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Abstract

Antioxidant ability of gallic acid (GA) are determined both by electron spin resonance measurement of long-lived

radicals produced in g-ray irradiated Syrian golden hamster embryo cells with GA and by hemolysis measurement with

GA when blood cells are submitted to radicals. Scavenging properties of GA are determined by the reaction rate

constant with long-lived mutagenic radicals in the cells while the blood test allows to analyze the global effects of this

compound: radical scavenger+metal ion chelator+regeneration of intra- and extra-cellular antioxidant.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Determining the antioxidants properties of a com-

pound is one of the most important topics in biology,

because oxidative stresses in biological systems have

been proven to be responsible for several damages and

diseases (Thomas and Kalyanaraman, 1997). There are

two types of methods to determine the efficacy of

antioxidants up to now. The first one measures the

modification of some biological marker or index in cell

systems, such as blood cells when antioxidants are

introduced in these systems. Although these measure-

ments directly determine the effects of antioxidants, it is

impossible to have information on all the reactions

which might occur in these complex systems.

The other set of methods measures the amounts of

reactive oxygen species (ROS) trapped by spin-trapping

reagents. This is one of the most popular techniques for

chemists to determine antioxidant properties (Niki et al.,

1985). Targets of the analysis are ROS, and dilute

aqueous solutions are favored for the measurements. An

antioxidant and a spin-trapping reagent are mixed in the

solution, and the antioxidant efficacy is determined by

the amount of ROS trapped by the spin-trapping

reagent.

In 1993, we employed electron spin resonance (ESR)

spectroscopy and highly sensitive measurement techni-

ques (Yoshimura et al., 1993) to identify long-lived

radicals (LLRs), called also slow release radicals, in

Syrian hamster embryo (SHE) cells g-irradiated at room

temperature. LLR decayed with a half lifetime of about
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20 h. ESR spectroscopy showed that vitamin C added to

SHE cells after irradiation, removed LLRs from

irradiated cells. Since vitamin C was added 2 h after

irradiation, it did not scavenge highly ROS like OH

radicals which have a half lifetime of nano seconds

(Ohno, 1991; Yoshimura et al., 1993). We showed that

vitamin C added 20min after irradiation and left in for

2 h did not change the survival irradiated mouse or

human embryo cells or the levels of chromosome

aberrations induced in them, but it reduced the

frequency of HPRT-mutants to background levels

(Koyama et al., 1998). We also showed that LLRs were

effectively scavenged by vitamin C during this time.

We also have shown that epigallocatechin-3-O-gallate

(EGCG), an ingredient of green tea, added after the

irradiation, scavenges LLRs and reduces mutation

(Kumagai et al., 2002b). Treatment with EGCG also

did not affect radiation-induced cell death and chromo-

somal aberration formation (Ise et al., 2002). This points

out the important role of LLRs in the induction of

mutation in mammalian cells. Very recently, we have

succeeded in the assignment of LLRs as sulfinyl radicals

produces in some proteins (Kumagai et al., 2002a).

In this study, we propose to use the reaction between

antioxidants and LLRs in mammalian cells in order to

determine the antioxidant efficacy of a compound.

The advantage of this method is as follows. First, their

long lifetime (ca. 20 h) makes them easier to observe

quantitatively and the rate constant for their reaction

with antioxidants can also be measured. Second, since

this method uses cells, the reaction between radicals and

antioxidants mimics in vivo systems. Thus, the rate

constant for the reaction could be applied directly to

biological systems. A previous paper has shown that

irradiation of an aqueous egg-albumin solution also

produces LLRs and can be used vitamin C model for

irradiated mammalian cells (Miyazaki et al., 1995;

Matsumoto et al., 1997). This is the reason why we also

studied the effects of antioxidants on egg-albumin

irradiated solutions.

As antioxidant, we choose gallic acid (GA). GA is a

natural phenolic antioxidant present in numerous plants

(Senter et al., 1983). It is a frequent constituent of

hydrolysable tannins in many edible plants and is also

present in Vitis vinifera (Castillo et al., 2000; Haraguchi

et al., 2000). GA has been shown to possess scavenging

activities against several radicals, for example: super-

oxide anion, hydroxyl radicals, singlet oxygen or peroxyl

radicals, and to protect cells from damage induced by

UV-B or ionizing irradiation (Richards and Adams,

1987; Masaki et al., 1994, 1995a, b; Sawa et al., 1999).

The first aim of this study is to determine if GA

possesses scavenging properties against LLRs and could

protect irradiated cells from the deleterious effects of

these radicals and estimate the rate constant. The second

aim is to determine if GA can protect blood cells from

an oxidant stress which causes hemolysis. The third aim

is to compare both methods if a correlation exists

between the reaction kinetics of GA with LLRs and the

protective effect on red blood cells.

2. Materials and methods

2.1. Blood test

Aliquots of 100ml of diluted human blood in saline

solution are treated in 96-well plates with 90ml of an

aqueous solution of 2,20-azobis(2-amidinopropane) di-

hydrochloride (0.4333 kg dm�3) as a source of radicals

and 80ml of 0, 10, 25, 50 or 100mg dm�3 GA

monohydrate in saline solution prepared from a stock

solution of 5 kg dm�3. Final GA concentrations were

then, respectively, 0, 2.7, 6.7, 13.4 and 26.8mg dm�3.

The lysis of red blood cells is recorded over a 5-h time

course by turbidimetry using a 96-well microplate

reader. Results are expressed as percentages of increase

on half hemolysis time as compared to controls (without

GA) as a function of GA concentration.

2.2. Measurement of LLRs

Syrian golden hamster embryo (SHE) cells and 10%

egg-albumin solutions were used for the ESR measure-

ment. SHE cells (1 g), which approximately include

3� 108 cells, in a test glass tube was irradiated with

g-rays from 60Co source to a total dose of 5 kGy at room

temperature at the 60Co radiation facility in Nagoya

University, Japan. The tubes were then maintained in a

thermostat at 29770.5K for 2 h. An aqueous solution

of GA (1ml, 21.7 g dm�3) was added to the irradiated

SHE cells, and quickly mixed. The concentration of GA

in the cell suspension was about 10.9 g dm�3. Irradiated

control and treated suspensions were immediately

introduced to high purity Suprasil quartz tubes

(4.7mm� 3.1mm of outer and inner diameters) and

sealed in air, the tubes were then put into liquid nitrogen

in order to measure X-band ESR spectra. The tubes

were maintained in a thermostat at 29770.5K for

15min to 1 h after every ESR measurements to proceed

the reaction between LLRs and GA.

Solutions of 10% egg-albumin were prepared as

follows: Egg-albumin powder (1 g, NACALAI TES-

QUE, INC.) was dissolved in 9ml distilled water, then

the volume of the solution was finally adjusted as 10ml

with distilled water. The albumin solution was

g-irradiated with 5 kGy at room temperature in glass

tubes. The tubes were maintained in a thermostat at

29770.5K during 2 h after the irradiation. GA mono-

hydrate (solid form) was added to the solutions to give

4.5 and 5.4 g dm�3, respectively. The solutions were

immediately introduced to high purity Suprasil quartz
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tubes, sealed in air, and then the tubes were placed into

liquid nitrogen. The ESR spectra of LLRs in the 10%

albumin solution were measured as same as in the SHE

cells.

The ESR spectra were measured by using a JEOL

JES-RE1X ESR spectrometer at 77K. We carefully

chose microwave power (0.1mW) and field modulation

(0.79mT) to avoid saturation of the signals. The yields

of radicals were obtained by double integration of the

signals using an ES-PRIT425 computer system (JEOL).

3. Results

Fig. 1 shows the effect of GA on the hemolysis of red

blood cells, and Fig. 2, the ESR spectra of LLRs in SHE

cells g-irradiated with 5 kGy at room temperature when

GA at 10.9 g dm�3 was added to the cells at 2 h after the

irradiation. The relative amount of radicals decreased to

55% of that of the control sample at 47min after

addition of GA.

Fig. 3 shows the effect of GA on the relative yields of

LLRs in the SHE cells g-irradiated with 5 kGy and

stored at 297K. GA (10.9 g dm�3) was added to the cells

at 2 h after the irradiation ðt ¼ 0Þ: We observe that the

Fig. 1. Effect of gallic acid on the hemolysis of red blood cells.

Aliquots of 100ml of 1/50 diluted human blood in saline

solution are treated in 96-well plates with 90ml of an aqueous

solution of 0.4333 kg dm�3 of 2,20 azobis(2-amidinopropane)

dihydrochloride and 80 ml of saline solution containing 0

(control), 10, 25, 50 and 100mgdm�3 gallic acid monohydrate

prepared from a stock solution at 5 kg dm�3 in water. The lysis

of red blood cells is recorded over a 5-h time course by

turbidimetry using a 96-well microplate reader.

Fig. 2. ESR spectra of LLRs in SHE cells g-irradiated with

5 kGy at 297K and stored at 297K. GA in 10.9 g dm�3 was

added to the cells at 2 h after the irradiation. Spectra were

recorded when GA was added ðt ¼ 0Þ and after 47min at 297K.

The arrows indicate the signals due to Mn2+ used as an ESR

marker.

Fig. 3. Effect of GA on the relative yields of LLRs in SHE cells

g-irradiated with 5 kGy and stored at 297K. GA in 10.9 g dm�3

was added to the cell at 2 h after the irradiation.
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relative yield of LLRs in the g-irradiated SHE decays

much faster than that of control after GA addition.

Fig. 4 shows the ESR spectra of long-lived albumin

radicals in albumin aqueous solution (0.1 kg dm�3)

g-irradiated with 5 kGy at 297K and stored at 297K.

GA was added at 2 h after the irradiation ðt ¼ 0Þ: We

observe that GA induces a 50% decrease in the relative

amount of radicals at 48min after the addition of GA as

compared to the control sample, and that the addition of

GA immediately modifies the shape of the ESR

spectrum.

Fig. 5 shows the effect of two concentrations of GA

on the relative yields of LLRs in the albumin aqueous

solutions g-irradiated with 5 kGy and stored at 297K.

GA was added to the solutions at 2 h after the

irradiation ðt ¼ 0Þ: The relative yield of LLRs in

g-irradiated albumin solution rapidly decreased as

compared to the controls in a dose-dependant manner.

4. Discussion

4.1. Effect of gallic acid for preventing hemolysis in blood

and scavenging long-lived radicals in SHE cells

In the blood test, the radical generator 2,20 azobis(2-

amidinopropane) dihydrochloride is added to the blood

solution, and produces two 2-amidinopropyl radicals as

follows:

ð1Þ

Rd þO2 -
k2

ROOd ð2Þ

2ROOd -
k3

2ROd þO2: ð3Þ

These radicals rapidly react with oxygen to give

peroxyl radicals (k1 ¼ 2� 10�4 min�1, k2D1� 109 dm3

mol�1 s�1) which can decompose to alkoxyl radicals

(Miki et al., 1987; Prost, 1989, 1992).These radicals

attack red blood cells, and produce hemolysis. When

GA is added in this system we observe a reduction of the

hemolysis rate. As shown in Fig. 1, the time necessary

for half hemolysis increase in parallel with the concen-

tration of GA in the medium. Thus, this test clearly

shows that GA is very effective to protect red blood cells

from hemolysis. It measures the effect of GA induced by

different possible protective mechanisms: radical scaven-

ging, chelation of transition metals, protection or

regeneration of intra- and extra-cellular antioxidants.

We also analyzed the effect of GA on LLRs produced

by g-ray irradiation. Our group previously studied the

effect of vitamin C for scavenging the LLRs produced in

the g-irradiated SHE cell (Matsumoto et al., 1997).

Vitamin C scavenged the LLRs very effectively, and

the rate of mutation and transformations were

simultaneously decreased (Koyama et al., 1998). If GA

Fig. 4. ESR spectra of LLRs in albumin aqueous solution

(0.1 kg dm�3) g-irradiated with 5 kGy at 297K and stored at

297K. GA (5.4 g dm�3) was added to the solution at 2 h after

the irradiation ðt ¼ 0Þ: The arrows indicate the signals due to

Mn2+ used as an ESR marker.

Fig. 5. Effect of GA on the relative yields of LLRs in the

albumin aqueous solutions g-irradiated with 5 kGy at 297K

and stored at 297K. GA at 4.5 and 5.4 g dm�3 was added to the

solution at 2 h after the irradiation ðt ¼ 0Þ:
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scavenges the LLRs in the irradiated SHE cells, it

probably decreases mutations and/or transformations.

As shown in Figs. 2 and 3, the relative yield of LLRs in

g-irradiated SHE decays much faster than in the controls

when GA is added. GA is also effective for scavenging

the LLRs generated in the g-irradiated 10% egg-albumin

aqueous solution as shown in Figs. 4 and 5. The reaction

between the LLRs and GA can be described as

LLRdþGA-
k
P; ð4Þ

where LLRd and P represent a long-lived radical and a

reaction product, respectively. If we assume that the

reaction proceeds with a pseudo-first-order kinetics, the

decay rate of LLRd can be expressed as

�
d½LLRd	

dt
¼ k½LLRd	½GA	 
 k0½LLRd	; ð5Þ

where k and k0 are the rate constants of the pseudo-first-

order reaction. Table 1 shows the rate constants for

reactions of LLRs with GA or vitamin C in SHE cells

and albumin solutions at 297K. The rate constants of

the reaction between LLRs and GA are approximately

half of those of LLRs and vitamin C in the same

conditions. These values are in the order of

10�3 dm3mol�1 s�1, which is much smaller than that

of ROS in dilute aqueous solutions of 106–

1010 dm3mol�1 s�1 (Thomas and Kalyanaraman, 1997).

We have previously studied on the rate constant for

reaction of vitamin C with protein LLRs in g-irradiated
albumin aqueous solution at 295K (Miyazaki et al.,

1995). Theoretical rate constant estimated from the

viscosity of the 10% albumin aqueous solution at 295K

was 9� 109 dm3mol�1 s�1. Although this value is rather

close to experimental rate constants of ROS in dilute

aqueous solution: 108–1010 dm3mol�1 s�1, the rate con-

stant of vitamin C with protein LLRs is only

1.4� 10�2 dm3mol�1 s�1. This large difference between

theoretical and experimental rate constants is probably

due to the reason that the reaction of vitamin C does not

take place effectively in polymer coils or that a

concentration of vitamin C in the polymer coil is lower

than that in bulk solution. Our recent study of LLRs in

SHE and albumin aqueous solution by the analysis of

electron spin echo envelope modulation spectroscopy

has elucidated that the LLRs were located insight of

polymer chain in hydrophobic region (Kumagai et al.,

2000). Therefore, the rate constants of the reactions

between additives and LLRs are much smaller than

those between additives and ROS in dilute aqueous

solution.

As the present results clearly indicate GA is very

effective in preventing hemolysis of blood cells and

scavenging LLRs produced by g-irradiated egg-albumin

solutions or SHE cells, we tried to correlate these results.

Although the decay of the LLRs is monotonous in SHE

cells and/or egg-albumin solutions, the decay of

absorbance at 450 nm in the blood test decreases

drastically after some lag time. This may be explained

by the fact that a cell has intrinsic protective mechan-

isms preventing hemolysis after a single damage from a

single radical. Hemolysis is then only observed when

these defense mechanisms are overcome. Possible

mechanisms are discussed in next section.

4.2. Correlation between the biological measurement and

the measurement of long-lived radicals

This study shows that both methods are very effective

to determine the protective effects of compounds in

mimics ‘‘in vivo’’ systems. However, it is not easy to

compare both results directly because the systems and

methods are rather different. We compare the two

systems assuming two cases.

4.2.1. Consumption model (GA is completely consumed

when hemolysis of the blood cells starts)

The consumption model means half hemolysis time is

corresponding to the consumption of entire GA by the

reaction with the radicals. In this case, lag times to half

hemolysis time in the absence of GA can be explained by

consumption of intrinsic radical scavengers such as

vitamin E. If this model is correct, the blood test and the

measurement of LLRs are independent, and show the

effects of GA on protection of hemolysis and scavenging

of LLRs in SHE cells and/or egg-albumin solution,

respectively.

4.2.2. Multi-damage hit model (concentration of GA is

almost constant during the hemolysis)

If excess amount of GA exists in the system during the

blood test, the consumption model described above

cannot explain why the lag time to hemolysis increased

with increasing the concentration of GA. We explain the

increase in lag time by increase in the concentration of

GA by using reaction kinetics including the multi-

damage hit theory (Zimmer, 1961; Dyson, 1993). This

apply may find an interface between both measurements

qualitatively and propose a plausible mechanism to

Table 1

Rate constants of reactions of LLRs and additives (GAa,

vitamin C) at 297K in SHE cells and egg-albumin (10%)

solutions

Medium of LLRs Additives kS (dm3mol�1 s�1)

SHE GA 3.5� 10�3

SHE Vitamin Cb 7.0� 10�3

Albumin GA 8.5� 10�3

Albumin Vitamin Cb 14.0� 10�3

aGA: Gallic acid.
bTaken from Matsumoto et al. (1997).
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explain hemolysis. In this theory, we assume that the

protective effect of GA in the blood test may be

correlated, to some extent, to the reaction rate of GA

with the LLRs.

Let us take a number N0 of biological individuals

which are identical with respect to the attack of radicals.

It is expected that in a volume of v dm3, after a dose

D; vD hits producing free radicals should occur (hits per

dm3). Since free radicals are assumed to be produced

homogeneously by radical generators, the dose is

proportional to the number of hits by radicals. The

probability PðnÞ that exactly n hits occur in a volume v

when the expected number of hits is vD is given by

PðnÞ ¼
ðvDÞne�vD

n!
; ð6Þ

where the PðnÞ is the probability when the Poisson’s law

of distribution can be applied to the hit events. If n hits

are required to destroy an individual, the survival ratio

N=N0 can be observed by summation of Eq. (6) when

n ¼ 1; 2;y; n � 1; as

N

N0
¼ e�vD

Xn�1

j¼0

ðvDÞj

j!
; ð7Þ

where N is a number of surviving individuals. If we

assume that each biological unit possesses m targets,

each of which has the formal volume v and that each of

these m targets must receive n hits to destroy the unit,

then the ratio N=N0 after delivery of dose D is given by

N

N0
¼ 1� e�vD

Xn�1

j¼0

ðvDÞj

j!

" #m

: ð8Þ

If a single hit is enough to inactivate each of these m

targets, Eq. (8) can be simplified as

N

N0
¼ 1� ð1� e�vDÞm: ð9Þ

Here, we apply Eq. (9) to the system of blood test as

NB

NB0
¼ 1� ð1� e�vBatÞm; ð10Þ

where NB0 and NB are the numbers of red blood cells

which are not hemolyzed in the blood test at initial time,

and at the time t; respectively, and vB is the volume of a

reaction site in the red blood cell. a the rate of the

generation of oxygenated radicals in the system as

shown in reactions (2) and (3). Thus, the dose D in

Eq. (9) is substituted by the amount of radicals at: As

the decomposition rate k1 in reaction (1) is low (only

12% of decomposition in 10 h) and the reaction of

radicals with oxygen in reaction (2) is very rapid, the

radical flux remains constant during the blood test. It

means that the rate of the generation of oxygenated

radicals ðaÞ can be treated as constant (Miki et al., 1987;

Prost, 1989, 1992).

Let us take into account GA as radical scavenger in

this system. The radicals Rd
P in this system react with

both red blood cells and GA molecules competitively as

Rd
p þ C���-

kC
damage ð11Þ

Rd
p þGA���-

kS
Rp þGAd; ð12Þ

where C is a reaction site in red blood cells, kC and kS

are the reaction rate constants of reactions (11) and (12),

respectively. The reaction rates of (11) and (12) can be

expressed as kC½C	½R
d
P	 and kS½GA	½Rd

P	; respectively.

The kS can be related to the rate constant of the reaction

between LLRs and GA in SHE cells or in albumin

solutions. Thus, the rate for the generation of radicals in

the presence of GA can be expressed as

a ¼ a0
kC½C	½Rd

p 	

kC½C	½Rd
p 	 þ kS½GA	½Rd

p 	
; ð13Þ

where a0 is the rate of generation of radicals when no

GA is present in the system. Thus, Eq. (10) can be

expressed as

NB

NB0
¼

1� 1� exp �vBa0t
kC½C	½Rd

p 	

kC½C	½Rd
p 	 þ kS½GA	½Rd

p 	

 !( )m

:

ð14Þ

Fig. 6 shows the plot of Eq. (14). Since the results of

the blood test as shown in Fig. 1 are measured by

absorbance of red blood cells, NB=NB0 is linear to the

absorbance. Values and units of ½Rd
p 	½C	; kS; kC; and vBa0

are arbitrarily chosen, a value of m is assumed as

1� 105, and [GA] is varied from 0 to 100 in arbitrary

units. As shown in the simulation in Fig. 6, value of

NB=NB0 begins to decrease after some lag time even if

[GA]=0, and the lag time increased upon addition of

GA. The shape of simulated lines shown by solid lines in

Fig. 6 is qualitatively similar to that of the experimental

data shown in Fig. 1. This means that the protective

effect of GA against hemolysis of red blood cells can be

related to the reaction of GA with radicals. A simulation

result of single-damage hit model (m ¼ 1 and

[GA]=100) is shown in dotted line in Fig. 6. In this

case value of NB=NB0 begins to decrease just after t ¼ 0

even if GA is added. Thus, introduction of the multi-

damage hit model is necessary to account for the lag

time. The half hemolysis times is related to the rate

constant ðkSÞ of the reaction between antioxidants and

radicals in mammalian cells or albumin solutions. In

fact, numerous antioxidants show different hemolysis

times (Prost, 1989, 1992; Blache and Prost, 1992). The

introduction of this multi-damage hit theory has

succeeded to correlate the effect of GA in the blood
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test and the rate constant ðkSÞ of the reaction of GA with

LLRs.

4.3. Comparison of both techniques used for determining

antioxidant properties

In this paper, we have shown that it was possible to

use the reaction between antioxidants and LLRs in

mammalian cells or albumin solutions as new method to

determine the radical scavenging properties of these

antioxidants. Two other types of methods are usually

used to determine the antioxidant efficacy. The first set

of methods measures some biological marker or index in

cell systems, such as blood cells submitted to an oxidant

stress when antioxidants are introduced to the medium.

Another set of methods measures the amounts of ROS

trapped by spin-trapping reagents in the systems. We

compare these three methods for determining the

antioxidative properties of compounds.

Table 2 summarizes the characteristics of the three

types of measurements for determining the antioxidant

properties. Biological measurements directly give infor-

mation on the global effect of the compound in the

biological system used. For example, the blood test

directly measures the degree of hemolysis of red blood

cells in the presence of radical generator and different

concentrations of GA. Although the results of the

measurement clearly showed that GA prevents hemo-

lysis effectively, there are no information on the reaction

rates between GA and radicals. Furthermore, the

observed effect may be related to several properties of

the tested compound: radical scavenger, heavy metal

chelator, protective effect on the intrinsic defense

mechanisms of the cell or regenerative of the substances

implicated in this mechanisms. Thus, it is impossible to

determine the reaction kinetics between radicals and

GA. Nevertheless, this type of test allows to measure, in

a dynamic way, the global effects of a reagent. The

blood test is simple to carry out, rapid, inexpensive and

can be automated.

Measurement of ROS by spin-trapping reagents is

another typical way for determining the antioxidative

capacities of antioxidants. The advantage of this method

is that ROS, which are very important in biological

effects, can be caught by spin-trapping reaction. How-

ever, there are some problems with this method. First,

most of these experiments are done in in vitro systems

such as dilute aqueous systems for the ease of the

experiment. Because most of biological reactions in vivo

proceed in concentrated systems with biopolymers, there

is no guarantee that reactions in the dilute systems

reflect the actual reaction in in vivo. Secondly, when

spin-trapping reagents are used in in vivo systems, some

reagents may show unwanted biological effect such as

toxicity. (Yamashita et al., 1996; Li et al., 1997; Mesenge

et al., 1997; Miyajima and Kotake, 1997; Pazos et al.,

1999).

Table 2

Comparison of the three methods for determining the antioxidative ability of antioxidants

Biological measurement Measurement of reactive

oxygen species by spin-

trapping reagents

Measurement of LLRs

Measurement of biological

effect

Available Not available Not available

Measurement of radicals Not available Available (in vitro) Available (in vivo)

Measurement of kinetics of

radicals

Not available Available (in vitro) Available (in vivo)

Side effect of spin-trapping

reagents

None Possible None

Applicable systems In vivo In vitro In vivo

Fig. 6. A simulation of the blood test by using multiple-damage

hit theory. Survival rates of red blood cells are plotted in solid

lines versus to the storage time of the solution at different

concentrations of GA. Details of the simulation are explained

in discussion.
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The measurement of LLRs also cannot give informa-

tion on biological effects. However, it has the following

advantages: first, LLRs are easy to measure directly

because of their long lifetime (ca. 20 h) even in mimics in

vivo systems. The rate constant for the reaction of

antioxidants can be obtained quantitatively from the

decay rates of the LLRs with or without antioxidants.

Secondly, the LLRs themselves are biologically very

important because they induce mutation and transfor-

mation in the cells (Koyama et al., 1998). Studies on the

scavenging properties of antioxidants on the LLRs are

very important for reducing mutation and transforma-

tion in the cells. Consequently, the measurement of

LLRs is a very interesting new method for determining

antioxidative properties and has been shown to give

complementary information to the biological tests and

the spin-trapping methods.
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