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Tocopherols suppressed the spontaneous, thermal oxidation of methyl linoleate and produced a clear
induction period. During the induction period, small amounts of cis,trans-hydroperoxides were formed but
the formation of trans,trans-hydroperoxides was almost completely inhibited. Tocopherols were consumed
and when they were depleted, the induction period was over and a fast oxidation proceeded to give more

trans,trans-hydroperoxides than cis,trans-hydroperoxides.

However, tocopherols, especially a-tocopherol,

acted as prooxidants when their concentrations were extraordinarily high and the rate of initial radical
formation was low. The reducing agent such as ascorbic acid diminished the prooxidant action of a-

tocopherol.

This prooxidant effect of tocopherols was ascribed to the spontaneous formation of tocopheroxyl

radical followed by the hydrogen atom abstraction by the tocopheroxyl radical from the hydroperoxide to give a

peroxyl radical.

Lipids are readily oxidized by molecular oxygen.
There is an increasing number of evidence that shows
the deleterious effects of the oxidation of lipids and its
products in foods and in biological systems, and,
accordingly, the inhibition of the oxidation of lipids
has received much attention recently.!-11) The aero-
bic organisms are protected against such oxygen toxic-
ity by an array of defense systems: the preventive
antioxidants such as glutathione peroxidase and cata-
lase suppress or reduce the formation of active free
radicals by decomposing without generation of free
radicals lipid hydroperoxides and/or hydrogen perox-
ide which are precursors to free radicals, while the
chain-breaking antioxidants such as vitamin E and
vitamin C scavenge the radicals and interrupt the
chain propagation. On the other hand, various
kinds of natural and synthetic antioxidants are added
to the edible oils and fats to suppress their oxidations.
Tocopherols (vitamin E) are known as natural, potent
chain-breaking antioxidants. In fact, it has been
shown that tocopherols, especially a-tocopherol, scav-
enge the peroxyl radicals faster than any synthetic,
phenolic antioxidants such as 2,6-di-t-butyl-4-
methylphenol (BHT).7-11  On the other hand, how-
ever, it has been also observed that a-tocopherol can
act as a prooxidant under certain conditions.!2-23)
For example, Olcott’ and Einset!®¥ found that the
addition of a-tocopherol into the stabilized oil
induced the oxidation during the induction
period. Cillard and Cillard!5-17.1920.2223 have also
observed that tocopherols can act as prooxidants
depending on the conditions. More recently, Terao
and Matsushita?? reported the similar effect of a-
tocopherol in the oxidation of methyl linoleate. A
prooxidant effect of a-tocopherol quinone has been
also reported.2 The detailed mechanism for such a
“crossover effect” of a-tocopherol is not well under-
stood. In the course of our study on the oxidation of

T This work was presented at the 24th General Meeting of
the Japan Oil Chemists’ Society, October, 1985, Osaka.

lipids and its inhibition, we have studied in the pres-
ent work the prooxidant effect of tocopherols in the
spontaneous oxidation of methyl linoleate. Methyl
linoleate was chosen as a substrate since the mecha-
nism of its oxidation is well established to give quan-
titatively four isomeric conjugated diene hydroperox-
ides, 13-hydroperoxy-9-cis,11-trans-, 13-hydroperoxy-9-
trans,11-trans-, 9-hydroperoxy-10-trans,12-cis-, and 9-
hydroperoxy-10-trans,12-trans-octadecadienoic  acid
methyl esters.25-29  Thus, it is possible to follow the
oxidation quantitatively by measuring either the oxy-
gen uptake, substrate disappearance, hydroperoxide
formation or conjugated diene formation.2® This
study confirms some of the previous observations,
adds some new data and render a conclusion on the
crossover effect of tocopherols.

Experimental

Natural R,R,R-a-, R,R,R-8-, R,R,R-7y-, and R,R,R-6-to-
copherols were kindly supplied by Eisai Co., Ltd. Commer-
cial ascorbic acid and its esters were used as received. Methyl
linoleate purchased from Daigo Chemical Co. was purified
by a silica-gel column before use. ¢-Butyl hydroperoxide
kindly supplied by Nippon Oil and Fats Co. was distilled
under reduced pressure, 42 °C/24 Torr (1Torr=133.322 Pa).
Commercial 2,2-diphenyl-1-picrylhydrazyl (DPPH) was
used as received.

Methyl linoleate and additives were dissolved in methyl
decanoate and placed in the dark or under laboratory light at
room temperature or at 37 °C in air. Sample size was 5 ml.
Aliquots of the sample were taken out at regular intervals
and analyzed as follows.

The methyl linoleate hydroperoxides were analyzed as
their corresponding alcohol, after reduction of the product
solution with triphenylphosphine, by high-pressure liquid
chromatography (HPLC) using a silica-gel column and
hexane/isopropyl alcohol/acetic acid (1000:10:1, v/v/v) as
the eluent. The rate of consumption of tocopherols was
followed by HPLC with a Finepak SIL 18 column.
Methanol was delivered as an eluent at 1 ml min-! and the
eluent was monitored at 290 nm. ESR spectrum was
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recorded on X-band JEOL FEIX spectrometer at room
temperature.

Results

Tocopherols are active radical scavengers and effi-
ciently suppress the oxidations of methyl linoleate
initiated by a radical initiator.%1129-31)  Tocopherols are
consumed by the reactions with peroxyl radicals and,
when they are depleted, a fast oxidation proceeds.3®
It was found that polyunsaturated fatty acids such as
linoleic acid and its esters were oxidized spontane-
ously even in the absence of any radical initiator.
Figure 1 shows the results of spontaneous oxidation of
methyl linoleate at room temperature under normal
laboratory light in air in the absence and presence of
a-tocopherol. In the absence of a-tocopherol, methyl
linoleate was slowly oxidized without any noticeable
induction period and the conjugated diene hydroper-
oxides accumulated with time. When 0.25 mM (1
M=1 mol dm-3) of a-tocopherol was added, the oxida-
tion was suppressed and little accumulation of
hydroperoxides was observed in about 10 days. a-
Tocopherol decreased at roughly constant rate and it
was depleted in 14 days. The hydroperoxides were
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gradually formed as a-tocopherol disappeared.
Figure 1 also shows the effect of initial amount of
methyl linoleate hydroperoxide. As the initial con-
centration of methyl linoleate hydroperoxide was
increased, the rate of consumption of a-tocopherol
increased and the duration of induction period was
shortened. In every case, fast oxidation proceeded
when a-tocopherol disappeared.

Other tocopherols also suppressed the spontaneous
oxidation of methyl linoleate similarly. When a-, 8-,
v-, and é-tocopherols were added simultaneously into
methyl linoleate and the solution was stood at room
temperature in air under laboratory light, tocopherols
were consumed as shown in Fig. 2. As observed
previously3® in the oxidation of methyl linoleate
initiated with a radical initiator, a-tocopherol was
consumed first, 8- and -y-tocopherols decreased after
most of a-tocopherol disappeared, and finally é-
tocopherol was consumed. These results may be
ascribed partly to the different reactivities of tocopher-
ols (a>B>vy>6) toward peroxyl radials?1132 and also
to the interactions between tocopheroxyl radical (oxyl
radical from tocopherol) and tocopherol.3® For
example, a-tocopherol reacts with B-, -, and 6-
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tocopheroxyl radicals to give a-tocopheroxyl radical
and corresponding tocopherols. Mukai has also
observed that the reactivities toward phenoxyl radical
decreased in the order of a->B-=v->6- tocopherols.33

Figure 3 shows the distribution of cis,trans- and
trans,trans-hydroperoxides formed in the spontaneous
oxidation of methyl linoleate in air under laboratory
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Fig. 2. Rate of disappearance of a-(®), 8-(O), y-(H),
and 6-(00) tocopherols during spontaneous oxida-
tion of methyl linoleate at room temperature under
laboratory light.
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Fig. 3. Rate of hydroperoxide formation and o-

tocopherol disappearance in the spontaneous oxi-
dation of methyl linoleate at room temperature
under laboratory light.

A: 13-Hydroperoxy-9-cis,11-trans-octadecadienoic
acid methyl ester. A: 13-Hydroperoxyl-9-trans,11-
trans-octadecadienoic acid methyl ester.
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light in the presence of a-tocopherol. As described
above, a-tocopherol suppressed the oxidation and
when it was consumed completely, the oxidation pro-
ceeded rapidly. Interestingly, when a-tocopherol was
present, only cis,trans-hydroperoxides were formed
and little trans,trans-hydroperoxides were observed,
whereas more trans,trans-hydroperoxides were formed
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Fig. 4. Rate of spontaneous oxidation of methyl
linoleate at 37 °C in the dark in the presence of a-

tocopherol.
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Fig. 5. Rate of accumulation of methyl linoleate
hydroperoxide in the spontaneous oxidation of
methyl linoleate at room temperature in the dark.
®: a-Toc 9.86 mM; A: B-Toc 10.5 mM; B: y-Toc
11.3 mM; A: none.
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than cis,trans-ones after a-tocopherol was depleted.

Thus, a-tocopherol generally acts as an antioxidant
and suppresses the spontaneous oxidation of methyl
linoleate as well as the oxidation initiated with a
radical initiator. However, when the rate of oxida-
tion is quite slow or when the concentration of toco-
pherol is extraordinarily high, it may act as a prooxi-
dant. When methyl linoleate was stood in air under
laboratory light in the presence of 0.296, 2.43, and 18.3
mM a-tocopherol, the rate of hydroperoxide forma-
tion increased with increasing concentration of a-
tocopherol (data not shown).

When methyl linoleate was stood at 37°C in the
dark, it was oxidized much slower than that stood
under laboratory light. Under these conditions, a-
tocopherol had a prooxidant effect even at relatively
low concentrations. Figures 4 and 5 show the results
observed when methyl linoleate was stood in the dark.
The addition of tocopherols increased the initial rate
of hydroperoxide accumulation with increasing a-
tocopherol concentration (Fig. 4) and a-tocopherol
had more profound effect than 8- and y-tocopherols
(Fig. 5).

Discussion

a-Tocopherol acts as an antioxidant by scavenging
chain-carrying peroxyl radical and breaking a chain
propagation sequence. In fact, it is known that a-
tocopherol scavenges peroxyl radicals much faster
than the synthetic, hindered phenols often used com-
mercially as antioxidants.”343% a-Tocopherol also
suppresses the formation of trans,trans-hydroper-
oxide from methyl linoleate. The oxidation of
methyl linoleate proceeds by a scheme shown in Fig.
6.2620  When the concentrations and/or activities of

hydrogen donors are high, the peroxyl radical 1
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Fig. 6. Scheme for the oxidation of methyl linoleate.
A, B: CH3(CHz)4-, CHsOC(O)(CHg)7-.
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rapidly abstracts a hydrogen atom to give cis,trans-
hydroperoxide 2, while the peroxyl radical 1 has more
chance to release oxygen and yield the peroxyl radical
3 which eventually gives trans,trans-hydroperoxide 4
when the concentrations of active hydrogens are
low. Thus, a-tocopherol acts as a strong hydrogen
donor and gives cis,trans-hydroperoxide exclu-
sively,26.27,36-38)

However, as reported previously by other investiga-
tors!2-23) and as observed in this study, a-tocopherol
can act as a prooxidant under certain circumstances,
for example, when the rate of chain initiation is quite
low and when the concentration of a-tocopherol is
quite high. The prooxidant effect of a-tocopherol
must stem from the hydrogen atom abstraction from
hydroperoxide by a-tocopheroxyl radicals 5 (reaction
1),

el
m + LOOH
P
2
HO o
+ 100
e 2 )

where P is a phytyl side chain, C;¢Hss. This reaction
may proceed rapidly. In fact, as shown in Fig. 7,
when t-butyl hydroperoxide was added to the benzene
solution containing a-tocopheroxyl radical, tocophe-
roxyl radical disappeared quite rapidly. The rate
constants for the hydrogen atom abstraction from
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Fig. 7. ESR spectra observed when t-butyl hydro-

peroxide was added to the benzene solution con-
taining a-tocopheroxyl radical.
A: ESR spectrum observed when 144 mM a-
tocopherol was reacted with 13.6 mM DPPH in
benzene. The spectrum was taken under vacuum. B:
ESR spectrum observed under vacuum when 89.6
mM t-butyl hydroperoxide was added into the solu-
tion A.
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hydroperoxide by phenoxyl radicals have been
reported.3®-41)  Mukai et al.4? reported quite recently
the rate constant for the hydrogen atom abstraction
from t¢-butyl hydroperoxide by 5,7-diisopropyl-6-
chromanoxyl radical as 0.365 M-1s-! at 25°C. Con-
sidering the steric effect involved in the hydrogen
atom transfer from hydroperoxide to a phenoxyl radi-
cal, 394344 the hydrogen atom abstraction from lipid
hydroperoxide by a-tocopheroxyl radical must be
larger than that. The peroxyl radical formed in the
reaction 1 must attack lipid and induce the chain
oxidation. The direct attack of a-tocopheroxyl radi-
cal on the methyl linoleate can not be ruled out,
although it must be much less favorable than the
reaction 1.

As reported previously,30:3233) the stabilities of toco-
pheroxyl radicals decrease in the order of a>B=vy>4,
suggesting that a-tocopheroxyl radical is formed most
easily among the four tocopheroxyl radicals. This
must explain why a-tocopherol has the most pro-
found prooxidant activity among the four tocopher-
ols. Terao and Matsushita?) found that BHT did not
act as prooxidant for methyl linoleate. This must be
because the phenoxyl radical derived from BHT is
much less resonance-stabilized3? and the spontaneous
formation of the phenoxyl radical from BHT is quite
slow.

In consistent with the above assumption, the proox-
idant effect of a-tocopherol was diminished by a
reducing agent such as ascorbic acid and its esters.
As observed previously by Terao,?V little prooxidant
effect of a-tocopherol was observed in the presence of

ascorbic acid esters such as 6-ascorbyl palmitate. -

Ascorbic acid added to the methyl linoleate as an
ethanol solution also had a similar effect. It has been
previously observed by pulse radiolysis*® and ESR4®
studies that a-tocopheroxyl radical is reduced by
ascorbic acid to regenerate a-tocopherol. Packer,
Slater and Willson*® obtained a value of 1.55X 108 M-!
s=1 as rate constant for the reaction 2. Mukai et al.4?
has recently obtained a rate constant of 549 M-1s-! for
the interaction between ascorbic acid and 5,7-di-
isopropyltocopheroxyl radical.

The crossover effect of a-tocopherol depends on the
relative importance of the first step and the following

spontaneous
oxidation

—_——
0™ P
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competing reactions 2 and 3, which is determined by
the ratio of the concentration of lipid peroxyl radical
to that of lipid hydroperoxide. When this ratio is
high as in the oxidations initiated with an added
initiator, under light, or at high temperature, «-
tocopherol functions as an antioxidant, while it acts
as a prooxidant when this ratio is low. The higher
the a-tocopherol concentration, the more a-to-
copheroxyl radical must be formed spontaneously.
Furthermore, a-tocopherol must give its radical most
easily than any other tocopherols and synthetic
phenols. '

The prooxidant effect of vitamin E in vivo has not
been reported. This may be because the concentra-
tion of vitamin E is usually low and/or because the
vitamin E radical is reduced readily by, for example,
vitamin C in biological systems.

. o0 \
+ VitaminC T
0™p
HO
0™

In conclusion, a-tocopherol functions in general as
a chain-breaking antioxidant, but it may also act as a
prooxidant under certain conditions, for example,
when its concentration is quite high or when the rate
of oxidation (that is, the rate of chain initiation) is
very low. It may be said that the antioxidant, like
oxygen molecule, is also a double-edged sword.

+ Vitamin C
radical
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