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ABSTRACT: Menhaden oil was purified by column chroma-
tography to remove minor components. The effect of o-tocoph-
erol (aTOH) (50-500 ppm) on the rate of formation of hy-
droperoxides in the original menhaden oil and in the purified
menhaden triacylglycerol (TAG) fraction was studied at 30°C in
the dark. An increase in the initial rate of formation of hydroper-
oxides was observed at aTOH concentrations above 100 ppm
in both substrates. The original menhaden oil oxidized more
rapidly than the purified menhaden TAG at all antioxidant lev-
els tested, and the presence of minor components in the men-
haden oil was found to contribute only to a limited extent to the
peroxidizing effect of aTOH. The aTOH did not display any
prooxidant activity at either of the concentrations tested when
the control oil was the purified menhaden TAG. Addition of
ascorbyl palmitate eliminated the initial peroxidizing effect of
oTOH, and this emphasizes the participation of the o-toco-
pheroxyl radical in the reactions causing an accumulation of
hydroperoxides at high concentrations of o« TOH.
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The polyunsaturated fatty acids (PUFA) in fish oils are highly
susceptible to oxidation. Lipid oxidation during processing
and storage leads to the formation of undesirable fishy flavors,
and adequate antioxidant protection is essential for successful
utilization of fish oils. The order of antioxidant activity of the
tocopherols in many lipid systems has been found to be 8-to-
copherol (0TOH) > y-tocopherol (YTOH ) > c-tocopherol
(aeTOH) (1-3). However, o’TOH is the tocopherol homolog
displaying the highest activity as vitamin E (1). As the physio-
logical tocopherol requirement is a function of the type and
amount of fatty acids ingested (4), the intake of fish oil and
other PUFA supplements requires a high intake of vitamin E
to protect the body lipids from in vivo peroxidation. It is there-
fore likely that o TOH will remain important as an antioxidant
additive to fish oils for human consumption. Means to increase
the in vitro antioxidant activity of o TOH is thus highly rele-
vant in the effort to improve the stability of fish oils.
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The antioxidant activity of the tocopherols does not in-
crease linearly with concentration, and at sufficiently high
levels of addition an inversion of activity may take place. The
mechanism responsible for the inversion of o TOH activity,
which has sometimes been found to induce a prooxidant ef-
fect, has not been clarified. This accumulation of hydroper-
oxides at high oaTOH concentrations, which has been ob-
served in many different lipid systems, has been suggested to
be the result of the participation of TOH and/or the a-toco-
pheroxyl radical (0TO-) in reactions other than with fatty acid
peroxyl radicals (1,5,6). These so-called side reactions may
include the interaction with minor oil constituents such as
metal ions and preformed hydroperoxides, the generation of
new radicals during tocopherol oxidation to the quinone and
epoxy quinones, direct reaction with oxygen, and chain trans-
fer with intact fatty acids or hydroperoxides.

The antioxidant properties of «TOH in vegetable oils and
fats have been thoroughly studied. In corn oil, an inversion of
antioxidant activity on the basis of hydroperoxide formation
was found at 100 ppm oTOH, and oTOH showed a slight
prooxidant effect at 250 ppm and higher (7). Similar results
were obtained in soybean oil (8). Lampi et al. (9) also observed
a relative increase in hydroperoxide formation in purified rape-
seed oil triacylglycerols (TAG) at «TOH concentrations higher
than 100 ppm; however, contrary to the previously mentioned
findings, TOH was found not to display prooxidant activity
in the purified TAG when compared to the purified control oil
with no antioxidant. This is in accordance with a study by
Fuster et al. (10) using purified sunflower TAG, where o TOH
was an antioxidant at concentrations as high as 2,000 ppm.
These authors suggested that «TOH is not a prooxidant per se
but may act as a prooxidant synergist (or cooxidant) when pres-
ent at high concentrations together with known prooxidants
such as transition metal ions or lipid hydroperoxides.

The objectives of this work were to study the influence of
oTOH on the rate of formation of hydroperoxides in fish oil,
and to determine the extent to which minor fish oil compo-
nents, as well as the food-acceptible antioxidants citric acid
and ascorbyl palmitate, interact with «TOH to change its ef-
fectiveness as an antioxidant. Purification by column chro-
matography removes the majority of antioxidant and prooxi-
dant molecules normally present in an oil, and the use of the
purified TAG fraction as the substrate thus allows better con-
trol over factors known to influence the autoxidation process.
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EXPERIMENTAL PROCEDURES

Materials. Menhaden oil, refined and bleached, was from
Omega Protein (Reedville, VA). Immediately upon arrival,
the oil was stored at —30°C, and before use it was held at
room temperature overnight. The d-o-tocopherol (purity =
99%) was supplied by Acros (Ghent, Belgium), citric acid
(purity = 99.9%) by Fisher (Fair Lawn, NJ), and ascorbyl
palmitate (purity = 95%) by Sigma (St. Louis, MO). The
oTOH product contained no other tocopherol homologs as
verified 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. All solvents were analytical grade.

Oil purification. Menhaden oil was purified using a modi-
fied version of a previously reported multilayer chromato-
graphic method (11). A chromatographic column (60 X 4 cm
i.d.) was packed sequentially with four adsorbents, all sus-
pended in hexane. The bottom layer was 40 g activated silica
gel (60-200 mesh), which had been washed with distilled
water and with methanol before activation. The next two lay-
ers 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/gran-
ulated sucrose. The top layer was 40 g of activated silica 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 de-
termined by static headspace gas chromatography (GC) ac-
cording to the method for analysis of volatile secondary lipid
oxidation products by Huang et al. (7) . The chromatographic
column and flasks used for collecting product and removal of
hexane were covered with aluminum foil to prevent light-in-
duced oxidation during the purification process. The purified
menhaden TAG were analyzed with regard to fatty acid com-
position, remaining ’TOH, primary oxidation products (as
the peroxide value; POV), secondary oxidation products (as
the p-anisidine value; pAV), %TAG, color, and the concen-
trations of iron and copper.

Analyses. Fatty acid compositions were determined by
capillary GC with flame-ionization detection (FID) of the
methyl esters prepared by transesterification using BF,-
methanol (12). The POV was measured according to Ameri-
can Oil Chemists’ Society (AOCS) method Cd 8b-90 (13)
using a 1:10 dilution of the Na,S,0, solution, and pAV was
determined according to AOCS method Cd 18-90 (13). Color
intensity was measured by reading the oil absorbance against
isooctane at 460 nm using a Hewlett-Packard HP 8453 UV-
Visible spectrophotometer (Palo Alto, CA). Lipid composi-
tions of menhaden oil and menhaden TAG fractions were de-
termined by latroscan thin-layer chromatography-FID ac-
cording to the method of Sigurgisladottir et al. (12). The iron
and copper contents were determined by electrothermal
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atomic absorption spectrophotometry equipment with Zee-
man background correction. The oil samples were dissolved
in methyl isobutyl ketone and diluted with 2-propanol. Am-
monium hydrogen phosphate and magnesium nitrate dis-
solved in 2-propanol were used as the matrix modifiers in the
determination of iron. Acidified palladium nitrate and mag-
nesium nitrate dissolved in 2-propanol were used as the ma-
trix 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. The E 1%1 em
was calculated from the absorbance reading and the sample
oil concentration, and the result is reported as the increase
from the measurement obtained at time zero of that particular
experiment. Normal-phase HPLC with fluorescence detec-
tion, according to AOCS method Ce 8-89 (13), was used to
measure o'TOH, with the exception that a Partisil 5-um col-
umn (11 cm x 4.7 mm; Whatman, Clifton, NJ), equipped with
a guard column, was employed.

Oxidation tests. Antioxidant was added immediately fol-
lowing oil purification. The o’TOH was dissolved in hexane
and the concentration determined spectrophotometrically as
described in AOCS method Ce 8-89 (13). Accurate amounts
of aTOH were added to the oil by transferring a known vol-
ume of ’TOH solution to a glass flask and evaporating the
solvent under a stream of N, before adding the desired
amount of oil. The TOH was then mixed with the oil by bub-
bling N, through the samples for 20 min, and oTOH concen-
trations were verified by HPLC as already described. Citric
acid and ascorbyl palmitate were added to the purified oils as
freshly prepared solutions in acetone, the solvent being im-
mediately removed by N, stripping. This allowed antioxidant
addition without having to heat the oil samples. Portions
(1.5 g) of the different oil samples were stored in 20-mL un-
capped glass vials (40 X 25 mm i.d.) at 30°C in the dark in a
thermosttated oven. Triplicate portions of each oil treatment
were removed from the oven at regular intervals for analysis
of conjugated dienes and, when evaluating the effect of ascor-
byl palmitate, for analysis of residual «TOH as well.

Preliminary oxidation tests, scanning the effectiveness of
a wide range of oTOH concentrations (0-2,000 ppm),
showed a change in the activity of o« TOH in the lower part of
the concentration range. Accordingly, the oxidative stabilities
of samples of menhaden oil and purified menhaden TAG with
50, 100, 250, and 500 ppm ocTOH were compared. Purified
menhaden TAG were then used as the substrate in the follow-
ing experiments: (i) a study of the effect of addition of citric
acid (50 ppm) on the stability of the substrate with 0, 50, 100,
250, and 500 ppm o'TOH, (ii) a study of the effect of addition
of ascorbyl palmitate (250 ppm) on the stability of the sub-
strate with 0, 100, 250, and 500 ppm oeTOH.

Statistical analysis. The initial rates of hydroperoxide for-
mation, R, were estimated by linear regression of the hydroper-
oxide levels on storage time (storage time < 3 d) using Stat-
Most™ (DataMost Corporation, Salt Lake City, UT). The slope
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estimates were compared using a #-test. Rates of hydroperox-
ide formation were considered different when P < 0.05.

RESULTS AND DISCUSSION

Purification of menhaden oil. Menhaden oil and purified men-
haden TAG were characterized with regard to content of
eicosapentaenoic acid and docosahexaenoic acid, oxidation
products, lipid composition, color, 0 TOH concentration, and
iron and copper content (Table 1). Cholesterol esters and free
fatty acids were not detected in either of the substrates as an-
alyzed by latroscan. The purified menhaden TAG were prac-
tically colorless and odorless, and lipid components more
polar than TAG, such as «TOH, mono- and diacylglycerols,
and preformed oxidation products, had been removed. Purifi-
cation did not alter the amount of iron in the oil, whereas cop-
per was below the limit of detection in both the nonpurified
and purified fractions. In the purified menhaden TAG, forma-
tion of hydroperoxides was very rapid with no apparent in-
duction period, but the nonpurified menhaden oil exhibited
an induction period of about 4 d. This demonstrates the con-
tribution of ’TOH or other antioxidants naturally present to
the oxidative stability of commercial fish oils.

Comparison of menhaden oil and purified menhaden TAG.
Addition of o’TOH to nonpurified menhaden oil to a concen-
tration of 100 ppm did not have an effect on the initial rate of
hydroperoxide formation (Fig. 1A). The induction period of
4 d, however, was prolonged by about 1 d. Further increases
in the o’TOH concentrations resulted in an increased initial
rate of hydroperoxide formation, but these oil samples re-
mained in the induction period throughout the experiment.
Hence, of the concentrations tested, an inversion of antioxi-
dant activity of o TOH was observed at 100 ppm.

In the purified menhaden TAG (Fig. 1B), the pattern of hy-
droperoxide formation was similar to that in the menhaden
oil, with an inversion of activity taking place at 100 ppm
aTOH. The oTOH inhibited hydroperoxide formation at all
levels of addition. Figure 2A shows a plot of the initial rate of
hydroperoxide formation, R;, vs. TOH concentration in both

TABLE 1
Characterization of Menhaden Oil and Purified Menhaden TAG

Analysis? Menhaden oil  Purified menhaden TAG
1. EPA (%) 10.5+0.1 10.3 +<0.1

2. DHA (%) 13.1+£0.1 133 +£0.1

3. Peroxide value (meq/kg) 6.0 £ 0.6 <0.5

4. p-Anisidine value 30.0+0.2 0.4 +<0.1

5. TAG (area%) 98.7 100

6. Color (A at 460 nm) 0.41 0.05

7. oTOH (ppm)® 47.9+0.4 ND

8. Iron (ng/mL) 35+ 6 38+ 6

9. Copper (ng/mL)“ ND ND

?Analyses 1-4: means + SD, n = 2; analysis 5: mean of 10 latroscan rods;
analyses 7-9: means + SD, n = 3.

Detection limit 1 ppm.
“Detection limit: 6 ng/mL. Abbreviations: SD, standard deviation; A, ab-
sorbance; ND, not detected; TAG, triacylglycerols; EPA, eicosapentaenoic
acid; DHA, docosahexaenoic acid; o-TOH, a-tocopherol.
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FIG. 1. Formation of hydroperoxides in menhaden oil (A) and purified
menhaden triacylglycerols (B) with different levels of a-tocopherol
(aTOH) during storage at 30°C in the dark. Data points are means +
standard deviation (n = 3).

the nonpurified and purified oils. The rate of formation of hy-
droperoxides was higher in the menhaden oil than in the puri-
fied menhaden TAG at all oTOH levels tested. The effect of
purification appeared only to a limited extent to be influenced
by oTOH concentration, purification being slightly more
benefical to oil stability at the higher o« TOH levels.

The concentration of iron in the original menhaden oil was
very low and was not reduced by purification (Table 1). Cit-
ric acid was therefore added in an attempt to eliminate a pos-
sible influence of this metal on the antioxidant activity of
oTOH. Citric acid is considered a very effective metal chela-
tor and is widely used during processing of vegetable oils
(14). Citric acid addition (50 ppm) did not have an effect on
the rate of oxidation of purified menhaden TAG without any
TOH or at any of the four «TOH levels tested, and thus did
not alter the concentration for inversion of activity of the to-
copherol (results not shown). The citric acid was also added
to another commercial fish oil with a higher iron concentra-
tion, which resulted in a substantial reduction in the rate of
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FIG. 2. Relationships between initial rates of hydroperoxide formation,
R;, and initial aTOH concentration: (A) Effect of menhaden oil purifica-
tion, (B) effect of ascorbyl palmitate addition to purified menhaden tria-
cylglycerols (TAG). Data points are slopes + standard error. See Figure
1 for other abbreviation.

hydroperoxide formation; this experiment serving as a posi-
tive control for the properties of the specific citric acid used.

The presence of minor constituents in menhaden oil did have
an effect on the rate of autoxidation of its fatty acids, but ap-
peared only to a limited extent to influence the relative antioxi-
dant activity of 0 TOH. A peroxidizing effect of «TOH at levels
of addition above 100 ppm has also been observed in vegetable
oils by several investigators (7-9), whereas a somewhat lower
concentration for maximal antioxidant activity was determined
in a more saturated substrate, purified butter oil TAG (15). A
limited number of TOH concentrations were tested in these
studies, as well as in the present study, and the true optimal level
may thus vary slightly among the different vegetable oils and
between vegetable oils and fish oil, reflecting the different de-
grees of susceptibility toward oxidation. However, for practical
purposes, the influence of substrate composition on the antioxi-
dant behavior of o TOH in bulk oils, with regard to concentra-
tion for inversion of activity, appears to be small.
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An initial prooxidant effect of «TOH in menhaden oil at
250 ppm and higher, based on rate of hydroperoxide forma-
tion, was observed, but TOH inhibited hydroperoxide for-
mation at all levels of addition in the purified menhaden TAG.
The classification of «TOH as a prooxidant or antioxidant
clearly depends on the composition of the oil to which the
comparison is made, and these results illustrate the impor-
tance of properly defining the composition of the control oil.
In this study, «TOH concentrations above 100 ppm caused an
increased rate of hydroperoxide formation, but the time the
samples remained in the induction period was prolonged.
When evaluating antioxidants by the duration of the induc-
tion period only, valuable information about the oxidation sta-
tus of the oil while in the induction period may be lost.

The oeTOH inhibits lipid autoxidation by scavenging lipid
peroxyl radicals (ROQO-) according to reactions 1 and 2 (16):

ROO: + oTOH — ROOH + oTO- [1]

aTO- + ROO — nonradical products [2]

Proposed mechanisms for the frequently observed decrease
in the strength of this antioxidant at high concentrations, in-
volving the participation of o TOH and aeTO- in certain side
reactions, have been reviewed by several authors (1,5,7) and
appear to be related to the high hydrogen-donating power of
oTOH compared to other phenolic antioxidants. One of these
proposed side reactions involves the decomposition of lipid
hydroperoxides. At low temperatures favoring hydrogen-
bonding, aTOH can donate hydrogen atoms to lipid hy-
droperoxides (ROOH), decomposing them to alkoxyl radicals
(RO-¢) and thereby generating radicals that may act as chain-
carriers (reviewed in Ref. 1):

oTOH + ROOH — RO- + H,0 + oTO- [3]

Hopia et al. (17), on the other hand, found that « TOH mark-
edly inhibited the decomposition of methyl linoleate hy-
droperoxides in a concentration-dependent manner.

In the present study, the rate of formation of hydroperox-
ides was greater in the menhaden oil than in the purified men-
haden TAG at all oTOH levels tested. Decomposition of hy-
droperoxides generates radicals which then propagate the
autoxidation chain reaction, and a higher concentration of
preformed hydroperoxides (POV 6.0 meq/kg) in the original
menhaden oil is most likely the main factor responsible for
the observed difference in the oxidation rate. A low initial
POV has been demonstrated to increase the storage stability
of olive oil (18) and methyl linoleate (19). The difference in
the initial rate of hydroperoxide formation between the men-
haden oil and the purified menhaden TAG appeared some-
what higher at 500 ppm o.TOH than at 100 ppm oTOH (Fig.
2A), indicating hydroperoxide-tocopherol interaction (Reac-
tion 3). However, other factors appear to contribute more to
the peroxidizing effect of o« TOH, particularly at hydroperox-
ide levels commonly found in refined fish oils.

Transition metal ions (M) can generate radicals and act as
prooxidants by the reactions:
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H,0, + M"™* — HO- + HO™ + M"*D* (4]
ROOH + M"™ — RO- + HO™ + M+ D+ 5]
ROOH + M D+ 5 ROO- + H* + M™* [6]

The metal-catalyzed decomposition of preformed hydroper-
oxides, Reaction 5, is considered the most important reaction
in the initiation step of lipid autoxidation (20). It has been
demonstrated in a model system that both o TOH and YTOH
are easily degraded by Fe** and Cu®* (21). At high metal con-
centrations, o TOH and aTO- may act as prooxidants (or
prooxidant synergists) by reducing transition metal ions to
their lower valence states (Reactions 7 and 8) and thereby re-
cycle Reactions 4 and 5.

oTOH + M®™D* - oTO- + HY + M™* [7]

oTO- + MO*D* 5 g TO* + M™* [8]

Even traces of metal ions, particularly iron and copper, may
influence the rate of oxidation of unsaturated fatty acids. The
prooxidant effect of trace metal ions has been shown to de-
pend on the type of their associated ligands (22), and it is
likely that the efficiency of metal chelators is affected by the
form of metal ligands as well. The form in which the metals
occur in the menhaden oil is not known, and an influence of
metal ions on the properties of «TOH in purified menhaden
TAG thus cannot be excluded on the basis of lack of effect of
citric acid. However, it is suggested that when the metal con-
centration is very low, other side reactions of « TOH/oTO-
may be of equal or greater importance than Reactions 7 and
8. This is in agreement with several investigators who have
observed a peroxidizing effect of «TOH in bulk oils even
though the metal concentrations were below the limits of de-
tection (<10 ppb iron, <1 ppb copper in Ref. 10; <10 ppb iron,
<10 ppb copper in Ref. 9). Addition of 50 ppm iron, as
FeSO,, to purified sunflower TAG did, however, lead to a
stronger positive correlation between amount of TOH de-
stroyed during oxidation and initial tocopherol concentration
(10), indicating that tocopherol oxidation by metals may be
of greater importance at relatively high metal concentrations.

Effect of ascorbyl palmitate. The « TOH-mediated accu-
mulation of hydroperoxides has also been related to undesir-
able side reactions of the tocopheroxyl radical. The o TO- may
reinitiate the chain reaction by abstraction of a hydrogen atom
from a fatty acid (RH, Reaction 9). The rate constant for this
reaction is low compared to competing reactions of oTO-, but
it has been suggested to be important at high «TOH concen-
trations (23).

oTO: + RH — oTOH + R- [9]

Further reactions of aTO- during lipid autoxidation yield two
main groups of nonradical products (17,24,25). The first con-
sists of 8a-substituted tocopherones, which may rearrange to
form «a-tocopherolquinone, while epoxyhydroperoxy-o-
tocopherones and their hydrolysis products epoxy-o.-tocoph-
erolquinones make up the second group of oxidation prod-
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ucts. Suggested pathways for the formation of o-tocoph-
erolquinone (26) and epoxyhydroperoxy-o-tocopherones (27)
both involve abstraction of hydrogen from intact unsaturated
fatty acids. The alkyl radicals generated are expected to react
very rapidly with oxygen, and hydroperoxide accumulation
may be induced.

It is well known that ascorbic acid, as well as its oil-solu-
ble derivative ascorbyl palmitate, can act as an antioxidant
synergist to «TOH (28). It readily reduces oTO-, thereby re-
generating ’TOH and increasing the effectiveness of the to-
copherol. Figure 2B shows a plot of the initial rate of forma-
tion of hydroperoxides vs. o TOH start concentration in puri-
fied menhaden TAG without and with ascorbyl palmitate (250
ppm). The samples remained in the induction period through-
out the experiment. At the TOH concentration for inversion
of activity, 100 ppm, ascorbyl palmitate had no effect on the
rate of oxidation. At higher o TOH concentrations, the pres-
ence of ascorbyl palmitate reduced the initial rate of hy-
droperoxide formation to approximately that in purified men-
haden TAG with 100 ppm ooTOH. The addition of ascorbyl
palmitate to purified menhaden TAG with no TOH reduced
the rate of formation of hydroperoxides slightly, but the
autoxidation still proceeded with no apparent induction pe-
riod. Ascorbyl palmitate protected o« TOH from being con-
sumed when the initial «TOH concentration was 500 ppm
and also had an initial sparing effect on o TOH when the to-
copherol start concentration was 100 ppm (Fig. 3). The data
presented in Figure 3 also demonstrate that the addition of
more ascorbyl palmitate to purified menhaden TAG already
containing 500 ppm oTOH and 250 ppm ascorbyl palmitate
further reduced the rate of o« TOH consumption.

Ascorbyl palmitate was found to suppress an observed
prooxidant effect of oTOH in an aqueous dispersion of
linoleic acid (29) and in methyl linoleate (19) when tested at
one 0UTOH concentration only. An important finding in the
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FIG. 3. Effect of ascorbyl palmitate (AP) on consumption of «TOH dur-
ing storage of purified menhaden TAG at 30°C in the dark. Data points
are means =+ standard deviation (n = 3). For abbreviations see Figures 1
and 2.
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present study was the dependence of the antioxidant activity
of ascorbyl palmitate on the concentration of o TOH in the oil.
The addition of ascorbyl palmitate to purified menhaden TAG
eliminated the initial peroxidizing effect of «® TOH when the
TOH level was above that for maximal antioxidant activity. It
is also noteworthy that ascorbyl palmitate exerted a strong in-
fluence on the rate of hydroperoxide formation in the initial
phase of the storage period (<3 d), when very little of the
added aTOH had been consumed (Fig. 3). At 100 ppm
aTOH, ascorbyl palmitate did not reduce the initial rate of
hydroperoxide formation, but did have an initial sparing ef-
fect on the o TOH. A subsequent increase in the rate of «TOH
consumption to approximately that of o TOH in the samples
without ascorbyl palmitate is thought mainly to reflect deple-
tion of the ascorbyl palmitate.

Lambelet and Loliger (3) used electron spin resonance
(ESR) spectroscopy to study the behavior of tocopheroxyl
radicals generated in oxidized chicken fat. The intensity of
the ESR signal of aTO- increased with increasing aTOH
starting concentration. However, at a high «TOH concentra-
tion, the oT+ generated were rapidly destroyed, and the dura-
tion of the radical signal was shorter than at a lower o« TOH
concentration. These results suggest that there is an increase
in the rate of generation of o’TO- at «TOH concentrations
above 100 ppm in menhaden oil and TAG. This was in accor-
dance with the observed higher overall rate of consumption
of oTOH when the level of addition was 500 ppm (38.8
ppm/d) than when the level of addition was 100 ppm (11.9
ppm/d). It is suggested that ascorbyl palmitate regenerates
aTOH from oTO-, thus reducing the amount of TO- avail-
able for further oxidation and participation in side reactions.
The effect of ascorbyl palmitate therefore increases with in-
creasing rate of a’TO- generation. These results emphasize the
participation of o.TO-, as opposed to &TOH itself, in the hy-
droperoxide-forming side reactions in unsaturated fatty acid
substrates with relatively high o« TOH concentrations, possi-
bly by the generation of radicals according to Reaction 9, or
upon further reactions of oTO- to a-tocopherolquinone or the
epoxy quinones. By using ascorbyl palmitate in addition to
oTOH as an antioxidant in fish oil, the excellent hydrogen-
donating power of this tocopherol is utilized, while at the
same time the oil is protected from o TOH-mediated accumu-
lation of hydroperoxides.
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