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ABSTRACT

A novel cell-containing assay system using electron spin resonance (ESR) and spin-trapping methods was established. We used this

assay system to evaluate the antioxidant activities of various dietary antioxidants including resveratrol, lycopene, quercetin and rutin.

Resveratrol showed the strongest radical-scavenging activity among the compounds tested. Our results provided useful data for the

establishment of a model for evaluating the antioxidant activities of natural dietary substances in cell-containing systems.
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INTRODUCTION

Reactive oxygen species (ROS) are generated in living
cells via both enzymatic and non-enzymatic mechanisms.
Some ROS are required for the presentation of specific
physiological functions, and ROS generation was impli-
cated in the pathogenesis of a number of diseases!’. ROS
are also generated by arachidonic acid (AA) metabolites,
which are released from cell membranes. The AA-induced
apoptotic death of various tumor cells is characteristic of
ROS generation®>). AA-induced ROS generation may be
via oxidative metabolic processes by cyclooxygenase (COX)
and lipoxygenase (LOX)®). AA was also reported to induce
ROS formation through NADPH oxidase”:®).

Antioxidants may react with ROS and terminate their
injurious actions, and for that reason, many scientists are
searching for novel dietary antioxidants. Electron spin
resonance (ESR) is a spectroscopic technique that directly
detects free radicals and is widely applied to evaluate free
radical-scavenging activities of antioxidants in cell-free
systems using a stable free radical or radical-generating
system®. However those assay systems are not conducted
under physiological conditions and the results may not reveal
the actual actions of the tested substances in vivo®. The

* Author for correspondence. Tel: +886-2-27361661 ext. 3190;
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EPR technique is also applied in many studies with various
cell lines to estimate the free radical scavenging capacities
of antioxidants!%!" and to better understand the role of free
radicals in many biological mechanisms!!>!¥). We attempted
to establish a cell-containing assay system using ESR and
spin-trapping methods.

Human platelet suspensions are a widely used experi-
mental tool because they are easy to prepare. ROS were
suggested to be “second messengers” during platelet acti-
vation". A previous study showed that collagen-induced
platelet aggregation is associated with superoxide anion and
hydroxyl radical generation, which is dependent on endog-
enous A A release and metabolism‘!®). Leo e al. demonstrated
that platelets exposed to anoxia-reoxygenation intrinsically
generated superoxide anions and hydroxyl radicals, which in
turn activate endogenous A A metabolism via phospholipases
A2 and CU9. Singh ef al. demonstrated that the addition of
exogenous AA generated hydroxyl radicals via the LOX
pathway in human platelets''”), whereas Zuo et al. showed
that superoxide anion release through LOX activity is the
major source of extracellular ROS in skeletal muscles'®). We
propose that superoxide anions may be the primary species
produced by the addition of exogenous AA to human plate-
lets and are converted to hydrogen peroxide by superoxide
dismutase (SOD) catalysis and switched to hydroxyl radicals
via Fenton’s reaction.

In this study, we investigated the mechanisms of
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AA-induced ROS generation in human platelets. Our results
suggested that AA generated ROS primarily via 12-LOX
and generated a carbon-centered radical via COX in human
platelet suspensions. These results may provide useful data
to establish a model for evaluating the antioxidant activities
of natural dietary substances in cell-containing systems.

MATERALS AND METHODS
1. Materials

AA, bovine serum albumin (BSA), clotrimazole,
5,5-dimethyl-1 pyrroline N-oxide (DMPO), diphenyliodo-
nium, indomethacin, lycopene, nordihydroguaiaretic acid
(NDGA), quercetin, resveratrol, rutin, sodium azide (NaN3)
and sodium citrate were purchased from Sigma Chemical
(St. Louis, MO, USA). Diethyldithiocarbamate (DETC) was
purchased from Aldrich (Milwaukee, WI, USA). 5-Diethoxy-
phosphoryl-5-methyl-1-pyrroline-N-oxide (DEPMPO) was
purchased from Alexis Biochemical (Lausen, Switzerland).
Hinokitiol was purchased from Wako Pure Chemical Indus-
tries (Osaka, Japan). The COX-1 monoclonal antibody (anti-
mouse) and 12-LOX (murine leukocyte) polyclonal antiserum
(anti-rabbit) were purchased from Abcam (Cambridge, MA,
USA).

II. Preparation of Human Platelet Suspensions

Human platelet suspensions were prepared as previ-
ously described!?). In this study, the human volunteers gave
informed consent. In brief, blood was collected from healthy
human volunteers who had not taken medicine during the
preceding 2 weeks, and was mixed with acid/citrate/glucose.
After centrifugation at 120 xg for 10 min at room tempera-
ture, the supernatant (platelet-rich plasma; PRP) was supple-
mented with prostaglandin (PGE; (0.5 pM) and heparin (6.4
IU/mL), then incubated for 10 min at 30°C and centrifuged at
500 xg for 10 min. Washed platelets were finally suspended
in Tyrode’s solution containing BSA (3.5 mg/mL) and
adjusted to a concentration of 4.5 x 10® platelets/mL. The
final concentration of Ca>" in Tyrode’s solution was 1 mM.

I11. Measurement of Free Radicals in Platelet Suspensions by
ESR Spectrometry

The ESR method used a Bruker EMX ESR spectrom-
eter as described previously®?, but with some modifica-
tions. ESR spectra were recorded at room temperature using
a quartz flat cell designed for aqueous solutions. The dead
time of sample preparation and ESR analysis was exactly 30 s
after the last addition. Conditions of ESR spectrometry were
as follows: 20 mW power at 9.78 GHz, with a scan range of
100 G, and a receiver gain of 6.32 x 10*. The modulation
amplitude, sweep time and time constant are given in the
legends to the figures and tables.

Journal of Food and Drug Analysis, Vol. 19, No. 3, 2011

(I) Free Radicals Induced by AA in the Presence of DMPO

Human platelets (1.5 x 108 platelets/mL) were preincu-
bated with DMPO (200 mM), followed by the addition of AA
(10 uM).

(IT) Free Radicals Induced by AA in the Presence of DEPMPO

Human platelets (1.5 x 10% platelets/mL) preincubated
with DEPMPO (50 mM) followed by the addition of AA
(10 uM).

(I1) Effects of Various Enzyme Inhibitors on AA-induced
Free Radicals

Human platelets (1.5 x 108 platelets/mL) were preincu-
bated with DMPO (200 mM), followed by the addition of AA
(10 uM). Emzyme inhibitors were added 10 min before the
addition of AA.

(IV) Effects of 12-LOX Inhibition on AA-induced Free
Radicals

Human platelets (1.5 x 10% platelets/mL) were prein-
cubated with DMPO (200 mM), followed by the addition of
AA (10 uM) and hinokitiol (20 uM), a 12-LOX inhibitor,
or addition of AA (10 uM) and 12-LOX antibody (1.5 x
10~ mg/mL).

(V) Effects of Dietary Antioxidants on AA-induced Free
Radicals

Human platelets (1.5 x 108 platelets/mL) were preincu-
bated with DMPO (200 mM), followed by the addition of AA
(10 uM) and resveratrol (1 pM), lycopene (6 uM), rutin (150
uM), and quercetin (25 uM).

(VI) Effects of Dietary Antioxidants on AA-induced g =
2.005 Radical

Human platelets (1.5 x 10% platelets/mL) were prein-
cubated with DMPO (200 mM), followed by the addition
of AA (10 uM) and 12-LOX antibody (1.5 x 107 mg/mL).
Resveratrol (5, 12 pM), lycopene (12 pM), rutin (150 puM)
and quercetin (25 pM) were added 10 min before the addition
of AA.

IV. Statistical Analysis

Experimental results are expressed as the mean + SEM
and are accompanied by the number () of observations. Data
were assessed using analysis of variance (ANOVA). If this
analysis indicated significant differences among the group
means, then each group was compared using the Newman-
Keuls method. A p value of less than 0.05 was considered
statistically significant.
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RESULTS

I. ESR Investigations of Free Radicals Induced by AA in
the Presence of DMPO

We demonstrated that AA produced a typical 4-line
hydroxyl radical signal (aN = aH = 14.8 G) detectable by
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spin trapper DMPO (200 mM) in human platelet suspen-
sions (Figure 1B). The dose-response study showed that the
DMPO-OH signals were detected at rest because resting
platelets contain a small amount of free AA®D. When 10 nM
of AA was added, the signal obviously increased, and a peak
was reached with 10 pM of A A, after which it began to grad-
ually decrease (Figure 3). Incubation with the SOD inhibitor,

o %NW WMMWWWWWM

* *
(B) W\J\M\NW\W\[\/M
* *
# g

*
* *
i B

i

106

Figure 1. ESR spectra obtained from the reaction of a human platelet suspension in the presence of DMPO. Human platelets (1.5 x 108 platelets/
mL) were preincubated with DMPO (200 mM) followed by the addition of (A) a blank, (B) arachidonic acid (AA) (10 uM), or (C) AA (10 uM)
and DETC (100 pM). Instrument parameters were as follows: a modulation amplitude of 1 G, a time constant of 164 ms and scanning for 42 s
with 8 scans accumulated. The ESR spectra are labeled to show their components: DMPO-OH adduct () and DMPO-OOH adduct (#).
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Figure 2. ESR spectra obtained from the reaction of a human platelet suspension in the presence of DEPMPO. Human platelets (1.5 x
108 platelets/mL) were preincubated with DEPMPO (50 mM) followed by the addition of (A) a blank, (B) arachidonic acid (AA) (10 uM), or (C)
AA (10 uM) and DETC (100 uM). The instrument parameters were exactly the same as those given in Figure 1. The ESR spectra are labeled to
show their components: DEPMPO-OH adduct (+) and DEPMPO-OOH adduct (#).
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DETC (100 uM), resulted in an ESR spectrum containing
contributions from both superoxide radical adducts and
hydroxyl radical adducts (Figure 1C). However the super-
oxide radical signals were not so obvious. This may be due
to the short half-life of the DMPO-OOH spin adduct, which
spontaneously decays to form the DMPO-OH adduct®?. The
assignment of these adducts were made on known hyperfine
couplings®.

II. ESR Investigations of Free Radicals Induced by AA in the
Presence of DEPMPO

AA (10 uM) produced an 8-line hydroxyl radical signal
detectableby spintrapper DEPMPO (50mM)inhumanplatelet
suspensions (Figure 2B). The addition of DETC (100 pM)
resulted in an ESR spectrum containing contributions from
two spin adducts which were assigned as superoxide radical
adducts and hydroxyl radical adducts (Figure 2C) according
to the known hyperfine couplings®¥. It was reported that the
DEPMPO-OOH spin adduct is significantly more persistent
(15 times at pH 7) than the DMPO-OOH spin adduct®,
and it does not unexpectedly decay to form the DEPMPO-
OH adduct®. Therefore, the more-apparent spectra of the
DEPMPO-OOH adducts were observed under the same
experimental conditions (Figure 2C).

III. Mechanism Studies on the Generation of Hydroxyl Radi-
cals by AA-stimulated Human Platelets

Formation of the hydroxyl radical signal was moni-
tored following the addition of several inhibitors to 150 pL
of platelet suspensions. The inhibitors were added 10 min
before the addition of AA. Table 1 shows the effects of
various inhibitors on AA (10 uM)-stimulated human plate-
lets. The hydroxyl radical signal formed by 10 uM of AA was
arbitrarily designated 100% and was respectively inhibited to
44.3% and 58.8% by 10 uM of hinokitiol, a selective inhibitor
of the platelet-type isozyme of arachidonate 12-LOX?®), and
30 uM of NDGA, a nonselective inhibitor of LOX?7). These
results indicate that the A A-induced hydroxyl radical genera-
tion is mainly associated with 12-LOX in human platelets. In
contrast, 10 uM of indomethacin, a COX inhibitor, and 1 mM
of NaNj3, a heme protein inhibitor, significantly enhanced
the formation of the hydroxyl radical signal to 126.8% and
143.9%, respectively. These results are possibly due to the
inhibition of COX and peroxidase activities, thus enhancing
the accumulation of AA, leading to increased formation
of hydroxyl radicals via 12-LOX. Furthermore, 100 uM of
diphenyliodonium, an NADPH oxidase inhibitor, showed no
significant effect on radical formation.

IV. Generation a g = 2.005 Signal in AA-stimulated Human
Platelets by Inhibition of 12-LOX

The AA-induced hydroxyl radical signal by spin trapper
DMPO in human platelet suspensions was inhibited by a
12-LOX inhibitor and by a 12-LOX antibody, which results
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in the sequential generation of the g = 2.005 doublet signal
(Figure 4C, D). The g = 2.005 doublet signal obviously
increased when the concentration of AA increased (Figure 4E).
The addition of ascorbic acid abolished the g = 2.005 radical
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Figure 3. The percentage intensities of different concentrations of
arachidonic acid (AA)-induced hydroxyl radicals in washed human
platelets. Human platelets (1.5 x 10® platelets/mL) were preincu-
bated with DMPO (200 mM), followed by the addition of alcohol
(control), AA (10 nM), AA (100 nM), AA (10 uM), AA (100 uM), or
AA (500 pM) to trigger platelet activation. The instrument param-
eters were exactly the same as those given in Figure 1. (* p < 0.05;
# p<0.005,n=73).

Table 1. Effects of various enzyme inhibitors on the intensity of
10 uM arachidonic acid (AA)-induced hydroxyl radicals in washed
human platelets

Percent of control
Value (%) = SEM (n = 4)

PS 749+ 6.7

Sample

PS + 10 uM of AA (control) 100.0 + 0.0
Control + 10 pM of indomethacin 126.8 + 8.8*
Control + 1 mM of NaNj 143.9 + 16.8*
Control + 10 uM of hinokitiol 443 £58*
Control + 30 pM of NDGA 58.8 £4.5%
Control + 100 uM of 172470

diphenyliodonium

The reaction conditions and techniques of the ESR measurements
are described in “Materials and Methods”. Enzyme inhibitors were
added to the platelet suspension (PS) (1.5 x 10® platelets/mL) pre-
incubated with DMPO (200 mM) in the presence of 10 uM of AA.
The instrumental parameters were exactly the same as those given
in Figure 1. All values were normalized to 100% for 10 uM of AA
and represent the average of 2 independent incubations. Data are
presented as the mean + SEM. (* p <0.05).
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to lead to the sequential generation of the small doublet (aH =
1.82 G) of the ascorbyl free radical (Figure 4F), indicating that
the g =2.005 radical was not the ascorbyl radical.

V. Effects of Dietary Antioxidants on the Intensity of the
Hydroxyl Radical Induced by 10 uM of A4 in Human Platelets

Formation of the AA-induced hydroxyl radical was
monitored following the addition of several natural dietary
antioxidants to 150 pL of platelet suspensions. The anti-
oxidants were added 10 min before the addition of AA.
Table 2 shows the effects of various antioxidants in AA
(10 puM)-stimulated human platelets. The hydroxyl radical
signal formed by 10 uM of AA was arbitrarily designated
100% and was significantly inhibited by resveratrol (1 M),

(A)
*
* * E3
(B)
AA
(C) f\/d
AA
(D)
AA
(E)
AA
(F)

106G

Figure 4. ESR spectra obtained from the reaction of a human platelet
suspension in the presence of DMPO. Human platelets (1.5 x 10%
platelets/mL) were preincubated with DMPO (200 mM) followed
by the addition of (A) a blank, (B) arachidonic acid (AA) (10 uM)
(C) AA (10 pM) and hinokitiol (20 uM), (D) AA (10 uM) and a
12-LOX antibody (1.5 x 10~ mg/mL), (E) a 12-LOX antibody (1.5 x
1073 mg/mL) and AA (100 uM), or (F) ascorbic acid (300 pM) and
a 12-LOX antibody (1.5 x 10 mg/mL) and 10 uM of AA. The ESR
spectra are labeled to show their components: DMPO-OH adduct (%),
g=2.005 radical (A), and ascorbyl radical (*).
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lycopene (6 uM), rutin (150 uM) and quercetin (25 pM).
Resveratrol showed the strongest hydroxyl radical-scav-
enging activity among the tested compounds.

V1. Effects of Dietary Antioxidants on the Intensity of the g =
2.005 Radical Induced by the Addition of a 12-LOX Antibody
to AA-stimulated Human Platelets

Formation of the g=2.005 signal radical was monitored,
following the addition of several natural antioxidants to 150
pL of platelet suspensions. The antioxidants were added 10
min before the addition of AA. Table 3 shows the effect of

Table 2. Effects of antioxidants on the intensity of hydroxyl radi-
cals induced by 10 uM of arachidonic acid (AA) in washed human
platelets

Percent of control

Sample Value (%) + SEM (n = 4)
PS + 10 pM of AA (control) 100.0 £ 0.0

Control + 1 pM of resveratrol 56.5 £ 3.7%*
Control + 6 uM of lycopene 57.0 + 9.0
Control + 150 uM of rutin 57.3 + 8.0*%
Control + 25 uM of quercetin 59.9 + 9.2%

The reaction conditions and techniques of ESR measurements are
described in “Materials and Methods”. Antioxidants were added to
the platelet suspension (PS) (1.5 x 10% platelets/mL) preincubated
with DMPO (200 mM) in the absence or presence of 10 uM of AA.
The instrumental parameters were exactly the same as those given
in Figure 1. All values were normalized to 100% for the control
and represent the average of four independent incubations. Data are
presented as the mean + SEM. (* p < 0.05; ** p < 0.005).

Table 3. Effects of antioxidants on the intensity of the g = 2.005
radical induced by a 12-LOX antibody in arachidonic acid (AA)-
stimulated human platelets

Percent of control

Sample Value (%) + SEM (n = 4)
P S (blank) 49.1+£19.2

PS + 10 uM of AA 48.4+92

PS + 10 uM of AA + 12-LOX- 100.0 +0.0
antibody (control)

Control + 5 uM of resveratrol 62.1 £4.9*
Control + 12 uM of resveratrol 52.5+15.8*
Control + 12 pM of lycopene 57.6 £9.5%
Control + 150 uM of rutin 57.6 £ 11.7*
Control + 25 pM of quercetin 53.1 £20.8*

The reaction conditions and techniques of ESR measurements are
described in “Materials and Methods”. Antioxidants were added
to the platelet suspension (PS) (1.5 x 10® platelets/mL) preincu-
bated with DMPO (200 mM) in the absence or presence of 10 uM
of AA and a 12-LOX antibody (1.5 x 10~ mg/mL). The instrumental
parameters were exactly the same as those given in Figure 1. All
values were normalized to 100% for the control and represent the
average of four independent incubations. Data are presented as the
mean + SEM. (* p <0.05).
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various dietary antioxidants in AA and 12-LOX antibody-
treated human platelets. The g = 2.005 radical signal formed
by 10 uM of AA and the 12-LOX antibody (1 mg/mL, 1.5 uL)
was arbitrarily designated 100% and was significantly inhib
ited by resveratrol (5, 12 uM), lycopene (12 uM), rutin
(150 uM) and quercetin (25 uM). Resveratrol showed the
strongest g =2.005 signal radical-scavenging activity among
the tested compounds.

DISCUSSION

Diet-derived antioxidants may play an important role in
protecting against chronic diseases>®). Consequently there is
increasing interest in searching for novel dietary antioxidants.
Various antioxidant assays, such as the superoxide radical
scavenging capacity assay®”), oxygen radical absorbance
capacity (ORAC) assay®? and hydroxyl radical scavenging
capacity (HOSC) assay®), were executed in complicated
reaction systems and evaluated by spectrophotometric or
fluorometric methods. Presence of additional free radical
species in these assay systems may lead to overestimation
or underestimation of free radical scavenging properties of a
tested sample(®. ESR is a powerful tool to identify the radical
purity and concentration consistency, and can be employed
for estimating free radical scavenging properties and for
studying the interaction between free radicals and antioxi-
dants. A major disadvantage of ESR is that it only works with
unpaired electrons. ROS, such as hydrogen peroxide and
peroxynitrite, cannot be detected by using ESR.

The screening of antioxidant activities of diet-derived
substances is the focus of a large number of articles. Most
of those articles are in vitro studies, which might not reflect
the real function of a food in an organism. Although cell-
containing antioxidant activity assay systems are also in vitro
studies, they can be more representative of the in vivo oxida-
tive status and can generate substantial biological informa-
tion, more valuable than that provided by cell-free systems.
A previous study by Panganamala er al. indicated that
agents which scavenge hydroxyl radicals may inhibit platelet
aggregation®?. In accordance with this, we succeeded in
screening C-phycocyanin®® and alpha-Naphthoflavone®*
as potent platelet inhibitors using a collagen-stimulated
platelet ESR system. In this study, we developed a novel
A A-stimulated platelet ESR system which may be useful for
screening the antioxidant activities of foodstuffs.

In the AA-stimulated platelet ESR system, we demon-
strated the generation of hydroxyl radicals in human platelets
following exposure to AA. In the presence of DETC, a SOD
inhibitor, both superoxide and hydroxyl radicals were identi-
fied, which supports our hypothesis that superoxide anions
may be the primary species produced by AA-stimulated
platelets via 12-LOX. LOXs are non-heme iron proteins
which integrate a molecular oxygen into various positions
of AA and other polyunsaturated lipids®>. There are many
LOX isoforms such as pl2-LOX in platelets, 5-LOX in
neutrophils and 1-LOX in soybeans. Incubation of AA with
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homogenized human platelets produced the lipid peroxide,
12-hydroperoxy-5,8,10,14-eicosatetraenoic ~ acid  (12S-
HPETE)®®). LOXs are activated by lower concentrations,
while they are inactivated by higher concentrations of perox-
ides®?). This is consistent with our results of the peak value
of AA-induced hydroxyl radical signal generation being
detected at 10 uM and decreasing at higher concentrations
(Figure 3).

AA-metabolized enzymes, such as COX, LOX and
reduced NADP (NADPH) oxidase, are regarded as candi-
dates for ROS generation. All of these candidates were
tested using the corresponding inhibitors in each pathway as
demonstrated in Table 1. Although the two LOX inhibitors
used, hinokitiol and NDGA, were able to inhibit A A-induced
ROS release, both inhibitors were reported to possess anti-
oxidant activities®®3%. Therefore, a more specific pathway
responsible for this process was explored. We used enzyme
antibodies to block specific pathways because A A-metabo-
lized enzymes are present on a variety of cell membranes.
As shown in Table 1, the 12-LOX antibody, but not the COX
antibody, significantly reduced ROS generation, suggesting
a major role of 12-LOX in AA-induced ROS formation in
human platelets. The lack of indomethacin and diphenyliodo-
nium inhibition respectively ruled out a major role for COX
and NADPH oxidase.

Previously, Egan ef al. demonstrated the generation of
ROS during the metabolism of AA through COX in vesicular
gland microsomes“%*"). They suggested that the ROS was the
hydroxyl radical, which may irreversibly inactivate COX“!
and peroxidase™*?. Our results showed that 12-LOX inhibi-
tion could not completely abolish AA-induced hydroxyl
radical generation (Table 1), suggesting that AA may switch
to the COX pathway to produce hydroxyl radicals. 12-LOX
inhibition subsequently produced a g = 2.005 radical which
our previous study suggested to be a carbon-centered radical
derived from the self-destruction of prostaglandin H synthase
in AA-stimulated platelets??). However, we used a higher
concentration (1 mM) of AA without 12-LOX inhibition in
the previous study and used a lower concentration (10 uM) of
AA with 12-LOX inhibition in this study. Results suggested
that AA metabolism primarily occurs through the 12-LOX
pathway in human platelets.

In conclusion, we clarified the mechanisms of
AA-induced free radical generation in human platelets and
developed a cell-containing assay system in which two series
of free radicals were generated. This novel AA-stimulated
human platelet ESR system may prove to be a useful antioxi-
dant activity assay model.
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