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A new method using ESR spin trapping was proposed
for measuring the scavenging activity of antioxidants
for the hydroxyl (OH) radical. (-)-Epigallocatechin
gallate (EGCg) and 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) were used as the antioxidant and spin trap-
ping agent, respectively. The conventional method
using a Fenton reaction had problems associated with
the estimation of activity, because the antioxidant dis-
turbs the system for generating OH radical by coord-
inating on Fe** and by consuming HO,, besides
scavenging the spin adduct (DMPO-OH). Intense
~y-irradiation was therefore used to generate OH rad-
icals, and the intensity decrease in DMPO-OH after
irradiation was followed to obtain the rate constant
for the scavenging of DMPO-OH by EGCg. The intens-
ities were extrapolated to zero time to estimate the
quantity of DMPO-OH formed during ~-irradiation.
By using these values, the reaction rate constant
between OH radical and EGCg was calculated as a
ratio to that of DMPO. It was shown that this method
is useful for comparing the OH radical-scavenging
activity of various antioxidants.
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INTRODUCTION

Reactive oxygen species play an important role
in inducing various lesions in living organisms.
It is, therefore, important in terms of preventive
medicine to search for substances which scavenge
them. We have been focusing on green tea
percolate and its constituents,’®! because they
are ingested daily and have been reported to
show various pharmacological effects including
anti-mutagenic or anti-carcinogenic activity.” '
Previously,"? we revealed that tea percolate and
a main constituent (-)-epigallocatechin gallate
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(EGCg) have a protective effect against radiation-
induced scission of DNA, and the effect
was considered to be derived from the scaven-
ging of the hydroxyl (OH) radical formed by
~- and J-irradiations. As OH radical is the most
reactive of the reactive oxygen species and
seriously damages biomolecules, it is necessary
to examine the OH radical-scavenging activity
of antioxidants. The spin trapping method
is useful for this purpose,m’w] but the conven-
tional method had several defects and, as a
result, was unreliable. We propose a new
method which is able to overcome such defects
and applicable to evaluate unambiguously the
OH radical-scavenging activity of various anti-
oxidants.

EXPERIMENT

(-)>-Epigallocatechin gallate (EGCg, supplied by
Mitsui Norin Co., Ltd.) and 5,5-dimethyl-
1-pyrroline N-oxide (DMPO, Labotec Co., Ltd.,)
were used as a tea catechin and a spin trapping
agent, respectively. These reagents were of the
highest grade and, therefore, used without further
purification. Aqueous solutions containing
0.05M DMPO and various amounts of EGCg
were sucked into capillary glass tubes of about
0.8mm id. (75-pl micropipette, Drummond),
and both ends of which were sealed by quickly
fusing the glass. The samples were y-irradiated
at room temperature for two minutes by using
an intense **Co source (dose rate, 186 Gy/min)
established at the Research Reactor Institute,
Kyoto University and were rapidly frozen just
after the irradiation to stop the reaction and
carry them to ESR spectrometer. Each sample
was then quickly melted just before ESR meas-
urement. Spectra were measured repeatedly as a
function of time after melting the sample at
room temperature using a JEOL RE.3X spectro-
meter, and the relationship between the intensity
of the spin adduct (DMPO-OH) and time was
examined.

RESULTS AND DISCUSSION

As the spin trapping method is relatively simple
and with it one is able to obtain directly
information about a radical, it has been used
to examine the scavenging activity of OH and
superoxide anion radicals of antioxidants.!™!
An appropriate radical-generating system must
be adopted for this purpose. The Fenton reaction
(Fe** + H,0,) is generally used for generating
OH radicals, and DMPO and an antioxidant are
mixed with it. A fraction of the OH radicals
generated are trapped with DMPO forming the
adduct DMPO-OH, but some fraction is scav-
enged by the antioxidant. It is, therefore, pos-
sible to calculate the OH radical-scavenging
activity of an antioxidant by measuring the ratio
of the intensity of DMPO-OH of the sample con-
taining antioxidant to that of the sample without
antioxidant. However, this method has the
following problems:

1. The OH radical generating system is per-
turbed by the chelating of the antioxidant to
Fe’* jon. That is to say, the quantity and the
rate of OH generation might be changed by
the coordination of the antioxidant. This is
understandable because it is known that the
redox potential of Fe’* is strongly affected by
the ligands. To solve this problem, a chelating
agent like diethylenetriaminepentaacetic acid
(DETAPAC) was usually added to the solu-
tion. However, antioxidants like EGCg have
strong chelating activity, so the effect of the
addition of DETAPAC is doubtful. In addition,
antioxidants may consume H;O,. Actually,
it is known that EGCg scavenges H,0,. This
action also perturbs the OH generating system.

2. DMPO-OH is also scavenged by antioxidant.
DMPO-OH is a radical, not as reactive as the
OH radical but more reactive than the nitrox-
ide radical, and is scavenged by reducing
agents.

In some cases, therefore, results were obtained
as if the antioxidant showed scavenging activity,
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nevertheless, OH radical was not really scav-
enged.

To solve problem (1), we thought to use
7-irradiation in place of the Fenton reaction. As
the OH radical is formed from the decomposi-
tion of a water molecule by ~-irradiation, the
quantity of the radical generated might not be
affected by the presence of the solute molecule,
namely the antioxidant. On the other hand, it
seems to be difficult to overcome problem (2),
because DMPO-OH and the antioxidant mole-
cule coexist in solution and it is impossible to
stop their collision. Therefore, we considered
estimating the quantity of DMPO-OH scavenged
by the antioxidant from the decreasing curve of
intensity.

The change in the intensity of DMPO-OH was
simulated and is shown in Figure 1, which will
be explained later. Samples containing a definite
amount of DMPO and various amounts of EGCg
were ~v-irradiated for a short period (#) at a
constant dose rate (referred to Process 1). Then,
the ESR intensity of DMPO-OH was measured as
a function of time after y-irradiation (Process 2).

Process 1
Process 2
&
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FIGURE 1 Schematic Intensity Change in DMPO-OH dur-
ing (Process 1) and after (Process 2) y-Irradiation. Each curve
was simulated using the values; [DMPO]=005M,
kynk =0.048 min_l, ksc =40 Mil . min*l, kEGCg/kDMPO =8.3,
[EGCg] =0 (A), 0.5 (B), 1.0 (C), 2.5 (D), 5.0 (E) x 10 °M.

In Process 1, OH radical is formed constantly
by 7-irradiation and is trapped by DMPO form-
ing DMPO-OH in parallel with being scavenged
by EGCg. Scavenging of DMPO-OH by EGCg
proceeds simultaneously. However, only the
scavenging of DMPO-OH proceeds in Process
2. The scavenging of DMPO-OH in Process 1
should be minimized to obtain reliable data
on the scavenging of OH radical with EGCg,
because if this factor has a serious effect, the
ESR signal becomes too small to measure. For
this reason, a stronger and shorter y-irradiation
was better. We, therefore, used the ®’Co source
(dose rate, 186 Gy/min) at the Research Reactor
Institute, Kyoto University and a 2-min irradiation.

The spectra of all the samples showed the
typical 4-line absorption characteristic of
DMPO-OH overlapping the absorptions of the
other weak impurity radicals and a broad back-
ground absorption due to ~-irradiated glass
sample tube, as shown in Figure 2. Figure 3
shows the intensity change in DMPO-OH for
all the samples as a function of time. It decreased
almost exponentially with time in each case,
showing that DMPO-OH was scavenged by
EGCg and unknown processes.

We tried to analyze kinetically the change in
DMPO-OH assuming that the following reaction
processes are involved.

1. As the sample is 7-irradiated at a constant
dose rate, OH radical is generated at a con-
stant rate of g mole/min during 7-irradiation.

2. OH radical is trapped by DMPO forming
DMPO-OH or scavenged by EGCg, other
processes which might quench OH radical
were neglected. These two processes proceed
competitively and the fractions of OH rad-
icals trapped and scavenged are proportional
to their second order reaction rate, namely
kpmpo[DMPOJ[OH] and kgccg[EGCg][OH].
Therefore, the rate of OH radical trap-
ping is written as, g-kpmpolDMPO][OH]/
{kpmpo[DMPO][OH] + keccg[EGCg][OH]}.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/23/11

For personal use only.

268

H. YOSHIOKA et al.

k1mT-)|

FIGURE 2 ESR Spectra of the y-Irradiated Sample Containing only DMPO (0.05M). Spectra were measured at 1 (A) and 20
(B) min after ~-irradiation. Measuring conditions: magnetic field, 334 mT; microwave power, 10 mW; modulation frequency,
100 kHz; modulation width, 0.07 mT; time constant, 0.3 sec; sweep time, 4 min; sweep width, + 4mT; gain, 1 x 100.

As the generation rate for DMPO-OH is equal
to the rate of trapping of OH radical, this
formulae also gives the rate of generation of
DMPO-OH. However, one should pay atten-
tion to whether recombination of OH radical
to form H,0; contributes to the consumption
of the radical. It is possible to compare the

rates of recombination and trapping by using
the rate constants, 5.5x10° and 4.3 x 10’
(M™'sec™?), from Ref. 17. Assuming
[OH]=10"*M, the trapping rate was three
orders of magnitude larger than that of
recombination, suggesting that the above
assumption was reasonable.
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FIGURE 3 Experimental Intensity Change in DMPO-OH

after v-Irradiation. [EGCg]; 0 (1), 0.5 (0), 1.0 (2), 2.5 (v), 5.0
() x 1073M [DMPO}; 0.05M.

3. DMPO-OH disappears through unknown
mechanisms, which proceed nearly like a
first-order reaction, as shown in Figure 3.
Therefore, the reaction formulae of this pro-
cess is describable as kynx[DMPO-OH].

4. DMPO-OH is scavenged by EGCg in accord-
ance with the equation, kgc[DMPO-OH]-
[EGCg].

Here, [OH], [DMPO], [EGCg] and [DMPO-OH]}
are the concentrations of OH radical, DMPO,
EGCg and DMPO-OH, respectively. The rate
constants, kDMPOI kEGCgr kUNKr and ksc, are
understood from the above equations.

The change of DMPO-OH in Process 1 is
described as follows (here t' is the time from
the starting point of y-irradiation).

d[DMPO-OH]/d¥
=g - kpmpo[DMPO][OH]/ {kpmpo[DMPOJ[OH]
+ keccg [EGCg][OH]} — kunk[DMPO-OH]
— ksc[DMPO-OH][EGCg]
=g/{1 + keccg[EGCgl/kpmpo[DMPO] }
— {kunk + ksc[EGCg|}[DMPO-OH]| (1)

Initial concentrations of DMPO and EGCg
are large compared with the OH formed during
7-irradiation, so it was possible to assume that
[DMPO] and [EGCg] remain at the initial value
and are constant. The value of [OH] was in the
order of 107> M. Comparison of the intensity of
ESR with that of TEMPOL solution of known
concentration suggested that this assumption
was reasonable. Therefore, substituting as,

g / {1 + kEGCg [EGCg]/ kpmro [DMPO]} =a (2)

kunk + ksc[EGCg] =b  (3)
and integrating Equation (1),
[DMPO-OH] = (a/b){1-exp(-bt')}  (4)

Therefore, the concentration of DMPO-OH just
after 2-min irradiation is

[DMPO-OH],_, = (a/b){1-exp(-2b)}  (5)

On the other hand, the change of [DMPO-OH] in
Process 2 is simply described as follows, because
a is zero in this case:

[DMPO-OH] = [DMPO-OH],_, - exp(-bt) (6)

Here, zero time was reset at the end of v-irradi-
ation, therefore [DMPO-OH],_, is equal to
[DPMPO-OH];—o.

We prepared five samples containing various
amounts of EGCg, and obtained the values of
a and b for each sample experimentally. First,
b values were obtained from the slopes of the
lines in Figure 3, then [DMPO-OH],_, was
obtained by extrapolating these lines to time zero.
In this case, the unit of a and [DMPO-OH] could
be selected arbitrarily, because we needed only
the ratio of them between samples as recognized
from Equation (7). Therefore, we used ESR
intensity directly. By using these b and [DMPO-
OH],o values, a is calculated from Equation (5).
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FIGURE 4 Relationship between ay/a; and [EGCg].

The relationship between a and [EGCg] was
shown in Equation (2), so the following equation
is reduced;

ag/a; =1+ {kEGcg/kDMpo[DMPO]}[EGCg]i (7)

Here, ap and a; are the a values of the samples
containing no EGCg and of the i-th sample con-
taining a certain amount of EGCg, respectively.
The ratio ag/a; was plotted against [EGCg] as
shown in Figure 4, where satisfiable linearity
was obtained. As the slope is kEGCg/ kDMPO
[DMPO] and [DMPO] is known, it is possible
to calculate the ratio of the reaction constants,
kEGCg/ kDMPO- The ratio kEGCg/ kDMPO was 83,
indicating that EGCg has 8.3-fold more reactiv-
ity with OH radical than the typical spin trap-
ping agent, DMPO. This result suggests that
EGCg really acts as a OH radical scavenger.
We have already calculated this value at —~70°C
to be 16, using the solid state spin trapping
method.”) The difference between the values
was not so large, nevertheless they were meas-
ured at very different temperatures and in dif-
ferent phases. It is also possible to calculate
kegeg as 3.6x 10" (M~'sec™) by using the

0.15

0.00 ————t——— .
0 1 2 3
[EGCg]/10° M

FIGURE 5 Relationship between b values and [EGCg].

value of kpppo = 4.3 x 10° (M_lsec’l).[m These
large values suggest that both reactions are dif-
fusion-controlled and, therefore, the difference
between them comes from the difference of colli-
sion cross sections. That is to say, EGCg has
a size larger than that of DMPO, in addition to
the many reactive points on the surface, namely
hydroxyl groups.

Equation (3) shows that b should be linear to
[EGCg]. The plot of b against [EGCg] is shown
in Figure 5, and good linearity was observed
between them, showing that this analysis is
substantially reasonable.

Finally, the intensity change in DMPO-OH
was simulated using the values obtained experi-
mentally. They are shown in Figure 1, where
value 1 on the ordinate was adjusted to the
quantity of OH radical generated for 2min.
From the line shape in Process 1, it is understood
that the quantity of DMPO-OH scavenged
during ~-irradiation is not so large compared
with that of OH radical scavenged by EGCg.
This was the reason why we used intense
~-irradiation.

From these results and the discussion, it is
clear that this method is useful for measuring
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the OH radical-scavenging activity of various
antioxidants. We are now applying it to other
antioxidants.
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