds
Encountered in O. europaea Products

AH O−H BDE (kcal/mol)a IP (kcal/mol)b MW Log P

1 85.4 177.4 138.16 1.18
2 85.1 173.7 300.30 −0.39
3 85.9 176.6 529.51 −0.58
4 85.9 171.4 362.14 1.04
5 86.2 175.7 304.34 1.23
6 78.4 171.8 154.16 0.79
7 78.9 177.2 196.2 1.39
8 79.9 176.0 540.19 −0.97
9 80.1 169.4 526.17 −1.24
10 78.6 170.9 378.37 1.64
11 78.7 169.9 378.37 0.65
12 78.6 169.4 320.34 1.14
13 79.3 168.2 320.34 0.84
14 78.8 171.5 378.37 0.94
15 77.7 176.6 180.16 1.15
16 167.0 624.12 −0.13
16−H(1) 78.8
16−H(2) 77.9
17 86.0 156.2 358.39 1.93
18 88.0 161.2 416.5 1.54
19 100.4 195.8 316.3 −2.50
20 102.6 202.7 154.16 −1.06
21 96.1 178.4 242.23 0.14
phenol 86.4 187.8

a O−H bond disociation enthalpy. b IP.

Figure 2. Spin density of the phenoxy radical of caffeic acid; hydroxytyrosol
and oleuropein calculated by the AM1 method.
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lipophilicity of the molecules. Compounds6-16, which seem
to be equally active as hydrogen atom donors, differ in size
(1-4×). The three-dimensional configuration of the compounds
(caffeic acid being an exception) is expected to moderate
penetration into membranes and thus affect antioxidant perfor-
mance in biological systems (27,28). Paiva-Martins et al. (28)
reported that6, its acetate analogue (7), the dialdlehydic form
of elenolic acid (13), and the aldehydic form of oleuropein
aglycone (11) cannot penetrate the membranes, due to associa-
tion with the surface of the phospholipid bilayer.

Additionally, on the basis of the calculated LogP values
(Table 1) and some literature data (2, 11,27,28), it is obvious
that the size of the side chain affects the lipophilicity of the
compounds and, consequently, the performance in bulk oils and
dispersed systems. Thus, although hydroxytyrosol was found
to scavenge DPPH• 1.3 times more than its acetate counterpart
and was 1.1 times more effective than it in bulk oil oxidation,
the order of activity was reversed in an oil/water emulsion (11).
This was due to the higher polarity of hydroxytyrosol, which
resulted in the smaller concentration of the phenol in the lipid
phase of the dispersed system. It should also be stressed that
even if the size of the chain is the same (compounds10,11,14
or 12, and13) the presence of different groups affects the
lipophilicity of the compounds (LogP values) as well.
Therefore, even in this case, differences in the activity of the
phenols can be expected experimentally. The latter is supported
by the findings reported for coniferylaldehyde and coniferyl
alcohol (2). The two compounds having the same molecular
weight but also different lipophilicity due to the characteristic
group at the end of the chain had significantly different
performances in models imitating real systems.

In conclusion, all of the compounds of group B should be
expected to have an appreciable radical scavenging potential.
However, the efficiency in real systems (food or biological) is
expected to be controlled by other factors as well. This fact
does not hamper the importance of BDE, which can be currently
calculated for a great number of compounds (natural or artificial)
within a reasonable working time.

Radical Scavenging Potential of Hydroxytyrosol Metabo-
lites Detected in Biological Fluids.Besides the interest in the
potential of natural antioxidants, scientists are also interested
in that exhibited by the bioavailable forms detected in various
biological fluids. Therefore, in a subsequent step, the antioxidant
potential of hydroxytyrosol and metabolites such as methoxyl-
ated derivatives, a sulfate, and a glucuronide conjugate (Figure
4) were also investigated theoretically. The formation of similar

conjugates is common in kidneys and liver to enhance excretion
from the body. Calculated BDE and IP values are presented in
Table 2.

The aldehyde and the acid metabolite of hydroxytyrosol (5a

and5b) had similar BDE values, which were lower than those
calculated for the more complex ones. This finding was
attributed to the presence of a catechol moiety in the two
compounds rather than to other structural characteristics. For
both conjugates of hydroxytyrosol with the sugar or sulfuric
acid (the monosulfate conjugate is expected to be in anionic
form under physiological conditions and that is why the
dissociated form was incorporated in the calculations),5f and
5g are expected to be inactive according to BDE values, a finding
that cannot explain how the first one was found more active
than hydroxytyrosol (almost 5×) toward the DPPH• (22).
Because the strong hydrophilic character of the tested com-
pounds led the investigators to dissolve the stable radical in a
mixture of ethanol/water instead of ethanol, the experimental
findings may need some reevaluation.

Experimental conditions, such as the environment of the
reaction, may affect significantly the performance of the
molecules (24,29) whereas BDE values calculated in the gas
phase reflect only the effect of structural characteristics. Because
these compounds are expected to act in an aqueous environment,
only the in-solvent IP values are discussed. No obvious
conclusions could be obtained on the basis of IP values, as was

Figure 3. Antioxidant activity of caffeic acid, oleuropein, and hydroxytyrosol
under triolein autoxidation (45 °C, 10 ppm).

Figure 4. Hydroxytyrosol metabolites found in biological fluids (5a-i).

Table 2. B3LYP/6-31G (p′)//AM1-Calculated O−H BDEs and IPs for
Hydroxytyrosol Metabolites Found in Biological Fluids

AH O−H BDE (kcal/mol)a IP (kcal/mol)b

5 78.7 171.8 (127.9)
5a 79.3 176.4 (128.8)
5b 79.0 175.6 (125.0)c

5c 87.2 166.6 (125.5)
5d 87.7 170.2 (127.6)c

5e 87.9 170.2 (127.2)
5f 91.8 167.9 (136.9)
5g 91.3 93.3 (130.4)
5h 87.9 172.1 (126.0)c

5i 103.4 160.6 (124.5)

a O−H bond disociation enthalpy. b IP. In solvent values are in parentheses.
c The proton of the −COOH group is dissociated.
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also observed for the compounds ofTable 1, not even in the
case of5i, expected to be inactive since no hydrogen atoms are
available for donation.

The quantum chemical calculation of BDE values can provide
information on the radical scavenging potential of the com-
pounds especially when experimental data cannot be easily
obtained as it was evidenced in the present study. Moreover,
the BDE values may help reevaluation of the activity of certain
compounds the structure of which cannot support high (or low)
activity. The lack of experimental data for the most of the
investigated compounds supports the usefulness of the present
work for those interested in the antioxidant potential of phenolic
compounds encountered inO. europaeaproducts such as raw
olives, table olives, leaves, and virgin olive oil.

LITERATURE CITED

(1) Bakalbassis, E. G.; Chatzopoulou, A.; Melissas, V. S.; Tsimidou,
M.; Tsolaki, M.; Vafiadis, A. Ab initio and density functional
theory studies for the explanation of the antioxidant activity of
certain phenolic acids.Lipids 2001,36, 181-190.

(2) Nenadis, N.; Zhang, H. Y.; Tsimidou, M. Structure-antioxidant
activity relationship of ferulic acid derivatives: Effect of carbon
side chain characteristic groups.J. Agric. Food Chem.2003, 51,
1874-1879.

(3) Nenadis, N.; Boyle, S.; Bakalbassis, E. G.; Tsimidou, M. An
experimental activity approach to structure-activity relationships
of caffeic dihydrocaffeic and related monophenols.J. Am. Oil
Chem. Soc.2003,80, 451-458.

(4) Bakalbassis, E. G.; Nenadis, N.; Tsimidou, M. A density
functional theory study of structure-activity relationships in
caffeic and dihydrocaffeic acids and related monophenols.J. Am.
Oil Chem. Soc.2003,80, 459-466.

(5) Zhang, H. Y.; Sun, Y. M.; Chen, D. Z. O-H bond dissociation
energies of phenolic compounds are determined by field/
inductive effect or resonance effect? A DFT study and its
implication.Quant. Struct.-Act. Relat.2001,20, 148-152.

(6) Chimi, H.; Cillard, J.; Cillard, P.; Rahmani, M. Peroxyl and
hydroxyl radical scavenging activity of some natural phenolic
antioxidants.J. Am. Oil Chem. Soc.1991,68, 307-312.

(7) Saija, A.; Trombetta, D.; Tomaino, A.; Lo Casicio, R.; Princi,
P.; Ucella, N.; Bonina, F.; Castelli, F. In vitro evaluation of the
antioxidant activity and biomembrane interaction of the plant
phenols oleuropein and hydroxytyrosol.Int. J. Pharm.1998,166,
123-133.

(8) Pellegrini, N.; Visioli, F.; Buratti, S.; Brighenti, F. Direct analysis
of total antioxidant activity of olive oil and studies on the
influence of heating.J. Agric. Food Chem.2001, 49, 2532-
2538.

(9) De la Puerta, R.; Dominguez, M. E. M.; Rruiz-Gutierez, V.;
Flavill, J. A.; Hoult, J. R. S. Effects of virgin olive oil phenolics
on scavenging of reactive nitrogen species and upon nitrergic
neurotransmission.Life Sci.2001,69, 1213-1222.

(10) Briante, R.; La Cara, F.; Tonziello, M. P.; Febbraio, F.; Nucci,
R. Antioxidant activity of the main bioactive derivatives from
oleuropein hydrolysis by hyperthermophilicâ-glucosidase.J.
Agric. Food Chem.2001,49, 3198-3203.

(11) Gordon, M. H.; Paiva-Martins, F.; Almeida, M. Antioxidant
activity of hydroxytyrosol acetate compared with that of other
olive oil polyphenols.J. Agric. Food Chem. 2001, 49, 2480-2485.

(12) Fogliano, V.; Ritieni, A.; Monti, S. M.; Gallo, M.; Medaglla,
D. D.; Ambrosino, M. L.; Sacchi, R. Antioxidant activity of
virgin olive oil phenolic compounds in a micellar system.J. Sci.
Food Agric.1999,79, 1803-1808.

(13) Martins, F. M.; Gordon, M. H. Isolation and characterization of
the antioxidant component 3,4-dihydroxyphenylethyl-4-formyl-
3-formylmethyl-4-hexenoate from olive (Olea europaea) leaves.
J. Agric. Food Chem.2001,49, 4214-4219.

(14) Benavente-Garcia, O.; Castillo, J.; Lorente, J.; Ortuno, A.; Del
Rio, J. A. Antioxidant activity of phenolics extracted fromOlea
europaeaL. leaves.Food Chem.2000,68, 457-462.

(15) Owen, R. W.; Giacosa, A.; Hull, W. E.; Haubner, R.; Spiegel-
halder, B.; Bartsch, H. The antioxidant/anticancer potential of
phenolic compounds isolated from olive oil.Eur. J. Cancer2000,
36, 1235-1247.

(16) Wright, J. S.; Carpenter, D. J.; McKay, D. J.; Ingold, K. U.
Theoretical calculation of substituent effects on the O-H bond
strength of phenolic antioxidants related to vitamin E.J. Am.
Chem. Soc.1997,119, 4245-4252.

(17) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
AM 1: A new general purpose quantum mechanical molecular
model.J. Am. Chem. Soc.1985,107, 3902-3909.

(18) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti
correlation energy formula into a functional of the electron
density.Phys. ReV. B 1988,37, 785-789.

(19) Kong, L.; Sun, Z. L.; Wang, L. F.; Zhang, H. Y.; Yao, S. D.
Theoretical elucidation of nitrogen dioxide radical-scavenging
activity difference of hydroxycinnamic acid derivatives.HelV.
Chim. Acta2004,87, 511-515.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.;
Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J.
B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres,
J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.;
Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. A.Gaussian 94, Revision
E.3; Gaussian, Inc.: Pittsburgh, PA, 1995.

(21) Broto, P.; Moreau, G.; Vandyke, C. Molecular structures:
Perception, autocorrelation descriptor and QSAR studies. System
of atomic contributions for the calculation of then-octanol/water
partition coefficients.Eur. J. Med. Chem.-Chim. Theor.1984,
19, 71-78.

(22) Tuck, K. L.; Hayball, P. J.; Stupans, I. Structural characterization
of metabolites of hydroxytyrosol, the principal phenolic com-
ponent in olive oil, in rats.J. Agric. Food Chem.2002, 50, 2404-
2409.

(23) Wright, J. S.; Johnson, E. R.; DiLabio, G. A. Predicting the
activity of phenolic antioxidants: Theoretical method, analysis
of substituent effects, and application to major families of
antioxidants.J. Am. Chem. Soc.2001,123, 1173-1183.

(24) Nenadis, N.; Tsimidou, M. Observations on the estimation of
scavenging activity of phenolic compounds using rapid 1,1-
diphenyl-2-picrylhydrazyl (DPPH) tests.J. Am. Oil Chem. Soc.
2002,79, 1191-1195.

(25) Yanishlieva, N. Y. Inhibiting oxidation. InAntioxidants in Food;
Pokorny, J., Yanishlieva, N., Gordon, M., Eds.; Woodhead Pbs.
Ltd.: Cambridge, United Kingdom, 2001; Chapter 3, pp 22-
70.

(26) Brenes, M.; Hidalgo, F. J.; Garcia, A.; Rios, J. J.; Garcia, P.;
Zamora, R.; Garrido, A. Pinoresinol and 1-acetoxypinoresinol,
two new phenolic compounds identified in olive oil.J. Am. Oil
Chem. Soc.2000,77, 715-720.

(27) Nenadis, N.; Zafiropoulou, I.; Tsimidou, M. Commonly used
food antioxidants. A comparative study in dispersed systems.
Food Chem.2003,82, 403-407.

(28) Paiva-Martins, F.; Gordon, M. H.; Gameiro, P. Activity and
location of olive phenolic antioxidants.Chem. Phys. Lipids2003,
124, 23-36.

(29) Abe, N.; Nemoto, A.; Tsuchiya, Y.; Hojo, H.; Hirota, A. Studies
on the 1,1-diphenyl-2-picrylhydrazyl radical scavenging mech-
anism for a 2-pyrone compound.Biosci., Biotechnol., Biochem.
2000,64, 306-313.

Received for review July 22, 2004. Revised manuscript received
November 5, 2004. Accepted November 9, 2004. This work was
supported by the Greek-Chinese bilateral collaboration EPAN-M 4.3
Program (Code 2013555) and the National Natural Science Foundation
of China (Grant 30100035).

JF048776X

Phenolic Antioxidants in Olea europaea Products J. Agric. Food Chem., Vol. 53, No. 2, 2005 299


