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ABSTRACT

Oxidation of tocotrienol enriched corn oil was measured for primary oxidative
products, lipid hydroperoxides and quantified by peroxide value (PV). Oxida#bdityt
Index (OSI) was used to determine the induction period (hrs) by indirectrasant of
volatile secondary oxidation products, mainly formic acid. Vitamin E stripped corn oil
samples were spiked with individual tocotrienols or tocopherols (collectioelyis) at
concentrations between 100 and 5,000 ppm. A positive relationship was observed between
the concentration of all tocols and inhibition of the formation of secondary produatesn&a
tocotrienol {-T3) provided the most protection, with delta tocopheaial and delta
tocotrienol §-T3) providing similar protection. Alpha tocotrieno}t{3) and alpha
tocopherol ¢-T) followed a similar trend but with diminishing capacity at concentrations
higher than 700 ppm. The change in mean daily peroxide value increased@pherol
andoa- tocotrienol concentrations increased. When compared against the non-spiked,
stripped control oil, both- tocopherol and- tocotrienol demonstrated better antioxidant
effects at lower concentrations and actually promoted oxidation at conaerdrati700 ppm
and above. These effects were not observed with téweds- tocols.

Crude oils from corn kernels, both control and that expressing a homogentisate
geranylgeranyl transferase (HGGT) gene, were tested for asadatibility. No pro-oxidant
effects were observed in the modified crude corn oil containing up to 5,000 ppm tocotrienols
(6,200 ppm total tocotrienols and tocopherols) when compared to the control crude corn oll

containing 300 ppm tocotrienols (1,500 ppm total tocols).
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CHAPTER 1. GENERAL INTRODUCTION

Introduction
Project Significance

As a product of biotechnology, oil extracted from kernels of homogentisic acid
geranylgeranyl transferase modified corn can now contain elevateent@ions of
tocotrienols, exceeding twenty fold the concentration in unmodified corn [1]. Téetjabt
oxidative impact of these active lipophilic, phenolic compounds must be bettertonders
determine the food value of corn oil with significantly increased tocwtise As both the
composition and concentrations of tocotrienols can be manipulated through biotechnology
and processing, the effects of specific tocotrienols and their concentration deoulid a
examined. Itis the goal of this research to elucidate the role tocosriganad in corn oll
stability and oxidation. Recent publications have identified the potentidhHssaiefit of
tocotrienolsnvivo [2, 3]. The possible nutritional or therapeutic benefits are beyond the
scope of this project, but the research offers insight into the oxidative pespartising this

domestically supplied oil as a feedstock for other processes, products or pfepdsed

General Background

Tocotrienols and tocopherols comprise a group of eight natural, plant produced,
homologs that are exploited for their ability to quench free radicals and retdatiax in
lipids and lipid systems [4-6]. Their structures consist of a chromanol heabanmblar
hydrocarbon tail. Tocotrienols (T3) have an isoprenoid tail with three double bonds. The
tocopherol phytyl tail is fully saturated. The degree and position of methylatidre on t
phenolic ring is denoted hy (5, 7, 8 trimethyl) (5, 8-dimethyl),y- (7, 8-dimethyl) ané-
(8-methyl) (Figure 1). Although these eight, fat soluble compounds are coynraterred

to as vitamin E or vitamin E complex, onlytocopherol is recognized currently as vitamin
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E due to the discovery of the biologically activetocopherol transport protein [7]. The
other tocols show varying degrees of vitamin E activity as measured it tlesorption-
gestation test relative to tocopherol, but none as high [8]. Beta tocopherol has a relative
biological activity of 50%g- tocotrienol of 30% and the others are lower still viith
tocopherol of 3% of that af- tocopherol. The values fgr ands- tocotrienols are unknown
or have not been reported.

Tocopherols and tocotrienols, collectively known as tocols or chromanols [8] are
commonly found in many plants. Due to their lipid solubility, tocols are conceshirathbe
extracted oils of vegetative tissue, grains and seeds, including canola, surftowe
cottonseed, palm, palm kernel, soybean and peanut [5, 9, 10]. These vegetable oils are the
primary sources of vitamin E{tocopherol), an essential nutrient in the human diet.
Tocopherols are expressed preferentially in most plants including corn,higtiker
concentrations of tocotrienols are found in palm, rice, barley and some other monocots [11,
12].

The lack of tocotrienols, relative to tocopherols, in corn represents aikimitaf as
well as an opportunity for, enhanced antioxidative and nutritional properties of the oil.
Genetic modification is a viable tool to introduce significant amounts of teoots in corn
[13, 14]. Flux of carbon into tocotrienols is regulated by the substrate spedficit
homogentisic acid geranylgeranyl transferase (HGGT). Thus, introduciggrieesncoding
HGGT from barley, a crop that produces tocotrienols, should result in sagntifi
accumulation of these tocols in corn. This was indeed the case following the work of
Cahoon and coworkers [1]. A six-fold increase in total tocols, mostly tocotrjeveds
reported in HGGT-expressing corn kernels. This increase did not come at theeeape
tocopherol content that remained relatively stable in the modified material.

Due to the many nutritional and health claims surrounding tocols, tocopherols and

tocotrienols are found widely in dietary supplements. Tocopherols have been studied f
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their health benefits for many years [3]. There is also growing intertdst benefits of
tocotrienols due to their recently reported efficacies over tocopherol toeretiolesterol,
suppress tumors and inhibit platelet aggregation [2, 15]. Because tocotrienols are
functionally uniquen vivo from tocopherols [16], it has also been advocated that tocotrienols
be classified, in the broadest definition, as nutrients [17].

The main function of the endogenous tocols is antioxidation within the plant system.
Vegetable oils also benefit from the tocols as the tocols at low concemuléarapt
autoxidation of the double bonds contained in unsaturated fatty acids. The mechanisms of
oxidation of unsaturated lipids have been well studied and characterized andterost of
occur as a free radical chain reactions [5, 8, 18]. This reaction proceed=eistdps:
initiation, propagation and termination. Tocols can be classified as propaigailotors

that stabilize the lipid peroxyl radicals [5].

Thesis Organization
This thesis is organized into four chapters. Chapter 1 is a general introduction and
literature review. Chapters 2 and 3 are two individual manuscripts to be submitted to the

Journal of the American Oil Chemists’ Society. Chapter 4 contains genardusions.
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Literature Review
History

Herbert Evans and Katherine Scott Bishop first reported in 1922 on the essential
nutritive and fertility properties of a dietary factor in rats and latsigdated it as vitamin E
[19]. The compounds were isolated by Evans and others from wheat germ oitzcel let
leaf [20]. The compounds were characterized as alcohols and the trivial nanwpbEtots,
as suggested by George M. Calhoun, was used by Evans and his research group. The
structure ofu-tocopherol was elucidated by E. Fernholz and published in 1938 [21]. The
distinction between the tocotrienols and tocopherols would come 26 years lat@orasd
by Bunyan and others [22]. They suggested the nomenclature for tocotrienols amaedont
to study the biological potency of these compounds and tocol activity in rats. rddtarst
and chromatographic separation of the tocotrienols from tocopherols were regorted b
Pennock in 1964 [23]. In 1981, the International Union of Pure and Applied Chemistry
(IUPAC) set the standard for nomenclature

(http://www.chem.gmul.ac.uk/iupac/misc/toc.hirh0/25/2009) but trivial names are still

commonly used [24].

The research on antioxidant properties of tocotrienols is intertwined witbftha
tocopherols due to the structural similarities of the chromanol head group anditigeaest
natural products that often contained mixtures of differing tocols in dissipndgortions or
synthetic products that contained numerous isomerisms. Tocotrienols have thees,a
relegated to afterthoughts. Often reported as vitamin E or an imputdgagherols, the
literature and study of tocotrienols in non-biological systems are esfiyesparse when
compared to membrane systemmsyivo research or to the volume of work with tocopherols
[2, 4, 25]. As research found that the bio-kinetics and bio-potency of tocotrienokdoffer

unique function properties not found in tocopherols as a result of the unsaturated tail of the
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former, considerably more resources were being devoted to the reseawbtridrols,
mostly from a biological or health perspective.

Similar to the different iso-forms or homologues of tocopherols, tocotrienol
homologues exhibit different antioxidative properties based on degree of rtiethylde
antioxidative properties of tocols and mechanisms have been well studied in model lipid
systems, but models are limited in their usefulness to real world applicatjonghe
kinetics of oil oxidation with added antioxidants become very complicated anthityaga
subtle differences in environmental parameters and substrates can dhifetlos, making

extrapolation to complex food systems or biological systems less thamt$tnagrd [5].

Effects of tocotrienols on oil oxidation in vitro

The relative rates of lipid oxidation and tocol breakdown in model lipid systems and
stripped oils have been studied, but full consensus has yet to be reached on absoiuate ra
complex systems. None of the previous literature has explored the effgashigh
concentrations of tocotrienols in oils now available in products of genetic madificat
lipid oxidation. Most of the experiments that have been conducted used cormentrat
typically found in natural products although a recent dissertation by Kim [2&]jrexp
oxidative properties of tocotrienol concentrations up to 1,000 ppm spiked in lard. Coconut
fat with 1,000 ppm of tocotrienols has also been studied [27].

Chow and Draper [28] measured lipid hydroperoxide formation and tocol degradation
of native tocols in corn oil and found no significant differences in oil oxidatites hetween
the tocopherol and tocotrienol homologues in bothutrendy- form. As percentage of
initial concentrationg- homologues were degraded more rapidly thabut in terms of
absolute amount, mofe was destroyed than tle form.

Similar results were reported by Lehmann and Slover using modeainsyspeked

with individual tocols at 500 ppm and tocol mixtures with 500 ppm of each individual
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compound [29]. At elevated temperatures, the model lipids, methyl myristate #nd me
linoleate, were both photo-oxidized and autoxidized with increased oxygen expasguid
oxidation was measured as peroxide value and degradation/loss of the added twpls. T
observed that the-homologues were the most active antioxidant followed bythe and
d-forms. In methyl myristate, there were no differences in the stabitifie-tocopherol and
a-tocotrienol. In methyl linoleate-tocopherol was slightly less stable thatocotrienol

[29].

Using individual tocotrienols from palm oil distillate, Yamaoka and others [3@] use
weight gain of methyl linoleate spiked with 200 and 500 jppimcols at and 500 ppm
tocols at to determine rates of oxidation. The induction period, as rateupt&ke and
subsequent weight gain of the tocotrienol spiked material, was equalreaterghan the
same tocopherol homologue at the same concentratidoncols at 500 ppm were far more
effective tharu-tocols at 200 or 500 pprmu-Tocol at 200 ppm were the least effective but
superior to the untreated control.

The OSI induction period of tocotrienol-spiked coconut fat af@6fcreased as
tocotrienol concentrations increased up to 1,000 ppm, implying a positive contribution to
frying oil stability [27]. At 66C, the addition of- andp-tocotrienols increased fat oxidation
as measured by PV. This prooxidant effect increased with increasingeoobt
concentrations. Boti+ andd-tocotrienols had the opposite effect and reduced lipid
hydroperoxide formation, although the effect was not correlatedyvigbotrienol
concentration [27].

In the dissertation of Hyun Jung Kim [26], the role of tocotrienols as antioxidants i
lard was investigated. Lard, spiked with individual tocotrienols at 0, 100, 200, 300, 500 and
1,000 ppm concentrations, was sealed with headspace and oxidized in the d3ekfat 55
seven days. PV and percent oxygen in the headspace were measured daily. With the

exception of the PV for 1,000 ppmtocotrienol, all the spiked fat samples were more
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resistant to oxidation than the control. hexnd the-tocotrienols were most effective at
100 ppm concentration with insignificant differences at higher concentratitres. T
concentrations of- andos-tocotrienols did not exhibit significant differences on antioxidant
properties under the conditions reportedlocotrienol was less effective than the others.

Thus, 100 ppm of tocotrienols could be the optimum and most economical level in lard [26].

Effects of tocotrienolsin vivo

Tocols are an essential nutrient to preserve fertility in mammalsrarathaffective
antioxidant in membranes. Vitamin E must be obtained from the diet. In generabnutriti
the term vitamin E is often used to encompass these eight specific tocol compuride[9
ability to act as chain-breaking antioxidamisivo suggests that the damage by free radical
oxidation and their products is reduced by dietary tocols [31]. Vitamin E may #iso he
ameliorate the effects of some chronic diseases, especially cardiavabsease.

Differences in bioavailability and biopotency between the homologues of the
individual compounds suggest highly specific biological transport. Beyond antioxidative
properties, individual tocols and specificaljtocopherol exhibit cell signaling functions and
affect protein expression. T3 has garnered recent interest as a number ofspaited
health benefits for tocotrienols that are not found with tocopherols [2, 3, 25].

The reported benefits of tocotrienols include the inhibition of cholesterogenesis and
associated reduction in coronary heart disease [25, 32]. By lowering plasma
triacylglycerides, tocotrienols may reduce the effects of metaboldreame. Tocotrienols
have shown promise to control tumor growth and suppress growth of specific melanoma cells
invitro and in animal studies. There may also be synergistic advantages to usingalsotrie

with other chemotherapies [33].
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Sourcing

As health claims for tocopherols and tocotrienols become more widespread, thes
compounds or nutraceuticals have become readily available in many health dstoretsi
as well as on the worldwide internet. These supplements vary in formulation andgourc
feedstock, such as palm oil and rice bran oil. Although generally considered neat to be
safety concern for the general population at current usage, externtsiferdacotrienols are
lacking [34]. Beyond supplements, tocopherols, and increasingly tocotrienolsiraye $ed
as functional ingredients in processed food and cosmetics [35, 36].

There are many dietary sources of tocols but all tocols are synthesizedlbyig
plants. Although found in all plant tissues, tocols are most abundant in plant seeds and green
tissue [37]. Main sources of tocols are tree nuts, such as walnuts and pecans)atsd pea
High concentrations of tocotrienols can be found in palm fruit, rice bran, barley, oat and
wheat germ and their oils. Due to their lipophilic properties, tocols becomentated in
vegetable oils during extraction, but losses may occur during processingjngcl
deodorization of the refined oil. Tocopherols represent most of the tocols in the US and
European diets [34, 37].

Using molecular biology to manipulate metabolic pathways in plants for iecteas
tocol production and varying their compositions has been reviewed and accomplished by
Cahoon and others in 2003 [1, 14]. The assumption is that genetic modification of the
tocopherol and tocotrienol biosynthetic pathways can enhance the plant, thedseed a
products derived from the grain. These benefits include reducing the oxidagsseditthe
plant, increasing crop productivity, increasing storage duration of seed and plarlmna
improving shelf life of vegetable oils, and meet the increasing demands faceutical or
therapeutic markets [1]. As research continues on the genetics and bgicheftbcol

biosynthesis, further enhancements to tocol fortified-seeds are expected
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Abstract

Stripped corn oil with added tocopherols and tocotrienols, at various concentrations
between 100 and 5,000 ppm, was used to test antioxidant activity of these compounds. The
formation of lipid hydroperoxides was accelerated 4€da the dark for five days and
measured as peroxide values (PV). Resistance to oxidation as induction poriedy(l
measured using an Oxidative Stability Index (OSl). The PVs of the oilainonga- tocols
exhibited decreasing effectiveness wittocol concentration. At day five, samples with 100
ppmoa-tocols had the lowest PVs of 40 and samples containing 5,000 ppm had the highest
from 150 to 200 meg/kg. At concentrations above 700 ppmtacols, there was an
inversion of antioxidative properties atocols promoted oxidation. The opposite
concentration effect was observed wittocols andy-tocotrienol (T3) for which antioxidant
effectiveness increased with concentration. OSI-IP hour 8CliBGreased with increasing
tocol concentrations of all tocol homologs, although with diminishing effectivengssadér
than 700 ppm. The-homologues were less effective in extending the induction period (~9
hrs at 5,000 ppm) than tldetocols and/-T3, (13-14 hrs at 5,000 ppm). The induction period
became less well defined with increasing concentration across all itedigisting a slight

shift in the oxidations and breakdown reaction kinetics.

Keywords. Antioxidants, corn oil, oxidative stability index, peroxide value, tocopherol,

tocotrienol.
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Introduction
Tocopherols and tocotrienols have long been recognized for their antioxidative
properties in both food systeraadin vivo. Although structurally similar to tocopherols,
tocotrienols have not been as well characterized in either biological systémasl products
and oils. A number of preliminary findings of unique biological functions of tocotrienol
homologues have spurred research on the healthful or nutritive effects of these asnpoun
[1, 2]. Still, very little research has been performed on the oxidative®iéindividual
tocotrienol homologues and their corresponding tocopherols in foods and edible oils [2].
Because most natural sources of tocols contain various proportions or concentrations
of the eight compounds that comprise the tocol group, a model system of corn oil stripped of
endogenous tocols and then spiked with different concentrations of individual tocotrienols or
tocopherols was used in the present experiments.
It was expected that the oxidative or antioxidative contribution of individwal
homologues at various concentrations will be more clearly delineated in a systigh than
in a natural product. A model system helps eliminate and reduce the compfdaiid
systems, such as emulsions and extensive processing that may have otiertiogrfactors

that affect lipid oxidation.

Material and M ethods

Materials: Stripped corn oil was purchased from Dyets, Inc (Bethlehem, PA) and had
a residual tocol content of less than 10 ppm.y- andd-Tocotrienol were obtained from
Davos Life Sciences, PTE Ltd (Singapore).ands-Tocopherol were purchased from MP
Biomedicals, LLC (Solon, OH). Acetic acid, chloroform, potassium iodide, sodium
thiosulfate, potato starch, salicylic acid were all purchased through M#@&mational, LLC

(West Chester, PA).
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Sample preparation: Stripped corn oil was spiked directly with individual
tocotrienols ¢-, y- ands-) and tocopherolsyf ands-) to achieve the desired concentrations
of 100, 250, 700, 2,000 and 5,000 ppm of each tocol. Non-spiked, stripped corn oil was used
as the control for these 25 samples.

For primary oxidation as measured by PV, three 1-mL aliquots of the bulk samples
and controls were each placed in 1.8-mL amber vials for each of the five dagelefated
oxidation. Seventy-eight vials were removed from ¥68ven each day at the same time
over five subsequent days. The samples were blanketed with argon, capped and stored at
-23°C until analyzed for PV. Day zero samples were also placed in amlzanthbktored
under argon at -28.

Resistance to oxidation as IP or conductance of secondary products of oxidation was
measured in triplicate subsamples for each of the 25 samples and control uSrgléire

Stability Index Instrument.

Fatty acid composition: The fatty acid composition for the major fatty acids of the
stripped corn oil was determined by gas chromatography using a ZBeluamrc
(Phenomenex, Torrance, CA) at 220 About 50 uL of oil was diluted in 1 mL hexane and

transmethylated with trimethylsulphonium hydroxide [3, 4].

Primary lipid oxidation products deter mined by peroxide value: Samples were
oxidized at 66C in the dark over five days and analyzed for lipid hydroperoxides by using
the AOCS Cd 8-53 method adapted by Crowe and White [5]. Three replicate saomles fr

each day, and tocol type and concentrations were analyzed.

Resistance to oxidation as | P determined oil stability index (OSI): Five g of each

sample were analyzed in triplicate by using an ADM OSI unit (the @xe&l&tability
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Instruments, Omnion, Rockland, MA). The samples and controls were analyzedGit 100

Both the induction period in hrs and the actual plot of conductivity by time were recorded.

Statistical Analysis: All experiments were conducted with triplicate treatments
unless otherwise noted. Data analyses were done by using Microsoft EXtiee2003
(Microsoft Corporation, Redmond, WA). One-way Analysis of Variance@A¥X) was

used and least significant difference was calculated at P < 0.0% ¢§SD

Resultsand Discussion

Fatty acid composition: The major fatty acid components as molar percentage of
total of the control corn oil were palmitic (10.4%), stearic (1.9%), oR3c300), linoleic
(57.3%) and linolenic (0.9%) acids. This was a typical profile for corn oil andwikin
the expected range [6]. Because of the higher degree of unsaturation, conmood [grone
to oxidation than other oils such as coconut, lard or hydrogenated fats [7-9], arblesso
oxidation than other oils with higher concentration of polyunsaturated fatty, atich as
fish oils [10]. Although the fatty acid composition of oil is usually the maiardenhate of
oxidative stability, among different oil types, stability can be enlthbgeslevated amounts
of endogenous antioxidants or with the addition of natural or synthetic antioxidants [11]
The fatty acid composition was constant throughout this experiment, so thisleatid not

influence the differential oxidative stability observed.

Oxidative stability as measured by PV over time: The rate of lipid oxidation was
calculated as the change of the PV over six days. These changaswsually linear
during the five days of sampling. A representative graph showing the Phes adritrol and
oils with five concentrations of addeetocotrienol is shown in Figure 1. Thé & PV over

time (day) linear line was 0.965 for 100 pprtocotrienol-spiked oil, 0.953 for 250 ppm,
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0.934 for 700 ppm, 0.934 for 2,000 ppm, and 0.939 for the 5,000 ppm spiked oil  fifte R
the control linear line was 0.941. Unlike typical RBD oils in which lipid hydropdesxi
slowly build up and then rapidly increase after the induction period in a nearly exjpbne
manner, the rate of PV increase was linear across the five days.

The rate of hydroperoxide development per day for the stripped corn oildddd a
tocols as measured by PV (meqg/kg) is given in Table 1. The change in PV tatesrike
effects of both tocol concentration and the degree of methylation. All samghesiaiver
two concentrations (100 and 250 ppm) were significantly better at inhibiting hydxageer
formation than the stripped control oil with no added tocols. aFfeems of both the
tocopherol and tocotrienol exhibited better antioxidant properties at 100 ppm thgro&t an
the higher concentrations. The antioxidative effects diminished at concentedimres100
ppm. At concentrations of 700 ppm and abovegttarols promoted hydroperoxide
formation compared with the control and thus acted as prooxidants under the test conditions
The daily rate of PV development was highest (38.35 meq/kg day) for 5,006-{mmo-
trienol followed by 5,000 ppra-tocopherol (30.28 meg/kg day). Oil with 2,000 pptoco-
pherol had the most stability with a low PV accumulation rate of 4.02 meqg/kg tay. T
prooxidant effects afi-tocopherol at higher concentrations have been noted before by
Frankel and Warner [11, 12]. Recently, the prooxidant propertiesto€otrienol have also
been reported in lard and coconut fat [7, 8]. The PV of lard with 1,00Qugpootrienol
exceeded the PV of the control at day six. The optimum concentration to preventdormati
of hydroperoxides was reported to be 100 pptacotrienol [7]. In coconut fat, the
tocotrienol reduced the stability of the fat as measured by PV at three spikedticirres,

100, 500 and 1,000 ppm [8]. The decreased protection of oils from the formation of primary
oxidation products was well correlated with tocol concentration over the range 100 to 5,000
ppm for botho- tocols, with B of 0.95 and 0.96 far-tocopherol and-tocotrienol,

respectively. The opposite effect was observed-tocotrienol. Although less well
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correlated (R= 0.73), the higher concentrations improved oil stability. There was little
correlation between the concentrations-débcopherol ory-tocotrienol and oil stability,
indicating higher concentrations do not give better protection.

The results of this experiment show that higher concentrations eftto®ls act as
prooxidants in this oil model. Since theocols have lower bond energies for the cleavage
of phenolic OH, it would be predicted that they have the highest antioxidant aiBjity
Thus,a-tocols would form free radicals preferentially over the other tocol homologues found
in a mixture. Since the model system lacks any additional antioxidantothdtact
synergistically, there are no other mechanisms for proton transfer othdratiato the fatty
acids. Although tocols are believed to act by reducing free radical prapagsdthigher
concentrations the-tocols or the excess tocol free radicals appear to initiate or catadydz
oxidation or continue to propagate oxidation [11]. Similar effectstocopherol were
reported in a purified rapeseed triacylglycerol system @@ 4@der low oxygen environment
[14]. There is also increased chance of direct interaction at the oil/afac&et higher

a-tocols concentrations [11].

Oxidative stability as measured by OSI: Resistance to oxidation was evaluated by
using the oil stability index (OSI) with an oxidative stabilitgtrument at 10C. The
induction period (IP) is the time, in hrs, at the tangent of the conductivity Sapetermined
by the instrument. The OSI hrs are listed in Table 2. Unlike measuringrarproxidation
products, there were no prooxidant effects of the tocols compared to the strippedicontrol
this experiment. Across all tocol additions, IP duration increased with inggeasol
concentration. There was, however, diminished effectiveness with higher catioestas
shown in Table 2. As with PV, thetocols were less effective at increasing the resistance to
generating secondary oxidation products than the other tocols assayedseBbaanalysis

is secondary to hydroperoxide formation and is a degradation measurementénéig
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formation observed in the first experiment explains the lower IP with-tbeols. This

result, however, would not explain the relatively lower production of volatilensiecy
compounds at higher concentrations of tocols. It appears increased tocol canoemast

inhibit formation of secondary oxidation products from hydroperoxides. The aiby00
ppmd-T3 added exhibited the longest induction period at 14.05 hrs, extending the IP by over
9 hrs compared to the control oil (IP 4.82 hrs.). The optimum or most effective antioxidant

concentration was < 700 ppm for ttas¢ocols and < 2000 ppm for the other tocols.

Syner gy of tocotrienols: Although individual kinetics vary with different tocols, the
matrix in which they are placed, other compounds in the matrix, and the environmenta
conditions [11], the mechanisms of oxidation do not suggest synergistic effdats wit
different tocol compositions [15, 16]. This does not preclude the sparing effadivoflual
tocols, specificallyr-tocopherol, which is more rapidly degraded thaands-tocopherol in
a mixed tocol matrix [17]. A preliminary evaluation of possible synergwiordifferent
tocotrienol mixtures in stripped corn oil was performed in duplicate. The IPs oldheas
determined using OSI. The ratio of the first mixture was Jui:{ ands- tocotrienols at
total concentrations of 100, 700 and 5,000 ppm, and the second mixture was 3196
B-, 45.8%y- and 21.3%- tocotrienol at 250 and 2,000 ppm total concentrations. Mean IPs
were 6.6, 9.5 and 12.0 hrs for the first experiment and 8.1 and 11.0 hrs for the second
experiment. There was little indication of synergy when compared againBstbéthe
individual tocotrienols. If calculated from the data for individual tocols imdss mix, IPs
would be 6.7, 9.2, and 12.1 hrs for the first experiment and 7.7 and 11.6 hrs for the second.

No further investigation on synergy was performed.
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Conclusion

The addition of lower concentrations of 100 and 250 ppm of individual tocotrienols
and tocopherols to corn oil stripped of natural tocols provide stability to the oil with both
reduced hydroperoxide formation and extended IP. As concentration increased, the
effectiveness of the tocols as antioxidants diminished. odl@mologues provided less
protection against lipid oxidation than theehomologues oy- tocopherol and actually
promote hydroperoxide formation at concentrations at and above 700 ppm. This prooxidant
effect increased with concentrations up to the experiment limit of 5,000 ppreasimgy the
concentration of th&- homologues oy- tocopherol above 700 ppm in the oil had little

effect.
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Table1l. Change in average daily peroxide valneRVV/day)+ one standard

deviation over five days in stripped corn oil with added tocols & @0the dark

Concentration  a-Toco a-T3 d-Toco 0-T3 v-T3
100 ppm 6.89+0.f7 6.73+0.02 5.34+0.08 7.26+052 543+0.58
250 ppm 8.87+0.09 837+0.70 4.98+0.14 6.88+0.24 5.01+0.3%
700 ppm 13.51+0.10 12.85+0.64 521+0.180 6.42+0.46 4.73+0.58
2,000 ppm 20.68 +0.89 2543 +1.02 4.02+0.08 548+048 7.26+0.43
5,000 ppm 30.28 +0.81 38.35+2.04 4.63+0.08 5.36+0.38 5.25+0.08
LSDo.05 0.37 0.90 0.08 0.34 0.36

Stripped control 10.09 + 0.35-PV/day
values not sharing a common superscript in each column are significantly
different (P < 0.05)
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Table 2. OSl induction period + one standard deviation (hrs) at@®6r stripped corn oil

spiked with individual tocols at various concentrations

Treatment o-Toco a-T3 6-Toco 6-T3 v-T3
Control  4.82+0.41 4.82+0.4% 4.82 +0.41 4.82 +0.4%1 4.82 +0.4%
100 ppm 5.93+0.68 6.58 +0.24 6.45 + 0.09 6.17 +0.16 7.32+0.19
250 ppm  6.93+0.68 7.34+0.57 8.18 + 0.58 7.28+0.18 8.72 +0.08
700 ppm 8.15+0.83 8.05+0.71 10.23+0.46 8.60 + 0.3 10.82 + 0.43
2,000 ppm  8.60+1.8358.91+0.88° 12.85+0.70 11.42 +0.68 13.28 + 1.02
5,000 ppm  9.30+1.349.40+1.12  14.05+0.98 12.95 + 0.30 13.95 + 0.38
LSDo.0s 1.29 1.03 0.91 0.61 0.98

values not sharing a common superscript in each column are
significantly different, (P < 0.05)
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Figure 1. Peroxide value of corn oil at 8D with addedx-tocotrienol compared with
stripped corn oil control.
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Abstract

Kernels and oil from corn with increased concentrations of tocotrienols (T3) due to
the transgenic expression of a homogentisic acid geranylgeranyetases{HGGT) gene
from two growing years were characterized for tocol and fatty acighgsiions. The crude
extracted oil was analyzed for oxidative properties and compared to non-tramsforme
material derived from the plants grown at the same location and duriegrtteeyear. No
significant difference was observed in composition of major fatty acids. Boteéue
(kernel) and extracted crude oil from the HGGT expressing corn containedimara 17-
fold increase in tocotrienol content from 300 to 5,400 ppm in oil. There was a concurrent
20% decrease in tocopherol content, 1,150 ppm total tocopherols in control oil declining to
940 ppm in HGGT oil. Although tocopherols and tocotrienols are generally considered
antioxidants, they may exhibit prooxidant effects at higher concentrationge Git was
extracted from control and transformed corn produced during 2005 and 2006 yielding four
oil samples that were evaluated for their oxidative properties. The fommutlipid
hydroperoxides, a primary oxidation product, was evaluated®& &@r nine days by
measuring PV. Resistance to oxidation or induction period (IP) was measuredrusing
Oxidative Stability Instrument. There was a slight decrease in hydeoge formation in
the HGGT oil compared to the corresponding control but was less than the year to yea
differences. The induction period was the same for the 2005 oils, with or without the
increased tocotrienol content, but the crude oil with enhanced tocotrienol had afonger |

than the control crude oil in the 2006 samples.

Keywords. Antioxidants, corn oil, oxidative stability index, homogentisic acid

geranylgeranyl transferase, peroxide value, tocopherol, tocotrienol.
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Introduction

Tocotrienols and tocopherols are lipophilic, plant-produced antioxidants exhibiting
vitamin E activity. The composition of the eight tocol homologues differs consiglénabl
different plant species. Common sources of tocopherols, such as nuts and oils ohsoy, cor
canola and sunflower, contain little or no tocotrienols. Because of theirrgohédaolic
structure, all tocols exhibit antioxidative properties at parts per million)(ppntentrations
in oil or lipid systems. Recent research suggests individual tocotrienols pbevidéts
beyond these antioxidation properties [1, 2].

The reported benefits of tocotrienols include inhibiting cholesterogenesis and the
coronary heart disease [1-3]. By lowering plasma triacylglyceridestrienols may reduce
the effects of metabolic syndrome. Tocotrienols have shown promise to contol tum
growth and suppress growth of specific melanoma geligro and in animal studies. There
may also be synergistic advantages to using tocotrienols with other chempiathgth

Using molecular biology to manipulate metabolic pathways in plants for iecreas
tocol production and varying their compositions have been reviewed and accomplished by
Cahoon and others in 2003 [5-7]. The assumption is that genetic modification of the
tocopherol and tocotrienol biosynthetic pathways can reduce oxidative stpbasts)
increase crop productivity, increase storage duration of seed and plantImatprave
shelf life of vegetable oils, and meet increasing demands for nutraceuticatapeutic
markets [7]. As research continues on the genetics and biochemistry of tocolhHaesynt
further enhancements to tocol-fortified seeds are expected.

Tocols at higher concentrations, however, may act as prooxidants [8]. l&adi250
ppm ofa-tocopherol has been reported as having prooxidative effects in the formation of
hydroperoxides [9]. In tocotrienol-spiked coconut fat, &C6@he addition oé- andp-
tocotrienols at 100, 500 and 1,000 ppm increased fat oxidation as measured by PV compared

to the control. This prooxidant effect increased with increased tocotrienol coticeritta].
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Bothy- ands-tocotrienols had the opposite effect and reduced lipid hydroperoxide formation,
although the effect was not correlated witocotrienol concentration [10]. The primary

goal of this research was to determine the oxidative effects of very high tétocotrienols

(> 5,000 ppm) in crude oil from corn genetically transformed with a homogentisat

geranylgeranyl transferase gene expressing increased tocotrienols

Materialsand Methods

Material: Four bulk samples of approximately 8 kilograms of corn each were
provided by Pioneer Hi-Bred International, Inc (Johnston, IA). Two samplessfacmof
2005 and 2006 were provided. One sample was genetically transformed with the barley
homogentisate geranylgeranyl transferase (HGGT) gene to expressattcemounts of
tocotrienols, and the second was a sample control with a similar pedigreeking the
transgene. No field or yield data was provided.

a-, y- anddé-Tocotrienol standards were obtained from Davos Life Sciences, RITE Lt
(Singapore).a- ands-Tocopherol were purchased from MP Biomedicals, LLC (Solon, OH).
Acetic acid, chloroform, hexanes, potassium iodide, sodium thiosulfate, potatg starch

salicylic acid were all purchased through VWR International, LLC (Wégster, PA).

Oil extraction sample preparation: The corn was ground with a Thomas Wiley lab
mill with a 1-mm screen. Sixty g batches were extracted witaries<by using a Buchi
B811 (New Castle, DE), an automated Soxhlet extraction system. Theiertedfitiency
was 97% by using a minimum of 10 cycles and 1-hour extraction. The meantpges of
oil recovered was 2.63, 2.66, 2.99 and 2.91 for the 2005 control, 2005 HGGT, 2006 control
and 2006 HGGT material, respectively. The crude extracted oils werd gtater argon in

amber glass at -23 until tested.
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Three 1-mL aliquots of the crude oils were each placed in 1.8-mL uncapped amber
vials for each of the nine days of accelerated oxidation. Twelve vials weoged from a
60°C oven each day at the same time over nine subsequent days. The samples were
blanketed with argon, capped and stored diGaghtil analyzed for peroxide value. Day

zero samples were also placed in amber vials and stored under argdcat -23

Tocopherol and tocotrienol content: The tocotrienols and tocopherols were
determined by using a modification of AOCS Official Method Ce 8-89 [11]. Tocals we
separated by using a Waters HPLC Alliance 2695 (Milford, MA) wisin &H, 100A, 150
mm x 3.0 mm column and detected by fluorescence (Waters 2475) witk 82 nm and
EMA = 335 nm. An external calibration curve of 0.05, 0.1, 0.2, 0.5, 1.0, 2.5 and 5 ppm of

each tocol was used for quantification.

Fatty acid composition: The fatty acid compositions for the major fatty acids of the
crude corn oils were determined by gas chromatography by using a ZBowaxn
(Phenomenex, Torrance, CA) at 220 About 50 uL of oil was diluted in 1 mL of hexane

and methylated with trimethylsulphonium hydroxide [12, 13].

Freefatty acid content: The free fatty acid percentages in the crude oils were
determined by using AOCS method Ca 5a-40 [11]. Percentage free fdt{{Fga) was

expressed as percentage oleic acid.

Primary lipid oxidation products deter mined by peroxide value: Three
subsamples of each extracted crude oil from the four bulk corn samples weredoatdize
60°C for each of nine days and analyzed by using the AOCS Cd 8-53 method adapted by
Crowe and White [14].
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Resistance to oxidation as by | P determined oil stability index (OSl): Five
subsamples of each extracted crude oil from the four bulk corn samples wgrecihy
using an ADM OSI unit (Oxidative Stability Instruments, Omnion, Rockland, MA). The
samples were oxidized at T@with airflow of 110 mL/min. Both the induction period and

the actual plot of conductivity by time were recorded.

Statistical Analysis: All experiments were conducted with replicate treatments as
noted. Data analyses were done by using Microsoft Office Excel 2003@dftr
Corporation, Redmond, WA). One-way Analysis of Variance (ANOVA) was used asid le

significant difference was calculated at P < 0.05 (b.&P

Resultsand Discussion

Fatty acid composition: The major fatty acids in the crude extracted corn oil as
molar percentages are given in Table 1. There were minimal differenitesprofile of the
four crude oils, and modification of the tocol pathway did not appreciably adfiygtaicid
composition beyond the minor differences normally attributed to environmental oasditi
Thus, fatty acid composition, one of the main determinants of oxidative stabilgyyata

expected to influence the PV and OSI values obtained.

Freefatty acids: The free fatty acid percentages in the crude oils expressed as oleic
acid, were 10.69 for the 2005 control oil, 10.97 for the 2005 HGGT oil, 10.42 for the 2006
control oil and 12.30 for the 2006 HGGT oil. All values were much higher than expected for
oils extracted from high quality, undamaged grain. A commodity corn graiplea
extracted using the same equipment and process had a more reasonable FFA of 2.44%,

indicating that the high FFA percentages observed did not result from thetiextmprocess.
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No yield data was provided with the corn, therefore, the cause is unknown. Tdie initi
hydroperoxide values for the crude oils were 1.45, 1.32, 1.10 and 1.04 meqg/kg for the 2005
control, 2005 HGGT, 2006 control and 2006 HGGT, respectively, indicating no major
damage or degradation of the seed during storage. The high FFA is a corfcegfatty

acids can be prooxidants [15-17]. Thus, the oxidative stability of the crude gilsana

reflect the stability of the refined, bleached and deodorized final productredteee fatty

acids have been removed. However, as both the control oils and the HGGT oils had similar
FFA content, their influence on oxidative stability should also be similar. lyd&s crude

oil should have been fully refined and then evaluated for oxidative stability. Howevéo, due

the limited amount of oil obtained, refining was not possible.

Tocol content: Both samples from each year were grown at the same location. No
significant differences were observed in the single kernel analyie abntrol corn
compared with HGGT corn for moisture, oil content, kernel weight and fatty acid
composition. As expected, there were slight year-to-year diffesenideere were, however,
significant differences in tocol amounts and tocol distribution between the camdrtiex
HGGT corn. The 2005 HGGT kernels segregated into two distinct populations, one with
high T3 concentration (~75% total analyzed population) and one with low T3 concentration,
similar to that of the control sample. This finding suggests that the dominant HGGT
transgene was segregating in the 2005 HGGT sample. This phenomenon was not seen in the
2006 HGGT sample (Fig 1).

The concentrations of tocopherols and tocotrienols in the oils studied are listed in
Table 2. Modification of the tocol biosynthetic pathway in HGGT corn resultecdmatic
increases of all tocotrienols, especiahtiocotrienol. There was a slight decrease-iandy-
tocopherols and a slight increasétrands-tocopherols in the modified HGGT corn oil

compared with the unmodified control oil. Major tocotrienols were less abundhet 2005
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HGGT oil than the 2006 HGGT oil. The reduction may have been a result of the segregating

population in 2005.

Accumulation of primary oxidation products: The rates of hydroperoxide
development in the crude corn oils are given in Table 3. Due to the lineariy of P
development during the sampling period, expressing the rate of PV chandg®/aday was
reasonable (Fig 2). Theé*for the linear relationship ranged from a low value of 0.9826 for
the 2006 control crude to a high value of 0.9976 for the 2005 control crude (Fig 2). The rate
of PV development of the HGGT crude corn oil was statistically lowed.(#%) than that in
the control crude oils of the same year. Thus, even at unusually high tocol cormentrat
there appears to be an antioxidant effect in the crude oil. Results from oursysidei
(unpublished data) and research by others suggest, however, that the optinsiof leve
tocotrienols for antioxidation in bulk oils should be lower [10, 18, 19]. The higher
concentrations used in these other experiments promoted primary lipid oxidatioicsrin
the purified fats and oils but this was not observed with the crude extracteallsor@ther
native antioxidants in the crude oils, such as carotenoids, may provide synerdoesidoh
highly purified oils [17, 20]. This would allow the tocotrienols and tocopherols to retain
their effectiveness at very high levels. These endogenous compounds providenatealt

path for sequestering free radicals resulting from tocol oxidation beyerigiths [20, 21].

Oxidative stability of crude oilsas measured by OSI: The IP and conductivity at
the IP time are given in Table 4. Although IP time is typically used to diftete oil
stabilities, a better understanding of the stability index and development of sgcondar
products is deduced from the graph of the actual conductance of the five subsarsgdes as
in Figure 3. Both the control and HGGT crude oils from 2005 had the same IP butegkhibit

different curve shapes and different conductivities at the IP time. Thelcoihhad a
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lower, much sharper and well-defined inflection point than the HGGT crude adliciont
increased tocotrienol levels. The 2006 samples also exhibited the same pattes but
similarity is less obvious as the IPs were significantly diffeherh each other (Fig 3).
Similar findings of a smoothing of the curve and less defined inflection pointiotdigl
oils has also been reported when hexanal formation at lower temperatangseddo track
secondary oxidation [21]. Because of the high temperature and artificial oasdiged to
generate the IP time, the value of this type of testing has caused cabied®ntroversy,
but it continues to be widely used.

The actual slopes or curve shapes generated by OSI suggest that thesmeahdni
antioxidative properties shift as the concentrations of tocols increase in bulK lodsnitial
rate of the evolution of secondary oxidation products increases slightly matky iagigh
tocol oils than in those oils containing less tocols. Yet the high tocol oilswaertt inhibit
secondary product formation for a longer time. The classical model of a longenduc
period of little secondary product formation followed by a very rapid increasesia the
compounds is less useful for oils having very high tocol concentrations. UsingelRlane
to compare crude oils with high tocol levels is insufficient to determine thelawtidative

effects.

Conclusion

Crude oil from corn expressing tocotrienols at 4,000 to 5,400 ppm exhibited no
prooxidant effects. High tocotrienol concentrations displayed slight antioxigabperties
in the reduction of the formation of hydroperoxides in crude oils. The induction period was
the same or extended for these oils but the curve of the oxidative stability mfied away
from a sharp inflection point indicating a small shift in the oxidation kineti@side corn oll
with increased tocol levels remains as oxidatively viable as crudewilrion-enhanced

corn.
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Table 1. Fatty acid composition (molar %) of crude corn oils

16:0 18:0 18:1 18:2 18:3

Control Corn Oil 2005 12.40 1.93 23.15 59.53 1.35
HGGT Corn Qil 2005 12.07 1.96 23.65 59.37 1.28
Control Corn Oil 2006 11.47 1.76 24.29 59.77 1.27
HGGT Corn QOil 2006 11.69 1.91 24.28 59.53 1.23
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Table2. Tocol composition of extracted crude corn oil in ppm and relative %

Tocotrienols (ppm) Tocopherols (ppm)

o-  PB- Y- o- Total - B- Y- 8- Total

Control 2005 192 ND 55 1 248 501 20 730 28 1,279
HGGT 2005 643 18 3,081 442 4,184 301 26 641 56 1,024
Control 2006 187 1 108 7 303| 373 29 o647 23 1,072
HGGT 2006 690 20 4,051 618 5379 185 31 565 60 841

Tocotrienols (%) Tocopherols (%)

a- B- Y- o8- Total o B- vy o Total

Control 2005 12.6 ND 36 01 16.2( 328 1.3 478 18 83.8
HGGT 2005 12.3 0.3 9.2 85 803 58 5 123 11 197
Control 2006 13.6 0.1 79 05 220 271 21 471 1.7 78.0
HGGT 2006 11.1 0.3 651 99 86,5 30 05 91 1.0 135

Tocol homologues (%) Tocol homologues (ppm)

a- P - & - B y- 8- Total

Control 2005 45.4 0.0 514 1.9 693 ND 785 29 1,527
HGGT 2005 18.1 0.8 715 9.6 944 44 3,722 498 5,208
Control 2006 40.7 2.2 549 2.2 560 30 755 30 1,375

HGGT 2006 14.1 0.8 74.2 10.9 875 51 4,616 678 6,220
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Table 3. Change in average daily peroxide value + one standard
deviation over nine days in crude corn oil atG the dark

A-PV/day 2005 2006
Control 11.96 +1.06 9.19+0.34
HGGT 9.83+£0.32 8.48 +£0.27

www.manharaa.com



41

Table4. OSI induction period (IP) (hrs) and conductivity (OSI value) + one standard
deviation at IP of extracted crude corn‘Gil

OSI Induction period, OSI conductivity at induction

hrs time
Control Corn Qil 2005 11.57 +0.22 6,650 + 403
HGGT Corn Oil 2005 11.61 +0.81 10,548 + 758
Control Corn Oil 2006 9.86 +0.57 6,869 * 1,550
HGGT Corn Oil 2006 13.82 + 1.64 13,015 + 1,802
LSDo.05 0.87 1,673

values not sharing a common superscript are significantly different
0S| Temperature, 16G
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Figure 1. Histogram of total tocotrienols in corn kernels modified with a homogentisate
geranylgeranyl transferase (HGGT) gene.
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Figure2. Peroxide values for extracted crude corn oil from control kernels and kernels
modified with homogentisate geranylgeranyl transferase (HGGT) from 2005 and 2006 at
60°C and in the dark.
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Figure 3. Oxidative stability index at 10C of five subsamples each of extracted crude corn
oil from control kernels and kernels modified with homogentisate geranyldgeransferase.
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CHAPTER 4. GENERAL CONCLUSIONS

Tocotrienols affect the oxidative stability of corn oil in both a model systewed
as in crude corn oils. The stability, as measured by peroxide value and oxicddiley st
index, of the oils was increased or reduced, depending on the concentration of the individual
tocols and the initial condition of the oils. The prooxidant effect of very high tocols in crude
oils may have been mitigated by endogenous compounds and thus, was less apparent than in
the model RBD and stripped oils. Under the experimental conditions used, the degree of
tocol methylation of the phenolic ring had a greater influence on oxidation thartisatora
unsaturation of the hydrocarbon tail.

As thea-homologues increased in concentration from the 100 to 5,000 ppm, they lost
their ability to retard oxidation. At concentrations>0f00 ppm, the-tocols began to
increase primary oxidation and the rate of oxidation increased with highes. |&ugtre was
little or no effect with concentration fgrtocopherol or thé-tocols. However, the rate of
change of the peroxide values was loweyr-iands-tocol amended oils than in the stripped
control oil with no added tocols.

All tocols at all concentrations investigated extended the induction peripds(IP
measured by OSI against the control oil. Diminishing returns were observduhiting
secondary products of oxidations. Although the IP increased with increasing tocol
concentrations, a plateau was reached with individual tocols at concentodtit@¥@sppm
and above. Again-tocopherol an@-tocols were superior in extending oxidative stability of
the corn oil.

Despite the very high levels of tocotrienols, 4,200 to 5,300 ppm, in the HGGT crude
corn oil versus 250 to 300 ppm in the non HGGT crude corn oil, there was no prooxidive
effect of these high levels of tocotrienol. Enhancement to the stability of the ighwas

minimal or nonexistent considering the dramatic increase in tocotrienolsltReshe
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model oil experiments suggest that the optimal concentration for oil stabitionsiderably
less than the endogenous levels found in the modified corn oils. Crude corn oils with these
high concentrations of tocotrienols must be further manipulated or processednozadiie

impact of this modified material or the value capture elsewhere.
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