
ABSTRACT: Antioxidant properties of 5 to 500 µg/g levels of α-
and γ-tocopherols, in the oxidation of rapeseed oil triacylglyc-
erols (RO TAG), were studied at 40°C in the dark. Each tocoph-
erol alone and in a mixture was studied for its stability in oxi-
dizing RO TAG. Also the effects of tocopherols on the forma-
tion of primary and secondary oxidation products of RO TAG
were investigated. Both tocopherols significantly retarded the
oxidation of RO TAG. At low levels (≤50 µg/g), α-tocopherol
was more stable and was a more effective antioxidant than γ-to-
copherol. At higher α-tocopherol levels (>100 µg/g), there was
a relative increase in hydroperoxide formation parallel to con-
sumption of α-tocopherol, which was not found with γ-tocoph-
erol. Therefore, γ-tocopherol was a more effective antioxidant
than α-tocopherol at levels above 100 µg/g. As long as there
were tocopherols present, the hydroperoxides were quite stable
and no volatile aldehydes were formed. In a mixture, α-tocoph-
erol protected γ-tocopherol from being oxidized at the addition
levels of 5 + 5 and 10 + 10 µg/g but no synergism between the
tocopherols was found. α-Tocopherol was less stable in the 500
+ 500 µg/g mixture than when added alone to the RO TAG. No
prooxidant activity of either tocopherol or their mixture was
found.
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α- and γ-Tocopherols are the most abundant natural antioxidants
in plant lipids. Tocopherols (TOH) act as antioxidants by donat-
ing a hydrogen atom to a peroxyl radical (LOO·) of an unsatu-
rated lipid molecule, forming a hydroperoxide (LOOH) and a
tocopheroxyl radical (TO·) (Eq. 1). The tocopheroxyl radical 

LOO· + TOH → LOOH + TO· [1]

has a lower capacity to propagate lipid peroxidation compared
to the peroxyl radical. Instead, tocopheroxyl radicals react with
other peroxyl (Eq. 2) or tocopheroxyl radicals (Eq. 3) forming
more stable adducts.

TO· + LOO· → more stable products [2]

TO· + TO· → more stable products [3]

The hydrogen atom donating capacity of α-tocopherol is higher
than that of γ-tocopherol (1), which means that α-tocopherol
should be a more potent antioxidant than γ-tocopherol. How-
ever, tocopherols and tocopheroxyl radicals may also participate
in reactions other than those with peroxyl radicals when present
at high concentrations (2), e.g.,

TOH + O2 → unknown products [4]

TO· + LH  → TOH + L· [5]

TO· + LOOH → TOH + LOO· [6]

There is disagreement about the relevance of these “side re-
actions” which claim to lead to the prooxidant activity of to-
copherols (3–4). Several recent reviews have discussed the
importance of these reactions as determinants of the absolute
and relative antioxidant activities of different tocopherols (2,
5–7). Those reviews emphasized the importance of oxidation
conditions, such as the temperature and the availability of
oxygen, the chemical nature and physical state of the lipid as
well as the concentration of tocopherol in the evaluation of
the overall role of tocopherols as inhibitors of lipid oxidation.

Several approaches have been used to study the effects of
anti- or prooxidants. Yanishlieva and Marinova (8) introduced
two concepts of the effect of an antioxidant: efficiency and
strength. Efficiency describes how long an antioxidant can
prolong the induction period, and strength describes the rate
of the inhibited oxidation during the induction period. Using
two concepts, the overall antioxidant property can be better
characterized than by using either of them alone. These au-
thors found it necessary to follow the stability of an antioxi-
dant. Furthermore, when secondary products of oxidizing
lipids are analyzed, much more information can be obtained
from an experiment (5,7). 

Recently it has been found that antioxidants may have differ-
ent effects on the formation and the decomposition of hydroper-
oxides (9,10). In the presence of tocopherols, the rate of hy-
droperoxide breakdown and induction of further oxidation is
markedly inhibited. Hopia et al. (11) found that α-tocopherol
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reduced the decomposition of the hydroperoxides of methyl
linoleate by donating hydrogen atoms to alkoxyl radicals.
They concluded that in the presence of a strong hydrogen
atom donor, the decomposition of hydroperoxides via alkoxyl
radicals prefers hydrogen atom abstraction to β-scission.
Thus, the formation of hydroxy compounds, which are a
product of a hydrogen abstraction reaction, was increased and
that of hexanal, which is a β-scission product of an alkoxyl
radical, was reduced.

A concentration as low as 11 µg/g of γ-tocopherol was
enough to markedly inhibit hydroperoxide and secondary prod-
uct formation in rapeseed oil triacylglycerols (RO TAG) (12).
α-Tocopherol was a better antioxidant than γ-tocopherol in pu-
rified sunflower triacylglycerols at concentrations ≤40 µg/g but
a poorer antioxidant at concentrations >200 µg/g (13). The de-
gree of tocopherol consumption was not related to the peroxide
value (PV) but was correlated to the initial tocopherol concen-
trations indicating that the loss of tocopherols was due to reac-
tions other than those with peroxyl radicals. No synergism was
observed when α- and γ-tocopherols were added in equal
amounts of 100, 300, and 500 µg/g. This study (13) was lim-
ited to determinations of PV and residual tocopherols at one
time point (7 d) in the presence and absence of ferrous sulfate.

The aim of the current work was to study the stability and
the effects of α- and γ-tocopherols alone and mixed with each
other on the oxidation of RO TAG at a moderate temperature
(40°C) without added catalyst. Emphasis was put on the an-
tioxidant effects of tocopherols added at low levels (5 and 10
µg/g) and at the 500 µg/g level.

MATERIALS AND METHODS

Materials. RO was chosen as the oxidizing material, because
it contains both linoleoyl and linolenoyl groups which are
sources for different volatile aldehydes: hexanal and heptadi-
enal, respectively. RO (Van der Bergh Foods Ltd., Helsinki,
Finland) was purified by a multilayer chromatographic
method (14) to produce RO TAG. RO TAG contained ≤0.6
meq/kg of hydroperoxides measured by PV, <0.1 of sec-
ondary oxidation products measured by anisidine value
(AnV), and <10 nmol/g of volatile aldehydes. There were no
residual α- and γ-tocopherols in RO TAG (<1 µg/g). The
major fatty acyl groups in the RO TAG were oleoyls (55%),
linoleoyls (22%), and linolenoyls (10%), measured by gas liq-
uid chromatography (15). Tocopherols, α and γ, were pur-
chased from Merck (Darmstadt, Germany; purity ≥98%) and
Sigma Chemical Co. (St. Louis, MO; purity >96%), respec-
tively, and used as received. α-Tocopherol contained no other
tocopherols and γ-tocopherol contained <1% of α- and β-to-
copherols as checked by high-performance liquid chromatog-
raphy (HPLC) vide infra. All solvents and reagents were ei-
ther HPLC or pro analysis grade.

Oxidation experiments. RO TAG samples (5.0 g) were ox-
idized in vials (i.d. 1.7 cm) enclosed in 130-mL flasks at 40°C
in the dark for 16 d. Two random samples were taken every
4 d, pooled, and analyzed for the oxidative status. Duplicate

experiments with added α-tocopherol (5, 10, 50, 100, and 500
µg/g), γ-tocopherol (5, 10, 50, 100, and 500 µg/g) and mixtures
of tocopherols (5 + 5, 10 + 10, and 500 + 500 µg/g) were con-
ducted. RO TAG without additions served as the control in
each of the six experiments. For comparison, RO without pu-
rification was also oxidized under the same conditions for 28 d.

Analysis of oxidation status and tocopherol contents. The
primary oxidation status of RO TAG was characterized by
measuring hydroperoxides using the ferric thiocyanate PV
method (16). p-Anisidine reactive products (AnV) (17) and
volatile aldehydes with from 5 to 10 carbon atoms (18) mea-
sured secondary oxidation products. Volatile aldehydes were
measured as their 2,4-dinitrophenyl hydrazone derivatives by
reversed-phase HPLC with diode array detection (λ = 360
nm) (18). Tocopherol contents were measured by normal-
phase HPLC with fluorescence detection (λex = 292 nm, λem
= 324 nm) (14). Each chemical analysis was made in dupli-
cate from a pooled sample.

The determination limit of volatile aldehydes was 2 nmol/g.
Four RO samples with a series of added alkanals (from pen-
tanal to decanal) were analyzed at the beginning of each oxida-
tion experiment to confirm the stability of the analytical
method. The mean coefficient of variation (CV%) of each alka-
nal was ca. 10%. The determination limit of tocopherols was 2
µg/g. The tocopherol contents of all samples from each oxida-
tion experiment were analyzed in one determination period in-
cluding one RO sample as a reference. Between the experi-
ments, the level of tocopherol analysis was stable, because the
CV% of α- and γ-tocopherol contents of RO were 4.6 and
3.8%, respectively (n = 6).

The precisions of duplicate determination of PV, AnV,
total aldehyde, and α- and γ-tocopherol contents were 8.7%
(PV ≥ 1 meq/kg), 12% (AnV ≥ 1), 15% (total aldehydes ≥5
nmol/g), 3.9% (≥2 µg/g α-tocopherol) and 8.1% (≥2 µg/g γ-
tocopherol), respectively. Precision was calculated as the
maximum relative random error at the 95% level (19).

Data collected from the six separate experiments were
combined, because the RO TAG controls, run as one material
in each experiment, oxidized similarly. The CV% of the rate
of hydroperoxide formation in these controls was 10% (n =
6). Each material containing tocopherols was studied in two
experiments. The results from these experiments were simi-
lar, because the PV from the two experiments differed from
the mean by 9.2%. Unless otherwise stated, the oxidation sta-
tus of each material was expressed as a mean of two repeated
experiments except for controls (n = 6). Statistical compar-
isons of the materials at different time points were made by 
t-tests with a null hypothesis µ1 > µ2. Statements in the text
referred to as significant apply to a 95% significance level.

RESULTS AND DISCUSSION

Stability of α- and γ-tocopherols during oxidation of RO TAG. A
remarkable result from this study was that α-tocopherol was sig-
nificantly more stable than γ-tocopherol when present at ≤10 µg/g
and less stable when present at ≥100 µg/g (Fig. 1). At the 5 µg/g
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level, α-tocopherol was totally consumed after 12 d of oxidation,
while a 19% residual α-tocopherol was recovered after 16 d of
oxidation for the 10 µg/g level. γ-Tocopherol was completely
used up after 8 and 12 d of oxidation at the 5 and 10 µg/g levels,
respectively. From α-tocopherol 73–80% and from γ-tocopherol
77–92% were left after 16 d of oxidation when addition levels of
50 µg/g or higher were used. There was a difference between the
absolute amounts of α- and γ-tocopherols used up during oxida-
tion. At addition levels 50, 100, and 500 µg/g, the respective
amounts of α-tocopherol consumed were 11, 20, and 135 µg/g
while those of γ-tocopherol were 11, 13, and 38 µg/g.

Effect of α- and γ-tocopherols on the formation of primary
products. The controls oxidized without a profound induction
period. Both α- and γ-tocopherols significantly retarded the for-
mation of hydroperoxides in RO TAG at all levels studied and
the effect depended on the concentration (Fig. 2). In the pres-
ence of 5 µg/g of either tocopherol, induction periods between 8
and 12 d occurred, and with 10 µg/g of γ-tocopherol, the induc-
tion period ended between 12 and 16 d. After the induction pe-
riod, the oxidation rate of RO TAG increased remarkably in ac-
cordance with the disappearance of tocopherols (Fig. 1). At ad-
dition levels ≥10 µg/g of α-tocopherol and ≥50 µg/g of
γ-tocopherol, the oxidation of RO TAG remained in the induc-
tion period during the 16-d experiment, which means that the to-
copherols were efficient antioxidants at these levels. 

During the induction period, significantly more hydroper-
oxides were formed in RO TAG with 500 µg/g than with ≤100
µg/g of α-tocopherol, which means that α-tocopherol loses
its activity to inhibit hydroperoxide formation at high concen-
trations. PV were lowest at 10 and 50 µg/g and highest at 500
µg/g of α-tocopherol except for the control, which was oxi-
dized much more (Fig. 2). In fact, the PV of RO TAG with
500 µg/g of α-tocopherol was constantly fourfold that of RO
TAG with 50 µg/g of α-tocopherol. In contrast, an addition
level of 500 µg/g of γ-tocopherol did not significantly in-
crease hydroperoxide formation compared to the lower γ-to-
copherol levels. The PV obtained were lowest at 50 and 100
µg/g of γ-tocopherol and those of samples containing 500
µg/g of γ-tocopherol were only about 40% higher (Fig. 2).
Therefore, according to the concept of Yanishlieva and
Marinova (8), γ-tocopherol is a stronger antioxidant than 
α-tocopherol.

No prooxidative effect of either tocopherol was found at
any addition level. Even at the beginning of oxidation,
tocopherols were antioxidative as the PV of RO TAG after 4
d of oxidation was higher than those with added 500 µg/g of
α- and γ-tocopherols, being 28, 5.8, and 2.5 meq/kg, respec-
tively. It is noteworthy that RO TAG containing 500 µg/g of
α-tocopherol showed higher PV than those containing 5 µg/g
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FIG. 1. Residual (A) α- and (B) γ-tocopherol contents of added 5, ..., 500
µg/g levels during oxidation of rapeseed oil triacylglycerols at 40°C in
the dark for 16 d; 5 (●●), 10 (■■), 50 (▲▲), 100 (◆◆), and 500 µg/g (x) of to-
copherol. Means from two experiments.

FIG. 2. Effect of added (A) α- and (B) γ-tocopherol at 5, ..., 500 µg/g
level on the hydroperoxide formation in the oxidation of rapeseed oil
triacylglycerols at 40°C in the dark for 16 d as measured by peroxide
value (PV); control (●), 5 (●●), 10 (■■), 50 (▲▲), 100 (◆◆), and 500 µg/g (x)
of tocopherol. Means from two experiments.



of α-tocopherol at the initial stage of oxidation, which is a
feature of a low strength antioxidant.

In our experiment, control materials began to oxidize imme-
diately. After 4 d, RO TAG without tocopherols was clearly
more oxidized (PV = 28 meq/kg) than RO TAG with 500 µg/g
of α-tocopherol (PV = 5.8 meq/kg), which means that no initial
prooxidant effect was found when purified RO TAG was used
as control. When comparing RO TAG containing 500 µg/g of
α-tocopherol and that containing 5 µg/g of α-tocopherol, we
saw that the former contained more hydroperoxides at every
time point before 16 d. After 16 d of oxidation, RO TAG with 5
µg/g of α-tocopherol was in the propagation phase while that
with 500 µg/g of α-tocopherol was still in the induction period.
In RO TAG with high levels of α-tocopherol, hydroperoxide for-
mation began at once and increased at a constant rate through-
out the induction period. We think that the judgment of proox-
idativity depends on at least two factors, the first being the
tocopherol content of control materials and the second being the
time of detection. Controls void of tocopherols should be oxi-
dized immediately without an induction period. It may be that
the initial pro-oxidativity found in previous studies (4,20,21)
was due to the presence of residual tocopherols in their controls,
which led to an induction period.

Effect of α- and γ-tocopherols on the formation of sec-
ondary products. Tocopherols significantly retarded the for-
mation of secondary products as measured by AnV (Fig. 3)

and volatile aldehydes (Fig. 4). After 16 d of oxidation, the
AnV and the content of total volatile aldehydes of RO TAG
without tocopherols reached 22 and 290 nmol/g, respectively.
In general, as long as there was α- or γ-tocopherol present,
the AnV remained below 1.5 and volatile aldehydes below 30
nmol/g except for RO TAG containing initially 500 µg/g of
α-tocopherol, which reached an AnV of 3.4 after 16 d of oxi-
dation. Here, the formation of secondary products was negli-
gible compared to the formation of hydroperoxides (PV = 57
meq/kg). In particular, hydroperoxide breakdown to volatile
aldehydes was greatly inhibited. In RO TAG at low levels
(≤10 µg/g) of α- or γ-tocopherol, volatile aldehydes began 
to form before AnV measurements could detect oxidation.
Thus, the AnV and the contents of volatile aldehydes gave
information about secondary products, which are somewhat
different.

Hexanal and heptadienal were the two major volatile alde-
hydes produced in RO TAG with and without tocopherols.
When more than 110 nmol/g of volatile aldehydes was
formed in RO TAG without tocopherols, the relative propor-
tion of hexanal increased more than 40% (Table 1). How-
ever, with ≤10 µg/g of α- or γ-tocopherol, the proportion of 
hexanal was always >40%. Especially α-tocopherol seemed
to have the higher percentage of hexanal.

Comparison of the effects of α- and γ-tocopherols with
each other and their interactions. Tocopherols were mixed in
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FIG. 3. Effect of added (A) α- and (B) γ-tocopherol at 5, ..., 500 µg/g
level on the formation of secondary products in the oxidation of rape-
seed oil triacylglycerols at 40°C in the dark for 16 d as measured by ani-
sidine value (AnV); control (●), 5 (●●), 10 (■■), 50 (▲▲), 100 (◆◆), and 500
µg/g (x) of tocopherol. Means from two experiments.

FIG. 4. Effect of added (A) α- and (B) γ-tocopherol at 5, ..., 500 µg/g level
on the formation of volatile aldehydes in the oxidation of rapeseed oil tri-
acylglycerols at 40°C in the dark for 16 d; control (●), 5 (●●), 10 (■■), 50
(▲▲), and 500 µg/g (x) of tocopherol. Means from two experiments.



equal amounts at the levels of 5 + 5, 10 + 10, and 500 + 500
µg/g to investigate their interactions with each other. The
most striking effect was the change in their stability when
added at ≤10 µg/g (Fig. 5). In a mixture, α-tocopherol pro-
tected γ-tocopherol from oxidation. When each of them was
added separately, γ-tocopherol was oxidized before α-tocoph-
erol, but in a mixture the content of γ-tocopherol was stable
until the α-tocopherol had been consumed. 

The addition of 5 µg/g γ-tocopherol to RO TAG contain-
ing 5 µg/g α-tocopherol increased the antioxidant activity in
the system, but no synergism was found. Instead, the effect
was additive, because the oxidation of RO TAG with the 5 +

5 µg/g mixture had proceeded to between those with 10 µg/g
of either tocopherol. The addition of 10 µg/g of γ-tocopherol
to RO TAG with 10 µg/g of α-tocopherol did not improve the
oxidative stability of the system, which means that there was
no longer an additional beneficial effect from extra tocoph-
erols.

At the low addition levels of tocopherol (≤10 µg/g), α-to-
copherol was more powerful than γ-tocopherol in inhibiting
hydroperoxide formation both alone and in a mixture (Table
2). For example, when an additional 5 µg/g of tocopherol was
added to RO TAG with 5 µg/g of α-tocopherol, additional α-
tocopherol retarded hydroperoxide formation more than did
an equal addition of γ-tocopherol. The final PV were 63
meq/kg (5 µg/g α-tocopherol), 13 meq/kg (10 µg/g α-tocoph-
erol), and 32 meq/kg (5 + 5 µg/g). The most stable material
was RO TAG with 10 µg/g of α-tocopherol. Measurements
of AnV confirm the same trend as that seen with the PV
(Table 2).

When added separately and in a 500 + 500 µg/g mixture,
73 and 66%, respectively, of α-tocopherol remained at the
end of the study. The respective values for γ-tocopherol were
92 and 93%. The residual α-tocopherol content in a mixture
was significantly lower than when added alone at the 500
µg/g level after 16 d of oxidation. This means that at this high
total tocopherol content, α-tocopherol consumption was en-
hanced by the presence of γ-tocopherol. In contrast, the pres-
ence of α-tocopherol did not have an effect on the stability of
γ-tocopherol in a mixture. 

It has been found in an intensively oxidizing system that
α-tocopherol can regenerate γ-tocopheroxyl radicals to γ-to-
copherol (22). γ-Tocopherol alone inhibited hydroperoxide
formation most efficiently. Adding both of the tocopherols
caused more oxidation in RO TAG than when adding either
of them alone, which is understandable as at these high levels
of tocopherols, especially with α-tocopherol, more hydroper-
oxides are formed than at lower concentrations. Others have
found that mixed tocopherols stabilized lard (23) and stripped
corn oil (9) similar to γ-tocopherol alone. As in our study,
Huang et al. (9) found more hydroperoxides with a 500 + 500
µg/g mixture in stripped corn oil than with either of them
alone at 500 µg/g.

At the highest addition level (500 µg/g), γ-tocopherol
alone inhibited hydroperoxide formation and breakdown
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TABLE 1 
Effects of α- and γ-Tocopherols on the Proportions of Hexanal and Heptadienal and Levels of Volatile Aldehydes
in Oxidized Rapeseed Oil Triacylglycerols (RO TAG) at Different Oxidation Timesa

Total volatile aldehydes Hexanal Heptadienal
Material and oxidation time in days (nmol/g) (%) (%)

RO TAG, 4 d * 38 14 31
RO TAG, 8 d * 113 32 22
RO TAG, 16 d * 289 49 13
+ 5 µg/g α-T, 8 d 29 76 7
+ 5 µg/g α-T, 16 d 174 56 10
+ 10 µg/g γ-T, 8 d 25 54 24
+ 10 µg/g γ-T, 16 d 110 41 18
aMeans from two experiments, except for * where it was four. α-T, α-tocopherol; γ-T, γ-tocopherol.

FIG. 5. Interactions of added α- and γ-tocopherols at 5, 10, and 500 µg/g
levels on the stability of (A) α- and (B) γ-tocopherol during the oxidation of
rapeseed oil triacylglycerols at 40°C in the dark for 16 d; 5 µg/g (●●), 10
µg/g (■■) and 500 µg/g (▲▲) one tocopherol, and 5 + 5 µg/g (●), 10 + 10 µg/g
(■), and 500 + 500 µg/g (◆) of each tocopherol in a mixture. Means from
two experiments, except for 10 + 10 µg/g mixture, where it was one.



most efficiently. The final PV and AnV of RO TAG with 500
µg/g of α-tocopherol, γ-tocopherol, and their mixture were
57, 27, and 70 meq/kg and 3.4, 1.3, and 4.3, respectively.

Effects of natural α- and γ-tocopherol levels on unpurified
RO. The importance of tocopherols and other components re-
moved during the purification of RO was confirmed by study-
ing the oxidation of unpurified RO. RO oxidized slightly dur-
ing 28 d at 40°C. The initial PV of 0.2 meq/kg increased to
0.8 meq/kg during the first 20 d and reached 2.1 meq/kg by
the end of the experiment. The formation of secondary oxida-
tion products was negligible. AnV rose only from 1.9 to 2.3;
α- and γ-tocopherol contents in RO remained stable being 170
and 390 µg/g, respectively. Both tocopherols are stable under
these conditions for 28 d and thus they are able to efficiently
retard oxidation. 

Change of antioxidant activity of α- and γ-tocopherols. In
this experiment, both α- and γ-tocopherols were effective an-
tioxidants at all concentrations studied. At low levels (≤50
µg/g), α-tocopherol was more efficient than γ-tocopherol in
terms of inhibiting the formation of both hydroperoxides and
secondary products. However, the efficiency of α-tocopherol
at high levels (>100 µg/g) was less than that of γ-tocopherol,
which was shown by the increased formation of hydroperox-
ides and increased consumption of the tocopherol. That γ-to-
copherol was a better antioxidant than α-tocopherol at high
levels is in agreement with our previous findings using puri-
fied sunflower oil (13).

At lower levels (≤50 µg/g) of tocopherols, tocopherols are
efficiently used up in the reactions with peroxyl radicals and
nonsignificant amounts will be available to participate in side
reactions. Loss of tocopherols remains unexplained since no
kinetic studies have been performed so far on the oxidation
products of tocopherols. It is noteworthy that residual α-
tocopherol contents at addition levels of 5 and 10 µg/g were
higher than those of γ-tocopherol and that lower rates of oxi-
dation were observed in RO TAG containing α-tocopherol
than in those containing γ-tocopherol. At these levels, the de-
struction of tocopherols is due mainly to oxidation reactions
with peroxyl radicals while protecting unsaturated fatty acyls.
Because of its higher hydrogen-donating ability, α-tocopherol
is faster than γ-tocopherol in donating hydrogen to the free
radicals and inhibiting oxidation. On the other hand, γ-
tocopherol is much slower in its reactions with peroxyl radi-
cals, which will lead to a greater progress of lipid oxidation
accompanied by co-oxidation and loss of γ-tocopherol. These

findings are in line with previous results showing that tocoph-
erols are more effective and stable in less oxidizable material
than in highly oxidizable material (4,24). In general, the sta-
bility of γ-tocopherol has been shown to be better than that of
α-tocopherol in enhanced conditions such as at high concen-
tration (25), at high temperatures (23,26), in thin layers
(27,28), and in microwave heating (29). Similarly, the tocoph-
erols were very stable in the unpurified RO used in this study,
where the natural tocopherol mixture together with other an-
tioxidants present retarded oxidation for 28 d.

The change in the order of antioxidant activity of α- and γ-
tocopherol at 100 µg/g accompanied by increased relative for-
mation of hydroperoxides at higher α-tocopherol concentra-
tions supports our previous assumption that α-tocopherol is
consumed both in the antioxidant reaction and in other “side
reactions,” which are not fully understood (13). As α-tocoph-
erol concentration increased, relatively fewer molecules were
used up in the antioxidant reaction and more were available
for side reactions. γ-Tocopherol, being less reactive, partici-
pates less in side reactions. There was a slight increase in hy-
droperoxide formation, compared to the lower addition lev-
els, in the 500 µg/g of γ-tocopherol samples. Studies dedi-
cated to reveal the structures of tocopherol oxidation products
by analytical methodologies (mass spectroscopy, nuclear
magnetic resonance, etc.) and thereafter to the kinetics of to-
copherol consumption in oxidizing polyunsaturated systems
are needed to further clarify this issue.

Volatile aldehydes as an indicator of different reactions of
hydroperoxides. We found that even at the highest α-tocoph-
erol level, where the hydroperoxide contents were remark-
ably higher than those at lower tocopherol levels, no volatile
aldehydes were formed. In the presence of the initial 500 µg/g
of α-tocopherol, hydroperoxides were formed, but they were
also stabilized by α-tocopherol and/or alkoxyl radicals which
formed abstracted hydrogen atoms from α-tocopherol. Thus
β-scission of alkoxyl radicals, which is the most important
volatile aldehyde-forming reaction, was inhibited. This is in
agreement with several investigations (9–11).

The distribution of volatile aldehydes formed indicated
that without tocopherols, the proportion of heptadienal de-
creased and that of hexanal increased during oxidation. In a
previous study (18), we found a similar trend. This could be
explained by the fact that at the beginning of oxidation, there
were more volatile products from the more oxidizable
linolenoyl than from the less oxidizable linoleoyl groups
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TABLE 2 
Comparison of Peroxide Values and Anisidine Values of RO TAG with Added α- or γ-T after 16 d of Oxidation at 40°C in the Darka

Peroxide value Anisidine
(meq/kg) value

RO TAG 5 µg/g α-T 10 µg/g α-T RO TAG 5 µg/g α-T 10 µg/g α-T

RO TAG 166 63 13 RO TAG 21 6.2 1.4 
5 µg/g γ-T 97 32 N.T. 5 µg/g γ-T 11 3.4 N.T.
10 µg/g γ-T 60 N.T. 14* 10 µg/g γ-T 6.0 N.T. 1.3*

aMeans from two experiments, except for * where it was one. Abbreviation: N.T., not tested. For other abbreviations see Table 1.



characterized by heptadienal and hexanal, respectively. As
oxidation proceeds, Park et al. (30) found that the proportion
of hydroperoxides derived from linolenoyl groups in soybean
oil TAG decreased with oxidation time. Another reason for
the increasing levels of saturated aldehydes during oxidation
could be that heptadienal and other unsaturated aldehydes un-
dergo further oxidation and break down, thereby forming
smaller saturated aldehydes (31). It was interesting to dis-
cover that with tocopherols there was always >40% of
hexanal. This could be explained by the controlling effect of
tocopherols in hydroperoxide breakdown.

ACKNOWLEDGMENT

This work was financially supported by the Academy of Finland.

REFERENCES

1. Burton, G.W., and K.U.I. Ingold, Autoxidation of Biological
Molecules. 1. The Antioxidant Activity of Vitamin E and Re-
lated Chain-Breaking Phenolic Antioxidants in Vitro, J. Am.
Chem. Soc. 103:6472–6477 (1981).

2. Kamal-Eldin, A., and L.Å. Appelqvist, The Chemistry and An-
tioxidant Properties of Tocopherols and Tocotrienols, Lipids
31:671–701 (1996).

3. Cillard, J., P. Cillard, and M. Cormier, Effect of Experimental
Factors on the Prooxidant Behavior of α-Tocopherol, J. Am. Oil
Chem. Soc. 57:255–261 (1980).

4. Terao, J., and S. Matsushita, The Peroxidizing Effect of α-To-
copherol on Autoxidation of Methyl Linoleate in Bulk Phase,
Lipids 21:255–260 (1986).

5. Frankel, E.N., Antioxidants in Lipid Foods and Their Impact on
Food Quality, Food Chem. 57:51–55 (1996).

6. Elmadfa, I., and K.H. Wagner, Vitamin E und Haltbarkeit von
Pflanzenölen, Fett/Lipid 99:234–238 (1997).

7. Warner, K., Measurement of Tocopherol Efficacy in Fats and
Oils, in Antioxidant Methodology in vivo and in vitro Concepts,
edited by O.I. Aruoma and S.L. Cuppett, AOCS Press, Cham-
paign, 1997, pp. 223–233.

8. Yanishlieva, N.V., and E.M. Marinova, Inhibited Oxidation of
Lipids I: Complex Estimation and Comparison of the Antiox-
idative Properties of Some Natural and Synthetic Antioxidants,
Fat Sci. Technol. 94:374–379 (1992).

9. Huang, S.W., E.N. Frankel, and J.B. German, Effects of Indi-
vidual Tocopherols and Tocopherol Mixtures on the Oxidative
Stability of Corn Oil Triglycerides, J. Agric. Food Chem.
43:2345–2350 (1995).

10. Satue, M.T., S.H. Huang, and E.N. Frankel, Effect of Natural
Antioxidants in Virgin Olive Oil on Oxidative Stability of Re-
fined, Bleached, and Deodorized Olive Oil, J. Am. Oil Chem.
Soc. 72:1131–1137 (1995).

11. Hopia, A., S.W. Huang, and E.N. Frankel, Effect of α-Tocoph-
erol and Trolox on the Decomposition of Methyl Linoleate Hy-
droperoxides, Lipids 31:357–365 (1996).

12. Lampi, A.M., A. Hopia, and V. Piironen, Antioxidant Activity
of Minor Amounts of γ-Tocopherol in Natural Triacylglycerols,
J. Am. Oil Chem. Soc. 74:549–555 (1997).

13. Fuster, M.D., A.M. Lampi, A. Hopia, and A. Kamal-Eldin, Ef-
fects of α- and γ-Tocopherols on the Autoxidation of Purified
Sunflower Triacylglycerols, Lipids 33:715–722 (1998).

14. Lampi, A.M., A. Hopia, P. Ekholm, and V. Piironen, Method

for the Preparation of Triacylglycerol Fractions from Rapeseed
and Other Oils for Autoxidation Studies, Food Sci. Technol.
25:386–388 (1992).

15. Hyvönen, L., A.M. Lampi, P. Varo, and P. Koivistoinen, Fatty
Acid Analysis, TAG Equivalents as Net Fat Value, and Nutri-
tional Attributes of Commercial Fats and Oils, J. Food Comp.
Anal. 6:24–40 (1993).

16. Shantha, N.C., and E.A. Decker, Rapid, Sensitive, Iron-Based
Spectrophotometric Methods for Determination of Peroxide
Values of Food Lipids, J. AOAC Int. 77:421–424 (1994).

17. Official method AOCS Cd 18–90, p-Anisidine Value, in Offi-
cial Methods and Recommended Practices of the American Oil
Chemists’ Society, 4th edn., American Oil Chemists’ Society,
Champaign, 1990. 

18. Lampi, A.M., and V. Piironen, Dissimilarity of the Oxidations
of Rapeseed and Butter Oil Triacylglycerols and Their Mixtures
in the Absence of Tocopherols, J. Sci. Food Agric. 79:300–306
(1999).

19. Minkkinen, P., Monitoring the Precision of Routine Analyses
by Using Duplicate Determinations, Anal. Chim. Acta 191: 
369–376 (1986). 

20. Jung, M.Y., and D.B. Min, Effects of α-, γ-, and δ-Tocopherols
on Oxidative Stability of Soybean Oil, J. Food Sci. 55:1464–
1465 (1990).

21. Huang, S.W., E.N. Frankel, and J.B. German, Antioxidant Ac-
tivity of α- or γ-Tocopherols in Bulk Oils and in Oil-in-Water
Emulsions, J. Agric. Food Chem. 42:2108–2114 (1994).

22. Niki, E., J. Tsuchiya, Y. Yoshikawa, Y. Yamamoto, and Y.
Kamiya, Oxidation of Lipids. XIII. Antioxidant Activities of α-,
β-, γ-, and δ-Tocopherols, Bull. Chem. Soc. Jpn. 59:497–501
(1986).

23. Parkhurst, R.M., W.A. Skinner, and A. Sturm, The Effect of
Various Concentrations of Tocopherols and Tocopherol Mix-
tures on the Oxidative Stability of a Sample of Lard, J. Am. Oil
Chem. Soc. 45:641–642 (1968).

24. Lampi, A.M., and V. Piironen, α- and γ-Tocopherol as Efficient
Antioxidants in Butter Oil Triacylglycerols, Fett/Lipid 100:292–
295 (1998).

25. Gottstein, T., and W. Grosch, Model Study of Different Antiox-
idant Properties of α- and γ-Tocopherol in Fats, Fat Sci. Tech-
nol. 92:139–144 (1990).

26. Pongracz, G., H. Weiser, and D. Matzinger, Tocopherole—An-
tioxidantien der Natur, Fat Sci. Technol. 97:90–104 (1995).

27. Olcott, H.S., and J. Van der Veen, Comparison of Antioxidant
Activities of Tocol and Its Methyl Derivatives, Lipids 3:
331–334 (1968).

28. Cort, W.M., Antioxidant Activity of Tocopherols, Ascorbyl
Palmitate, and Ascorbic Acid and Their Mode of Action, J. Am.
Oil Chem. Soc. 51:321–325 (1974).

29. Yoshida, H., G. Kajimoto, and S. Emura, Antioxidant Effects of
d-Tocopherols at Different Concentrations in Oils During Mi-
crowave Heating, J. Am. Oil Chem. Soc. 70:989–995 (1993).

30. Park, D.K., J. Terao, and S. Matsushita, The Isomeric Composi-
tion of Hydroperoxides Formed by Autoxidation of Unsaturated
Triglycerides and Vegetable Oils, Agric. Biol. Chem. 45:
2071–2076 (1981).

31. Grosch, W., Reaction of Hydroperoxides—Products of Low
Molecular Weight, in Autoxidation of Unsaturated Lipids. Food
Science and Technology. A Series of Monographs, edited by
H.W.S. Chan, Academic Press, London, 1978.

[Received September 21, 1998; accepted February 7, 1999]

ANTIOXIDANT ACTIVITIES OF TOCOPHEROLS 755

JAOCS, Vol. 76, no. 6 (1999)


