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Abstract

The effects of solvents and media on the antioxidant activity of a-tocopherol were studied. The antioxidant activities of
a-tocopherol in different solvents decreased in the order of acetonitrile = hexane > ethanol = methanol, which indicates that the
antioxidant activity of a-tocopherol is smaller in protic solvent than in aprotic solvent. The antioxidant activity of 2-(4,8,12-tri-
methyltridecyl)-5-hydroxy-2,4,6,7-tetramethylindan, which has similar structure to a-tocopherol but does not have ether oxygen,
was also measured in protic and aprotic solvents. Its antioxidant activity was smaller than that of a-tocopherol in every solvent,
but interestingly, substantially the same solvent effects were observed. These results show that the hydrogen bonding between the
protic solvent and ether oxygen is not important but that the hydrogen bonding between protic solvent and phenolic group
reduces the activity of a-tocopherol. Antioxidant activities of a-tocopherol in micelle system and liposomal membrane were
markedly reduced compared with that in homogeneous solution. Solvent effect on the a-tocopheroxyl radical was also studied by
using electron spin resonance. The hyperfine splitting constants of 3™ and ™ were smaller in protic solvent than in aprotic
solvent, which shows that lone-pair orbital energy on 5-CH3 and 7-CH3 is smaller in protic solvent. The ESR spectra of
a-tocopheroxyl radical in liposomal membrane and micelle were similar to those observed in aprotic solvent and in protic solvent,
respectively, suggesting that a-tocopheroxyl radical is located predominantly in the lipophilic domain of the liposomal membrane
but in or closer to water phase of micelle aqueous suspensions.
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1. Introduction

There is now an increasing evidence which suggests
the involvement of lipid peroxidation in a variety of
pathological events, cancer and aging [1]. As a result,
the function and action of various antioxidants have
received much attention [2]. Vitamin E is now accepted
as the major lipophilic, radical-scavenging antioxidant
[3-5], which suppresses the oxidation of lipids by scav-
enging oxygen radicals to inhibit the chain initiation
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Abbreviations: PMC, 2,2,5,7,8-pentamethyl-6-chromanol; Trolox, 6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; THMI, 2-
(4,8,12-trimethyltridecyl)-5-hydroxy-2,4,6,7-tetramethylindan; 14: 0
PC, dimyristoyl phosphatidylcholine; ESR, electron spin resonance;
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chloride; SDS, sodium dodecyl sulfate.
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and/or break the chain propagation. The rate and
mechanism of inhibition of oxidation by vitamin E,
especially a-tocopherol having the highest bio-activity,
has been studied extensively in homogeneous solution
and now well understood [6,7]. On the other hand, the
behavior of a-tocopherol in heterogeneous media,
which are more relevant to biological system, has not
been well elucidated yet [8]. It has been found that the
antioxidant activity of a-tocopherol in the membrane is
much smaller than that in homogeneous solution [9].
Furthermore, the rate constant for scavenging of lipid
peroxyl radical by a-tocopherol has been found smaller
in micelles [10,11] and in liposomal membranes [11,12]
than in homogeneous solution. The reduced activity of
a-tocopherol as an antioxidant against micelle and
membrane oxidation in aqueous dispersions may be
ascribed to lower mobility of a-tocopherol in aggre-
gated medium [13] and/ or hydrogen bonding by water
at phenolic and/or chroman ether groups of a-
tocopherol [10-12].
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These observations suggest that the antioxidant po-
tency of a-tocopherol in vivo depends much on the
surrounding environment, for example, fluidity of the
organized structures such as membranes and lipopro-
teins and also the presence of protic solvent such as
water. Therefore, the present study was undertaken to
investigate further the effects of solvent and medium
on the antioxidant behavior of a-tocopherol. Methyl
linoleate and soybean phosphatidylcholine were chosen
as a substrate, since they give conjugated diene hydro-
peroxides almost quantitatively [14], which makes ki-
netic analysis for oxidation reliable, accurate and easy.
Methanol and ethanol were used as a protic solvent
and hexane and acetonitrile were chosen as an aprotic
solvent. Micelles and liposomal membranes were used
as a model for biological membranes. The effects of
solvent and medium on the ESR spectrum of «-
tocopheroxyl radical were also studied, since the be-
havior of a-tocopheroxyl radical is important in deter-
mining potency of a-tocopherol as an antioxidant.

2. Materials and methods

2.1. Materials

a-Tocopherol, trolox, PMC and THMI, whose struc-
tures are shown in Fig. 1, were kindly provided by Eisai
Co. (Tokyo, Japan). Methyl linoleate was obtained
from Tokyo Kasei Chemical Co. (Tokyo, Japan) and
purified with silica-gel column before use. Commercial
14:0 PC obtained from Sigma Chemical Co. (St. Louis,
MO) was used without further purification, while soy-
bean PC obtained from Sigma Chemical Co. was puri-
fied by alumina and silica-gel columns [14]. A lipid-
soluble azo compound, 2,2'-azobis(2,4-dimethylvalero-
nitrile) (AMVN) and a water-soluble azo compound,
2,2'-azobis(2-amidinopropane) dihydrochloride
(AAPH), used as radical sources, were obtained from
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Fig. 1. Antioxidants used in this study.

Wako Pure Chemical Ind. (Osaka Japan). Solvents
were also obtained from Wako Pure Chemical Ind. and
treated with anhydrous sodium sulfate to remove wa-
ter. DPPH was obtained from Aldrich Chemical Com-
pany (Milwaukee, WI). Sodium dodecyl sulfate (SDS)
was purchased from Wako. The chemicals were of the
highest grade commercially available.

2.2. Procedures

Oxidation procedures

Oxidations of methyl linoleate in homogeneous solu-
tions. The oxidations of methyl linoleate were carried
out in methanol, ethanol, acetonitrile and hexane in air
at 37°C. The formation of methyl linoleate hydro-
peroxides was measured by following their conjugated
diene with an HPLC equipped with a UV detector
monitored at 234 nm. Samples were injected onto a
reverse phase column (LC18; particle size 5 um; 4.6
mm X 25 cm; Supelco, Tokyo) and methanol/H,O
(95/5 by volume) was used as an eluent with a flow
rate of 1.0 ml/min. The retention time of methyl
linoleate hydroperoxides was 4.6 min. When the oxida-
tion was performed in hexane solution, methanol /tert-
butyl alcohol /40 mM phosphate buffer (60,/30/10 by
volume) was used as an eluent and the retention time
of the hydroperoxides was 6.0 min.

Oxidation of methyl linoleate micelle in SDS. The
methyl linoleate micelles were prepared by mixing ap-
propriate amounts of methyl linoleate, AMVN and
a-tocopherol, when required, with an aqueous solution
of 0.5 M SDS followed by vigorous mixing with a vortex
mixer for 2 min. The rate of oxidation was measured by
oxygen uptake using an oxygen monitor equipped with
a Clark-type oxygen electrode (YSI Model 5300, Ohio).
Oxidation was carried out at 37°C in air.

Oxidation of phosphatidylcholine liposomal mem-
brane. The multilamellar liposomal membranes were
prepared as follows as reported previously [14]. Appro-
priate amounts of soybean PC, AMVN, and «-
tocopherol, when necessary, were dissolved in methanol
and the solution was taken into a round bottle shaped
flask. Methanol was removed under reduced pressure
to obtain a thin film on the flask wall, which was slowly
peeled off by shaking with 0.1 M NaCl aqueous solu-
tion containing 100 M EDTA to obtain white milky
aqueous suspensions of multilamellar liposomal mem-
branes. The oxidation of PC liposomal membrane was
carried out at 37°C in air and the accumulation of
soybean PC hydroperoxides was measured by an HPLC
using a UV detector at 234 nm. Straight phase column
(LC-Si; particle size 5 um; 4.6 mm X 25 cm; Supelco,
Tokyo) was used and an eluent was methanol /40 mM
phosphate buffer (90/10 by volume), flow rate being
1.0 ml/ min. The retention time was 6.4 min.
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In every medium, the antioxidant activity of «-
tocopherol was evaluated from the induction period
and the ratio of inhibited rate of oxidation to uninhib-
ited oxidation, that is, how long and how much does
a-tocopherol suppress the oxidation [6,7,9,15]. The oxi-
dations were carried out repeatedly and the results
were reproducible within + 10% of experimental error.
The typical examples of the results are shown.

2.3. ESR study on a-chromanoxyl radical in various
solvents and media

The ESR spectrum of a-chromanoxyl radical was
measured in hexane, methanol, ethanol, acetonitrile
and water. a-Chromanoxyl radical was formed by the
interaction of a-tocopherol with DPPH or peroxyl rad-
ical produced by the decomposition of AMVN in vari-
ous kinds of organic solvents. In water, trolox was used
instead of a-tocopherol and AAPH was used as a
radical source. In methanol, trolox, a-tocopherol and
PMC were all used as sources of a-chromanoxyl radi-
cal and AMVN and AAPH were used as radical
sources. It was confirmed that the identical ESR signal
of a-chromanoxyl radical was obtained independent of
the type of both the side chain of chromanol and the
initiator.

The multilamellar liposomal membrane and SDS
micelle were prepared as described above and the
unilamellar liposomal membrane was prepared with a
method using ethanol [16]). Appropriate amounts of
14:0 PC or soybean PC and antioxidants were dis-
solved in ethanol, which was slowly added into 0.1 M
NaCl aqueous solution containing 100 u M EDTA while
vigorously stirring. The volume of ethanol in the total
suspensions was kept < 7%. AMVN and AAPH were
used as radical sources. In the experiments using
AAPH, an appropriate amount of AAPH was added as
an aqueous solution to the unilamellar liposomal sus-
pensions or SDS micelle suspensions to start the oxida-
tion at 37°C under air. When AMVN was used as a
radical initiator, it was incorporated into multilamellar
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Fig. 2. Accumulation of methyl lincleate hydroperoxides (LOOH)
during the oxidations of 453 mM methy! linoleate in the (a) absence
and (b) presence of 2 uM a-tocopherol induced by 0.20 mM AMVN
in acetonitrile (O), hexane( a ), methanol (O) and ethanol (®) at 37°C
in air.

liposomal membranes or micelles and they were incu-
bated at 37°C in air.

Samples dissolved in polar solvents such as water
and methanol were taken into a flat cell and ESR
spectra were recorded on an X-band JEOL FE1X
spectrometer. Samples dissolved in nonpolar solvents,
like hexane or benzene, were measured in a capillary
tube.

3. Results

3.1. Antioxidant activity of a-tocopherol against the oxi-
dations of methyl linoleate in various solvents

Fig. 2a shows the results of oxidations of methyl
linoleate induced by AMVN in the absence of antioxi-
dant in four solvents: acetonitrile, hexane, methanol
and ethanol. The oxidation of methyl linoleate induced
by AMVN proceeds by a free radical chain mechanism
and gives four kinds of conjugated diene hydro-
peroxides quantitatively as primary products [17-19].
Therefore, it is possible to measure the rate of oxida-
tion quantitatively by following the amount of conju-
gated diene formed. As shown in Fig. 2, the oxidations
of methyl linoleate proceeded at a constant rate with-
out any noticeable induction period in methanol, hex-
ane and acetonitrile. In ethanol, somewhat slower rate
was observed initially, followed by constant steady oxi-
dation. The initial lag may be ascribed to a contami-
nant such as thiophene. The rate of oxidation was
fastest in acetonitrile, and decreased in the order of
hexane, methanol and ethanol.

Fig. 2b. shows the formations of methyl linoleate
hydroperoxides in vartous solvents in the presence of 2
uM a-tocopherol. a-Tocopherol markedly suppressed
the oxidation in all of four kinds of solvents and
produced a induction period after which a fast oxida-
tion took place. The rates of oxidation after the induc-
tion period were similar to those in the absence of
a-tocopherol.

Fig. 3 summarizes the lengths of the induction pe-
riod produced by a-tocopherol in various solvents. It
shows that the lengths of the induction period were
proportional to the concentrations of a-tocopherol as
observed previously [6,7,9,15]. a-Tocopherol produced
shorter induction period in acetonitrile.

Fig. 4 shows the plot of the ratio of the rate of
oxidation inhibited by a-tocopherol (R, ) to the rate
of oxidation in the absence of antioxidant (R ) against
a reciprocal of a-tocopherol concentration. This ratio
(Rm/R,) gives the efficacy of inhibition of oxidation
by an antioxidant. As shown in this figure, a-tocopherol
showed a good antioxidant activity against the oxida-
tions of methyl linoleate in hexane and in acetonitrile,
but its antioxidant activity was smaller in ethanol and
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Fig. 3. Plot of the length of induction period as a function of
a-tocopherol concentration in the oxidations of 453 mM methyl
linoleate induced by 0.20 mM AMVN in acetonitrile (©O), hexane
(a), methanol (O) and ethanol (@) at 37°C in air. The points in this
figure are the averages of several experiments.

in methanol. Thus the antioxidant activity of a-
tocopherol was smaller in protic solvent than in aprotic
solvents, implying that this reduction in antioxidant
activity of a-tocopherol may well be due to the hydro-
gen bonding by the solvent.

The contribution of a hydrogen bonding was sup-
ported by the ESR study which is described later in
this paper. Two positions are possible for hydrogen
bonding, phenolic group at the 6th position and ether
oxygen. To clarify which is more important, the follow-
ing experiments were carried out.

3.2. Antioxidant activities of a-tocopherol and THMI in
methanol and hexane

Antioxidant activities of a-tocopherol and THMI,
whose structure is similar to that of a-tocopherol but
without chroman oxygen (see Fig. 1), have been mea-
sured in protic methanol and aprotic hexane. The
examples of the results are shown in Fig. 5. THMI also
suppressed the oxidation of methyl linoleate but its
antioxidant activity was smaller than that of «-
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Fig. 4. Plot of the ratio of the rate of oxidation inhibited by
a-tocopherol to that of non-inhibited oxidation (R, /R,) as a
function of the reciprocal of a-tocopherol concentration in the
oxidation of 453 mM methy! linoleate induced by 0.20 mM AMVN in
acetonitrile (©), hexane (a), methanol (O) and ethanol (®) at 37°C
in air. The points in this figure are the averages of several experi-
ments.
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Fig. 5. Accumulation of methyl linoleate hydroperoxides (LOOH)
during the oxidations of 453 mM methyl linoleate induced by 0.20
mM AMVN in the absence of antioxidant ( +) and presence of either
3 uM a-tocopherol (O) or 3 uM THMI (W) in hexane (upper
figure) and in methanol (lower figure) at 37°C in air. The data shown
is a typical example from several independent experiments.

tocopherol. As shown in Fig. 5, the activities of both
antioxidants were reduced markedly in methanol com-
pared in hexane. The ratio R, /R, in methanol was
about 6 times larger than that in hexane for both
a-tocopherol and THMI (Fig. 6), suggesting that the
reduction in antioxidant activity of «-tocopherol in
protic solvent is not because of the hydrogen bonding
between chroman ether oxygen and protic solvent but
due to the hydrogen bonding with the phenolic hy-
droxyl group.
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Fig. 6. Plot of the ratio of the rate of oxidation inhibited by either
a-tocopherol (circle) or THMI (square) to that of non-inhibited
oxidation (R, /R,) as a function of a reciprocal of antioxidant
concentration (1/[IH]) in the oxidation of 453 mM methyl linoleate
induced by 0.20 mM AMVN in methanol (closed mark) and in
hexane (open mark) at 37°C in air. The points are the averages of
several experiments.
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3.3. Antioxidant activities of a-tocopherol in SDS micelle a)
or phosphatidylcholine liposomal membrane
The oxidations of methyl linoleate micelle and soy-
bean PC liposomal membrane induced by AMVN pro-
ceed by a free radical chain mechanism. The examples
of the oxidations of methyl linoleate micelle and soy-
bean PC liposomal membrane in the absence and
presence of a-tocopherol are summarized in Table 1.
These data and previous reports [9,12] show that a-
tocopherol suppressed the oxidation of lipids in both
media efficiently. The lengths of the induction period
by a-tocopherol were directly proportional to the con-
centration of a-tocopherol in both micelle and liposo-
mal systems and the rates of inhibited oxidation (Rinh)
were inversely proportional to the concentration of
a-tocopherol (data not shown). b)

iMmim
W ﬂ# w | 1” 'WWM

3.4. ESR study on a-tocopheroxyl radical in different
solvents and media

An ESR signal of a-tocopheroxyl radical has been sa_

reported [20_24] and its hyperfine Spllttlng constants Fig. 7. ESR spectra of a-tocopheroxyl radical observed in benzene

have been measured. In this study, ESR signals of
a-tocopheroxyl radicals were measured in various sol-
vents. Fig. 7a shows the ESR spectrum of a-
tocopheroxyl radical in benzene under vacuum. As
shown in this figure, the hyperfine signal of a-
tocopheroxyl radical could be observed in nonpolar
solvent and in the absence of oxygen and the hyperfine

when a-tocopherol was mixed with DPPH (3/1 by mol/mol) (a)
under vacuum and (b) in air.

splitting constants were obtained as aji™ =0.51 mT,

alt =045 mT, aff™=0.15 mT, and &3 =0.10
mT, which are in good agreement with the data re-

Table 1

Hyperfine coupling constant for a-tocopheroxyl radical and kinetic parameters for the oxidations of methyl linoleate and soybean PC liposomes
in different solvents and media

Homogeneous solution Micelle 2 Liposome *°
H,0 MeOH EtOH CH;CN Hexane
Coupling constant, mT ° 0.45 0.47 0.50 0.51 0.51 0.48 0.51
[LH], M 0.453 0.453 0.453 0.453 0.143 [2860] 0.0051 [1158]
[AMVN], mM 0.20 0.20 0.20 0.20 5.0[100] 1.0 [227]
[a-toc], uM 20 2.0 2.0 2.0 2.0 [40] 2.0 [454]
1073 tinh, s © 7.16 9.90 312 9.54 4.80 7.08
Ri,nM/s ¢ 0.559 0.404 1.28 0.419 8.33[167] 0.565 [128]
Ro,nM/s © 18.9 20.7 158 67.2 116 [2324] 35.2[7992]
(kelo * 338 51.2 123 160 13.9 62.3
Rinh, nM/s & 9.37 8.55 9.48 477 80.8 [1616] 2.23[507]
(kchinh P 16.8 21.2 7.41 114 9.7 3.95
Rinh/Ro 0.50 0.41 0.060 0.071 0.70 0.063
1073 kinh/kp ! 6.8 5.4 15 10 3.7 0.32

# Numbers in the brackets are for lipid compartment, not for whole aqueous suspensions.

ke Hyperfine coupling constant for radicals from Trolox in water and from a-tocopherol in other solvents at 37°C, experimental error, < +5%.
¢ Induction period.

9 Rate of chain initiation calculated from Ri =2 [7a-tocopherol] /tinh [6,7].

¢ Rate of oxidation in the absence of a-tocopherol.

T Kinetic chain length without a-tocopherol, Ro/Ri.

& Rate of oxidation inhibited by a-tocopherol.

_h Kinetic chain length in the presence of a-tocopherol, Rinh/Ri.

' Caluculated from kinh/kp = [LH]/tinh Rinh [25], kinh and kp are the rate constants for scavenging of peroxyl radical by a-tocopherol and
chain propagation respectively.
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Fig. 8. ESR spectrum of a-tocopheroxyl radical in various solvents
and media. In benzene, acetonitrile, methanol and ethanol, «-
tocopherol was treated with DPPH. In water, trolox was used instead
of a-tocopherol and AAPH was used as a radical source. In lipo-
somes, 5.0 mM a-tocopherol was incorporated into 59 mM 14:0 PC
liposomal membrane and 200 mM AAPH was used as an initiator. In
micelle, 10 mM a-tocopherol and 52 mM methyl linoleate were
dispersed in 0.5 M SDS and 200 mM AAPH was used as an initiator.
Samples dissolved in hexane or acetonitrile were taken into capillary
tube and measured under reduced pressure (approximately 0.5 atm.
of air) at 37°C. Others were carried out at 37°C and measured in air.

ported previously [23,24]. Fig. 7b shows the ESR spec-
trum of a-tocopheroxyl radical in the presence of air.
Only the spectrum of 7 lines was obtained. The hyper-
fine splitting constants of 7 lines are the average of
those of ;< and /™, which depend on the lone-
pair orbital energy on H>“"* and H7*,

Fig. 8 shows the ESR signals of a-tocopheroxyl
radical in various solvents. The experimental condi-
tions were chosen to obtain similar signal intensities in
different media. The average splitting constants of
a;c™ and al™? are summarized in Table 1. They were
larger in aprotic solvents than in protic solvents.

The ESR spectra of a-tocopheroxyl radicals were
also measured in liposomal membrane and micelle.
Soybean PC or 14: 0 PC was used to prepare liposomal
membrane and AMVN or AAPH was used as radical
source. The same ESR spectra were observed from
a-tocopherol in the liposomes independent of
phospholipid and radical source and their hyperfine
splitting constants were similar to those obtained in
hexane and acetonitrile (Fig. 8 and Table 1). The same
spectrum was obtained from PMC as that of a-
tocopherol as observed previously [25]. When a-
tocopherol was incorporated into SDS micelles, the

ESR spectrum of a-tocopheroxyl radical was similar to
that in water or methanol (Fig. 8 and Table 1).

4. Discussion

As shown above, the solvents and media affected
the rate of oxidation of methyl linoleate, antioxidant
behavior of a-tocopherol, and ESR spectrum of a-
tocopheroxyl radical.

Fig. 3 shows that the induction period was directly
proportional to the antioxidant concentration and Fig.
4 shows that the ratio of the rate of oxidation inhibited
by a-tocopherol to that in the absence of antioxidant
was inversely proportional to the concentration of a-
tocopherol, as observed previously [25]. These results
indicate that oxidation inhibited by a-tocopherol pro-
ceeds by a conventional free radical chain mechanism
and follows the classical rate law of autoxidation [6,7].

In addition to the coupling constants for a-
tocopheroxyl radical in various media, the kinetic pa-
rameters are summarized in Table 1 for the oxidations
of methyl linoleate and soybean PC in various media.
Fig. 3 and Table 1 show that the rate of chain initiation
by AMVN depends on solvent. It is larger in aceto-
nitrile than in hexane, ethanol, or methanol. The rate
of oxidation in the absence of a-tocopherol (R,) was
also fastest in acetonitrile (Fig. 2 (a) and Table 1), but
the difference in the rate of chain initiation does not
fully account for the difference in the rate of oxidation.
This may be ascribed, at least in part, to the high
polarity of acetonitrile, since the oxidizability of the
hydrocarbons is known to be increased with increasing
polarity of the solvent [26]. The rate constatnt for
unimolecular decomposition and efficiency of chain
initiation of an azo compound are relatively insensitive
to solvent polarity [26]. The apparent high rate of chain
initiation observed in acetonitrile may well be due to a
less efficient scavenging of peroxyl radicals by a-
tocopherol in acetonitrile, since the net mumber of
peroxyl radicals scavenged by one molecule of a-
tocopherol is smaller than 2 [8,27]. Table 1 shows that
the kinetic chain length in the absence and presence of
a-tocopherol was always larger than 1, suggesting that
the oxidations proceeded by a free radical chain mech-
anism.

Table 1 also shows the antioxidant efficacy of «-
tocopherol in different solvents and media. The ratio,
R,./R,, gives the extent of inhibition of oxidation by
an antioxidant and the ratio k;;, /k, gives the activity
of antioxidant, where k;,, and k, are the rate con-
stants for scavenging peroxyl radical by a-tocopherol
and chain propagation respectively. Table 1 indicates
that the antioxidant activity of a-tocopherol is smaller
in protic alcohol solution than in aprotic solution.
Considering the high concentration of a-tocopherol in
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lipophilic compartment of micelle and liposome, that
is, the high a-tocopherol/lipid ratio, it can be con-
cluded that the antioxidant activity of a-tocopherol is
much smaller in micelle and liposomal membrane as
observed previously [9].

A smaller antioxidant potency of a-tocopherol in
protic solvent implies the hydrogen bonding between
solvent and a-tocopherol. Fig. 5 shows that the antioxi-
dant activities of a-tocopherol and THMI were
markedly smaller in methanol than in hexane. Fig. 6
shows that the ratio R, /R, was about 6 times larger
in methanol than in hexane for both a-tocopherol and
THMI, suggesting that these antioxidants suppressed
the oxidation of methyl linoleate 6 times more effi-
ciently in hexane than in methanol. Barclay et al. [12]
also found that the inhibition rate constant k,, for
a-tocopherol in aprotic chlorobenzene was larger than
that in protic tert-butyl alcohol. Pryor et al. [10] also
reported that the rate constant k;, was smaller in the
aqueous system. They interpreted the smaller rate con-
stant k, . in protic solvent than in aprotic solvents by
the hydrogen bonding between protic solvent and both
the ether and phenolic oxygens of a-tocopherol [10,12].
However, the results observed in the present study that
methanol reduced the antioxidant activities of both
a-tocopherol and THMI to the same extent independ-
ent of the presence or absence of chromanoxyl ether
oxygen suggest that the hydrogen bonding by protic
solvent with ether oxygen of a-tocopherol does not
play an important role in modulating its antioxidant
activity.

Fig. 8 and Table 1 show that the solvents also
interact with the a-tocopheroxyl radical. In protic sol-
vent, the hyperfine splitting constants of aj** and
ais™? were smaller than those in aprotic solvent. These
results can be interpreted by the hydrogen bonding
between solvent and a-tocopheroxyl radical. That is,
such hydrogen bonding increases the lone-pair orbital
energy on oxygen atom of a-tocopheroxyl radical, which
lower the lone-pair orbital energy on H>*H? and H7¢H3
and the hyperfine splitting constants of aji* and
ajcte [28-31].

The position of a-tocopherol in the membrane has
been the subject of extensive studies and debate [32-
38]. It is now accepted that a-tocopherol is retained in
the membrane in such a way that the hydroxyl group is
placed at or near the surface and the phytyl side chain
is embedded into the membrane. However, there has
been little study on the position of a-tocopheroxyl
radical in the membrane. The data in Fig. 8 and Table
1 show that the coupling constants of aji** and a*
of a-tocopheroxyl radical in the membrane are similar
to those in aprotic solvents, indicating that a-
tocopheroxyl radical does not stick its phenolic group
out of the membrane into the aqueous phase but
rather situated in the lipophilic domain of the mem-

brane. But, of course, it should be close to the surface
of the membrane since it is reduced by ascorbate
[39,40] and this reduction becomes less efficient as the
radical goes deeper into the interior of the membrane
[41]. On the other hand, phenolic oxygen of a-toco-
pheroxyl radical in the micelle is suggested from the
data in Fig. 8 and Table 1 to be located in or closer to
water phase, which is in agreement with the result
reported by Simic [42].

The contributuion of a-tocopherol as a prooxidant
has been proposed recently [43-45]. That is, a-toco-
pherol which resides at or near the surface of mem-
brane reacts more rapidly with attacking aqueous radi-
cals than the lipid to give a-tocopheroxyl radical, which
attacks lipid to give lipid radical to initiate the chain
reaction. Thus, a-tocopherol is assumed to behave as a
chain-carrier and enhance the efficiency of lipid radical
formation. The hydrogen atom abstraction from poly-
unsaturated fatty acids by chromanoxyl radicals has
been observed in solution [46]. The overall potency of
a-tocopherol as an antioxidant depends on the fate of
a-tocopheroxyl, but it is not clear at present how such
a prooxidant action of a-tocopherol is important in the
membranes and lipoprotein in vivo where the vertical
motion of a-tocopherol is restricted and where the
reductants may well react with a-tocopheroxyl radical
to regenerate a-tocopherol [2,8,47].
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