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ABSTRACT: The effect of o-tocopherol («TOH) (50-2000
ppm), y-tocopherol (yYTOH) (100-2000 ppm), and §-tocopherol
(0TOH) (100-2000 ppm) on the formation and decomposition
of hydroperoxides in purified fish oil triacylglycerols (TAG) was
studied. The tests were conducted at 30°C in the dark. Purified
fish oil TAG oxidized very rapidly with no apparent induction
period. The relative ability of the tocopherols to retard the for-
mation of hydroperoxides decreased in the order aTOH >
YTOH > 8TOH at a low level of addition (100 ppm), but a re-
verse order of activity was found when the initial tocopherol
concentration was 1000 ppm. This dependence of relative an-
tioxidant activity on tocopherol concentration was caused by
the existence of concentrations for maximal antioxidant activity
for oTOH and for yTOH. An inversion of activity, on the basis
of hydroperoxide formation, was observed for «aTOH at 100
ppm and for yTOH at 500 ppm, whereas the antioxidant activ-
ity of STOH increased with level of addition up to 1500-2000
ppm. None of the tocopherols displayed any prooxidant activ-
ity. All three tocopherols strongly retarded the formation of
volatile secondary oxidation products in a concentration-de-
pendent manner. At concentrations above about 250 ppm there
appeared to be a linear relationship between rate of consump-
tion of aTOH and initial aTOH concentration, in accordance
with the linear relationship observed between the initial rate of
formation of hydroperoxides and the initial «TOH concentra-
tion. The rate of consumption of YTOH also increased with ini-
tial concentration, but to a lesser extent than for o« TOH. At high
levels of addition the rate of consumption of 3TOH was inde-
pendent of initial concentration, appearing to reflect the greater
stability of this tocopherol homolog and participation in reac-
tions with lipid peroxyl radicals only.
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Long-chain n-3 fatty acids play an important role in human de-
velopment and in the prevention and treatment of disease (1).
The content of such fatty acids renders fish oils highly suscep-
tible to oxidation. Fishy off-flavors develop rapidly during stor-
age, and adequate antioxidant protection is essential for the
successful utilization of these oils in food products. Unlike
most vegetable oils, o-tocopherol (TOH) is generally the only
tocopherol homolog naturally present in oils from wild fish
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(2,3). In the case of phospholipid-rich fish membranes, o TOH
may be regarded as essential because it fits better than the other
tocopherols into the bilayers of such animal tissues (4).

The antioxidant activities of the tocopherols in vegetable oil
models have been thoroughly studied. Although the effective-
ness and relative antioxidant activity of the tocopherols in oils
are generally regarded as being dependent on both the charac-
teristics of the lipid substrate and the experimental conditions
(5,6), y-tocopherol (YTOH) and &-tocopherol (dTOH) have fre-
quently been found to be superior to «TOH (7-9). An inver-
sion of activity may take place at certain tocopherol concentra-
tions, above which an increase in the rate of lipid autoxidation
occurs, and at sufficiently high levels of addition prooxidant
effects have been observed, particularly with o« TOH (10-12).
Tocopherol efficiency and relative order of antioxidant activity
have been demonstrated to vary with the degree of unsatura-
tion of the substrate (13,14). Inversion of activity of o TOH was
observed at a somewhat lower concentration in butter oil tria-
cylglycerols (TAG) (15) than in the more oxidizable rapeseed
oil TAG (16), suggesting an increased tocopherol requirement
for optimal activity with degree of substrate unsaturation. The
level of TOH in fish oils is reduced by at least half by com-
mercial refining and deodorization, generally to below 100
ppm, and for food use relatively high levels of natural antioxi-
dants, often several thousand ppm o:TOH or mixed tocopher-
ols, are added in order to protect the product oil. The findings
in vegetable oils have suggested that a reduction in tocopherol
concentration may be beneficial.

The majority of studies on properties of antioxidants in
fish oils have been accelerated by elevated temperatures
(17-19), and/or activities have been compared at one antioxi-
dant concentration only (13,17,20). The reaction mechanisms
for oxidation and hydroperoxide decomposition are known to
change with temperature (21), and results obtained at high
temperatures may thus not be directly transferable to ambient
conditions. Also, results from vegetable oils suggest that an-
tioxidant activities of the tocopherols in fish oil should be
evaluated over a wide concentration range. Ternary blends of
tocopherols, lecithin, and ascorbyl palmitate have been found
to retard autoxidation in fish oils efficiently (19,22). Informa-
tion on the properties of the individual tocopherols is also
important when developing antioxidant systems containing
other antioxidants in addition to tocopherols. The cost is
an important consideration when deciding what antioxidant(s)
to use in fish oils and n-3 concentrates as well as in aqua-
culture feeds containing fish oil; commercial tocopherol
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blends generally are less expensive than the natural d-aTOH
products.

Few autoxidation studies have measured the effect of an-
tioxidants on the decomposition of hydroperoxides, yet the
volatile products formed are very relevant to the development
of rancidity in an oil. The objectives of this work were
to study, in a purified fish oil TAG fraction, the effect of
d-oTOH, d-yTOH, and d-6TOH, individually, over a wide
concentration range on the rate of formation of both hy-
droperoxides and volatile secondary oxidation products.
Minor natural antioxidant constituents in an oil, and catalysts
such as metal ions and preformed oxidation products, are
known factors in lipid autoxidation, and catalysts have also
been suggested to induce the sometimes observed prooxidant
effect of aTOH (6). Purification of the fish oil by column
chromatography thus allows better control over factors that
influence the autoxidation process.

EXPERIMENTAL PROCEDURES

Materials. Anchovy oil (refined, deodorized, and winterized)
was from Pronova Biocare (Sandefjord, Norway). The d-oTOH
(purity 299%) and the d-YTOH (purity 295%) were supplied by
Acros (Ghent, Belgium), and the d-6TOH was from Sigma (St.
Louis, MO; purity 290%). The oTOH product contained no
other tocopherols, whereas the YTOH and the STOH contained
1.5 and 3.3% other tocopherols, respectively, as determined by
high-performance liquid chromatography (HPLC). Silica gel
was purchased from Aldrich (Milwaukee, WI), Celite 545 from
Supelco (Bellefonte, PA), and activated carbon from Fisher Sci-
entific (Fair Lawn, NJ). All solvents were analytical grade.

Oil purification. The refined fish oil was further purified
using a modified version of a previously reported multilayer
chromatographic method (23). A chromatographic column
(60 x4 cmi.d.) was packed sequentially with four adsorbents,
all suspended in hexane. The bottom layer was 40 g activated
silica gel (60-200 mesh), which had been washed with dis-
tilled water and with methanol before activation. The next
two layers were 40 g of a 1:2 mixture of Celite 545/activated
carbon (50-200 mesh) and 40 g of a 1:2 mixture of Celite
545/granulated sugar. The top layer was 40 g of activated sil-
ica gel. The oil (230 g) was dissolved in hexane (230 mL) and
applied to the column. Eluent was collected under N, until all
the oil solution had been drawn down into the column. The
product solution was stripped of hexane by bubbling N,
through it. This kept the solution cold and retarded onset of
autoxidation of the purified TAG. The hexane concentrations
in the oil samples after stripping ranged from 0.02 to 0.2 ppm,
as determined by static headspace gas chromatography (GC)
as later described for volatile oxidation products, but with
hexane as external standard. The chromatographic column
and flasks used for collecting product and removal of hexane
were covered with aluminum foil to prevent light-induced ox-
idation during the purification process. The purified oil was
colorless and odorless, and components more polar than tri-
acylglycerols, such as mono- and diacylglycerols and pre-
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formed oxidation products, were removed. The level of
hydroperoxides was <0.5 meq/kg as determined by the per-
oxide value (POV), and the p-anisidine value (pAV) was
0.2. The iron content was 15 ng/mL, while the copper content
was <10 ng/mL. No oTOH could be detected in the purified
oil (limit of detection 1 ppm). The major fatty acids were 14:0
(6.9%), 16:0 (16.1%), 16:1n-7 (9.2%), 18:1n-9 (8.9%),
20:5n-3 [eicosapentaenoic acid (EPA), 15.6%], and 22:6n-3
[docosahexaenoic acid (DHA), 9.8%].

Oxidation tests. Purified fish oil TAG samples containing
oTOH (50-2000 ppm), YTOH (100-2000 ppm), or dTOH
(1002000 ppm) were prepared immediately following oil pu-
rification. An oil sample with 100 ppm o'TOH was included in
the storage experiments with YTOH and §TOH for direct com-
parison of their activities. The tocopherols were first dissolved
in hexane and the concentrations determined spectrophotomet-
rically as described in AOCS method Ce 8-89 (24). Accurate
amounts of the tocopherols were added to the oil samples by
transferring known volumes of the tocopherol solutions to
glass flasks and evaporating the solvent under a stream of N,
before adding the desired amount of oil. The antioxidants were
mixed with the oil by bubbling N, through the samples for 20
min, and tocopherol concentrations were verified by HPLC
analysis. Portions (1.5 g) of the different oil treatments were
stored in 20-mL uncapped glass vials (40 X 25 mm i.d.) in the
dark in a thermostatted oven at 30°C. Triplicate portions of
each oil treatment were removed from the oven at regular in-
tervals for analysis of hydroperoxides (by determination of
conjugated dienes), volatile secondary oxidation products (as
C3-aldehydes), and residual tocopherol content.

Analyses. Fatty acid composition was determined by cap-
illary GC with flame-ionization detection of the methyl esters
prepared by transesterification using BF;/methanol (25). The
POV was measured according to AOCS method Cd 8b-90
(24) using a 1:10 dilution of the Na,S,0;-solution, and the
pAV was measured according to AOCS method Cd 18-90
(24). Percentage of TAG in the oil was determined by Ia-
troscan analysis according to the method of Sigurgisladottir
et al. (25). The iron and copper contents were determined by
electrothermal atomic absorption spectrophotometry equip-
ment with Zeeman background correction. The oil samples
were dissolved in methyl isobutyl ketone and diluted with 2-
propanol. Ammonium hydrogen phosphate and magnesium
nitrate dissolved in 2-propanol were used as the matrix modi-
fiers in the determination of iron. Acidified palladium nitrate
and magnesium nitrate dissolved in 2-propanol were used as
the matrix modifiers in the determination of copper.

Conjugated dienes were determined by dissolving weighed
oil samples (approximately 30 mg) in isooctane (50 mL) and
reading the sample absorbance at 234 nm using a Hewlett-
Packard HP 8453 UV-Visible spectrophotometer (Palo Alto,
CA). The El%1 «m Was calculated from the absorbance reading
and the sample oil concentration, and the result is reported for
each study as the increase from the measurement obtained at
time zero. Tocopherol concentrations were determined by
normal-phase HPLC with fluorescence detection according to
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AOCS method Ce 8-89 (24), with the exception that a Partisil
5 um column (11 cm x 4.7 mm; Whatman, Clifton, NJ),
equipped with a guard column, was used.

Propanal is one of the major volatile secondary oxidation
products of n-3 fatty acids, and may be analyzed by static
headspace GC as a marker of the formation of this complex
group of oxidation products (26). Oil samples (0.50 g) in 10-
mL crimp-sealed glass vials were equilibrated for 20 min at
40°C in an oven. A headspace sample (1.0 mL) was manually
injected, using a heated gas-tight syringe, into a PerkinElmer
Sigma 3B GC (Norwalk, CT) equipped with a capillary SPB-
1701 column (14% cyanopropylphenyl, 86% dimethylsilox-
ane, 30 m X 0.32 mm i.d., 1 um phase; Supelco, Bellefonte,
PA) and a flame-ionization detector. The analysis was isother-
mal at 70°C. Propanal was identified by comparison of the re-
tention time with that of an authentic reference sample on two
GC columns of different polarity; however, it was discovered
that 2-propenal, another volatile oxidation product from n-3
fatty acids, coeluted with propanal on the SPB-1701 column.
C3-aldehydes (propanal + 2-propenal) are therefore reported
as a marker of volatile secondary oxidation products and
quantified by comparison of the peak area with that of an ex-
ternal standard of propanal in sunflower oil. The repeatability
of the method was considered good, as the coefficient of vari-
ation from the analyses of the standard, in triplicate, ranged
from 0.7 to 2.7%.

The data for hydroperoxide formation at the different sam-
pling times were evaluated using a t-test. Initial hydroperox-
ide formation refers to the results obtained at day 2 of stor-
age. The data for tocopherol consumption were evaluated by
analysis of variance, followed by Tukey's test for multiple
comparisons, using StatMost™ (DataMost Corporation, Salt
Lake City, UT). Differences in treatment means were consid-
ered significant when P < 0.05. When studying the effect of
aTOH, the induction periods were estimated as the storage
time when an abrupt increase in oxidation rate was observed.
For the samples that remained in the induction period
throughout the experiment, the induction period was esti-
mated by extrapolating the curve for tocopherol consumption
to zero level.

RESULTS AND DISCUSSION

Effect of a-, v-, and STOH on formation of hydroperoxides
and C3-aldehydes. Formation of hydroperoxides in purified
fish oil TAG was very rapid with no apparent induction pe-
riod (Fig. 1A). The oTOH retarded the formation of both hy-
droperoxides and volatile secondary oxidation products at all
levels of addition. In the presence of 50 ppm otTOH, the rate
of formation of hydroperoxides increased rapidly after an in-
duction period of about 4 d (Fig. 1A). Further addition of
oTOH to 100 ppm had no significant effect on the amount of
hydroperoxides initially formed (day 2 of storage), but the in-
duction period was extended by about 2 d. In the presence of
>100 ppm o'TOH, there was a significant increase in the ini-
tial formation of hydroperoxides, and the difference in oxida-
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FIG. 1. Storage of purified fish oil triacylglycerols with different levels
of a-tocopherol (a«TOH) at 30°C in the dark: (A) formation of conju-
gated dienes, (B) formation of C3-aldehydes. Data points are means +
standard deviation (n = 3).

tive status between the samples increased with storage time.
Hence, of the concentrations tested, * TOH displayed an in-
version of activity at 100 ppm. Contrary to the effect on the
formation of hydroperoxides, the amount of C3-aldehydes
formed decreased with increasing o«'TOH concentration (Fig.
1B). The formation of C3-aldehydes in purified fish oil TAG
with no antioxidant was very rapid (26 ppm after 2 d of stor-
age) and is not included in Figure 1B. The induction periods
were in accordance with those observed for the formation of
hydroperoxides.

The YTOH retarded both hydroperoxide and C3-aldehyde
formation at all levels of addition (Fig. 2). The levels of hy-
droperoxides formed at 500 ppm YTOH were significantly
lower than those of the other oil samples containing YTOH
after 4 d of storage and up to the end of the induction period
(Fig. 2A), and an inversion of activity of YTOH occurred at
this concentration. The initial hydroperoxide formation (day
2 of storage) was lower in the sample with 100 ppm oTOH
than at either of the YTOH concentrations tested. As was
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FIG. 2. Storage of purified fish oil triacylglycerols with different levels

of y-tocopherol (YTOH) at 30°C in the dark: (A) formation of conjugated

dienes, (B) formation of C3-aldehydes. Data points are means =+ stan-
dard deviation (n = 3).

found for a’TOH, yTOH inhibited the formation of C3-alde-
hydes in a concentration-dependent manner (Fig. 2B).

As was found for oTOH and yTOH, 8TOH retarded the
formation of hydroperoxides and C3-aldehydes at all levels
of addition (Fig. 3). The antioxidant activity increased with
OTOH concentration up to 1500 ppm, when no further im-
provement of oil stability was obtained. At 100 ppm 6TOH,
accumulation of both hydroperoxides and C3-aldehydes was
rapid while the samples were still in the induction period,
which ended after 6 d of storage. The difference in the induc-
tion period between the samples with 100 ppm oTOH and
100 ppm dTOH was small, but o TOH at this concentration
was a much better inhibitor of both hydroperoxide and C3-
aldehyde formation than 6TOH.

As in purified fish oil TAG, an inversion of activity of
oTOH, on the basis of hydroperoxide formation, was ob-
served at 100 ppm in corn oil (10), soybean oil (12), purified
rapeseed oil TAG (16), and olive oil (27). A limited number
of antioxidant concentrations were tested in all these studies,
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FIG. 3. Storage of purified fish oil triacylglycerols with different levels
of 3-tocopherol (§TOH) at 30°C in the dark: (A) formation of conjugated
dienes, (B) formation of C3-aldehydes. Data points are means =+ stan-
dard deviation (n = 3).

as well as in the present study, and the true optimal concen-
trations may thus vary somewhat among the different veg-
etable oils and between vegetable oils and the highly oxidiz-
able fish oil. The concentration for maximum antioxidant ac-
tivity of YTOH found in this study (500 ppm) was somewhat
higher than what was observed in other fats and oils (10,12,
15,16). In addition to the degree of unsaturation, the sub-
strates previously studied are likely to have differed with re-
gard to concentration of minor constituents expected to influ-
ence the autoxidation process, as well as storage conditions.
Taking this into account, the influence of substrate composi-
tion on the concentrations for maximum tocopherol activity
appears to be small. The antioxidant effectiveness of STOH
in corn oil increased with concentration (11), in accordance
with the results in purified fish oil TAG.

In this study, all three tocopherols retarded the formation
of C3-aldehydes, and the antioxidant activity on the basis of
these volatile secondary oxidation products increased with to-
copherol concentration. A discrepancy between the effect of
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tocopherols on hydroperoxide formation and hexanal forma-
tion was previously found in corn oil (10,11), and, recently,
the same phenomenon was observed in purified rapeseed oil
TAG (16). Hopia et al. (28) found that «TOH markedly in-
hibited the decomposition of methyl linoleate hydroperoxides
and the formation of hexanal in a concentration-dependent
manner. In addition to stabilizing the hydroperoxides, « TOH
was suggested to be an effective inhibitor of B-scission of
alkoxyl radicals by hydrogen donation to form stable methyl
linoleate hydroxy compounds. It is likely that the formation
of propanal, also a product of B-scission of an alkoxyl radi-
cal, is inhibited according to the same mechanism.

The flavor of fish oil has been found to deteriorate rapidly
during storage, although the levels of hydroperoxides, as POV,
remain low (22). Propanal and 2-propenal are two of the major
volatile secondary oxidation products from n-3 fatty acids and
can easily be analyzed by static headspace GC as markers of
hydroperoxide decomposition in fish oils. However, secondary
oxidation products with higher molecular weight, such as 4-
hexenal and the 2,4,7-decatrienals, are thought to be more in-
fluential with regard to the development of rancid flavor in fish
oils, even though only present at trace levels (29). In order to
study the effect of the individual tocopherols on the formation
of these longer-chain oxidation products, a more sophisticated
dynamic headspace method is required.

Tocopherol consumption. The consumption of the tocoph-
erols during storage appeared to be characterized by an initial
low rate of consumption followed by a more rapid loss of
oTOH after about 2 d of storage, after 4 d of storage for
YTOH, and after 6 d of storage for 8TOH (results not shown).
Complete consumption of the antioxidant was reached at the
end of the induction periods. An additional sample with 100
ppm o.TOH was included when studying the properties of
YTOH and 8TOH. The rates of consumption of o TOH in the
three storage experiments were not significantly different, and
the tocopherol data were therefore directly compared. The
overall rates of consumption of o TOH and YTOH (ppm/d)
were strongly correlated with the amount of tocopherol added
(Fig. 4). Above a certain initial concentration (about 250 ppm
for o TOH and 500 ppm for YTOH) the relationships appear
linear, the value of the slope being highest for aTOH. The
rate of consumption of dTOH reached a constant value of
about 50 ppm/d (6TOH = 1000 ppm) and became indepen-
dent of the initial tocopherol concentration.

Relative order of antioxidant activity. At 100 ppm, the
order of antioxidant activity of the tocopherols was oTOH >
YTOH > 3TOH on the basis of the formation of both hy-
droperoxides and C3-aldehydes, corresponding to the reverse
of the order of the rate of consumption of the antioxidant
(Fig. 4; P < 0.05). When added at a level of 1000 ppm, the to-
copherols retarded hydroperoxide formation in the order
OTOH > yTOH > aTOH, again corresponding to the reverse
of the order of the rate of tocopherol consumption (Fig. 4).
These findings were confirmed in a separate storage experi-
ment (Kulas, E., and R.G. Ackman, unpublished results).

The tocopherols retard lipid autoxidation mainly by donat-
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FIG. 4. Relationships between average rate of consumption of o-, y-,
and §-tocopherol (TOH) and initial TOH concentration in purified fish
oil triacylglycerols.

ing a hydrogen atom to a lipid peroxyl radical, forming hy-
droperoxides and tocopheroxyl radicals (TO-), and subse-
quent reaction of TO- with a second lipid peroxyl radical to
peroxy tocopherones (6). The o TOH structurally is expected
to be more potent as a hydrogen donor than YTOH, which in
turn is expected to be more potent than dTOH. Their oxida-
tion-reduction potentials support this order of hydrogen-do-
nating power (6), and o’TOH is, in fact, regarded as one of the
best chain-breaking phenolic antioxidants known (30,31). At
low concentrations in the purified fish oil TAG, its hydrogen-
donating ability made oTOH a strong antioxidant, while
higher levels of YTOH and TOH were required to inhibit hy-
droperoxide formation adequately. An o'TOH-mediated accu-
mulation of hydroperoxides, in accordance with the findings
in this study, was explained by the participation of «TOH or
aTO- in reactions other than with lipid peroxyl radicals
(6,10,32). The mechanisms and relative importance of these
side reactions are not fully understood but may involve chain-
transfer reactions with intact lipid molecules and preformed
hydroperoxides, direct reaction with oxygen, and interactions
with transition metal ions. The assumption that « TOH/oTO-
participates in side reactions is in accordance with the high
rate of tocopherol consumption observed at high initial « TOH
concentrations in this study. The YTOH, being a less active
hydrogen-donor than o’TOH, is to a lesser extent consumed
in side reactions. The even more stable TOH does not ap-
pear to participate in side reactions, as the rate of tocopherol
consumption became independent of the level of addition.
The tocopherols were found to effectively retard the forma-
tion of volatile secondary oxidation products in the purified
fish oil TAG. Based on these findings, it is considered likely
that, in addition to the participation of TOH/TO- in certain
side reactions, protection of the already formed hydroperox-
ides also contributed to the observed accumulation of these at
high concentrations of TOH and of YTOH.
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The oTOH, at concentrations tested in this study, was pre-
viously found to exert a prooxidant effect in various lipid sys-
tems (10,12), including fish oils (20,22). No prooxidant effect
was observed for either tocopherol at any of the levels of ad-
dition to purified fish oil TAG in the present study. These re-
sults support the findings in purified rapeseed oil TAG (16)
and purified sunflower oil TAG (32), where «TOH and yTOH
were antioxidants at all levels tested (<2000 ppm). The main
reason for these contradictory findings is likely to be differ-
ences in the stability of the control oil, as even minor amounts
of tocopherol have been shown to retard oxidation of TAG
(33). Purification by column chromatography leaves the con-
trol oil devoid of any tocopherol, and the autoxidation of fish
oil TAG is very rapid and with no apparent induction period.

The influence of the method used for evaluation of antioxi-
dant efficiency on the results that may be obtained is illus-
trated in Figure 5, where the induction periods, as well as ini-
tial rates of formation of conjugated dienes and C3-aldehydes,
are plotted vs. initial *TOH concentration. In a previous study
we found that the level of hydroperoxides in purified fish oil
TAG with tocopherol increased in a linear manner with stor-
age time early in the storage period (<3 d). Initial rates of hy-
droperoxide formation in the present study were therefore es-
timated from the data obtained after 2 d of storage. Above
about 250 ppm otTOH there appears to be a linear relationship
between the initial rate of hydroperoxide formation and the
oTOH initial concentration, in accordance with the linear re-
lationship observed between the rate of « TOH consumption
and the amount of o’TOH added (Fig. 4). The induction period,
on the other hand, increased in a curvilinear fashion with
oTOH concentration and was not greatly reduced by addi-
tional TOH (above 500 ppm). This can be explained by the
high rate of o TOH consumption in this concentration range
(Fig. 4). The stabilization of hydroperoxides by o'TOH and re-
tardation of C3-aldehyde formation is also apparent from Fig-
ure 5. The C3-aldehyde curve appears to be a mirror image of
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FIG. 5. Comparison of the induction period and initial rates of forma-
tion of conjugated dienes and C3-aldehydes in purified fish oil triacyl-
glycerols with different levels of «TOH. Initial rates of formation of oxi-
dation products were estimated from the data obtained after 2 d of stor-
age. See Figure 1 for abbreviation.
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the induction period curve, and we suggest that, at relatively
high rates of hydroperoxide formation (0TOH > 500 ppm), in-
hibition of hydroperoxide decomposition is somewhat re-
duced. This trend was also evident later in the storage period
when the C3-aldehyde concentrations were higher. From these
observations it appears that, when oTOH is the only antioxi-
dant added, an oTOH concentration of 500 ppm is a good
compromise between the formation of hydroperoxides and the
formation of volatile secondary oxidation products.
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