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trans-10,cis-12-Conjugated Linoleic Acid Isomer Exhibits Stronger
Oxyradical Scavenging Capacity than cis-9,trans-11-Conjugated

Linoleic Acid Isomer
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Although studies have been performed to test whether conjugated linoleic acid (CLA) acts as an
antioxidant, the results were not conclusive. In addition, the CLA widely used in previous research
contains 43% cis-9,trans-11 isomer, 45% trans-10,cis-12 isomer, and 10 other minor isomers. The
objective of this study was to investigate the antioxidant activity of cis-9,trans-11- and trans-10,cis-
12-CLA isomers using high-purity CLA isomers (>98%) by total oxyradical scavenging capacity
assay (Winston, G. W.; Regoli, F.; Dugas, Jr., A. J.; Fong, J. H.; Blanchard, K. A. Free Radical Biol.
Med. 1998, 24, 480—493). At all concentrations (2—200 xM), t10,c12-CLA performed as an antioxidant
with a 15-min lag phase, which was more effective than c9,t11-CLA and a-tocopherol at lower
concentrations (2 and 20 uM). On the other hand, c9,t11-CLA possessed weak antioxidant activity
at 2 and 20 uM, whereas at 200 M it acted as a strong pro-oxidant, which suggests that discrepancies
of the results of the previous studies on the antioxidant properties of CLA may be due to the balance
of the antioxidant properties of t10,c12-CLA and the pro-oxidant properties of c9,t11-CLA in different

oxidation conditions.
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INTRODUCTION

Conjugated linoleic acid (CLA), an anticarcinogen
abundantly found in dairy products, is a mixture of
positional and geometric isomers of linoleic acid (cis-
9,cis-12-octadecadienoic acid). The total content of CLA
in foods varies widely, but the cis-9,trans-11-isomer was
found to be the predominant form (as much as 90% of
the total CLA; Chin et al., 1992). It was first found that
the cis-9,trans-11-isomer was the only one incorporated
into the tissue phospholipids, suggesting that the cis-
9,trans-11-isomer may be the biologically active form
(Haetal., 1990; Ip et al., 1991). However, recent studies
have shown that all CLA isomers, with no apparent
preference for individual isomers, were incorporated in
both the phospholipid and the non-phospholipid frac-
tions of the tissues with various relative concentrations
in different tissues (Belury and Kempa-Steczko, 1997,
Park et al., 1995; Yu et al., 1998). The results suggest
the possible importance of the individual CLA isomers
in effecting response in different tissues (Park et al.,
1995). However, the effects of individual isomers have
not yet been substantially tested. Although several
reports have shown the biological activities of the trans-
10,cis-12-isomer (Park et al., 1999; Cook et al., 1999;
DeVoney et al., 1999), the cis-9,trans-11-isomer was
shown to activate peroxisome proliferator-activated
receptor-o. (PPARa), which may modulate hepatic lipid
metabolism and help to elucidate the mechanism of
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anticarcinogenic properties of CLA (Lu and Belury,
1999). It is uncertain whether one or more of these
isomers are responsible for the biological activities of
CLA.

Although many studies have shown that CLA acts as
an effective anticarcinogen in both animal (Ha et al.,
1987; Ip et al., 1991, 1996; Belury et al., 1996) and cell
culture (Shultz et al., 1992a,b; desBordes and Lea, 1995;
Durgam and Fernandes, 1997) models, the mechanisms
responsible for its anticarcinogenic properties have not
been elucidated. One hypothesis is that CLA modulates
cell oxidation (Ha et al., 1990; Shultz et al., 1992a,b).
Four studies showed that CLA possessed antioxidant
properties (Ha et al., 1990; Ip et al., 1991, 1996; Nicolosi
et al., 1997), whereas others showed that CLA was not
an antioxidant (van den Berg et al., 1995; Banni et al.,
1998) and acted as a pro-oxidant (Chen et al., 1997,
Cantwell et al., 1998). Moreover, the CLA used in the
above research is mainly a mixture of isomers rather
than a pure individual isomer. The synthetic CLA
widely used in the CLA studies has 12 different isomers,
in which cis,trans/trans,cis-9,11-CLA (~43%) and tran-
s,cis/cis,trans-10,12-CLA (~45%) are the main isomers
(Sehat et al., 1998). It is uncertain whether there are
differential effects on oxidation between these isomers.
The objective of this study was to investigate the total
antioxidant activity of trans-10,cis-12-CLA and cis-
9,trans-11-CLA using high-purity CLA isomers (>98%)
by total oxyradical scavenging capacity (TOSC) assay
(Winston et al., 1998). The TOSC assay is based on the
reaction between peroxyl radicals [or hydroxyl or alkoxyl
radicals, which are generated by thermal homolysis of
2,2'-azobis(amidinopropane) (ABAP)] and o-keto-y-me-
thiolbutyric acid (KMBA), which is oxidized to ethylene
on reaction with various reactive oxygen species (Yang,
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1969; Winston et al., 1998):
CH;SCH,CH,COCOOH + *O0H (R) or "OH (R) —

'/,(CH,S), + (R) HOO™ or (R) HO™ + 2CO, +
CH,=CH, !

To our knowledge, this is the first study to investigate
the antioxidative role of high-purity individual CLA
isomers. These data may help to answer two questions:
(1) whether CLA is an antioxidant or a pro-oxidant; (2)
which major CLA isomer(s) is(are) responsible for the
antioxidant activity of CLA.

MATERIALS AND METHODS

Chemicals. High-purity cis-9,trans-11-CLA (c9, t11-CLA)
and trans-10,cis-12-CLA (t10,c12-CLA) isomers were pur-
chased from Matreya, Inc. (Pleasant Gap, PA). The manufac-
turer’s analysis claimed that the purities of ¢9,t11-CLA and
t10,c12-CLA were both >98%. Linoleic acid (cis-9,cis-12-
octadecadienoic acid, LA), a-keto-y-methiolbutyric acid (KMBA),
o-tocopherol, and L-ascorbic acid were obtained from Sigma
Chemical Co. (St. Louis, MO). 2,2'-Azobis(amidinopropane)
(ABAP) and Tween 20 (polyoxyethylene sorbitan monolaurate)
were purchased from Wako Chemicals (Richmond, VA) and
Fisher Scientific Co. (Fair Lawn, NJ), respectively.

Preparation of Emulsion Samples. Stock solutions of 20
mM samples (LA, ¢9,t11-CLA, t10,c12-CLA, and a-tocopherol)
were prepared in water with 0.0842 g of Tween 20 by vortex
for 3 min. Working solutions (400 M) were prepared from the
stock solutions by dilution with water. Solutions of L-ascorbic
acid (with and without Tween) were freshly made for each
experiment.

TOSC Assay. The method of the TOSC assay was modified
from that of Winston et al. (1998). In brief, reaction was carried
out in a 4 mL Teflon/silicone septum-sealed sample vial in a
final volume of 1 mL containing 0.2 mM KMBA, and 20 mM
ABAP in 100 mM potassium phosphate buffer (pH 7.4) with
different concentrations of CLA and LA emulsified with
corresponding amounts of Tween 20 (i.e., 8.4 x 107%% Tween
for 2 uM CLA/LA, 8.4 x 1075% Tween for 20 uM CLA/LA, and
8.4 x 107%% Tween for 200 uM CLA/LA). The generation of
oxyradicals was initiated by injection of 100 «L of 200 mM
ABAP in water directly through the septum into the vials, and
the mixture was then incubated in a water bath at 37 °C.
Ethylene production was measured by direct injection of 0.5
mL of headspace volatile into an HP5890 gas chromatograph
with a flame ionization detector (Hewlett-Packard) using a
heated, gastight syringe. The GC analysis was carried out
isothermally at 60 °C. A 60 m x 0.53 mm i.d. fused silica
capillary column (Supelcowax-10, Supelco Inc., Bellefonte, PA)
with a 0.5-um film thickness was used for elucidation of
ethylene. Helium was used as the carrier gas with a flow rate
of 2.4 mL/min, with a splitless injector and detector set at 180
and 200 °C, respectively.

Quantification of TOSC. The TOSC value of each con-
centration of different compounds was calculated as described
in Winston et al. (1998). The area under the kinetic curve was
calculated by integration. TOSC is then quantified according
to the equation

TOSC = 100 — ( f SA/ f CA x 100)

where [SA and fCA are the integrated areas from the curve
defining the sample and control reactions, respectively. In the
case of samples without Tween 20, the control was all reagents
except the samples. In the case of samples with Tween 20,
the control was all reagents (including the corresponding
amount of Tween 20) except the samples. Samples with
positive TOSC values were assigned as antioxidant, whereas
those with negative TOSC values were treated as pro-oxidant.
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Statistical Analysis. All values of ethylene production and
TOSC values were presented as mean + SD for at least three
replications. Statistical analyses were conducted using Sigm-
aStat version 1.0 (Jandel Corp., San Rafael, CA). Differences
among treatments were determined using one-way analysis
of variance (ANOVA) and the Student—Newman—Keuls pair-
wise test (p < 0.05).

RESULTS

Time Course of KMBA Oxidation with Different
Concentrations of the Samples. Panels A—E of
Figure 1 show the time courses for anti-/pro-oxidant
activity of different concentrations of c9,t11-CLA, t10,-
c12-CLA, LA, a-tocopherol, and L-ascorbic acid. At lower
concentrations of ¢9,t11-CLA (2 and 20 uM), ethylene
production from KMBA was decreased compared with
the control, but there are no lag phases observed (Figure
1A). At high concentration of c9,t11-CLA (200 uM),
ethylene production from KMBA was elevated at all
time points compared with the control (Figure 1A).

For t10,c12-CLA, ethylene production from KMBA
was reduced with the increase of concentrations from
20 to 200 uM (Figure 1B). All concentrations of t10,-
c12-CLA (2, 20, and 200 uM) results in a 15-min lag
phase in which ethylene formation was completely
inhibited (Figure 1B). The ethylene production from
KMBA was decreased after 15-min lag phase compared
with the control.

In the presence of LA, ethylene formation from KMBA
was slightly affected, with a 15-min lag time only at the
concentration of 200 uM (Figure 1C).

For a-tocopherol, ethylene production was reduced
with the increase of concentrations from 20 to 200 uM
(Figure 1D). Higher concentrations resulted in greater
inhibition effects (Figure 1D). Moreover, for concentra-
tions of 20 and 200 uM, the presence of o-tocopherol
resulted in a 15-min lag phase of KMBA oxidation
(Figure 1D).

In the presence of L-ascorbic acid, a linear response
was observed between TOSC value and the amount of
L-ascorbic acid (2—200 uM; Figure 2). Ethylene produc-
tion was quantitatively reduced beyond 30 min for 20
and 200 «M and beyond 45 min for 2 uM (Figure 1E).
However, for all concentrations of L-ascorbic acid, eth-
ylene formation was enhanced at 15 min, and higher
concentrations of L-ascorbic acid possessed greater
enhancing effects of ethylene formation (Figure 1E).

Effect of Tween on Ethylene Production and
TOSC Value. The effect of different concentrations of
Tween 20 on ethylene production and the calculated
TOSC values of Tween 20 relative to control are shown
in Figure 1F and Table 1, respectively. At low concen-
tration (8.4 x 107%%) and high concentration (8.4 x
107%%) of Tween, there was weak antioxidant activity
(TOSC value below 4 for 8.4 x 107%% and ~10 for 8.4 x
1074%; Table 1), with no significant difference between
the TOSC values of 8.4 x 107%% and 8.4 x 107%% Tween
(p > 0.05). However, at medium concentration (8.4 x
1075%), weak pro-oxidant activity was observed (TOSC
value = —6.83; Table 1), and significant differences
among the TOSC values of three concentrations of
Tween 20 (p < 0.01) resulted. Figure 2 shows the
comparison of the TOSC values of L-ascorbic acid in the
presence and in the absence of Tween 20. The antioxi-
dant activity of L-ascorbic acid was dose-dependent
either with or without Tween. Although no significant
difference of the TOSC values was obtained at a low
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Figure 1. Time courses of KMBA oxidation by peroxyl radicals in the presence of different concentrations of (A) c9,t11-CLA, (B)
t10,c12-CLA, (C) LA, (D) a-tocopherol, (E) L-ascorbic acid, and (F) Tween 20. Data are expressed as mean + SD; n = 3 samples.

concentration of L-ascorbic acid (2 uM; p > 0.05), there
was significant difference between the TOSC values of
L-ascorbic acid in the presence and in the absence of
Tween 20 at higher concentrations (20 and 200 uM; p
< 0.05).

TOSC of the Samples Tested at Different Con-
centrations. Figure 3 compares different samples at
the same concentration with the same amount of Tween
20. The resultant TOSC values of the samples at
different concentrations are shown in Figure 4. At lower
concentrations (2 and 200 uM), c¢9,t11-CLA acted as a
weak antioxidant (with both TOSC values below 10;
Figure 4). However, at the concentration of 200 uM, c9,-
t11-CLA possessed strong pro-oxidant activity (TOSC
value = —56.7). On the other hand, for all three

concentrations tested, t10,c12-CLA exhibited antioxi-
dant activity. TOSC values of t10,c12-CLA increased
from 15 at 2 uM to 25 at 20 uM and then decreased to
20 at 20 uM (Figure 4). Compared at low concentration
(2 uM) with o-tocopherol, the TOSC value of t10,c12-
CLA was 2 times higher than that of a-tocopherol. For
higher concentrations (20 and 200 uM), the TOSC
values of t10,c12-CLA and o-tocopherol were similar
(between 20 and 25). At low concentration (2 uM), LA
possessed weak pro-oxidant activity (TOSC value =
—5.84). However, at higher concentrations (20 and 200
uM), LA exhibited weak antioxidant activity (TOSC
values of ~10; Figure 4). For L-ascorbic acid, the TOSC
values increased with increasing concentration, from 8.0
at 2 uM to 33.1 at 20 uM to 45.7 at 200 uM.
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Figure 2. Effect of Tween 20 on the TOSC value of L-ascorbic
acid. Data are expressed as mean + SD; n = 3 samples.

Table 1. TOSC Values of Different Concentrations of
Tween 20

concn of Tween 20 (%) TOSC value (mean + SD)

8.40 x 107 3.65 + 4.59

8.40 x 1075 —6.83 + 3.50

8.40 x 107 10.33 + 2.07
DISCUSSION

The TOSC assay is a new, simple, and reliable gas
chromatographic assay of total antioxidant activity
developed by Winston and co-workers in 1998. There
are two important pieces of information that can be
generated from the TOSC assay. First, from the time
courses of KMBA oxidation by peroxyl radicals in the
presence of an antioxidant, the lag phase of the oxida-
tion can be obtained when ethylene formation is largely
or completely inhibited relative to the control. The lag
phase, or induction period, is defined as an initial period
of oxidation of an organic compound in which little
oxidation occurs, which is followed by a rapid increase
in the rate of autocatalysis by chain-propagating inter-
mediates and, finally, a decrease in the rate of oxidation
(Cadenas and Sies, 1998). In general, the greater the
ability of an antioxidant to lengthen the lag phase, the
better the antioxidant.

Second, from the calculated TOSC values of a com-
pound at different concentrations, the antioxidant/pro-
oxidant status of the compound can be determined. The
greater the positive TOSC value, the higher the anti-
oxidant activity. Although the TOSC assay was origi-
nally developed for screening the antioxidant potential
of a pure solution or biological samples, it is also useful
for determining the pro-oxidant status of a compound
or a biological tissue. A negative value for a compound
indicates that the compound acts as a pro-oxidant rather
than as an antioxidant.

Effect of Emulsifier on TOSC Values of Water-
Soluble and Lipid-Soluble Antioxidants. To incor-
porate the lipid-soluble compounds (i.e., LA, ¢9,t11-CLA,
t10,c12-CLA, and a-tocopherol) in water-based solution,
Tween 20 was used as an emulsifier in the present
study. Depending on the concentration, Tween 20 acted
as both an antioxidant (at 8.4 x 107%% and 8.4 x 107%%)
and a pro-oxidant (at 8.4 x 1075%), although the effect
was weak (TOSC values = £10; Table 1). The variation
of the TOSC values of Tween 20 at different concentra-
tions can be explained by the balance between the pro-
oxidant and antioxidant effects of Tween 20. Tween 20
is a nonionic surfactant produced by esterification of
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Figure 3. Time courses of KMBA oxidation by peroxyl
radicals in the presence of c9,t11-CLA, t10,c12-CLA, LA,
a-tocopherol, and L-ascorbic acid at (A) 2 uM, (B) 20 uM, and
(C) 200 uM. Data are expressed as mean + SD; n = 3 samples.

polyoxyethylene sorbitol with lauric acid (Benson, 1966).
The sugar unit of sorbitol in Tween can possess an
inhibitory effect on oxidation by scavenging radicals and
hydroperoxides, which allows Tween to act as an anti-
oxidant. Moreover, the presence of emulsifier increase
the viscosity, which may reduce the mobility of the
reactants and reaction products and thus lower the
oxidation rate (Blaug and Hajratwala, 1974; Ponginebbi
et al., 1999). Besides, KMBA dissolved in water may be
protected from the peroxyl radicals and oxygen by the
surfactant micelles (Blaug and Hajratwala, 1974). How-
ever, Tween can also act as a pro-oxidant because the
polyoxyethylene surfactants can undergo autoxidation
in the hydrophilic chain to yield hydroperoxides of the
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Figure 4. TOSC values of c9,t11-CLA, t10,c12-CLA, LA,
o-tocopherol, and L-ascorbic acid. Data are expressed as mean
+ SD; n = 3 samples.

oxyethylene units (Ding, 1993; Donbrow et al., 1978;
Donnelly et al., 1998):

—(OCH,CH,)O— + 0, — —[OCH,C(OOH)H]O—

On the one hand, at the concentration of 8.4 x 1075%,
the pro-oxidant effect of Tween 20 overrides its anti-
oxidant effect, resulting in the negative TOSC value.
On the other hand, at concentrations of 8.4 x 107%%
and 8.4 x 107%%, the antioxidant effect of Tween 20
overrides its pro-oxidant effect, giving the positive TOSC
values of Tween.

In a comparison of the TOSC values of L-ascorbic acid
(water-soluble antioxidant) in the presence and absence
of Tween 20, there were significant differences between
the TOSC values of L-ascorbic acid at higher concentra-
tions (20 and 200 «M), even after the correction by the
background Tween (Figure 2). The results suggested
that apart from the nonspecific antioxidant/pro-oxidant
effect of Tween, other specific interactions between
ascorbic acid and Tween took place that affected the
results. As mentioned by Blaug and Hajratwala (1974),
ascorbic acid molecules can be adsorbed on the surface
of the surfactant molecules, making them more suscep-
tible to oxidation through surface catalysis. An associa-
tion complex between ascorbic acid and the surfactant
molecules can be formed, which also makes ascorbic acid
more susceptible to oxidation and thus increases the
efficiency of peroxyl radical scavenging. On the other
hand, it has been reported that hydrogen bonds can be
formed between phenolic hydroxyl groups and the ether
oxygen in the polyoxyethylene chain of the nonionic
surfactants (Mulley and Metcalf, 1956). Ascorbic acid
(which contains four hydroxyl groups) may form hydro-
gen bonds with Tween 20, which reduces the mobility
of ascorbic acid and thus its antioxidant efficiency.

When using o-tocopherol (lipid-soluble antioxidant)
as a positive control, the TOSC values of a-tocopherol
at all concentrations were lower than those of L-ascorbic
acid, particularly at higher concentrations (20 and 200
uM), and the TOSC values of a-tocopherol were signifi-
cantly lower than those of L-ascorbic acid (p < 0.05 for
20 uM and p < 0.0001 for 200 uM). It is agreed with
the previous observation that ascorbic acid performs
better as an antioxidant in aqueous solution (Niki et
al., 1985; Doba et al., 1985), whereas a-tocopherol is
more efficient in scavenging free radicals in the inner
phase of liposome (Niki et al., 1985) and emulsion
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(Porter et al., 1989). Moreover, the molecules of emulsi-
fier surrounding the lipid-soluble antioxidant can form
a protective layer which makes the free radicals less
accessiable to the antioxidant. Although it has been
shown that ABAP partitions as much as 91% into the
micellar phase of sodium dodecyl sulfate (SDS) micelles
due to electrostatic interactions between the positive
amidino groups of ABAP and the anionic surface of the
SDS micelle (Barclay et al.,, 1987), Tween 20 is a
nonionic surfactant and the partition of ABAP into the
inner phase of Tween emulsion would be expected to
be much less than that of SDS micelle. The difference
in physical location of water- and lipid-soluble antioxi-
dants may be one reason studies using TOSC assay in
biological samples always showed the lower TOSC value
(antioxidant activity) of the proteic fraction compared
with that of the soluble fraction of biological samples
(Winston et al., 1998; Regoli and Winston, 1998; Regoli
et al., 1998). However, even though the antioxidant
activity of the lipid-soluble antioxidant was lower than
that of the water-soluble antioxidant using the TOSC
assay, the present assay is useful in screening the lipid-
soluble antioxidant, as the antioxidant activity of a-to-
copherol was generally dose-dependent. The “satura-
tion” of the antioxidant activity of a-tocopherol at 200
uM may be due to aggregation of antioxidant-containing
emulsions, which reduces the surface area of the emul-
sions and thus the accessibility of water-soluble ox-
yradicals to the lipid-soluble antioxidant.

Antioxidant/Pro-oxidant Activity of c9,t11-CLA
and t10,c12-CLA. The TOSC values of ¢9,t11-CLA
show that at lower concentrations (2 and 20 uM) c9,-
t11-CLA possesses weak antioxidant activity, whereas
at a concentration of 200 uM it acts as a strong pro-
oxidant (Figure 4). We are not sure how c9,t11-CLA at
high concentration can perform as a pro-oxidant. How-
ever, as noted by Kamal-Eldin and Appelqvist (1996),
the antioxidants and/or their relatively unreactive
radicals often undergo other side reactions that may be
classified as pro-oxidative. The degree of such reactions
depends on many factors such as oxidation conditions
and concentration. Indeed, even for tocopherols (which
are well recognized for their effective inhibition of lipid
oxidation in both food and biological systems), this
“paradoxical behavior of antioxidant” (Porter, 1993) has
been reported in low-density lipoproteins (Bowry et al.,
1992), bulk oils, and dispersed systems (Cillard and
Cillard, 1980).

An important finding of the present study is that t10,-
c12-CLA performed differently in the modulation of
KMBA oxidation compared with c9,t11-CLA. At all
concentrations tested, t10,c12-CLA performed as an
antioxidant with a 15-min lag phase (Figures 1B and
4). At lower concentrations (2 and 20 uM), t10,c12-CLA
was more effective in inhibiting KMBA oxidation than
c9,t11-CLA and a-tocopherol (Figure 4). The results
agreed with our previous finding that t10,c12-CLA was
a stronger antioxidant than c9,t11-CLA (data not shown).
No pro-oxidant activity was observed even at high
concentration (200 uM for t10,c12-CLA). It has been
suggested that the antioxidant activity of CLA is not
due to CLA per se but CLA-derived furan fatty acid
(Yurawecz et al., 1995). It was shown that CLA (con-
taining 41% c9,t11/t9,c11-CLA, 44% t10,c12-CLA, and
other minor isomers) was readily converted to furan
fatty acids (Yurawecz et al., 1995), which were capable
of scavenging free radicals (Okada et al., 1996). Accord-
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H3C(CH;),-CH=CH-CH=CH-(CH,),-COOH CLA

l +0,, -H;0
CH,(CH )‘S ° 7—(CH ) COOH
8 Zm \ / Zn Furan Fatty Acid

H H
CLA | m n | Furan Fatty Acid
c9,t11 ’ 5 7 ‘ Foi2
t10,c12 4 8 F1o013

Figure 5. Conversion of different CLA isomers to their
corresponding furan fatty acids [modified from Yurawecz et
al. (1995)].

ing to the scheme by Yurawecz et al. (1995; Figure 5),
it is probable that dialkyl-substituted furan fatty acids,
9,12-expoxy-9,11-octadecadienoic acid (Fg 12) and 10,13-
expoxy-10,12-octadecadienoic acid (Fig13), are produced
from ¢9,t11-CLA and t10,c12-CLA, respectively. The
only difference between Fg 1, and Fio13 is the length of
the substitution tails, m and n. It was shown that the
length of m and n of furan fatty acids did not affect the
antioxidant activity toward AAPH-induced oxidation of
linoleic acid (Okada et al., 1990). Although tetra-alkyl-
substituted furan fatty acids were used to investigate
the effect of the length of m and n of furan fatty acids
on the antioxidant activity in the study of Okada et al.
(1990), such findings should be able to be extrapolated
to dialkyl-substituted ones such as Fgi1, and Fjg 3.
Furthermore, in their study, Fg 1, revealed no significant
activity in scavenging peroxyl radicals. Thus, the forma-
tion of furan fatty acid from CLA may not be a probable
explanation of the antioxidant properties of CLA in our
study. Moreover, it is difficult to explain the different
responses of t10,c12-CLA and c9,t11-CLA by the differ-
ent forms of furan acids formed (just different length of
the substitution tails) from the two CLA isomers.
However, we cannot eliminate the possibility that the
antioxidant activity of CLA is due to the furan fatty
acids-derived compounds as the oxidation products of
Fi013 (from t10,c12-CLA) may be structurally and
functionally different from those of Fg1, (from c9,t11-
CLA). The pro-oxidant activity of c9,t11-CLA at high
concentration may be due to conversion of the furan
fatty acid formed (Fg 12) into other compounds that are
highly reactive.

At higher concentrations (20 and 200 uM) LA exhib-
ited weak antioxidant activity, although it acted as a
weak pro-oxidant at low concentration (2 uM; Figure 4).
It is possible that LA yielding peroxyl radicals, which
are essentially water-insoluble (Ingold et al., 1993), are
confined in the inner phase of Tween emulsion and fail
to participate in the KMBA oxidation in water phase.
In fact, the rate of lipid oxidation is much lower than
that of KMBA oxidation and no hexanal could be
detected for all samples including LA (data not shown).

In conclusion, using the TOSC assay, t10,c12-CLA
was shown to be a stronger antioxidant than c9,t11-CLA
in scavenging oxyradicals. At high concentration (200
uM) ¢9,t11-CLA exhibited pro-oxidant activity, whereas
t10,c12-CLA acted as a strong antioxidant at all con-
centrations (2—200 uM). These results may help to
explain the discrepancies of the results of the previous
studies on the antioxidant properties of CLA. In all

Leung and Liu

previous studies on the antioxidant properties of CLA,
mixtures of CLA isomers (mainly 43% c9,t11/t9,11-CLA
and 45% t10,c12-CLA) were used instead of individual
isomers. As c9,t11-CLA can be a pro-oxidant in some
situations (such as high concentration in this study), a
mixed effect of the antioxidant properties of t10,c12-
CLA and the pro-oxidant properties of ¢9,t11-CLA may
occur when a mixture of CLA isomers is used. Thus,
apart from the difference of oxidation conditions, the
discrepancies of the results of the previous studies on
the antioxidant properties of CLA may also be due to
the balance of the antioxidant properties of t10,c12-CLA
and the pro-oxidant properties of c9,t11-CLA. The
discovery that the t10,c12-CLA isomer exhibits stronger
oxy radical scavenging capacity is novel. Further re-
search on the anticancer activity of individual CLA
isomers is necessary.

ABBREVIATIONS USED

ABAP, 2,2'-azobis(amidinopropane); CLA, conjugated
linoleic acid; ¢9,t11-CLA, cis-9,trans-11-CLA; GC, gas
chromatograph; KMBA, o-keto-y-methiolbutyric acid;
LA, linoleic acid; TOSC, total oxyradical scavenging
capacity; t10,c12-CLA, trans-10,cis-12-CLA.

LITERATURE CITED

Banni, S.; Angioni, E.; Contini, M. S.; Carta, G.; Casu, V,;
Lengo, G. A.; Melis, M. P.; Deiana, M.; Dessi, M. A.;
Corongiu, F. P. Conjugated linoleic acid and oxidative stress.
J. Am. Oil Chem. Soc. 1998, 75, 261—267.

Barclay, L. R. C.; Baskin, K. A.; Locke, S. J.; Schaefer, T. D.
Benzophenone-photosensitized autoxidation of linoleate in
solution and sodium dodecyl sulfate micelles. Can. J. Chem.
1987, 65, 2529—2540.

Belury, M. A.; Kempa-Steczk, A. Conjugated linoleic acid
modulates hepatic lipid composition in mice. Lipids 1997,
32, 199—-204.

Belury, M. A.; Nickel, K. P.; Bird, C. E.; Wu, Y. M. Dietary
conjugated linoleic acid modulation of phorbol ester skin
tumor promotion. Nutr. Cancer 1996, 26, 149—157.

Benson, F. R. Polyol surfactants. In Nonionic Surfactants;
Schick, M. J., Ed.; Dekker: New York, 1966; p 270.

Blaug, S.; Hajratwala, B. Kinetics of aerobic oxidation of
ascorbic acid in the presence of nonionic surfactants. J.
Pharm. Sci. 1974, 63, 1240—1243.

Bowry, V. W.; Ingold, K. U.; Stocker, R. Vitamin E in human
low-density lipoprotein. When and how this antioxidant
becomes a pro-oxidant. Biochem. J. 1992, 288, 341—-344.

Cadenas, E.; Sies, H. The lag phase. Free Radical Res. 1998,
28, 601—-609.

Cantwell, H.; Rosaleen, D.; Stanton, C.; Lawless, F. The effect
of a conjugated linoleic acid on superoxide dismutase,
catalase and glutathione peroxidase in oxidatively-chal-
lenged liver cells. Biochem. Soc. Trans. 1998, 26, S62—S62.

Chen, Z.Y.; Chan, P. T.; Kwan, K. Y.; Zhang, A. Reassessment
of the antioxidant activity of conjugated linoleic acids. J.
Am. Oil Chem. Soc. 1997, 74, 749—753.

Chin, S. F.; Liu, W.; Storkson, J. M.; Ha, Y. L.; Pariza, M.
Dietary sources of conjugated dienoic isomers of linoleic acid,
a newly recognized class of anticarcinogens. J. Food Compos.
Anal. 1992, 5, 185—197.

Cillard, J.; Cillard, P. Behavior of alpha, gamma and delta
tocopherols with linoleic acid in aqueous media. J. Am. Oil
Chem. Soc. 1980, 57, 39—42.

Cook, M. E.; Drake, B.; Jerome, D.; Pariza, M. W. The
interaction of 9¢,11t/9t,11c and 10t,12c conjugated linoleic
acid on fat deposition in mice. FASEB J. 1999, 13, A875—
A875.



Antioxidant Activity of Conjugated Linoleic Acid

desBordes, C.; Lea, M. A. Effects of C18 fatty acid isomers on
DNA synthesis in hepatoma and breast cancer cells. Anti-
cancer Res. 1995, 15, 2017—2021.

DeVoney, D.; Pariza, M. W.; Cook, M. E. trans-10,cis-12
octadecadienoic acid increases lymphcyte proliferation.
FASEB J. 1999, 13, A587—A587.

Ding, S. Quatitation of hydroperoxides in the aqueous solutions
of non-ionic surfactants using polysorbate 80 as the model
surfactant. J. Pharm. Biomed. Anal. 1993, 11, 95—101.

Doba, T.; Burton, G. W.; Ingold, K. U. Antioxidant and co-
antioxidant activity of vitamin C. The effect of vitamin C
either alone or in the presence of vitamin E or a water-
soluble vitamin E analogue, upon the peroxidation of
aqueous multilamellar phospholipid liposomes. Biochim
Biophys Acta 1985, 835, 298—303.

Donbrow, M.; Azza, E.; Pillersdorf, A. Autoxidation of polysor-
bates. J. Pharm. Sci. 1978, 67, 1676—1681.

Donnelly, J. L.; Decker, E. A.; McClements, D. J. lron-
catalyzed oxidation of menhaden oil as affected by emulsi-
fiers. J. Food Sci. 1998, 63, 997—100.

Durgam, V. R.; Fernandes, G. The growth inhibitory effect of
conjugated linoleic acid on mcf-7 cells is related to estrogen
response system. Cancer Lett. 1997, 116, 121—130.

Ha, Y. L.; Grimm, N. K.; Pariza, M. W. Anticarcinogens from
fried ground beef: heat-altered derivatives of linoleic acid.
Carcinogenesis 1987, 8, 1881—-1887.

Ha, Y. L.; Storkson, J.; Pariza, M. W. Inhibition of benzo[a]-
pyrene-induced mouse forestomach neoplasia by conjugated
dienoic derivatives of linoleic acid. Cancer Res. 1990, 50,
1097—-1101.

Ingold, K. U. Autoxidation of lipids and antioxidation by
a-tocopherol and ubiquinol in homogeneous solution and in
aqueous dispersions of lipids: Unrecogized consequences of
lipid particle size as exemplified by oxidation of human low
density lipoprotein. Proc. Natl. Acad. Sci. U.S.A. 1993, 90,
45—-49.

Ip, C.; Chin, S. F.; Scimeca, J. A.; Pariza, M. W. Mammary
cancer prevention by conjugated dienoic derivative of linoleic
acid. Cancer Res. 1991, 51, 6118—6124.

Ip, C.; Briggs, S. P.; Haegele, A. D.; Thompson, H. J.; Storkson,
J.; Scimeca, J. A. The efficacy of conjugated linoleic acid in
mammary cancer prevention is independent of the level or
type of fat in the diet. Carcinogenesis 1996, 17, 1045—1050.

Kamal-Eldin, A.; Appelqvist, L. The chemistry and antioxidant
properties of tocopherols and tocotrienols. Lipids 1996, 31,
671—701.

Lu, M.; Belury, M. A. 9Z11E-CLA activation of PPARa:
Implication for hepatic lipid metabolism. FASEB J. 1999,
13, A557—A557.

Mulley, B. A.; Metcalf, A. D. Non-ionic surface-active agents.
Part 1. The solubility of chloroxylenol in aqueous solutions
of polyethylene glycol 1000 monocetyl ether. J. Pharm.
Pharmacol. 1956, 8, 774—779.

Nicolosi, R. J.; Rogers, E. J.; Krtichevsky, D.; Scimeca, J. A,
Huth, P. J. Dietary conjugated linoleic acid reduces plasma
lipoproteins and early aortic atherosclerosis in hypercho-
lesterolemic hamsters. Artery 1997, 22, 266—277.

Niki, E.; Kawakami, A.; Yamamoto, Y.; Kamiya, Y. Oxidation
of lipids. VIII. Syneristic inhibition of phosphatidylcholine
liposome in aqueous dispersion by vitamin E and vitamin
C. Bull. Chem. Soc. Jpn. 1985, 58, 1971—-1975.

Okada, Y.; Okajima, H.; Konishim, H.; Terauchi, M.; Ishii, K.;
Liu, 1.-M.; Watanabe, H. Antioxidant effect of naturally
occurring furan fatty acids on oxidation of linoleic acid in
aqueous dispersion. 3. Am. Oil Chem. Soc. 1990, 67, 858—
862.

Okada, Y.; Kaneko, M.; Okajima, H. Hydroxyl radical scaveng-
ing activity of naturally occurring furan fatty acids. Biol.
Pharm. Bull. 1996, 19, 1607—1610.

J. Agric. Food Chem., Vol. 48, No. 11, 2000 5475

Park, Y.; Albright, K. J.; Liu, W.; Cook, M. E.; Pariza, M. W.
Dietary conjugated linoleic acid (CLA) reduces body fat
content and isomers of CLA are incorporated into phospho-
lipid fraction. IFT Annual Meeting Book of Abstracts;
Institute of Food Technology: Chicago, IL, 1995; pp 183—
183.

Park, Y.; Storkson, J. M.; Albright, K. J.; Liu, W.; Pariza, M.
W. Evidence that the trans-10,cis-12 isomer of conjugated
linoleic acid induces body composition changes in mice.
Lipids 1999, 34, 235—241.

Ponginebbi, L.; Nawar, W. W.; Chinachoti, P. Oxidation of
linoleic acid in emulsions: Effect of substrate, emulsifier,
and sugar concentration. J. Am. Oil Chem. Soc. 1999, 76,
131—-138.

Porter, W. L. Paradoxical behavior of antioxidants in food and
biological systems. Toxicol. Ind. Health 1993, 9, 93—122.

Porter, W. L.; Black, E. D.; Drolet, A. M. Use of polyamide
oxidative fluorescence test on lipid emulsions: contrast in
relative effectiveness of antioxidants in bulk versus dis-
persed systems. J. Agric. Food Chem. 1989, 37, 615—624.

Regoli, F.; Winston, G. W. Applications of a new method for
measuring the total oxyradical scavenging capacity in
marine invertebrates. Mar. Environ. Res. 1998, 46, 439—
442.

Regoli, F.; Winston, G. W.; Mastrangelo, V.; Principato, G.;
Bompadre, S. Total oxyradical scavenging capacity in mus-
sel Mytilus sp. as a new index of biological resistance to
oxidative stress. Chemosphere 1998, 37, 2773—2783.

Sehat, N.; Yurawecz, M. P.; Roach, J. A. G.; Mossoba, M. M.;
Kramer, J. K. G.; Ku, Y. Silver-ion high-performance liquid
chromatographic separation and identification of conjugated
linoleic acid isomers. Lipids 1998, 33, 217—221.

Shultz, T. D.; Chew, B. P.; Seaman, W. R. Differential
stimulatory and inhibitory responses of human mcf-7 breast
cancer cells to linoleic acid and conjugated linoleic acid in
culture. Anticancer Res. 1992a, 12, 2143—2145.

Shultz, T. D.; Chew, B. P.; Seaman, W. R.; Luedecke, L. O.
Inhibitory effect of conjugated dienoic derivatives of linoleic
acid and -carotene on the in vitro growth of human cancer
cells. Cancer Lett. 1992b, 63, 125—133.

van den Berg., J. J. M.; Cook, N. E.; Tribble, D. L. Reinvestiga-
tion of the antioxidant properties of conjugated linoleic acid.
Lipids 1995, 30, 599—605.

Winston, G. W.; Regoli, F.; Dugas, Jr., A. J.; Fong, J. H;
Blanchard, K. A. A rapid gas chromatographic assay for
determining oxyradical scavenging capacity of antioxidants
and biological fluids. Free Radical Biol. Med. 1998, 24, 480—
493.

Yang, S. F. Further studies on ethylene formation from a-keto-
y-methylthiobutyric acid or S-methylthiopropionaldehyde by
peroxidase in the presence of sulfite and oxygen. J. Biol.
Chem. 1969, 244, 4360—4365.

Yu, L.; Donkin, S. S.; Watkins, B. A. CLA reduced arachidonic
acid formation in primary cultures of rat hepatocytes.
FASEB J. 1998, 12, A535—A535.

Yurawecz, M. P.; Hood, J. K.; Mossoba, M. M.; Roach, J. A.
G.; Ku, Y. Furan fatty acids determined as oxidation
products of conjugated octadecadienoic acid. Lipids 1995,
30, 595—598.

Received for review October 25, 1999. Revised manuscript
received August 7, 2000. Accepted August 7, 2000.

JF991163D



