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ABSTRACT: The effects of low concentrations of B-carotene,
o-, and y-tocopherol were evaluated on autoxidation of 10%
oil-in-water emulsions of rapeseed oil triacylglycerols. At con-
centrations of 0.45, 2, and 20 pg/g, B-carotene was a prooxi-
dant, based on the formation of lipid hydroperoxides, hexanal,
or 2-heptenal. In this emulsion, 1.5, 3, and 30 pg/g of y-tocoph-
erol, as well as 1.5 pg/g of a-tocopherol, acted as antioxidants
and inhibited both the formation and decomposition of lipid hy-
droperoxides. Moreover, at a level of 1.5 pg/g, y-tocopherol was
more effective as an antioxidant than o-tocopherol. At levels of
0.5 pg/g, both a- and y-tocopherol significantly inhibited the
formation of hexanal but not the formation of lipid hydroperox-
ides. Oxidation was effectively retarded by combinations of 2
pg/g B-carotene and 1.5 pg/g v- or a-tocopherol. The combina-
tion of B-carotene and a-tocopherol was significantly better in
retarding oxidation than o-tocopherol alone. While y-tocoph-
erol was an effective antioxidant, a synergistic effect between
B-carotene and y-tocopherol could not be shown. The results
indicate that there is a need to protect B-carotene from oxida-
tive destruction by employing antioxidants, such as a- and y-to-
copherol, should B-carotene be used in fat emulsions.
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Autoxidation of lipids is one of the major factors that dimin-
ish food quality. Not only do foods with high amounts of fat
oxidize, but low-fat foods are also prone to oxidation. Ran-
cidity problems consequently may be aggravated by decreas-
ing the lipid content from food ingredients. According to
Roozen et al. (1), lowering the fat content of foods may in-
crease the chances of flavor defects. On the other hand, color
is extremely important in food quality. Carotenoids are a
family of polyene colorants of which B-carotene, as well as
many other carotenoids, such as annatto, capsanthin, capsoru-
bin, lycopene, B-apo-8’-carotenal, ethyl esters of B-apo-8’-
carotenic acid and lutein, can be used singly or in combina-
tion in various foods as colorants (2). In addition to their use
as food colorants, carotenoids can, to some extent, be used to
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fortify dietary fat as provitamin A (3). However, isolation of
the polyene makes carotenoids susceptible to oxidation, and
the loss of carotenoid pigment is accelerated by free radicals
4.,5).

It is well known that carotenoids, such as B-carotene, are
effective singlet oxygen quenchers (6,7). However, the func-
tions of carotenoids as free-radical scavengers in food and
other biological systems are not as well defined. The antioxi-
dant efficiency of B-carotene depends on the balance between
radical trapping by and autoxidation of B-carotene. Both radi-
cal-trapping and autoxidation reactions consume [3-carotene.
However, according to Kennedy and Liebler (8), autoxidation
reactions consume B-carotene without scavenging peroxyl
radicals and may thus attenuate -carotene antioxidant activ-
ity. B-Carotene has been demonstrated to possess antioxidant
activity in inhibiting autoxidation in homogeneous solutions
(9,10), liposomes (8,11), microsomes (12), lipoproteins (13,
14), and corneal endothelial cells (11). On the other hand, a
prooxidant effect of B-carotene has been observed during au-
toxidation of methyl linoleate (15), soybean oil (16), rapeseed
oil (RSO) (17), and RSO triacylglycerols (TAG) stripped of
tocopherols (18,19). Plausible explanations in clarifying these
discrepancies are the amount of oxygen present and the influ-
ence of other antioxidants, such as tocopherols. In the present
study, the inhibition of lipid oxidation by low concentrations
of B-carotene with o~ and y-tocopherols has been investigated
during autoxidation of 10% oil-in-water emulsions.

MATERIALS AND METHODS

Reagents. B-Carotene was a gift from Roche Oy (Espoo, Fin-
land), and a-and y-tocopherols were purchased from E.
Merck (Darmstadt, Germany). Organic solvents of high-per-
formance liquid chromatographic (HPLC) grade were pur-
chased from Rathburn Chemicals Limited (United Kingdom).
Tween 20 (polyoxyethylene sorbitan monolaurate), decanol,
and dinitrophenylhydrazine (DNPH) were obtained from
Sigma Chemical Co. (St. Louis, MO).

Preparation and characterization of TAG fraction and
emulsion samples. Commercial RSO was a gift from Van den
Bergh Foods (Helsinki, Finland).The TAG fraction was puri-
fied from RSO by the chromatographic method described by
Lampi et al. (20). The RSO TAG fraction was characterized
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by its tocopherol composition as analyzed by HPLC as de-
scribed by Haila and Heinonen (18) and by its peroxide value
(PV) as measured by the ferric thiocyanate method (21,22).
The determination limit of tocopherols was 1 pug/g. The
amount of y- and o-tocopherols left in the RSO TAG fraction
after purification was 1.2 and 0.1 pg/g, respectively, in the
emulsions. B-Carotene (4.5-200 pg/g) in hexane and o~ and
v-tocopherols (5-300 ug/g) in ethanol were added to the RSO
TAG fraction to produce emulsions with 0.45, 2, and 20 pg/g
of B-carotene and 0.5, 1.5, 3, and 30 pg/g of tocopherol. The
organic solvents were evaporated under nitrogen.Oil-in-water
emulsions (10%) were made with 2.5 g RSO TAG and dis-
tilled Milli-Q water with 0.25 g of Tween 20 as the emulsi-
fier. Emulsions were then sonicated (Labsonic U Braun, Al-
lentown, PA) at high speed (200 rpm) for 5 min in an ice bath.
The stability of the particle size of the emulsions before and
after the oxidation was checked by microscopy (Olympus
OMT11, Tokyo, Japan).

Oxidation. The 10% oil-in-water emulsion samples were
oxidized uncovered for 4 d in 300-mL flasks at 25°C in the
dark in a shaker water bath (Gyrotory Water Bath Shaker
Model G76, New Brunswick Scientific Co., Edison, NJ). The
effect of B-carotene and o- and y-tocopherol on autoxidation
of the emulsified RSO TAG was followed by measuring PV
with the ferric thiocyanate method (21,22) and the decompo-
sition of lipid hydroperoxides into volatile aldehydes. Hexa-
nal, 2,4-heptadienal, and heptenal were determined as their
DNPH derivatives by HPLC. For the volatile aldehyde analy-
sis, 5.0-g emulsions were mixed with 230 mL water and with
40 puL decanol. Volatile aldehydes were collected by flushing
the samples with nitrogen at 80 mL/min for 16-20 h at 50°C
and by chemically trapping them as DNPH derivatives. A
Hewlett Packard 1090 liquid chromatograph, equipped with
diode array detector, was used to analyze the DNPH deriva-
tives. The column (Spherisorb ODS5 5 pm, 25 X 0.46 cm;
Phase Separations, Deeside, United Kingdom) was main-
tained at 60°C. The mobile phase was a gradient mixture,
ranging from 60% acetonitrile in water to 100% acetonitrile,
at a flow rate of 1 mL/min. The DNPH derivatives were de-
tected at the wavelength of 360 nm. All analyses were done
in duplicate, and the statistical analysis was done by one-way
analysis of variance (23).

RESULTS AND DISCUSSION

The effect of B-carotene on autoxidation of 10% oil-in-water
emulsions was investigated individually and in combination
with o- and y-tocopherol. For most data points that resulted
from concentrations of 0.45, 2, and 20 pg/g in the emulsions,
B-carotene had a significant (P < 0.05) prooxidant effect on
the autoxidation of emulsified TAG when measuring the for-
mation of lipid hydroperoxides (Figs. 1A, 2A, 3, and 4), hexa-
nal (Figs. 1B and 2B), and 2-heptenal (Fig. 2D). The amount
of 2,4-heptadienal (Fig. 2C), formed in the presence of -
carotene (2 png/g), did not significantly differ from that of the
control sample. The latter result in the dark is different from
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FIG. 1. The effect of 0.45 pg/g B-carotene, 3 pg/g y-tocopherol, and their
combination (0.45 pg/g B-carotene + 3 ug/g y-tocopherol) on the forma-
tion of (A) lipid hydroperoxides and (B) hexanal. Values on the same
day marked by the same letter or no letter are not significantly different
at P < 0.05. W, Control; ®, B-carotene; A, y-tocopherol; [, B-carotene
+ y-tocopherol.

the findings by Warner and Frankel (16), who reported that
twice as much 2-heptenal was formed in the control sample,
compared to soybean oil with higher concentrations (20 ppm)
of added B-carotene oxidized under light. In the present study,
hexanal was the main volatile aldehyde formed (60-70% of
total volatiles), in both the control sample and samples with
added B-carotene.

The activity of B-carotene depends on other antioxidants
present, the oxidation model used, and the oxygen tension.
Data supporting the possibility that B-carotene could be more
effective as a chain-breaking antioxidant in a lipid environ-
ment at a low oxygen tension than at high oxygen tensions
was presented by Burton and Ingold (9) and Palozza and
Krinsky (12). At higher oxygen tensions, 3-carotene loses its
antioxidant activity and shows autocatalytic prooxidant ef-
fects, particularly at concentrations above 0.5 mM (9). Ac-
cording to the present data, this prooxidant effect is also true
at atmospheric conditions with very low (0.45 and 2 pg/g)
and low (20 pg/g) concentrations of B-carotene. These data
are in accordance with the authors’ previous findings where,
in a model of RSO TAG stripped of tocopherols that were au-
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FIG. 2. The effect of 2 pg/g B-carotene, 1.5 pg/g y-tocopherol, and their combination (2 pg/g B-carotene + 1.5 pg/g y-tocopherol) on the formation
of (A) lipid hydroperoxides, (B) hexanal, (C) 2,4-heptadienal, and (D) 2-heptenal.Values on the same day marked by the same letter or no letter are
not significantly different at P < 0.05. B, Control; #, B-carotene; A, y-tocopherol; L], B-carotene + y-tocopherol.

toxidized both in the dark and under light, B-carotene (18),
lutein, and lycopene (19) showed prooxidant activity at con-
centrations of 5-40 ug/g. It has been suggested by Warner
and Frankel (16) that free-radical oxidation is promoted by
B-carotene in the dark. In reacting with peroxyl radicals,
a carbon-centered -carotene radical is formed that is read-
ily autoxidized, in turn depending on the oxygen partial pres-
sure (9).

In this 10% oil-in-water emulsion, the prooxidant effect of
B-carotene was inhibited only in combination with antioxi-
dants, such as a- and y-tocopherols (Figs. 1, 2, and 3). Apart
from food systems, this may also be true in other biological
systems, such as in lipoproteins and microsomes, in which
antioxidants are naturally present. It is well known that to-
copherols protect -carotene from deterioration (12,17-19,
24). Terao et al. (24) reported a protective effect with 8-to-
copherol in soybean oil. However, in their study, B-carotene
also exhibited antioxidant activity without added &-tocoph-
erol that was most likely due to the fact that the soybean oil
used contained 80 pg/g of o-tocopherol, 620 pug/g of y-to-
copherol, and 220 ug/g of 8-tocopherol. Similarly, Warner
and Frankel (16) referred to the effect of natural tocopherols

in soybean oil in protecting added B-carotene. In poultry meat
that contained 2.4 pg/g B-carotene was a prooxidant, and o
tocopherol counteracted the effects of B-carotene (25).

Both a- and y-tocopherol were effective in retarding the
autoxidation of emulsified triacylglycerols (Figs. 1-5). a-To-
copherol at a concentration of 1.5 ug/g and y-tocopherol at
1.5, 3, and 30 pg/g inhibited both the formation and decom-
position of lipid hydroperoxides. Hexanal was not a predomi-
nant volatile aldehyde formed in the presence of tocopherols,
but similar amounts of 2,4-heptadienal and 2-heptenal were
formed. Significantly (P < 0.05) more lipid hydroperoxides,
hexanal, 2-heptenal, and 2,4-heptadienal were formed with
added o-tocopherol, compared to added y-tocopherol (Fig. 5).
This is in accordance with data on high levels of added to-
copherols. For example, Huang et al. (26) showed that y-to-
copherol had less antioxidant activity than a-tocopherol at
100 pg/g in bulk oil and in oil-in-water emulsions but
had higher antioxidant activity at higher concentrations
(250-1000 pg/g) in oil-in-water emulsions.

In the authors’ data, the combination of o- and y-tocoph-
erol (0.75 + 0.75 ug/g) was less effective than y-tocopherol
(1.5 ng/g) but more effective than o-tocopherol (1.5 pg/g) in
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FIG. 3. The effect of 2 pg/g B-carotene, 1.5 pg/g a-tocopherol, and their
combination (2 pg/g B-carotene + 1.5 pg/g a-tocopherol) on the forma-
tion of lipid hydroperoxides. Values on the same day marked by the
same letter or no letter are not significantly different at P< 0.05. l, Con-
trol; ®, B-carotene; A, o-tocopherol; [J, B-carotene + a-tocopherol.

inhibiting lipid oxidation (Fig. 5). The latter finding was sig-
nificant (P < 0.05) at all data points when measuring lipid hy-
droperoxides (Fig. 5A) and at days 2 and 3 when measuring
2,4-heptadienal (Fig. 5C). This was not true with high levels
of tocopherol mixtures (250-3000 pg/g) that showed no ad-
ditive or synergistic effects in terms of formation of hydroper-
oxides in triacylglycerides, although tocopherol mixtures
strongly inhibited hexanal formation (27). A level of 0.5 ng/g
was too low a concentration of tocopherols to inhibit lipid ox-
idation of emulsified RSO TAG, measured by formation of
hydroperoxides (Fig. 6A). However, formation of hexanal
was significantly (P < 0.05) inhibited at this low level of -
or y-tocopherol (Fig. 6B).

The reaction mechanism of interaction between B-carotene
and tocopherols is not clear. Palozza and Krinsky (28) re-
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FIG. 4. The effect of 2 and 20 pg/g B-carotene and 30 pg/g y-tocopherol
on the formation of lipid hydroperoxides.Values on the same day
marked by the same letter or no letter are not significantly different at
P < 0.05. W, Control; ®, B-carotene; A, B-carotene; [J, y-tocopherol.
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ported a hypothesis that addition of both B-carotene and oi-to-
copherol to a membrane system substantially facilitated the
antioxidant character of B-carotene by limiting the produc-
tion of B-carotene peroxyl radical. Moreover, it was stated
that the protection is dose-dependent and occurs only at suffi-
ciently high concentrations of a-tocopherol (12,28,29). Ac-
cording to Handelman et al. (29), there is a lack of synergism
between B-carotene and a-tocopherol when the levels of o-
tocopherol are much lower than those of B-carotene. The
present data also showed that low levels of o~ or y-tocopherol
(1.5 pg/g), together with low levels of B-carotene (2 pg/g) in-
hibited formation and decomposition of lipid hydroperoxides
at a molar ratio of 1:1 (Figs. 2 and 3). Moreover, while y-to-
copherol was an efficient antioxidant, a synergistic effect of
the combination of B-carotene and y-tocopherol was not
shown (Figs. 1 and 2) unlike the combination of -carotene
and o-tocopherol (Fig. 3). In the interaction between o.-to-
copherol (1.5 pg/g) and B-carotene (2 pg/g), a significant (P <
0.05) beneficial effect was seen, compared to the prooxidant
effect of B-carotene and the antioxidant effect of o-tocoph-
erol (Fig. 3). However, during autoxidation of RSO TAG
(18,19), the beneficial effect was also shown with added y-to-
copherol. These findings add to the evidence that indicates
that tocopherols effectively protect B-carotene against free-
radical autoxidation as proposed by Frankel (30).
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