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The protonation and aggregation states of (E )-resveratrol were used as tools to investigate the

kinetic properties of lipoxygenase (LOX). It was found that the deprotonation of the 40-hydroxyl
group at pH values higher than the pKa1 of (E )-resveratrol produced an increase in the LOX activity,

with an optimum pH of 8.5. Moreover, the results show how LOX activity is strongly affected by the

aggregation state of (E )-resveratrol. When the enzyme uses monomers of (E )-resveratrol as

substrate, LOX shows a Michaelian behavior and the Km value can be determined (44.39 μM).

However, when (E )-resveratrol concentration is increased to values higher than the critical

concentration determined by fluorescence methods (35 μM at pH 8.5), LOX shows strong inhibition.

These results can be interpreted as a previously unreported aggregate-induced enzyme inhibition,

which can be modified by the use of different modulators of the aggregation state of (E )-resveratrol,

such as cyclodextrins or ethanol. Finally, when the reaction was kinetically characterized in the

optimum conditions of both aggregation and protonation state, a typical induction period was

observed, along with a dependence of the hydroperoxidation rate with the hydrogen peroxide

concentration.
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INTRODUCTION

(E )-Resveratrol [(E )-3,40,5-trihydroxystilbene] is a naturally
occurring antioxidant found in grapes (1 ), grape products,
including wine (2 ), and some other botanical sources, such as
peanuts (3 ). In recent years, research into (E )-resveratrol has
discovered several potentially beneficial biological effects of this
compound on human health. These include anticancer activity
(4 ), cardioprotection (5 ), antioxidant activity (6-8), inhibition of
platelet aggregation (9 ), and anti-inflammatory activity (10 ). For
these reasons, there is growing interest in its use as a functional
ingredient in foods as a fortifier or nutraceutical compound (11 ).
However, its propensity to oxidation and the paucity of informa-
tion concerning conformational changes in its structure resulting
from variations in pH and aggregation state have meant that, to
date, no food has been enriched in this important antioxidant
compound (12-14)

In recent years, (E )-resveratrol has been demonstrated to
act as a potent substrate of the oxidation reaction catalyzed by
lipoxygenase (LOX) (linoleate:oxygen reductase, EC
1.13.11.12) (15-18). LOXs are iron-containing dioxygenases
that convert polyunsaturated fatty acids possessing one or
more (1Z,4Z)-pentadiene systems into (Z,E)-conjugated hy-
droperoxy fatty acids (19 ). LOXs play a fundamental role in
the metabolism of polyunsaturated fatty acids in plants and
animals. The products of mammalian LOX are directly in-

volved in the immune response and in inflammatory processes
(20 ). The physiological role of plant LOXs is less clear. LOXs
are postulated to be involved in senescence, stimulating the
intracellular free radical production (21 ) that leads directly to
membrane deterioration. LOX is also involved in the response
of plants to wounding because hydroperoxides of linoleic acid
are precursors of traumatic acid (19 ).

To date, very few papers have reported on the oxidation of
(E )-resveratrol by LOX. Pinto and Macias (17 ) studied the
oxidation of several dietary polyphenolics by the hydroperox-
idase activity of LOX, showing that this enzyme, in the
presence of hydrogen peroxide, produces the oxidative decom-
position of quercetin, naringenin, and (E )-resveratrol, all
known antioxidant molecules. Moreover, Fan and Mattheis
(16 ) reported the inhibition of oxidative and antioxidative
enzymes such as superoxide dismutase, LOX, catalase, perox-
idase, polyphenol oxidase, and 1-aminocyclopropane-1-car-
boxylic acid oxidase by (E )-resveratrol, showing that this
stilbene inhibited LOX activity more effectively than other
LOX inhibitors, including propyl gallate, ibuprofen, ursolic
acid, acetylsalicylic acid, and salicylhydroxamic acid. Further-
more, Lucas-Abell�an et al. (15 ) characterized the formation of
resveratrol-cyclodextrin inclusion complexes in aqueous so-
lutions using the hydroperoxidase activity of LOX as the
enzymatic system. Finally, Pinto et al. (18 ) reported that
resveratrol is a potent inhibitor of the dioxygenase activity
of LOX.*Corresponding author (fax: 34 968-364765; e-mail: josemln@um.es).
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However, three main problems can be observed in these
studies: (a) no exhaustive study of the effect of pH on LOX
activity has been carried out, meaning that the activity was
determined at different pH values in the papers; (b) no authors
have borne in mind the possible effect of the aggregation of
(E )-resveratrol on the LOX activity at high concentrations of the
substrate, which is a common feature preview described for other
substrates catalyzed by LOX (e.g., linoleic acid) (22 ); and (c) no
research has studied the hypothetical relationship between the
structure of this potent lipophilic antioxidant and its enzymatic
catalysis. For these reasons, it is essential that a study be made of
(E )-resveratrol oxidation by LOX with these important kinetic
factors taken into consideration.

In a previous work (23 ), we studied the aggregation state of
(E )-resveratrol at acidic and basic pH values, determining the
(E )-resveratrol concentration value atwhich this stilbene changes
from itsmonomeric to aggregate form. The results clearly showed
that the aggregation mode of (E )-resveratrol was affected by the
pH. Moreover, bearing in mind the importance of the ionization
state of (E )-resveratrol in determining potential beneficial biolo-
gical effects of this compound on human health, and due to the
contradictory results existing in the literature about the three
(E )-resveratrol acidic dissociation constants, we determined in
that paper the correct pKa of this stilbene in aqueous solution
using UV and fluorescence studies. These results can modify the
publishedworks to date about the oxidation of (E )-resveratrol by
LOX (15-18) as it has been reported by Bru and Garc�ia-
Carmona in another paper for other reactions catalyzed by this
enzyme (22 ).

As a continuation of this study, and with the above taken into
consideration, the principal aims of this work were to (i) study
whetherLOXhad anypreference for the physicochemical proper-
ties of the (E )-resveratrol substrate, particularly in its proton-
ation and aggregation state; (ii) evaluate the effect of different
substrate modulators such as cyclodextrins or ethanol on the
LOX activity; and (iii) characterize kinetically the oxidation of
(E )-resveratrol by LOX in the optimum conditions of proton-
ation and substrate concentration.

MATERIALS AND METHODS

Materials. Biochemicals were purchased from Fluka (Madrid, Spain).
(E )-Resveratrol, 2-hydroxypropyl-β-CD (HP-β-CD), hydrogen peroxide,
and soybean lipoxygenase type V from soybean were obtained from Sigma
(Madrid, Spain). (E )-Resveratrol is sensitive to light, and irradiation of
solutions of the analyte induces the formation of (Z)-resveratrol; if the irrad-
iation is intense, it leads to the formation of a highly fluorescent com-
pound. Because of this, the samples were stored in darkness. The hydrogen
peroxide, lipoxygenase, and (E )-resveratrol were freshly prepared every
day, and their concentrations were calculated using ε240 = 39.4 M-1 cm-1,
ε 280= 160,000 M-1 cm-1, and ε312 = 33,400 M-1 cm-1 (15 ).

Equipment and Experimental Procedure. Fluorescence and
Absorbance Spectroscopy. A PiStar-180 spectrometer (Applied Photo-
physics Ltd. Leatherhead, U.K.) equipped with a xenon lamp source and
quartz cell was used to perform all absorbance and fluorescence measure-
ments. Excitation and emission bandwidths were both set at 2 nm. For
both absorbance and fluorescence spectroscopy, excitation and emission
spectra were recorded at 25 �C. To avoid self-absorbing (inner filter)
effects, 2 mm quartz cells were used.

Enzyme Assay. LOX activity was followed spectrophotometrically
in a Jasco V-650 spectrometer (Applied Photophysics Ltd.) at 25 �C
equipped with thermostated cells at the absorption maximum of the
oxidation product of (E )-resveratrol (250 nm). The reaction was started
by adding the indicated volume of enzyme to a standard reaction medium
that contained the indicated concentration of (E )-resveratrol at different
pHvalues. The buffers usedwere 0.1M sodiumacetate frompH4.0 to 5.5,
0.1 M sodium phosphate from pH 5.5 to 8.5, and 0.1 M sodium borate
from pH 8.5 to 10.0.

RESULTS AND DISCUSSION

Effect of pH on the Enzymatic Oxidation of (E )-Resveratrol by

LOX. Although several papers have been published on the
oxidation of (E )-resveratrol by LOX (14-18), no research has
studied the effect of medium pH on the LOX activity. Moreover,
not all of the papers have studied the enzymatic reaction at the
same pH: although the majority of the authors have studied this
reaction at pH 9.0 (15, 16, 18), Pinto andMacias (17 ) studied the
enzymatic oxidation at pH 7.0. For this reason, in this work we
have studied the oxidation of this lipophilic antioxidant in a range
of pH values. Moreover, due to the problems associated with
measuring the enzymatic activity on substrates that can suffer
aggregation phenomena in the UV region, the first step in our
investigation was to select the most appropriate substrate con-
centration to evaluate the effect of pH on LOX activity avoiding
turbidity problems.

In a recent paper, using fluorescence, we demonstrated that pH
determines not only the protonation but also the aggregation
state of (E )-resveratrol (23 ). The results obtained in that paper
showed that the critical concentration at which this antioxidant
forms aggregates is higherwhen themediumpH is increased from
acid to basic pH values. At pH values of 5.5 and 10.5,
(E )-resveratrol forms aggregates above 12.5 and 37.5 μM. Thus,
when (E )-resveratrol concentrations below this value are used,
the substrate is in monomeric form, and it is not difficult to
measure the LOX activity in this region because no turbidity is
present. On the other hand, when the (E )-resveratrol concentra-
tion is above the critical concentration, this potent antioxidant is
not molecularly dispersed and forms aggregates, leading to
scattering and making the spectroscopic determination of LOX
activity difficult. For this reason, in this paper we have studied the
effect of the pH on the LOX activity using a (E )-resveratrol
concentration of 12 μM because this is below the critical con-
centration (i.e., atmonomeric forms) at all of the pH values tested
and no turbidity is present in the reaction medium.

The pH profile of the hydroperoxidation of (E )-resveratrol by
LOX is shown in Figure 1. As can be seen, the enzymatic activity
was practically zero at pH values below 7.0. However, when the
medium pHwas above 7.5, the LOX activity suddenly increased,
with an optimum at pH 8.5, above which it fell sharply. These
results are in good agreement with the pH values used by several
authors to study this enzymatic reaction (15, 16, 18) but do not

Figure 1. Effect of pH on the hydroperoxidation of (E )-resveratrol by LOX.
The reactionmedium consisted of 12μM (E )-resveratrol and 4mMH2O2 at
different pH values: (A) totally protonated; (B) one hydroxyl group
deprotonated; (C) two hydroxyl groups deprotonated.
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coincide with the values used by Pinto and Mac�ias (17 ). How-
ever, no researcherhas explained this typeofbehavior. InFigure1,
we can observe that the strong increase in LOX activity at pH 8.5
approximately coincides with the first acidic dissociation (pKa1)
constant calculated by several authors for (E )-resveratrol
(23-25). Moreover, the subsequent decrease observed in LOX
activity coincided when the medium pH was near the second
acidic dissociation constant (pKa2) determined previously by
these authors. These results show the importance of the three
hydroxyl groups present in the structure of (E )-resveratrol for its
enzymatic oxidation. Many researchers have studied the role of
hydroxyl groups on the properties of (E )-resveratrol and found
that the 40-hydroxyl group is essential to (E )-resveratrol0s healthy
activities. However, the stability of the 40-hydroxyl group in
(E )-resveratrol is weak because it is more acidic than the other
twom-hydroxyl groups (24 ). Moreover, Cao et al. (25 ) indicated
that it is easier to deprotonate the 40-OH than 30- or 50-OH. These
authors showed that the 40-hydroxyl group of (E )-resveratrol is
more reactive than those in the 3- and 5-positions because the
resonance effects of the 40-radical are more stable than those of
the 5-radical. Finally, L�opez-Nicol�as and Garc�ia-Carmona (23 )
recently demonstrated that at pH values above the first acidic
constant dissociation the 40-hydroxyl group is deprotonated.

The fact that LOX shows the highest rate of enzymatic
oxidation when the pH is situated between the first and second
acidic dissociation constants reveals that the (E )-resveratrol form
shown in Figure 1 (structure B), where only two hydroxyl groups
(in the 30- and 50-positions) are presented, is structure preferred by
the enzyme. Moreover, structures A [(E )-resveratrol totally
protonated] and C [(E )-resveratrol with two hydroxyl groups
deprotonated] are not good substrates for lipoxygenase.

Effect of (E )-Resveratrol Aggregation on Its Enzymatic Oxida-

tion by LOX. The critical importance of knowing the preferences
of LOX for the different physical forms of its substrate has been
mentioned because this is the only way to correctly analyze the
kinetic data and thus perform correct extrapolations to physio-
logical conditions. Moreover, the vegetal source of this enzyme is
essential for knowing its preference for the aggregation state of
the substrate. Indeed, the preference ofLOX-I formonomeric LA
has long been known (26 ), whereas 5-LOX prefers the aggregate
form of LA (22 ). However, no research has been carried out
concerning the preference of LOX for the monomeric or aggre-
gate forms of (E )-resveratrol. For these reasons, and in order to
characterize kinetically the oxidation of (E )-resveratrol by LOX,
it is essential to studywhich aggregation state of (E )-resveratrol is
favored by this enzyme.

To study the effect of the aggregation state of (E )-resveratrol
on its enzymatic oxidation by LOX, we evaluated the possible
influence of (E )-resveratrol aggregation on LOX activity at the
optimum pH found in the previous section, that is, pH 8.5, at
concentrations above and below the critical concentrations. To
do this, the first step was determine the critical concentration at
which (E )-resveratrol forms aggregates at pH 8.5. For this, we
have followed themethod described recently by us, which is based
on a study of the fluorescence emission and excitation spectra of
(E )-resveratrol at increasing concentrations (23 ). The results
obtained are in good agreement with those reported by Lopez-
Nicolas and Garc�ia-Carmona (23 ) and show that the emission
and excitation spectra differ greatly at high and low (E )-resver-
atrol concentrations, showing bathochromic displacement of the
maximum excitation wavelength and a nonlinear dependence of
the relative intensity of fluorescence on the (E )-resveratrol con-
centration. The dependence of the maximum excitation wave-
length of (E )-resveratrol on the concentration is also shown in
Figure 2. As can be seen, at concentrations lower than 35 μM,

(E )-resveratrol showed a constant maximum excitation wave-
length at about 348 nm, whereas above 35 μM, a bathochromic
displacement to 380 nmwas observed.Using themethod reported
by Lopez-Nicolas and Garc�ia-Carmona (23 ), we were able to
determine graphically the critical concentration of (E )-resvera-
trol as the cross-point between the straight lines that define the
trend of the maximum excitation wavelength in the pre- and
postaggregation regions (Figure 2). This determination makes it
possible to establish the conditions in which (E )-resveratrol is
molecularly dispersed and does not form aggregates. According
to the results published by Lopez-Nicolas and Garc�ia-Carmona
(23 ), a possible explanation for the dependence of (E )-resveratrol
fluorescence on the concentration is that this molecule forms
aggregates above a certain critical concentration. Therefore, this
confirms that 35 μM is the highest (E )-resveratrol concentration
value at which this potent antioxidant is molecularly dispersed
and does not form aggregates at pH 8.5.

The second step of our investigation was to study the enzy-
matic activity of LOX at (E )-resveratrol concentrations lower
and higher than the critical concentration at pH 8.5 (35 μM).
Figure 2 shows how the LOX activity is strongly affected by the
aggregation state of (E )-resveratrol. When the enzyme uses
monomers of (E )-resveratrol as substrate (monomeric region),
LOX shows a Michaelian behavior (Figure 2) and the kinetic
parameters Km and Vmax can be determined (44.39 μM and
1.03 ΔAbsmin-1). However, when (E )-resveratrol concentration
is increased above 35 μM, a strong inhibition is observed
(Figure 2). As can be seen, the (E )-resveratrol concentration
at which the LOX is inhibited approximately coincides with the
(E )-resveratrol critical concentration value for this pH. For this
reason, we can affirm that when aggregates of (E )-resveratrol
are formed, a strong decrease in the enzymatic activity can be
observed. The observed kinetics can be interpreted as a phenom-
enon of the substrate-aggregation dependent activity of LOX,
very similar to the behavior described for 5-potato LOX (22 )
and eggplant LOX (27 ) on linoleic acid (LA) and also to that
described for other enzymes. However, in the case of 5-LOX
or eggplant LOX, the aggregation of LA activated in the enzy-
matic activity. The results presented in Figure 2, which also
suggest that LOX catalysis is less efficient at the lipid-water
interface than in solution, have been reported for other water-
soluble enzymes acting on hydrophobic or membrane-bound
substrates, such as phospholipase A2 (28-30) and cholesterol
oxidase (31 ).

Figure 2. Effect of (E )-resveratrol concentration on LOX activity in the
monomeric and aggregate region of (E )-resveratrol in the presence of
4 mMH2O2 at pH 8.5 (b) and effect of (E )-resveratrol concentration on the
maximum excitation wavelength in aqueous solutions at increasing
(E )-resveratrol concentrations at pH 8.5 (9).
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Effect of Different Modulators of the Aggregation State of

(E )-Resveratrol on the LOX Activity. In the previous section,
we demonstrated the importance of the aggregation state of the
substrate in the enzymatic oxidation of (E )-resveratrol by LOX.
To evaluate the effect of modulators of the structure and avail-
ability of this potent antioxidant in the enzymatic reaction, the
next step was to evaluate the response of LOX to the presence of
several agents such as ethanol or CDs in the reaction medium.

Ethanol is awell-known “solubilizer” of lipophilic substrates in
the enzymatic reactions.As shown inFigure 3, the presence of 1%
ethanol in the reaction medium leads to an increase of the critical
(E )-resveratrol concentration at which molecular aggregates are
formed. Consequently, the inhibition of the LOX activity at high
substrate concentration is produced at higher (E )-resveratrol
concentrations than in the absence of the organic solvents. In
the presence of 1% ethanol a Km of 41.54 μM and a Vmax of 1.10
ΔAbs min-1 were calculated for the hydroperoxidation of
(E )-resveratrol by LOX. As is shown in Figure 3, in the mono-
meric region, the enzymatic activities in both the presence and
absence of EtOH are very similar. However, the presence of
organic dissolvents can inhibit enzymatic catalysis, and the results
obtained in these conditions cannot be extrapolated to physiolo-
gical conditions. For this reason, the use of other modifiers of the
aggregation state of (E )-resveratrol in aqueous medium is
recommended.

The next modifier of the aggregation state of (E )-resveratrol
studied was HP-β-CD. Cyclodextrins (CDs) are torus-shaped
oligosaccharides made up of six to eight glucopyranose units and
originated by the enzymatic degradation of starch through the
action of CD-glucano-transferase (32 ). Poorly water-soluble
compounds and hydrophobic moieties of amphiphilic molecules
interact non-covalently with the CD cavity to form so-called
inclusion complexes, which are also highly water-soluble. Several
publications have reported the aggregation behavior of different
enzymatic substrates such as fatty acids, phenols, and stilbenes in
the presence of CD, and evidence has been presented concerning
the formation of guest/CD inclusion complexes with several
stoichiometries (33, 34).

Figure 3 also shows the (E )-resveratrol dependence of LOX at
pH 8.5 at two HP-β-CD concentrations. As shown, the addition
of increasing concentrations ofHP-β-CD also produced a change

in the LOX enzymatic activity. When 0.75 mM HP-β-CD was
added to the reaction medium, the LOX activity was lower
than that obtained in the absence of any agent for the same
(E )-resveratrol concentrations (Vmax = 0.71 ΔAbsmin-1and
Km = 112.66 μM) in the monomeric region of (E )-resveratrol.
These results are in good agreement with those obtained for the
catalysis of other LOX substrates such as linoleic, linolenic, or
arachidonic acid (35 ). This behavior is due to the ability of both
natural andmodifiedCDs to sequester part of the (E )-resveratrol
to form soluble inclusion complexes (36-38), thereby reducing
the concentration of the free (E )-resveratrol. Indeed, as it is
described for the oxidation of other LOX substrates in the
presence of CDs (33, 35), free (E )-resveratrol is the only effective
substrate and the oxidation of the complexed substrate requires
the previousdissociationof the complex.Furthermore, inFigure 3
it can be seen that, when 0.75 mM HP-β-CD is added to the
reaction medium, the previously observed inhibition by substrate
aggregation is produced at a higher (E )-resveratrol concentration
(150 μM) than observed in the absence of any agent
(E )-resveratrol (35 μM) or in the presence of 1% EtOH. Thus,
the concentration or (E )-resveratrol at which the LOX activity
was inhibited increased in the presence ofHP-β-CD, reflecting the
formation of inclusion complexes and resulting in the extension of
the range of monomeric (E )-resveratrol. This result is due to the
ability of CDs to increase the critical concentration at which the
aggregation of different substrates is produced, thus widening the
apparent monomer concentration range (34, 39). Indeed, as
deduced from the fluorescence experiments and our previous
studies (39 ), free and complexed monomers of (E )-resveratrol
exist in the premicellar region, whereas in the postmicellar region
there is the additional presence of (E )-resveratrol aggregates. In
both regions, the complexed (E )-resveratrol simply constitutes a
pool of substrate towhich enzymesmight ormight not havedirect
access (34 ).

On the other hand, when the HP-β-CD was increased
to 1.5 mM, the LOX activity was less than in the presence of
0.75 mM HP-β-CD for the identical substrate concentration
because lower free (E )-resveratrol was present in the reaction
medium. However, no inhibition of LOX activity due to aggrega-
tion of substrate was observed, because the critical free
(E )-resveratrol concentration at which LOX activity is inhibited
was not reached.

Analysis of the Oxidation Kinetics of (E )-Resveratrol by LOX in

the Optimum Conditions of Aggregation and Protonation State.

The results obtained in the previous sections show that the
optimum reaction conditions for characterizing the oxidation of
(E )-resveratrol by LOX are as follows: (i) The substrate must be
present in the monomeric form, and (ii) the optimum structure of
(E )-resveratrol is that in which the 40-hydroxyl group is depro-
tonated. To fulfill these objectives, a pH value of 8.5 and a
substrate concentration of 30 μM were selected. Figure 4 shows
that LOX catalyzes the oxidation of 30 μM (E )-resveratrol to its
oxidized form in the presence of 4 mM H2O2 in the reaction
medium at pH 8.5, producing a decrease in the (E )-resveratrol
absorbance at 312 nm, with an increase of absorbance at 250 nm.
The formation of three isosbestic points at 240, 280, and 347 nm
indicated that (E )-resveratrol was transformed in its oxidized
form at a constant ratio.

The presence of an induction period prior to the steady state,
during which the product accumulates linearly, is a common
feature of LOX-catalyzed reactions. Figure 4 (inset) shows how
such a reaction was also observed for the oxidation of
(E )-resveratrol by LOX. The induction period, determined
graphically by extrapolation of the linear part of the product
accumulation curve to the time axis, decreased when the enzyme

Figure 3. Effect of different agents on hydroperoxidation of (E )-resveratrol
by LOX: (b) no agent; (9) 1% EtOH; (2) 0.75 mMHP-β-CD; ([) 1.5 mM
HP-β-CD. The reaction medium at 25 �C contained increasing
(E )-resveratrol concentrations and 4 mMH2O2 in 0.1 M sodium phosphate
buffer, pH 8.5.
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concentration increased (Figure 5), although it was not comple-
tely eliminated at the highest enzyme concentration tested. In the
same Figure 5, it can be seen that the reaction rate in the linear
part of the curve depends linearly on the enzyme concentration.
However, the typical induction period that appears in the LOX
reaction progress curves is reduced if micromolar amounts of
hydrogen peroxide are added to the reaction medium (Figure 6).
In a previous paper (40 ), we proposed amechanism to explain the
induction period during which the inactive ferrous form of the
enzyme is converted to the active ferric enzyme upon addition of
an equimolecular amount of hydroperoxide product, whereas the
latter ferric form ismaintainedduring the steady-state turnover of
the enzyme.

Finally, as is shown in Figure 6, (E )-resveratrol oxidation was
also dependent on the concentration of H2O2. The Km for H2O2

(50 μM) is one of the lowest described for such hydroperoxide
activity, especially compared with that found in the oxidation of
phenothiazines or for the oxidation of other phenolic compounds
such as isoproterenol or tetramethylbenzidine (40 ). However,

contrary to the results published for several substrates oxidizedby
LOX (40 ), which showed that activity decreased when the H2O2

concentrationwas increased, in our conditions the activity did not
decrease at higher concentration (Figure 6).
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