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Resveratrol is a polyphenolic antioxidant present in beverage and food known for its multiple protective
effects. We report the inhibitory effects of resveratrol on equine myeloperoxidase (MPO), a hemic
peroxidase present in the granules of the neutrophils involved in the inflammatory response.
Resveratrol inhibited the production of reactive oxygen species (ROS) by stimulated equine neutrophils
by acting as a direct scavenger of the ROS released by the cells but did not modify the degranulation
of the stimulated neutrophils as the amounts of released MPO were unchanged. Resveratrol strongly
inhibited the chlorination, oxidation, and nitration activities of MPO in a dose-dependent manner. By
an original technique of specific immunological extraction followed by enzymatic detection (SIEFED),
we demonstrated that resveratrol inhibited the peroxidasic activity of the MPO measured by a direct
interaction such as the fixation of resveratrol on the enzyme. The observation of a decrease of the
accumulation of compound II suggested that resveratrol acts as an electron donor for MPO reduction.
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INTRODUCTION

Resveratrol (trans-3,5,4′-trihydroxystilbene), a phytoalexin
present in various fruits and beverages, is a polyphenolic
stilbene, devoid of the toxic properties generally ascribed to
the members of the stilbene family. It has generated significant
interest in biomedical research because of its various biological
activities (for review, see 1): cardiovascular protection (2, 3),
neuroprotective effects (4, 5), regulation of cell proliferation
and anticancerous activity (2, 6), decrease of inflammatory

response, and reduction of the production of reactive oxygen
species (ROS) by neutrophils (7). We demonstrated that
resveratrol lowered the activity of NADPH oxidase in mono-
cytes infected by the intracellular microorganism Chlamydia
pneumoniae (8), a kind of chronic inflammatory process
involved in the development of atherosclerosis (9). Cavallaro
et al. showed that resveratrol dose-dependently inhibited the
generation of hypochlorous acid (HOCl) and nitric oxide by
isolated neutrophils and suggested that resveratrol acted by
preventing the release of myeloperoxidase (MPO; EC 1.11.1.7)
by a strictly intracellular pathway (10). MPO is abundant in
neutrophils, present in lesser amount in the primary granules
of monocytes, but absent in mature macrophages (11). It uses
hydrogen peroxide (H2O2) and chloride anion (Cl-) to produce
hypochlorous acid (HOCl), an important microbial killer by both
oxidation and chlorination reactions (11). The capacity to oxidize
halide and pseudo-halide ions, mainly chloride anions that are
the most abundant in plasma (12–14), is a unique characteristic
of MPO. The chloride ion is oxidized by a one-step dielectronic
oxidation into hypochlorous acid (HOCl). But MPO also acts
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as a peroxidase. In this case, ferric MPO (resting state) is
oxidized to compound I (CpI) characterized by an oxoferryl
π-cation radical state (see Figure 1). CpI is reduced back into
ferric MPO by 2 monoelectronic oxidations of an electron donor
(such as tyrosine, ascorbate, urate, catecholamines, etc.) via the
formation of an intermediate oxoferryl nonradical compound
(compound II, CpII) (15). The protein nitration of tyrosyl
residues by neutrophils and macrophages (16) is now explained
by this peroxidasic activity of MPO, and the suggested mech-
anism is a direct monoelectronic oxidation of nitrite into nitrogen
dioxide (•NO2), responsible for tyrosine nitration (17).

A neutrophil activation with MPO release is involved in
various acute and chronic inflammatory pathologies in humans
(15, 18, 19), and excessive stimulation of the neutrophils
producing ROS and releasing MPO leads to damaging oxidant
activity on neighbouring cells, tissues, and molecules (20). MPO
is reported as responsible for the oxidative modification of low-
density lipoproteins (LDL), producing oxidized derivatives,
which accumulate in the vascular wall and promote a local
inflammatory process involved in the development of athero-
matous plaque (21). It was also demonstrated that neutrophil
activation with MPO release occurred in inflammation patholo-
gies in horses, such as laminitis, recurrent airway obstructions
and intestinal strangulation pathologies (22–25).

Some drugs have been tried to limit the deleterious effects
of excessive activity of MPO (26–28), and resveratrol is a
valuable candidate. Its effects have been demonstrated on
neutrophil oxidant activity but not directly on MPO. We were
interested to study the effects of resveratrol not only on the
global oxidant activity of isolated equine neutrophils but also
on their capacity to release MPO and on the activity of the
enzyme after degranulation. The effects of resveratrol were
tested on the oxidant activity of purified equine MPO on its in
vitro enzymatic activity of chlorination, nitration, and oxidation.
The mechanism of MPO inhibition by resveratrol was explored
by an original technique (the SIEFED technique) able to detect
a direct enzyme–inhibitor interaction and confirmed by a
spectrophotometric kinetic study of compound II formation (29).

MATERIALS AND METHODS

Chemicals. Sodium, potassium, and calcium chloride, sodium and
ammonium acetate, acetic acid, ethanol, hydrogen peroxide (H2O2),
dimethyl sulfoxide (DMSO), KOH, KI, HCl, EDTANa2H2, H2SO4,
trypan blue, and NaOH were analytical grade products from Merck
(VWRI, Leuven, Belgium). 5,5′-Dithiobis(2-nitrobenzoic acid) (TNB),

sodium borohydride (NaBH4), and tyrosine were from Acros (Geel,
Belgium). Paranitrophenyl phosphate, resveratrol, sodium nitrite, cata-
lase, R-keto-γ-methylthiobutyric acid (KMB), lucigenin, and phorbol
12-myristate 13-acetate (PMA) were purchased from Sigma (St. Louis,
USA). Amplex Red was purchased from Molecular Probes (Invitrogen,
Merelbeke, Belgium). 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS) and taurine were from Aldrich (St.
Louis, USA). De-oxygenated milliQ water or ultrapure water (EasyPure
UV purification system) was used for the preparation of all of the
solutions.

Isolation of Equine Neutrophils. Neutrophils were isolated from
EDTA (1.6 mg/mL) anticoagulated blood drawn from the jugular vein
of healthy horses, fed and bred in identical conditions and under no
medical treatment (Faculty of Veterinary Medicine, University of Liège,
Belgium). The neutrophils were isolated at room temperature (18–22
°C) by centrifugation (400g, 30 min, 20 °C) on a discontinuous percoll
density gradient according to the method of Pycock et al. (22, 30).
The cells were gently collected, washed in 2 volumes of physiological
saline solution, and the cell pellets resuspended in 20 mM phosphate
saline buffer (PBS) at pH 7.4 with 137 mM NaCl and 2.7 mM KCl.
The preparation contained g 90 % neutrophils with a viability of 98%
as measured by trypan blue exclusion test. Each batch of neutrophils
was prepared from 60 mL of blood from one horse. The cells were
used immediately after isolation, the experiment was completed within
5 h, and each assay was performed in triplicate. Each experiment was
repeated at least twice with different cell batches.

Purification of Equine MPO and Antiequine MPO Polyclonal
Antibodies. The purification of equine MPO and the preparation of
the anti-MPO antibodies used in the immunological techniques were
described in detail previously (22, 31). Briefly, MPO was extracted
from isolated equine neutrophils and purified by two chromatographic
steps (ion exchange and gel filtration) to reach a purity >98 % (as
established by electrophoresis with enzymatic detection on electro-
phoretic bands). The purified equine MPO used in this experiment was
the same as that used by Franck et al. (29) to develop the SIEFED
technique. Its specific activity was 160.3 units/mg protein.

Antisera were obtained from rabbit and guinea pig after their
immunization against purified equine MPO. The polyclonal antibodies
(IgG) were isolated from antisera by affinity chromatography on Protein
A sepharose (22).

Preparation of Resveratrol Solutions. Resveratrol was dissolved
either in ethanol (ethanol solution) or in 1/1 DMSO/H2O (DMSO
solution). An adequate volume of resveratrol in ethanol solution was
used to reach final concentration of 10-4, 10-5 and 10-6M. Resveratrol
in DMSO solution was used at the final concentrations of 10-4 to
10-6M by dilution in phosphate buffer. Control assays were performed
either with an equivalent volume of the DMSO solution or with an
equivalent volume of ethanol.

Effect of Resveratrol on Neutrophils Viability. Neutrophils (106

cells/ml) were incubated with the DMSO vehicle or resveratrol at the
different tested concentrations. After the incubation period, the cell
viability was estimated by the trypan blue exclusion test.

Measurement of ROS Production by Activated Neutrophils.
Lucigenin-Enhanced Chemiluminescence. The ROS production by
activated neutrophils was followed by chemiluminescence, according
to the method adapted from Benbarek et al. (32). The assays were
performed on microtiter plates, and chemiluminescence was measured
with a Fluoroscan Ascent FL (Thermo Labsystems) at 37 °C. Neutrophil
suspensions (106 neutrophils/ 200 µL PBS) were distributed in the wells
of a 96 well microtiter plate (White Combiplate 8, Thermo Labsystems)
and incubated for 10 min at 37 °C with resveratrol at the final
concentrations of 10-4 M, 10-5 M, or 10-6M. After the incubation,
25 µL CaCl2 (7,5 µM), 2 µL lucigenin (5 µM) and, just before the
chemiluminescence measurement, 10 µL of a 1.6.10-5 M PMA stock
solution were added to the cell suspensions. The chemiluminescence
response of the neutrophils was monitored for 30 min (Multiscan
Ascent, Thermo Labsystem, Helsinki, Finland) and expressed as the
peak value or as the integral value of the total chemiluminescence
emission. Control assays made with the vehicle solution of resveratrol
(50% DMSO solution) were taken as 100 % of chemiluminescence
response.

Figure 1. Simplified representation of the main steps summarizing the
enzymatic activity of MPO (MPO-Fe(III) is the native enzyme) and the
formation of the intermediate compounds (Cp). In CpI (oxoferryl π-cation
radical), the free radical is localized on the porphyrin ring of the protein.
Nitrite (NO2

-) intervenes as an electron donor. DH, reducing substrate;
D•, radical derived from DH (with loss of •H) (20).
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Ethylene Production from KMB Oxidation. The neutrophils that are
excited with PMA in the presence of R-keto-γ-methylthiobutyric acid
(KMB) release ROS in the extracellular medium. The ROS react with
KMB, which decomposes to produce ethylene, measured in the gaseous
phase by gas chromatography. This technique has been reported in detail
in previous papers (8). Isolated equine neutrophils were suspended in
PBS with glucose (30 mg/20 mL PBS) at a concentration of 106 cells/
mL. One milliliter of the neutrophil suspension was preincubated for
10 min at room temperature with resveratrol (10-4, 10-5, and 10-6

M) or the resveratrol vehicle (10 µL 50% DMSO solution) in a 10 mL
vial. Then, KMB and PMA were added at final concentrations of 10-3

M and 8.10-7 M, respectively. Immediately afterward, the vials were
sealed and incubated for 1 h at 37 °C. The level of KMB oxidation
was estimated by measuring the ethylene amount released into the
gaseous phase. Ethylene was quantified by gas chromatography on a
Porapak T column (1 m length; ID 1/8 in; supplied by Supelco,
Belgium) at 80 °C using nitrogen as vector gas (40 mL/min), with flame
ionization detector at 120 °C. The gas chromatography column was
standardized with pure ethylene (C2H4-25 quality, Air–Liquide, Bel-
gium). The gas samples (0.5 mL) were obtained by puncture through
the sealing membrane with a 1 mL Hamilton gas syringe A-2 (Vici
Precision Sampling Inc.).

Measurement of the Total Amount of MPO Released by the
Activated Neutrophils. The neutrophil suspensions (106 cells/mL) were
incubated for 10 min at 37 °C with resveratrol and then activated for
30 min at 37 °C with 8 × 10-7 M PMA (final concentration). After
activation, the neutrophil suspensions were centrifuged (450g, 10 min),
and the supernatants were collected. MPO released by the neutrophils
was measured in the supernatants by an original ELISA assay raised
against equine MPO as previously described (22) and developed by
Biocode-Hycel (Liège, Belgium; kit AEE032).

Briefly, polyclonal antibodies obtained in rabbit against purified
equine MPO (31) were coated on 96 well microtiter plates. Samples
were added into the wells and incubated overnight at 4 °C. After
washing, a second antiequine MPO polyclonal antibody raised in guinea
pig and coupled to alkaline phosphatase was added and incubated for
2 h at 37 °C. After washing, phosphatase activity was measured after
30 min of incubation (25 °C, in darkness) with a paranitrophenyl
phosphate solution. Absorbance (405 nm) was read with Multiscan
Ascent. The control assay taken as 100 % of MPO release was made
with the supernatant obtained from neutrophils activated by PMA after
10 min of incubation with the vehicle solution of resveratrol.

Interaction of Resveratrol with MPO Studied by the SIEFED
Technique and by a Spectrometric Study of Compound II. Study
by the SIEFED Technique. SIEFED is an original method allowing in
the first step the capture of MPO out of a solution or a biological sample
by specific immobilized antibodies (immunoextraction step). The second
step consists of washings to eliminate all the compounds (proteins,
potential modulating or interfering substances, etc.) of the sample that
do not bind to the antibodies. The third step is an in situ detection of
MPO activity (revelation step) by using a fluorogenic substrate (amplex
red 40 µM), H2O2 (10 µM), and NaNO2 (10 mM) as the enhancer of
the reaction (29). The activity of MPO transforms amplex red into a
fluorescent compound, and after an incubation time of 30 min at 37
°C in the dark, the fluorescence is read (Multiscan Ascent, λ excitation,
544 nm; λ emission, 590 nm).

Resveratrol in DMSO solution at final concentrations of 10-4, 10-5,
or 10-6 M was incubated for 10 min with equine MPO (9 ng/mL)
before the immunoextraction step. After the incubation, the mixture
was loaded on the SIEFED microplate and incubated (2 h, 37 °C) to
allow the capture of MPO by the antibodies, and after washing, the
activity of MPO was measured. Resvratrol was thus washed out before
the measurement of MPO activity.

Controls were performed with equivalent concentrations of the
DMSO solution. The fluorescence value measured for MPO without
resveratrol (PBS control) was taken as 100 % activity.

Spectrophotometric Study of the Accumulation of Compound II. The
interaction of resveratrol with equine MPO was assessed by measuring
the lifetime of compound II in the presence or the absence of Cl-. The
method was adapted from Nève et al. (33). PBS buffer (pH 7.4) was
prepared at a final concentration of 10 mM phosphate ions (KH2PO4/

KOH) with or without 150 mM of NaCl. In a 1.5 mL quartz cell, the
following reagents were introduced, at the final concentration stated
within parentheses, for a final volume of 1.0 mL: 50 µL of MPO (23
µg/ml), 400 µL of PBS with or without NaCl (150 mM), 10 µL of
resveratrol solution in ethanol (10 or 50 µM), and 440 µL of water.
The reaction was initiated by the addition of 100 µL of H2O2 (30 µM),
and absorbances were simultaneously monitored with a diode-array
spectrophotometer (Agilent 8453, Palo Alto, CA, USA) at the wave-
lengths characteristic of compound II (456 nm) and of the native enzyme
(430 nm). During the reaction, the two absorbance curves evolved in
opposite ways and intersected at two different times. The lapse of time
between the two intersections corresponded to the lifetime of compound
II. This time corresponds to the complete conversion of compound II
into the native enzyme, which is demonstrated by a shift in the enzyme
spectrum.

In Vitro Study of the Oxidation, Nitration, and Chlorination
Activities of Equine MPO. Nitration ActiVity of Equine MPO on
Tyrosine. The experiments were carried out at pH 5.5 (100 mM acetate
buffer) with tyrosine (1.5 mM), equine MPO (1 µg/mL, i.e., 200 mU/
mL), NaCl (150 mM), H2O2 (1 mM), and NaNO2 (5 mM). Assays were
performed in the presence of 0, 10-6, 10-5, and 10-4 M of resveratrol
in ethanol solution. The reaction was performed for 30 min at 37 °C.

The formation of 3-nitrotyrosine was monitored by UV–visible
spectroscopy at 405 nm (Multiskan Ascent) after alkalination with 100
µL of 0.1 M NaOH.

Chlorination ActiVity of Equine MPO on Taurine. Taurine is a good
substrate for MPO; it is transformed into chlorotaurine, the yield of
which is evaluted by a subsequent reaction with 2-nitro-5-thiobenzoate
(TNB), which absorbs at 412 nm (33).

(a) Preparation of the 2-Nitro-5-thiobenzoate (TNB) Solution. One
millimolar 5,5′-dithiobis(2-nitrobenzoic acid), 5 mM EDTA, and 20
mM NaBH4 were dissolved in phosphate buffer (50 mM) at pH 6.6 at
37 °C for 30 min. The TNB concentration was measured by UV–visible
spectroscopy at 412 nm (ε412 ) 13600 M-1 cm-1).

(b) Chlorination Reaction. Ten microliters of taurine (150 mM), 10
µL of equine MPO (0.1 µg/mL, i.e., 20 mU), 20 µL of NaCl (1.5 M),
and 2 µL of resveratrol in ethanol solution (0, 10-2, 10-3 or 10-4 M)
were added in each well of a microplate (96 wells, Thermo Labsystems).
The volume was adjusted to 190 µL with 100 mM acetate buffer (pH
5.5), and 10 µL of 10 mM H2O2 solution was added. The plate was
incubated for 30 min at 37 °C. The reaction was then stopped by the
addition of 35 µL of catalase (3 mg/ml) and an incubation of 15 min
at 37 °C. Finally, 100 µL of the TNB solution (0.45 mM) was added,
and the absorbance was measured at 405 nm (the closest filter available
to 412 nm) (Multiskan Ascent).

Oxidation ActiVity of Equine MPO on ABTS. ABTS is converted by
the peroxidasic activity of MPO into the stable radical cation form
ABTS•+, which strongly absorbs around 700 nm. The experiments were
carried out at pH 5.5 (100 mM acetate buffer) with the following
reagents: ABTS (750 µM), equine MPO (0.5 µg/mL, i.e., 100 mU/
mL), NaCl (150 mM), H2O2 (0.5 mM), NaNO2 (5 mM), and resveratrol
in ethanol solution (0, 10-4, 10-5, and 10-6 M). The solutions were
incubated for 30 min at 37 °C. The formation of ABTS•+ was monitored
by UV–visible spectroscopy at 690 nm (Multiskan Ascent) after an
incubation period of 30 min.

Statistical Analysis. Within an experiment, each point was repeated
three times, and each experiment was repeated two or three times with
cell batches from different horses so that the n value of one experimental
point ranged from 6 to 10. Data are presented as the mean ( SD, and
statistical analysis was performed with GraphPad Instat 3.05 (GraphPad
Software, San Diego California, USA). The assays with resveratrol were
compared to control assays (DMSO solution) using a Welch’s corrected
t-test. A p value < 0.05 was considered as significant.

RESULTS

Effects of Resveratrol on Total ROS Production by Equine
Neutrophils. The influence of resveratrol on the ROS production
of PMA-activated equine neutrophils was studied by using two
techniques: a chemiluminescence assay with lucigenin (Figure 2)
and the measurement of KMB oxidation by gas chromatography
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measurement of the ethylene release (Figure 3). But first, we
checked by the Trypan blue exclusion test that resveratrol in the
range of concentrations used for these experiments was not
cytotoxic. We found 90–93 % living cells, and the same values
were found for the control (PBS and DMSO solution).

Chemiluminescence Assay with Lucigenin. Resveratrol showed
significant dose-dependent inhibition except at 10-6 M (Figure
2). We reached 50% inhibition for a concentration around 2.10-5

M resveratrol. This effect of resveratrol observed by chemilu-
minescence is a real inhibitory effect on ROS production and
not a toxic effect on equine neutrophils. The addition of 2 µL
of the DMSO solution, the vehicle of resveratrol, slightly
increased the luminescence response.

Gas Chromatography Assay. Resveratrol had exactly the same
inhibitory effect on ethylene release that it had on chemilumi-
nescence response (Figure 3). We also reached 50% of
inhibition for a concentration of 2.10-5 M resveratrol. The
addition of the DMSO solution significantly decreased the
ethylene production.

Effects of Resveratrol on the Total MPO Released by
Activated Neutrophils. The effect of resveratrol on the total
amount of MPO released by activated neutrophils was measured
by an ELISA assay (Figure 4). The activation of neutrophils
by PMA doubled the release of MPO in the supernatants, as
compared to unstimulated cells. The addition of the DMSO
solution (resveratrol vehicle) led to an insignificant decrease in
MPO release, and resveratrol did not add any significant
modification of MPO release versus the DMSO solution alone.

Resveratrol thus had no effect on the neutrophil degranulation
leading to MPO release.

Effects of Resveratrol on the Peroxidasic Activity of MPO
(SIEFED Technique). We observed a strong inhibition of the
peroxidasic activity of MPO by resveratrol at 10-4 and 10-5

M (Figure 5). At 10-5 M, it inhibited almost 75% of the MPO
activity, and at 10-4 M, it totally suppressed the enzyme activity.
We reached 50% of inhibition for a concentration around 5.10-6

M resveratrol. These observations suggested that resveratrol was
fixed on MPO or altered the enzyme structure, leading to MPO
inactivation.

Effects of resveratrol on the in vitro activities of MPO.
Influence of ResVeratrol on the Oxidizing, Chlorinating, and
Nitrating ActiVities of MPO (Figure 6). The three activities of
equine MPO by UV–visible spectroscopy were studied. The
experiments were performed at pH 5.5, the optimal pH value
to reach the highest yield of reaction.

Nitration, chlorination, and oxidation activities of MPO were
strongly inhibited by resveratrol. Interestingly, at 10-5 M,
resveratrol was a strong inhibitor (g80% inhibition), while no
significant effect was observed at 10-6 M. Such an important
jump in the effect of resveratrol confirmed what we already
observed in the SIEFED experiment at the same concentrations.
At 10-4 M resveratrol, equine MPO activities were completely
suppressed. The ethanol vehicle had a slight activating effect
on nitration and oxidation and a slight inhibitory effect on
chlorination.

Accumulation of Compound II. The lifetime of equine MPO
compound II was measured with and without the addition of
chloride anions (Table 1). No accumulation of compound II

Figure 2. Inhibitory effect of resveratrol (10-4, 10-5, and 10-6 M) on
the chemiluminescence of the reactive oxygen species produced by PMA
stimulated equine neutrophils. Control with the DMSO solution is taken
as 100% (mean ( SD, n ) 4).

Figure 3. Inhibitory effect of resveratrol (10-4, 10-5, and 10-6 M) on
the ethylene released from the KMB oxidation by the reactive oxygen
species produced by PMA stimulated equine neutrophils. Control with
the DMSO solution is taken as 100% (mean ( SD, n ) 10).

Figure 4. Inhibitory effect of resveratrol (10-4, 10-5, and 10-6 M) on
the amount of MPO released by PMA stimulated equine neutrophils
(original ELISA technique). Control with the DMSO solution is taken as
100% (mean ( SD, n ) 4).

Figure 5. Inhibitory effect of resveratrol (10-4, 10-5, and 10-6 M) on
the peroxidasic activity of equine MPO (original SIEFED technique). Control
with the DMSO solution is taken as 100% (mean ( SD, n ) 3).
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was observed in the presence of chloride anions, and resveratrol
did not induce any change, which suggested the absence of
inhibition of HOCl synthesis by resveratrol. However, in the
absence of chloride anions, resveratrol inhibited the accumula-
tion of compound II. The lifetime of compound II was reduced
by more than 85 % in the presence of 10 mM resveratrol, and
no more compound II was detected in the presence of 50 mM
resveratrol, which demonstrated that it was able to interact
directly with compound II.

DISCUSSION

Resveratrol was reported to have an inhibitory effect on all
of the phases of the inflammatory response, from the initial
recruitment of neutrophils to their activation and the subsequent
release of inflammatory mediators (2). Resveratrol can decrease
the MPO activity according different pathways: it can act as an
inhibitor of neutrophil degranulation or the enzyme itself by
scavenging the reactive species produced by MPO activity
(HOCl, •NO2, etc.) or by acting as a competitive electron donor
for MPO reduction.

We studied the effect of resveratrol on the responses of equine
neutrophils to the activation by PMA and observed a strong
dose-dependent inhibitory effect of resveratrol on ROS produc-
tion using two different techniques (Figures 2 and 3) in
agreement with previous studies on activated human monocytes/
macrophages (8). The similarity of the results obtained with
the two techniques confirms the effect of resveratrol on ROS
production. The inhibition can be attributed to the direct
scavenging effect of ROS by resveratrol in the plasma or to an
intracellular inhibition. Several works showed that resveratrol
can inhibit the phorbol ester-induced intracellular ROS produc-
tion (7), the NAPDH oxidase activity (7, 8), the protein kinase
C (PKC) (35), and the iNOS induction (36). Resveratrol can
also decrease various cellular processes linked to the inflam-

matory response such as the release and expression of pro-
inflammatory cytokines by Chlamydia-primed THP-1 cells (8).
In our working conditions, when the neutrophils were activated
in the presence of resveratrol, the dose-dependent inhibitory
effect of this compound on ROS chemiluminescence confirmed
its extracellular ROS scavenging activity. Indeed, this dose-
dependent inhibition was not observed anymore when the
neutrophils were activated after the removal of the drug,
suggesting that resveratrol did not enter into the cells or bind
to the cell surface (data not shown). This last point is in
opposition to the results previously reported by Cavallaro et al.
suggesting that resveratrol entered into the cells to inhibit ROS
production by the neutrophils (10). In our point of view, this
difference of behaviour can easily be explained by the short
duration of the incubation of neutrophils with resveratrol (only
10 min) in comparison with the experiments of Cavallaro’s
group (until 60 min). The hydroxyl groups are very hydrophilic
and slow down the penetration of resveratrol in the membranes.
Therefore, resveratrol does not have enough time before the
washing step to significantly enter the neutrophils in our
conditions.

Moreover, by ELISA measurement, we confirmed that
resveratrol did not influence the release of MPO in the plasma
(Figure 4). The amount of released MPO remained, with or
without resveratrol, suggesting that resveratrol did not modify
the degranulation of the neutrophils and did not act on the
neutrophils directly but interacted with the ROS and the enzymes
released by the neutrophils. Resveratrol thus plays the role of
ROS scavenger and potential MPO inhibitor but does not inhibit
the formation or release by the cells as previously reported by
Leonard et al. (37).

In order to understand the mechanism of inhibition of
equine neutrophils by resveratrol, we designed in Vitro
experiments to study the effect of resveratrol on the activity
of isolated equine MPO. First, the peroxidasic activity of
equine MPO in the presence of resveratrol was followed by
the SIEFED technique. The original aspect of this technique
is the ability to measure the peroxidasic activity of MPO
after an immunological extraction of the enzyme without
artifactual effect of the milieu (biological or otherwise): if
an inhibition of MPO activity is observed in these conditions,
it can only be attributed to a direct interaction of the tested
compound with the enzyme before the revelation step and
not to a neutralizing effect on the products of MPO activity
because the free molecules of the drugs have been discarded
by the washing steps. We showed that resveratrol is an
inhibitor of MPO activity (Figure 5). In the SIEFED conditions,
there are no chloride anions so that HOCl can not be generated by
MPO. The inhibition that we observed can thus not be related to
a direct reaction or a scavenger effect of resveratrol on HOCl. The
peroxidasic activity of MPO is also strongly lowered by low
concentrations of resveratrol (5 µM leads to 50% inhibition). The
effect of resveratrol observed in SIEFED measurement can only
be attributed to resveratrol molecules immobilized on the enzyme
structure of MPO: resveratrol seems to interact with equine MPO
by changing the configuration of the enzyme or by blocking the
access to the active site, which is supposed to be located in a
hydrophobic cavity with a narrow oval-shaped opening as observed
for human MPO (38). This irreversible binding could be related
to the mechanism-based inactivation reported for the peroxidase
activity of COX-1, induced by resveratrol and other m-hydro-
quinones (39, 40).

We compared the SIEFED results with the results obtained
by the direct measurement of equine MPO activity in solution

Figure 6. Inhibitory effect of resveratrol (10-4, 10-5, and 10-6 M) on
the 3 activities (nitration, oxidation, and chlorination) of equine MPO
(measurements performed by UV–visible spectroscopy. Control with
ethanol (EtOH) is taken as 100% (mean ( SD, n ) 3). CTRL: assays
performed without resveratrol or ethanol.

Table 1. Accumulation of Compound II Measured by Spectroscopic
Changes at the Wavelengths Characteristic of Compound II (456 nm) and
of the Native Enzyme (430 nm)

lifetimes of compound II (s)

drug with chloride without chloride

blank (1 % ethanol) NDa 2066
resveratrol (10 mM) ND 280
resveratrol (50 mM) ND ND

a ND: compound II not detected.
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by using the same fluorogenic substrate, Amplex Red. In these
conditions, we observed that the inhibitory effect of resveratrol
was higher than that in SIEFED conditions: we measured 30%
and 91% compared to 10% and 73% in SIEFED. From these
compared data, we can deduce that resveratrol in solution acted
as a competitive substrate for MPO and also by interaction with
the enzyme explaining why its inhibitory capacity was higher
in SIEFED. The inhibitory activity of resveratrol was still higher
when the enzymatic activity of MPO was revealed by the
SIEFED technique after immunocapture but without performing
the washing step: the inhibition rates were then 63% and 97%
for 10–6 and 10–5 M resveratrol, respectively, which were the
sum of the activity of resveratrol as competitive substrate and
its inhibitory interaction with the enzyme, more pronounced on
the immobilized MPO than on free MPO in the solution.

We also studied the effect of resveratrol on the nitration,
oxidation, and chlorination activity of equine MPO in Vitro by
direct spectroscopic techniques. We observed the strong inhibi-
tory effect of resveratrol, which was expected as resveratrol is
known as a powerful antioxidant species. Resveratrol was very
effective on nitration, chlorination, and oxidation activities: a
10 µM concentration was enough to inhibit 90 % of the 2 first
reactions and 80 % of the latter. Various hypotheses can explain
these observations: resveratrol can act as a scavenger of the
reactive species (HOCl, •NO2, etc.), as a competitive substrate
or as a inhibitor of the enzyme, keeping MPO in its resting
state. The last hypothesis does not agree with our observations
because in this case we would not observe a dose-dependent
effect of resveratrol on MPO activities. In our opinion, the effect
of resveratrol should result from the combination of a scavenger
effect (as observed in chemiluminescence experiments) and a
competition effect.

In order to confirm this hypothesis, we followed the ac-
cumulation of compound II of MPO. No accumulation of
compound II was detected in the presence of chloride anions,
suggesting the absence of antagonism between resveratrol and
chloride anions in the synthesis of HOCl such as that reported
with flufenamic acid or several oxicams (33, 34). This observa-
tion could lead us to think that resveratrol only acts by
scavenging HOCl. However, in the experiment in the absence
of chloride anions, resveratrol drastically reduces compound II
accumulation, an observation that suggests that resveratrol has
the capacity to reduce compound II into the resting state,
probably by behaving as an electron donor for compound II
but also for compound I (see Figure 1), competing with chloride
for compound I reduction. This can explain the inhibition
observed during the nitration and oxidation reactions. Resvera-
trol thus acts, at least in part, as a competitive substrate:
preliminary HLPC studies confirmed that oxidized, chlorinated,
and nitrated resveratrol derivatives were formed, but these
experiments need further precise identifications of these derived
compounds (data not shown). The inhibitory action of resveratrol
(41) could be related to the m-hydroquinone ring, whereas its
action as peroxidase substrate (42) could be due to its monophe-
nolic ring since many monophenols have been reported as
substrates of peroxidases (43–46). In fact, resveratrol and
derivatives have been characterized as substrates and inhibitors
of other oxidases such as laccase (47, 48) and tyrosinase (49–51).

In conclusion, we explored the effects of resveratrol, a natural
polyphenolic antioxidant, on ROS and MPO released by equine
neutrophils activated by PMA and on the activities of isolated
equine MPO. We always observed a strong dose-dependent
inhibitory effect of resveratrol except on the total amount of
MPO released by neutrophils. We suggest that resveratrol is

both a scavenger of ROS and an inhibitor of the pro-
inflammatory enzyme released by degranulating equine neu-
trophils but that it does not act in the cell but mainly in the
extracellular milieu. Resveratrol strongly inhibited the peroxi-
dasic activity of purified equine MPO, and its inhibitory effect
was conserved when resveratrol was discarded before the
measurement of the peroxidasic activity. Therefore, we suggest
that by binding on MPO resveratrol hinders the acces to the
enzymatic active site for the substrates. The absence of
compound II accumulation also suggested the role of resveratrol
as an electron donor for compound II reduction. Resveratrol is
thus active in ROS scavenging, blocks heme access, and is a
competitive substrate for MPO. The sum of all these activities
makes resveratrol an important candidate for MPO inhibition.

ABBREVIATIONS USED

ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt; CpI, MPO intermediate compound I; CpII,
MPO intermediate compound II; DMSO, dimethyl sulfoxide;
ELISA, enzyme-linked immunosorbent assay; HRP, horseradish
peroxidase; KMB, R-keto-γ-methylthiobutyric acid; LDL, low
density lipoprotein; MPO, myeloperoxidase; ONOO-/peroxy-
nitrite; PBS, phosphate buffer saline; PKC, protein kinase C;
PMA, phorbol 12-myristate 13-acetate; ROS, reactive oxygen
species; SIEFED, specific immunological extraction followed
by enzymatic detection; TNB, 2-nitro-5-thiobenzoate.
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