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Resveratrol (1) is a m-hydroquinone found in red wine, which has antiinflammatory, cardiovascular
protective (antiplatelet), and cancer chemopreventive properties. It is a potent peroxidase-dependent
mechanism-based inactivator of COX-1, a desired target for antiplatelet agents, and has no similar effect
on COX-2. Much attention has focused on resveratrol (1) as being the sole agent responsible for the
cardioprotective effects associated with red wine consumption (commonly known as the “French paradox”).
In this study we show that other red wine constituents, namely, the catechins (2, 3) and epicatechins (4,
5), act as peroxidase mediated mechanism-based inactivators of COX-1 but not of COX-2. Structure—
activity relationships identify these agents as being as effective as resveratrol with respect to their ability
to specifically inactivate COX-1. We show that resorcinol (6) is the minimum structure necessary for
mechanism-based inactivation of COX-1. These findings imply that resveratrol is not the sole agent
responsible for the antiplatelet activity of red wine and suggest that all dietary m-hydroquinones should

be examined for cardioprotective effects.

Resveratrol (1) (3,5,4'-trihydroxy-trans-stilbene; Scheme
1) is a natural product present at concentrations up to 100
uM in red wines.! It is reported to have antiinflammatory,
cardiovascular protective, and cancer chemopreventive
properties and was shown to target prostaglandin Hy
synthases (COX-1 and COX-2).23 Its presence in red wine
and its pharmacological properties identify it as one
putative agent responsible for the cardioprotective (anti-
platelet) effects observed with the increased consumption
of red wine (commonly known as the “French paradox”).
Much attention has focused on resveratrol as the sole agent
responsible for the “French paradox”; however, the physi-
ological relevance of this compound has remained question-
able since it has poor pharmacokinetic parameters includ-
ing low bioavailability and rapid clearance from the
plasma.>~7
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The COX-1 and COX-2 targets for resveratrol catalyze
the first committed steps in the synthesis of all vasoactive
prostaglandins (PGs). They convert arachidonic acid (AA)
to PGH2 by two sequential reactions that occur at spatially
distinct active sites on the enzymes.8~1° PGs are local
mediators of vascular homeostasis; for example, throm-
boxane Ay (TxAy) is a potent vasoconstrictor and platelet
aggregator synthesized in activated platelets by COX-1,
while prostacyclin (PGIs) is an antiplatelet aggregator and
potent vasodilator synthesized in the vascular endothelial
cells by COX-2.10-13 Therefore, selective inhibition of COX-1
offers a viable mechanism for cardioprotective (antiplatelet)
agents, which can act by tilting the TxAs;—PGI; balance in
favor of PGI,.1415 It is through this mechanism that low-
dose aspirin exerts its cardioprotective effects.16-19

We showed that resveratrol (1) is a potent mechanism-
based inactivator of COX-1, an enzyme involved in main-
taining vascular homeostasis. In contrast, resveratrol acted
only as a reducing co-substrate for COX-2 and reduced the
heme Fe to its resting state for the next round of peroxidase
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Scheme 1. Structures of m-Hydroquinones Present in Red Wine
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Table 1. SAR Analysis of Red Wine m-Hydroquinones on COX-1

moiety

(-)-epicatechin (5)

resorcinol (6)

ICso ICs0 % analogue
peroxidase cyclooxgenase oxidized mode of action® mode of action
analogue (uM) (M) Kq (uM) (RP-HPLC) on COX-1 on COX-2

1 2.8+ 0.6 67.3 £ 18.9 11.7+ 1. 47 inactivator co-reductant
2 41+04 20.2 + 3.2 40.7 £+ 3. 7 inactivator co-reductant
3 53+0.2 30.8 £ 2.7 48.7 + 4. 8 inactivator co-reductant
4 2.5+0.3 12.8 +1.3 25.1 + 5. 5 inactivator co-reductant
5 2.0+0.1 12.2+1.3 259 +6.5 5 inactivator co-reductant
6 3.6 +0.6 30.8 +£24.2 86.9 £ 29.5 5 inactivator co-reductant

@ Values elevated because 1 mM phenol is present in the assay and no peroxide co-substrate is added. ? kinact > 0.025 s™1 and #12 < 25
s for all compounds when tested at 5 uM in the TMPD peroxidase assay.

catalysis. Inactivation of COX-1 by resveratrol occurred at
low micromolar concentrations, it had an absolute require-
ment for a peroxide substrate, it occurred at the peroxidase
active site, and it resulted in the complete loss of PG
synthesis by this isoform. Furthermore, mechanism-based
inactivation proceeded via a “hit-and-run” mechanism in
which COX-1 was not covalently modified (Scheme 2).
These findings were consistent with catalytic mechanisms,
which require the peroxidase activity to initiate the cy-
clooxygenase activity.20

Several observations suggest that resveratrol (1) may not
be the sole component responsible for the cardioprotective
(antiplatelet) effects of red wine. First, the average drinker
absorbs amounts of resveratrol that would yield sub-
micromolar plasma concentrations, which may be insuf-
ficient to inactivate COX-1.56 Second, irreversible inacti-
vation of COX-1 by resveratrol had an absolute requirement
for a peroxide substrate and is prevented by a co-reduc-
tant.?° Thus, the cardioprotective effects of resveratrol may
be limited by pharmacokinetics, the prevailing low peroxide
tone of the resting platelet, and the co-reductant tone of
the resting platelet.

Scheme 2. Proposed Mechanism for the Inactivation of COX-1
by m-Hydroquinones
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We now show that other m-hydroquinones in red wine
[e.g., catechins (2, 3) and epicatechins (4, 5); Scheme 1] also
act as peroxidase-dependent mechanism-based inactivators
of COX-1. We present structure—activity relationship
(SAR) data that identify these agents as being as effective
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Figure 1. Dose—response curves for the inhibition of COX-1 by
m-hydroquinones. IC5, values were measured for either the peroxidase
activity, using the TMPD assay, or the cyclooxygenase activity, using
the oxygen consumption assay, in the presence of increasing amounts
of analogue. Analogue (0.1—1000 uM), FePPIX (2 uM), and COX-1 were
mixed in 100 mM Tris-HCI (pH 8.0) supplemented with either 80 xM
TMPD (peroxidase assay) or 1 mM phenol (cyclooxygenase assay).
Reactions were initiated by the addition of either 300 uM Hy0.
(peroxidase assay) or 150 uM AA (cyclooxygenase assay). Representa-
tive dose—response curves for the peroxidase and cyclooxygenase
activities are shown for (A) (+)-catechin and (B) (+)-epicatechin.

as resveratrol (1) with respect to their ability to inactivate
COX-1 and identify the minimum structure required for
COX-1 inactivation. These compounds are more concen-
trated in red wine and should yield higher plasma concen-
trations.2122 We hypothesize that the cardioprotective
(antiplatelet) effects of red wine may result from the action
of a mixture of m-hydroquinones on COX-1.

Results and Discussion

Interactions of Red Wine m-Hydroquinones with
COX-1. A series of m-hydroquinones (Scheme 1), present
in red wine, were examined for their ability to inhibit PG
synthesis by COX-1 through a mechanism-based event. For
each compound, the ICso value for peroxidase activity, the
1C5 value for cyclooxygenase activity, the Ky of the enzyme-
drug complex, the percent oxidized by the peroxidase
activity, and the mode of action on COX-1 and COX-2 were
determined (Table 1). Consistent with our previous find-
ings, all m-hydroquinone-containing compounds were po-
tent inhibitors of both the peroxidase and cyclooxygenase
reactions of COX-1 (Table 1; see Figure 1 for representative
data). In every case, the analogues appeared to be more
potent inhibitors of the peroxidase activity [ICso values
between 2.0 uM (5) and 5.3 uM (3)] than of the cyclooxy-
genase activity [ICso values between 12.2 uM (5) and 67.3
uM (1)]. Reasons for this apparent difference in potency
will be discussed later.
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Figure 2. Difference spectra for the formation of an enzyme-drug
complex and measurement of K4. COX-1 (2.5 uM) plus FePPIX (5 uM)
and either DMSO or analogue (10—500 xM) were mixed in 100 mM
Tris-HCI (pH 8.0), and absorbance spectra were collected from 375 to
550 nm on a diode array spectrophotometer. Difference spectra were
generated by subtracting the absorbance spectrum of solvent-treated
enzyme from that of analogue-treated enzyme. K for analogue binding
to COX-1 was determined by monitoring Aabsorbance at 404 nm while
the concentration of analogue was incrementally increased (10—500
uM). Representative difference spectra obtained using 100 uM (+)-
catechin and 100 uM (+)-epicatechin are shown along with their
binding isotherms (insets) in A and B respectively.

Incubation of holo-COX-1 with each analogue (in the
absence of substrates) yielded changes in the absorbance
spectrum of the enzyme. These changes were identified by
difference spectroscopy and are defined by an increase in
intensity of the Soret band at 404 nm and the appearance
of a new chromophore at 530 nm (see Figure 2 for
representative data). The increase in absorbance of the
Soret band with COX-1 was dependent on the concentra-
tion of the analogue and was saturable. This allowed a K4
to be determined for each analogue (Table 1; see Figure 2
insets for representative data). These Ky values ranged
from 11.7 uM (1) to 86.9 uM (6).

Evidence that each analogue was oxidized by the per-
oxidase activity of COX-1 was provided by an endpoint RP-
HPLC analysis. The enzymatic depletion of each analogue
had an obligatory requirement for peroxide substrate
(H203). COX-1 was able to oxidize 47% (23.5 nmol) of
resveratrol (1) in the assay system, but only 5—8% (2.5—4
nmol) of the other analogues (2—6) were oxidized (Table
1; see Figure 3 for RP-HPLC separation method).

Preincubation studies of COX-1 with each analogue and
peroxide co-substrate (H2O2) were revealing (see Figure 4).
First, m-hydroquinones alone had no effect on the enzyme
during a 5 min preincubation period (control). However,
under conditions in which the analogue was oxidized (ca.
in the presence of HyO2) there was a significant increase
in the amount of enzyme inactivation observed. Less than
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Figure 3. RP-HPLC method used to separate red wine m-hydroquinones. A mixture of m-hydroquinones, which contained equal amounts of
analogues 1—6 as well as the methoxy-resveratrol analogues, was prepared in DMSO. An aliquot containing 2.5 nmol of each analyte was injected
onto a Waters Xterra RP;g column (3.5 um; 4.6 x 150 mm) equilibrated with solvent A (10% methanol in water) at a flow rate of 0.75 mL/min.
Beginning at 10 min, a linear gradient was run to solvent B (80% methanol in water) over 40 min, and isocratic flow was maintained at solvent
B for an additional 10 min. The absorbance of the eluant was monitored at 280 nm. *Indicates the analogues examined in this study.
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Figure 4. Mechanism-based inactivation of COX-1 by red wine m-hydroquinones. Stoichiometric quantities of COX-1 (10 uM) were preincubated
with mixtures of 100 ¥uM Hy02 and 100 uM analogue in 100 mM Tris-HCI (pH 8.0) supplemented with 10 4uM FePPIX for 5 min at 25 °C.
Preincubations were initiated with HyOq (or HoO when peroxide was not a reagent). Immediately following preincubation, the samples were diluted
200-fold into the peroxidase assay. Activity measurements were corrected for resveratrol carryover according to IC5¢ curves, and the percent activity
remaining was computed with respect to an enzyme control. Less than 20% of the observed inactivation can be attributed to enzyme self-inactivation.
*Indicates the minimum SAR for inactivation.

20% of the observed inactivation could be attributed to and the peroxide concentration in the assay system.20 In
enzyme self-inactivation. By contrast, a prototypical reduc- the cyclooxygenase assay, co-reductant tone is high (1 mM
ing co-substrate, phenol, prevented peroxidase-dependent phenol), and no peroxide co-substrate is added to the assay.
inactivation. These findings identify the catechins (2 and Under these conditions, the inactivation of COX-1 will be
3) and epicatechins (4 and 5) as peroxidase-dependent less. In the peroxidase assay, co-reductant tone is low (80
mechanism-based inactivators of COX-1 and are consistent uM TMPD) and peroxide concentration is high (300 xM
with our previous studies on resveratrol (1) and its methoxy H50,). Under these conditions, the inactivation of the
analogues.?’ Furthermore, resorcinol (6) was identified as peroxidase activity of COX-1 is more favored. Therefore,
the minimum structure necessary for mechanism-based the analogues appear less potent against the cyclooxyge-
inactivation of COX-1. With respect to COX-2, these nase activity then the peroxidase activity of COX-1.
analogues acted only as reducing co-substrates (e.g., phe- The spectroscopically determined Kq values gave insight
nol), indicating that they were selective inactivators for into the specificity of the COX-1 peroxidase active site. For
COX-1. example, it was clear that the COX-1 peroxidase active site
Structure—Activity Relationships. With respect to prefers a substituted or bicyclic m-hydroquinone to an
each analogue, there was a 5—20-fold difference in potency unsubstituted ligand since resorcinol (6) had the highest
between the ICs¢ value for the peroxidase activity and the K, value (86.9 uM) compared to the other analogues (1—
IC5¢ value for the cyclooxygenase activity. In every case, 5). Furthermore, the trans-stilbene scaffold was preferred
the ICso value for the cyclooxygenase activity was higher. to the flavinol scaffold, as evident by resveratrol (1), which
It is possible to account for this difference as follows: had a lower K4 value (11.7 uM) than the catechins (2, 3)

Inactivation was dependent on the peroxidase activity, and and epicatechins (4, 5) (25.1—48.7 uM). Within the flavinol
it was therefore sensitive to both the level of co-reductant class, K4 values for the epicatechins (4, 5) were lower than



Red Wine m-Hydroquinones

the catechins (2, 3), suggesting that there was a preference
for a cis hydroxyl and o-hydroquinone configuration over
a trans-configuration with respect to the oxane ring.

Binding Orientation and Analogue Bifunctionality.
We have previously shown that all of the hydroxyl groups
on resveratrol (1) could be oxidized by COX-1 in the
presence of a peroxide co-substrate (H303), indicating that
this fairly symmetrical molecule can enter the peroxidase
active site in two orientations; that is, the m-hydroquinone
or phenol moiety can be proximal to the heme cofactor.
With respect to resveratrol, oxidation of the m-hydro-
quinone moiety leads to enzyme inactivation and oxidation
of the phenol moiety leads to co-reduction. Therefore
resveratrol is a bifunctional molecule with respect to its
ability to act as both a mechanism-based inactivator and
reducing co-substrate for COX-1. This bifunctionality al-
lows large amounts of resveratrol to be oxidized by COX-1
before the enzyme is completely inactivated (47%, 23.5
nmol). In this manner, there is an equal probability
associated with resveratrol acting as either an inactivator
or co-reductant.?®

The catechins (2, 3) and epicatechins (4, 5) also contain
functionally opposing moieties, namely, the m-hydroquino-
ne (inactivator) and o-hydroquinone (co-reductant) moiety.
However, only small amounts of these analogues were
oxidized prior to COX-1 inactivation (5—8%, 2.5—4 nmol).
These findings suggest that the enzyme preferentially
oxidized only the m-hydroquinone moiety, as was the case
for resorcinol (6). In this manner, the catechins (2, 3) and
epicatechins (4, 5) have a specific binding orientation;
namely, the m-hydroquinone moiety is bound proximal to
the heme cofactor. This preferred binding mode predicts
that these analogues will be more efficient COX-1 inacti-
vators, since this binding mode prevents the analogues
from acting as co-reductants.

Our assays were insufficient to provide accurate esti-
mates of Einaet and Kj inact for analogues 2—6. Inactivation
occurred so rapidly (¢12 < 25 s) that the use of preincuba-
tion/dilution assays to perform kinetic analysis was pre-
cluded. Furthermore, the steady-state TMPD assay previ-
ously used to characterize the inactivation kinetics of
resveratrol (1) and its methoxy analogues could not be
employed since kg, (s71) was so rapid that it was not
possible to fit the data to a Kitz—Wilson analysis.2??3 For
these reasons, the bimolecular rate constants for inactiva-
tion of COX-1 by analogues 2—6 (kiyact/K; inact) could not be
reported. On the basis of the SAR data that were attained,
one would predict that analogues 2—6 would have a
partition ratio much less than 22, which was reported for
resveratrol, since oxidation of these analogues is less and
inactivation is more rapid.?’ Therefore, analogues 2—6 are
more efficient inactivators of COX-1 than resveratrol.

Pharmacology. It has been assumed since 1992 that
the cardioprotective (antiplatelet) effects of red wine are a
result of its relatively high concentrations of polyphenolic
compounds, specifically resveratrol (1).42¢ In fact, since
1992 almost 900 research articles have appeared on this
compound alone (PubMed search “resveratrol”). We were
interested in the effects of resveratrol on the AA cascade,
specifically on the COX portion of this pathway, since it
has been well established that this portion of the cascade
is involved in vascular homeostasis and it had been
previously shown that COX was a putative target for
resveratrol.2310713 We reported that resveratrol specifically
targets the COX-1 peroxidase active site and simulta-
neously inactivates the cyclooxygenase and peroxidase
activities of the enzyme through a “hit-and-run” mecha-
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nism-based event (Scheme 2). Irreversible inactivation of
COX-1 by resveratrol had an absolute requirement for the
m-hydroquinone moiety of the drug and a peroxide sub-
strate.?0

The development of selective COX-1 inactivators has
received limited attention since it is accepted that COX-2
is the desired target for NSAIDs.2> However, aspirin is an
effective cardioprotective agent that targets platelet-specific
COX-1. Although it is not selective for this isoform,
extremely high efficacy as an antiplatelet agent results
from its ability to irreversibly inactivate COX. Irreversible
inhibition can be surmounted only by new protein synthe-
sis. Since platelets are unable to synthesize new protein,
the effect of aspirin is governed by the #12 of the platelet,
which is 7 days. Thus a single low dose of aspirin can
eliminate platelet TxAy synthesis for an extended period,
while PGI; synthesis in the vascular endothelial cells can
recover quickly. In this manner, aspirin shifts the TxAs—
PGI; balance to favor cardioprotection over thrombosis.!?

Our hypothesis was that resveratrol (1) may have a
pharmacology similar to aspirin with respect to its ability
to inactivate platelet-specific COX-1. However, its unfavor-
able pharmacokinetics coupled with our findings, which
indicate that its efficacy may be limited by the co-reductant
and peroxide tone in the resting platelet, led us to consider
other cardioprotective agents in red wine.5~720 In the
present study we showed that other m-hydroquinones
found in red wine, namely, the catechins (2, 3) and
epicatechins (4, 5), also act as mechanism-based inactiva-
tors of COX-1. These m-hydroquinones are as potent as
resveratrol and are typically 15 times more concentrated
then resveratrol in red wine.2%22 These findings identify
all dietary m-hydroquinones as potential mechanism-based
inactivators of COX-1 and suggest that resveratrol may not
be the sole agent responsible for the cardioprotective
(antiplatelet) property of red wine.

Conclusions. The total m-hydroquinone content of red
wine may be sufficient to mediate cardioprotection via the
COX-1 pathway. First, effective plasma concentrations
should be achievable for mixtures of m-hydroquinones,
which when considered together are present at high
micromolar concentrations in red wine.2122 Second, it is
likely that daily consumption of red wine yields physiologi-
cally relevant concentrations of dietary m-hydroquinones
in the plasma. Finally, only a small amount of the catechins
(2, 3) and epicatechins (4, 5) need to be oxidized to cause
COX-1 inactivation; therefore, it is likely that these dietary
m-hydroquinones can surmount the low peroxide tone
present in the resting platelet and yield significant COX-1
inactivation and lasting cardioprotection.

Experimental Section

Materials. Heme (FePPIX), AA, HoOs (30% v/v), catechins,
and epicatechins were purchased from Sigma. N,N,N',N'-
Tetramethyl-1,4-phenylenediamine (TMPD) was purchased
from Arcos Organics. Resveratrol was purchased from Caymen
Chemical. m-Dihydroxybenzene (resorcinol) was purchased
from Aldrich.

Enzymes. COX-1 and human COX-2 were purified to
homogeneity from ram seminal vesicles and baculovirus-
infected Sf-21 insect cells, respectively.?627 The purified en-
zymes were obtained predominantly in their apo forms (>85%)
and were reconstituted with at least 1 equivalent of heme
cofactor (FePPIX) in the assay system prior to reaction
initiation.

Peroxidase Activity Assay. The two-electron reduction
of peroxide, using TMPD as the reducing co-substrate, was
measured spectrophotometrically. The cuvette (1.0 mL) con-
tained 100 mM Tris-HCI (pH 8.0), 2 uM FePPIX, 80 xuM TMPD,
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and 300 uM H30,. The assays were initiated by the addition
of peroxide. The formation of N,N,N',N'-tetramethyl-1,4-phe-
nylenediimine (Eg10 = 12 000 M~ cm™!) was complete within
60 s. By using this procedure, our COX-1 had a specific activity
of 25 umol of TMPD oxidized min~' mg~1.

Cyclooxygenase Activity Assay. The bis-dioxygenation
of AA to yield PGGy was followed by measuring oxygen
consumption using a Clark-style oxygen microelectrode
(Instech). The standard assay chamber (600 L) contained 100
mM Tris-HCI (pH 8.0), 1 mM phenol, 2 uM FePPIX, and 150
uM AA. The assays were initiated by the addition of AA. By
using this procedure our COX-1 had a specific activity of 25
umol of Oy consumed min~! mg~1.

K4 Measurements. Difference spectroscopy was used to
characterize the formation of an enzyme-drug complex. The
cuvettes (1 mL) contained 100 mM Tris-HC1 (pH 8.0), 5 uM
FePPIX, and 2.5 uM enzyme. K4 values were determined by
adding resveratrol or its analogues (10—500 xM) incrementally
while monitoring complex formation at 404 nm with respect
to an untreated sample. In this portion of the spectrum, all
compounds were UV/vis transparent. Hyperbolic plots of
Aabsorbance at 404 nm versus resveratrol (or analogue)
concentration were obtained. Best estimates of Kyg were
obtained by iterative fits to the following equation for a
hyperbola (the fits gave a mean + standard deviation):

Aabsorbance = (Aabsorbance,,, x [ID/AKy + [I])

RP-HPLC Analysis of COX-1-Dependent m-Hydro-
quinone Oxidation. Catalytic quantities of holo-COX-1 (0.2
units) were mixed with 50 uM analogue in 100 mM Tris-HCl
(pH 8.0). The 1 mL reactions were initiated with the addition
of 300 uM H50, and quenched after 2 min by the addition of
250 uL of 1 M sodium citrate (pH 4.0). Samples (100 uL) were
injected onto a Waters Xterra RPis column (3.5 um; 4.6 x 150
mm) equilibrated with solvent A (10% methanol in water) at
a flow rate of 0.75 mL/min. Beginning at 10 min, a linear
gradient was run to solvent B (80% methanol in water) over
40 min, and isocratic flow was maintained at solvent B for an
additional 10 min. This method was capable of separating
analogues 1—6 (Figure 3). The column was returned to its
initial conditions and equilibrated for 10 min prior to the next
injection. Absorbance of the eluant was measured at 280 nm.
The percent enzymatic oxidation of resveratrol and its ana-
logues was calculated from RP-HPLC peak areas obtained in
the presence and absence of HyO¢ via the following equation:

% analogue oxidized =
(1 — (peak area with H,O,/peak area without H,0,)) x 100.

The RP-HPLC analysis was performed using a Waters
model 2695 pump equipped with a model 996 photodiode array
detector.

Peroxidase-Dependent Inactivation of COX by m-
Hydroquinones. Stoichiometric quantities of COX-1 or COX-2
(10 uM) were preincubated with mixtures of 100 uM H202 and
100 uM analogue in 100 mM Tris-HCI (pH 8.0) supplemented
with 10 4uM FePPIX for 5 min at 25 °C. The complete system
contained all ingredients, while other systems lacked one or
more ingredients. Preincubations were initiated with H2Os (or
H50 when peroxide was not a reagent). Immediately following

Szewczuk and Penning

preincubation, the samples were diluted 200-fold into the
peroxidase assay. Activity measurements were corrected for
resveratrol carryover according to ICsy curves, and the percent
activity remaining was computed with respect to an enzyme
control.
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