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ABSTRACT: Conjugated linoleic acid (CLA)-rich soy oil can be produced by photoisomerization of soy oil linoleic acid to produce
a soy oil with up to 20% CLA. Recent studies indicate that mixed soy tocopherols added to refined bleached deodorized (RBD) oil
produced significant increase in soy CLA yield during soy oil linoleic acid photoisomerization. However, the effect of common
synthetic free radical scavenging antioxidants and specific tocopherols on CLA yield and its oxidative stability is not known.
Therefore, this investigation evaluated the effects of various antioxidant systems on soy oil CLA yield and oxidative stability. Soy oil
with added antioxidants consisting of combinations of mixed tocopherols (MT), ascorbyl palmitate (AP), butylated hydroxyanisole
(BHA), butylated hydroxytoluene (BHT) and tert-butylhydroquinone (TBHQ) was photoisomerized to produce CLA- rich soy oil.
The CLA content was determined by GC-FID analysis and oxidative stability by peroxide value (PV). The soy oil in the presence of
TBHQ, MT alone and MT with 500 ppm of AP produced significantly greater CLA yields and improved oxidative stability
compared to a control without added antioxidants (p < 0.05). However, added mixed tocopherols produced the greatest CLA yield
and also reduced PV relative to the control. Tocopherols in the form of 0., - and d-tocopherols were then each examined as to their
relative effect on CLA yields and PV. The largest increase in CLA yield was obtained with 1800 ppm of y-tocopherols with reduced
PV. Mixed tocopherols, TBHQ and y-tocopherols can be used to increase CLA yield and reduce PV of soy oil during linoleic acid
photoisomerization.
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B INTRODUCTION

Conjugated linoleic acid (CLA) is a family of positional and
geometric isomers of octadecadienoic acid (18:2). The double
bonds in CLA are conjugated and not methylene interrupted as
in linoleic acid (18:2n-6). CLA is found naturally in dairy and
beef products at levels of 0.3—0.8% (w/w) of the fat. The cis-9,
trans-11 isomer is the principal dietary form of CLA, but lower
levels of trans-10, cis-12; trans-9, trans-11 and trans-10, trans-12
isomers are also present in ruminant milk and meat." The
National Academy of Sciences concluded that CLA “is the only
fatty acid shown unequivocally to inhibit carcinogenesis in
experimental animals”.” Previous studies indicate that CLA plays
antidiabetic, antiobesity, and antiatherogenic roles.>* A daily
dietary intake of 3 g of CLA has been recommended as belng
necessary to produce desirable physiological health effects.”
However, this intake would necessitate a simultaneous increase
in dietary saturated fats, which would not be desirable.

Soy oil is the most commonly used vegetable oil in the Umted
States. It contains about 50% linoleic acid. Jain and Proctor’
reported a simple way of producing high levels of CLA in soy oil
on a laboratory scale by converting soy oil linoleic acid (LA) to
CLA using a UV/visible lamp with 0.15% iodine. However, the
photoirradiation took 144 h to produce 20% CLA. So, Jain et al.®
further optimized the process to produce CLA-rich soy oil on a
pilot scale resulting in greater quantities of CLA in less time.
Approximately 75% of total CLAs were trans,trans-isomers, while
the remammg were cis,trans- and trans,cis-isomers. A study by Jain
et al.® on the effect of the degree of soy oil processing on CLA
yields prior to the photoirradiation step showed that the CLA
yields increased with an increasing degree of oil refining. Crude
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soy oil gave the lowest CLA yield of 0.2% total CLA, while alkali
RBD soy oil gave the highest yield of 16.3% total CLA. CLA
processed from crude soy oil had the highest oxidative stability of
13 days induction time, whereas CLA from RBD soy oil had alow
oxidative stability with 8 days of induction time. Decreasing
oxidative stability with increasing degree of refining is probably
due to removal of oil components with antioxidant properties.’
Tokle et al.'® determined the effect of concentration minor soy
oil components on CLA yields and oxidative stability during
photoisomerization of soy oil linoleic acid. Added peroxides,
phospholipids, free fatty acids and lutein all reduced CLA yields
significantly, with peroxides having the greatest affect. A PV
increase from 0 to 3—4 mequiv/kg reduces CLA yield by 50%,
but Magnesol oil adsorption prior to irradiation removed oil
peroxides that significantly enhanced CLA yields. In contrast,
1400 ppm of mixed soy tocopherols produced a small, but
statistically significant, increase in CLA yields, but this was not
observed at other tocopherol concentrations. Therefore, a study
of the effect of various commercial antioxidants and specific
tocopherols on CLA yields and oxidative stability during soy oil
linoleic photoisomerization was performed.

The objectives of this research were to (1) determine the effect
of various antioxidants at commercially acceptable levels on CLA
yields and oxidative stability, (2) identify antioxidant system that
would be useful in CLA production, and (3) determine the
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Table 1. Combinations and Specific Concentrations of
Antioxidants Used in This Study”

concentration (ppm)

combination BHA BHT TBHQ AP MT
1 100
2 200
3 100
4 200
S S0 50
6 100 100
7 100
8 200
9 S0 50
10 100 100
11 1400
12 1600
13 250 1400
14 500 1600

“ Abbreviations: MT = mixed tocopherols; AP = ascorbyl palmitate;
BHA = butylated hydroxyanisole; BHT = butylated hydroxytoluene;
TBHQ = tert-butylhydroquinone.

relationships between antioxidant, antioxidant concentrations,
CLA yields and PV.

Bl MATERIALS AND METHODS

Materials. Refined, bleached and deodorized (RBD) soy oil and
mixed tocopherols (MT) were obtained from Riceland Foods (Stuttgart,
AR) and used as the control. Ascorbyl palmitate (AP), butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and tert-
butylhydroquinone (TBHQ) were obtained from Sigma-Aldrich (St.
Louis, MO). o-Tocopherol was purchased from TCI America
(Portland, OR). y-Tocopherol and O-tocopherols were obtained from
Sigma-Aldrich (St. Louis, MO). Resublimed iodine crystals (EM
Science, Cherry Hill, NJ) were used as catalyst. Commercial CLA
methyl esters (Sigma-Aldrich, St. Louis, MO) containing a mixture of
cis-9,trans-11 CLA, trans-10,cis-12 CLA, and trans,trans-CLA isomers
were used as a standard, and heptadecanoic acid methyl ester (17:0;
Sigma-Aldrich) was used as the internal standard. Sodium methoxide
and anhydrous sodium sulfate (EMD Chemicals, Darmstadt, Germany)
were used for methyl ester preparation. Magnesol, commercial magne-
sium silicate, was obtained from The Dallas Group , Inc. (Whitehouse,
NJ). Helium, air and hydrogen gas was obtained from Scientific Supplies
(University of Arkansas, Fayetteville, AR).

Soy Oil Adsorption Pretreatment. About 800 mL of soy oil in a
1 L beaker was mixed with 5% of Magnesol and stirred with a magnetic
stirrer (model PC-620, Corning Inc., Lowell, MA) for 20 min on speed
setting 8, adapting the method of Tokle et al.'” The oil was then vacuum
filtered and deaerated with a sonicator for 30 min and placedina 1 L
beaker wrapped with aluminum foil to prevent exposure of oil to light.

Effect of Antioxidants on CLA Yields. Oil Preparation. Oil was
heated in 1 L beaker to 70 °C with flushing with nitrogen to avoid
oxidation. Then, 0.35% iodine was added to the oil, and the contents in
the beaker were stirred until the iodine was completely dissolved.”
Twenty-six 50 g oil samples were taken from the oil and iodine solution,
and antioxidants were added to obtain a range of oil samples having
antioxidant concentrations described in Table 1. In this study synthetic
antioxidants are tested at or below legal limits of usage in foods (200 ppm),
and MT are tested at higher concentrations as their usage in foods is

Table 2. Concentrations of @-, y-, and d-Tocopherols Used
in This Study

concentration (ppm)

sample a-tocopherol y-tocopherol 0O-tocopherol

1 600

2 1000

3 1400

4 1800

5 600

6 1000

7 1400

8 1800

9 600
10 1000
11 1400
12 1800

unregulated. Triplicate S g samples taken from S0 g oil aliquots were
placed in 7 mL borosilicate vials. These vials were photoirradiated using
the method of Lall et al.'* and Tokle et al.'® The vials were attached to
the glass plate of the photoisomerization unit on the oil side at locations
that provided uniform and maximum UV intensity. Irradiation was
carried out for 12 h at 47 °C."

GC-FID CLA Analysis. Methyl esters were prepared from RBD soy oil
and photoisomerized oil by a base-catalyzed method to reduce the
formation of conjugated trans,trans isomers during analysis."> One hundred
milligrams of photoisomerized soybean oil was weighed into a 25 mL
centrifuge tube, and 500 #L of 1% heptadecanoic acid methyl ester
(17:0, internal standard), 2 mL of toluene, and 4 mL of 0.5 M sodium
methoxide in methanol were added to the centrifuge tube and then
purged with nitrogen gas. The centrifuge tube was heated to 50 °C for 10 to
12 min and then cooled for 5 min. To inhibit formation of sodium
hydroxide, which could hydrolyze methyl esters to free fatty acids, 200 #L of
glacial acetic acid was added to the centrifuge tube. Five milliliters of distilled
water was added to the centrifuge tube followed by S mL of hexane, and the
tube was vortexed (model VM-3000, VWR, Thorofare, NJ) for 2 min.
The hexane layer was extracted and dried over anhydrous sodium sulfate
in a7 mL glass vial. Another 5 mL of hexane was added to the centrifuge
tube, the tube was vortexed for another 2 min, and the hexane layer was
dried over anhydrous sodium sulfate prior to methyl ester analysis.

Methyl esters were analyzed by gas chromatography (GC) using an
SP 2560 fused silica capillary column (100 m X 0.25 mm id. X 0.2 um
film thickness; Supelco Inc., Bellefonte, PA)"* with a flame ionization
detector (FID) (model 3800, Varian, Walton Creek, CA). Duplicate
2 uL samples, prepared in hexane, were injected by an autosampler
CP8400 (Varian), and gas chromatograms were collected by Galaxie
Chromatography Workstation 1.9.3.2 (Varian). Commercial CLA
methyl ester, methyl linoleate, and mixed methyl fatty esters (Sigma)
were used as standards. Two determinations each consisting of duplicate
injections were conducted for each treatment. CLA concentrations were
calculated by the following equation:

isomer concn

[internal std concn (S mg) X peak area X relative response factor]

internal std peak area

Peroxide Value. An AOCS acetic acid—choloroform method (AOCS
Cd 8-53) was used to measure the oxidation in the oil samples."®
Peroxide values (PVs) of RBD soy oil and photoisomerized oil samples
were measured in duplicate.
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Figure 1. CLA yields obtained by photoisomerization of soy oil LA with oils of various added antioxidants (error bars represent standard error of mean
(n = 4); MT = mixed tocopherols; AP = ascorbyl palmitate, BHA = butylated hydroxyanisole, BHT = butylated hydroxytoluene; TBHQ_= tert-
butylhydroquinone; bars with different letters are significantly different at p < 0.05).
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Figure 2. CLA isomer yields obtained by photoisomerization of soy oil LA with oils of various added antioxidants (error bars represent standard error of

mean (n = 4); MT = mixed tocopherols; AP = ascorbyl palmitate, BHA =

butylated hydroxyanisole, BHT = butylated hydroxytoluene; TBHQ = tert-

butylhydroquinone; bars with different letters are significantly different at p < 0.05).

Effects of a-, - and d-Tocopherols on Soy Oil CLA Yield.
Since 1400 ppm of mixed soy tocopherols produced the most CLA in the
previous study, the effect of @, - and d-tocopherols on CLA yields and
oxidative stability was investigated. Oil samples were prepared with 600,
1000, 1400, and 1800 ppm of -, - and O-tocopherols as presented in
Table 2 and irradiated for 12 h as described earlier. The CLA content of
the samples was analyzed by GC-FID, and oxidative stability was
measured by PV as previously described.

Statistics. Analysis of variance (ANOVA) was conducted on all data
using JMP version 5.0.1 (SAS Institute Inc., Cary, NC). A Student’s t test

was used to differentiate mean values, with significance defined at p <
0.0S. Standard deviations were also determined.

B RESULTS AND DISCUSSION

Effect of Antioxidants on Soy Oil CLA Yield. Figure 1 shows
soy oil total CLA yields with various antioxidant systems at
different concentrations. The control RBD soy oil produced
14.8% total CLA after 12 h of irradiation, while BHA, BHT and
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BHT/BHA combinations either did not affect CLA yield or
significantly reduced it. However, TBHQ, MT, and MT with
500 ppm of AP at much higher concentration than BHA and
BHT showed significantly greater CLA yields relative to control
RBD soy oil (p < 0.05). The largest CLA yield was 18%, obtained
with 1400 ppm of MT and was significantly greater than all other
treatments. Tokle et al.'® also reported a small but significant

25
—— PV of Control Soy Oil

2
E
=
=15
:E_: c
H
2
41
:
B

035

0 - T T

PSS LS

o Pt
& @, & x @,

o
(c,*‘ Q\ «\h@&.\w

>

Antioxidant/Concentration (ppm)

Figure 3. Peroxide values of photoisomerized soy oil with various added
antioxidants (error bars represent standard error of mean (n = 4); bars
with different letters are significantly different at p < 0.05).

increase in CLA yield on addition of tocopherols. Increasing MT
to 1600 ppm and addition of AP to MT also increased CLA yields
significantly in comparison to the control (P < 0.05). TBHQ may
be more effective than BHT and BHA at similar concentrations
as biphenol and BHT and BHA are monophenols.**

The relative amount of each CLA isomer obtained with each
antioxidant system is illustrated in Figure 2. The major CLA
isomer is the trans,trans-isomer, whose production relative to
control levels is similar to that of total CLA. Other cis,trans and
trans,cis CLA isomers are at ~1—2% levels because CLA
isomerizes to the more thermodynamically stable transtrans
CLA during processing. Processing treatments that result in
reduced total CLA and trans,trans CLA do not proportionally
reduce the minor isomers, as can be seen when reduced trans,
trans CLA isomer contents of “TBHQ-100 + AP 100” treatment
is compared with that of “MT 1400”.

Figure 3 shows the peroxide values after photoisomerization of
soy oil linoleic acid with various antioxidant treatments. The PV
of control soy oil after 12 h of irradiation was 1.85 mequiv/kg of
oil. The PVs of soy oil with TBHQ and MT treatments either
alone or in combination with AP significantly lowered PVs
relative to the control (P < 0.05). The soy oil PV with BHA
and BHT either alone or in combination did not affect PV or
resulted in a slight increase. Generally, the oxidative stability was
significantly high in those samples with significantly high CLA
(P < 0.05). However, MT produced the highest CLA yields
(Figure 1), although “TBHQ 100 + AP 100” treatment pro-
duced a significantly lower PV value than the other treatments
possibly due to synergistic effect of TBHQ and AP.**

Effects of a-, y- and d-Tocopherols on Soy Oil CLA Yield.
Since 1400 ppm of mixed soy tocopherols produced the most
CLA in the previous study, the effect of 0.-, - and O-tocopherols
on CLA yields was investigated. Figure 4 shows the total soy oil
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Figure 4. CLA yields obtained by photoisomerization of soy oil LA with oils of various concentrations of Q-, - and d-tocopherols (error bars represent
standard error of mean (1 = 4); bars with different letters are significantly different at p < 0.05; A, a-tocopherols; G, y-tocopherols; D, O-tocopherols).

7380 dx.doi.org/10.1021/jf2007425 |J. Agric. Food Chem. 2011, 59, 7377-7384



Journal of Agricultural and Food Chemistry

14
C=3cis9, trans-11 R trans-9, cis-11/ cis- 10, trans-12
R 7 A ns-Er ANS iSOMErs ESEEEE trans-10, cis-12 .
- cls-9, trans-11 isomer in control = - - trans-10, cis-12 in control

~trans-9, cis-11/trans-10, cis-12 in control = = =trans, trans CLA in control
C

io

% CLA Eomers

A 600 D 1800 D 1400 D 1000 D 600 G 1800 G 1400 G 1000 G 600
Tocopherol concentration (ppm)

Control A 1BDO & 1400

Figure 5. CLA isomer yields obtained by photoisomerization of soy oil LA with oils of various concentrations of @-, - and O-tocopherols (error bars
represent standard error of mean (n = 4); bars with different letters are significantly different at p < 0.0S; A, o-tocopherols; G, y-tocopherols; D, 0-
tocopherols).

=S Peroxide value —— Peroxide value of control
a
i
ey
i
2 s
] Bt
i s
b5t sl Bihesetet
] abc
hiaiessel oo
it -
= s ] Pt
— st 2] boadon)
o fezsed 2 e bcde
oot ] et
s e ok cde
s o e
Yis s 2 s e
= s % i) RS
oo 2] et Fecne
- s R e
E e s e
- e 2 s SRS S
e e e o e
] e 2 e S e
= e ] patiod e sl it
= o i 2 e Ry
e o - e :::: B
'] o) e 2 2 e Poacy) e
1 fiesicics ) S < et oo o]
-] hess B2 s e st e
S e 5 2 b o
RS <5 250 s o 2iesis] fsessd] poor
g s o e 2 b s
Rosees] Fote 0] et ettt fsessd] Eoliiiy
£ e oo S 2 o] i o
b s ] - fiess K ks b
i s e e ke e o
e s s e e e s
i i 2 S B e S
s 2 b i i
s o s
05 ] e e
- e 2 Rieisie) s
e w ke e
P i e oo
e 1 i) s
e s
i ke Hs s
e S S e
i fee s S
e i S i
sy a0 ge ks
e K oo et
st g P s
ol hocasdy s e
0 Ftetaty ot Fetetatet Fitetets! etetitel etetetety
T T T T T T T T T T

Control A1800 A1400 A1000 AGD0 D1B00 D1400 D100D0 D6EO0O G1800 G1400 G1000 G600
Tocopherol concentration (ppm)

Figure 6. Peroxide values of photoisomerized soy oil with various concentrations of .-, y- and 0-tocopherols (error bars represent standard error of
means (n = 4); bars with different letters are significantly different at p < 0.05; A, o-tocopherols; G, y-tocopherols; D, d-tocopherols).

7381 dx.doi.org/10.1021/jf2007425 |J. Agric. Food Chem. 2011, 59, 7377-7384



Journal of Agricultural and Food Chemistry

*
|

™
New on

cis-9, cis-12 octadecenoic acid

from C-11 to forma radical

l Radiation cleaves 12 homologously and 1* abstracts H-atom

Resonance stabilization

trans-10, trans-12 CLA

N el
H-atom from HI binds with C-13

trans-10, cis-12 CLA
I* from HI and bind to form L2

* Addition of Todine allows free rotation
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CLA content obtained with various concentrations of (-, y- and
O-tocopherols relative to a control. The 7y-tocopherols at all
concentrations produced significantly more CLA than the con-
trol and the other tocopherol treatments (P < 0.05). 1800 ppm
of y-tocopherols produced similar CLA levels as 1400 MT
(Figure 4). The RBD soy oil contains ~1140 ppm of total
tocopherols, out of which ~740 ppm are y-tocopherols.” So, the
increase in CLA yield in the presence of mixed tocopherols is
probably due to y-tocopherols. In contrast, 0t-tocopherol pro-
duced similar or less CLA relative to the control.'” However, the
larger O-tocopherol concentrations at 1800 and 1400 ppm produced
CLA levels greater than the control but not as high as
y-tocopherols. The lower O-tocopherol levels reduced CLA
content relative to the control.

Figure S illustrates the CLA isomer yields with various
tocopherol treatments. The trend in trans,trans CLA is similar
to that of total CLA, as shown in Figure 1 with the minor isomers
being present ~1—2% levels. There does seem to be an increase
in minor isomer content with increase in trans,trans CLA.

The effects of various Q.- y- and d-tocopherol concentrations
on soy oil PVs is seen in Figure 6. The PV of control RBD soy oil
without added tocopherols was 1.35 mequiv/kg of sample. As
can be seen from Figure 3, those oils with greatest CLA levels had
the lowest PVs. The a-tocopherol treatments produced signifi-
cantly larger PVs than the control soy oil. The - and J-toco-
pherol treatments produced PVs similar to the control, except

that of the 1800 ppm of O-tocopherol treatment was significantly
larger. The antioxidant activity of tocopherols as determined by
PV decreased in the order y- > 0- > o-tocopherols. This is in
agreement with the results obtained by Lea et al,,"® who demon-
strated that the antioxidant activity of tocopherols in methyl ester
of cotton seed oil at S0 °C decreased in the order y- > 6-> 8-> a-
tocopherol.

However, y-tocopherol produced the most CLA of the
tocopherols while @-tocopherol produced the lowest CLA
relative to the concentrations of tocopherols investigated. This
may be due to the higher stability of y-tocopherol and faster
degradation of o-tocopherol during photoisomerization. Ko
et al.'” reported that a-tocopherol was destroyed faster than
other tocopherols in CLA during storage at 50 °C. Isnardy et al.'®
reported that O-tocopherol was destroyed faster than other
tocopherols in purified rapeseed oil. Furthermore, the redox
potential of a-tocopherol is low when compared to other
tocopherols, which implies that it is a stronger hydrogen donor
and more vulnerable to oxidation.

The main findings of this study are that CLA yields increase
with increasing antioxidant capacity and antioxidant stability.
Mixed soy tocopherols, probably as y-tocopherol, produced
more CLA than the synthetic antioxidant systems at the legal
levels of use because they can be used at greater levels. In
addition, increase in CLA levels is related to an increase in
oxidative stability.
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Figure 8. Proposed mechanism of the effect of antioxidants on CLA yield.

The observation of increasing antioxidant capacity being
associated with promoting CLA appears counterintuitive. When
the mechanism of CLA formation is considered (Figure 7), the
first step in this reaction is the catalytic abstraction of a hydrogen
radical from the allylic carbon 11 to form a LA radical.*® Con-
ventional understanding of radical scavenging antioxidants would
predict that increasing antioxidant levels would reduce CLA forma-
tion. However, to speculate, if in this case methylene interrupted
diene radicals are formed and isomerized faster than the anti-
oxidant hydrogen radical donation, then conjugated diene radi-
cals will be stabilized to allow CLA formation (Figure 8).

The question as to why oils with the most CLA were most
oxidatively stable may be explained by the antioxidant effects of
CLA. Several previous findings established the protective effect
of CLA against free radicals.”' ~** However, the mechanism by
which CLA interacts with free radicals is poorly understood.

In conclusion, the present study demonstrated that TBHQ,
MT and MT with S00 ppm of AP, y- and -tocopherols within
legal limits could be used to significantly increase soy oil CLA
yields and improve oxidative stability during soy oil photoisome-
rization. Additional studies are necessary to elucidate the inter-
actions between CLA, antioxidants and free radicals.
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