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ABSTRACT

In this study, the focus was the qualitative and quantitative analysis of epoxides, hydroxides
and aldehydes produced during oxidation of a single triacylglycerol, trilinolein, in the presence
and absence of a-tocopherol, to better understand the diversity of products produced and the rates
of their formation. Although a-tocopherol has a well-known antioxidant effect at low
concentrations, it may also function as a prooxidant at high concentrations. To address this, o-
tocopherol was added to trilinolein at two concentrations (0.1% and 2% by mass) and compared
to a control sample without added tocopherol. All the samples were heated at 30 °C with aliquots
removed for analysis every 3 days in a 15-day experimental cycle. Results clearly demonstrated
the antioxidant capacity of a-tocopherol at 0.1%, with oxidation products present in lower
concentrations and increasing more slowly than in the other treatments. Although earlier formation
of hydroxides and aldehydes was obvious in samples treated by 2% a-tocopherol, the prooxidant
capacity of a-tocopherol could not be statistically proven because of the high variation between
replicates. The absence of epoxides and the presence of epoxy-hydroxy lipids suggested that the
formation of hydroperoxides, accelerated by high concentrations of tocopherol, dominated over
alternative oxidation pathways. Further, only one type of aldehyde was identified and quantified
successfully and its concentration was much higher than the other products. Its structure suggested
that the decomposition of hydroperoxides led to formation of hydroxides, epoxy-hydroxy lipids
and finally aldehydes, in a step-by-step process. Hence, the formation of aldehydes reduced the
concentrations of the other products, which might influence conclusions about tocopherol’s
prooxidant activity. Further investigation will be carried out by identifying and quantifying

hydroperoxides to prove the alteration of the oxidation pathways in this study.
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CHAPTER 1 INTRODUCTION

1.1 BACKGROUND

Lipids have been known as vital aspects of daily human nutrition for more than 60 years.
They are deeply involved in the metabolism of the human body, as, for instance, they are major
materials in cellular membrane synthesis, hormone production and even neural systems
(McClements and Decker, 2008). As essential elements for human health, there are a variety of
food products, such as vegetable oils, salad, cheese and frying foods, meeting our dietary needs
for lipids. Fats and oils, which are the main form of food lipids, are also able to provide moisture
and tenderization for breads. Perhaps most importantly, they act as high heat transfer agents in a

range of cooking techniques, improving both the taste and appearance of foods (Mcgee, 2004).

In foods, lipids can have a significant impact on the odor, color, texture and flavor, even
when they are present at only minor concentrations (Frankel, 1984). Although food manufacturers
developed oils extracted from vegetable sources such as soybean oil and peanuts oil, to meet the
growing demand of customers, people soon noticed that vegetable oils rapidly turn rancid,
producing unpleasant odors and deep colors after storage or heat processes, which raised concerns
about lipid quality. Rancidity in fats and oils is due to the oxidation of unsaturated lipids.
Hydrogenation processes have been conducted by the food industry for more than 30 years to
remove polyunsaturated fats and therefore prevent oxidation and deterioration of lipids, until trans-
fats were linked to cardiovascular toxicity in the last 15 years (Mozaffarian et al., 2006). Since

then, lipid oxidation has once again become an important field of investigation.



Moreover, as people develop a deeper understanding of the composition of fat and its roles
in human metabolism, their dietary preferences and structure also change. Almost 50 years ago,
researchers observed that the Inuit population who consumed foods derived from marine species
had lower incidence of coronary disease and diabetes mellitus, compared to populations in
Denmark (Bang et al., 1971). Further research that followed found important evidence indicating
that long-chain polyunsaturated fatty acids were the key ingredients responsible for those health
benefits (Bang et al., 1976). Today, long-chain polyunsaturated fatty acids, especially
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are recognized as critical nutrients
with important roles as anti-inflammatories and in improving cardiovascular health (Simopoulos,
1991). From non-fat or low-fat intake to consumption of polyunsaturated fatty acids as nutrients,
research has shown that oils containing high concentrations of polyunsaturated fatty acids are
susceptible to oxidation (Chan, 1987). In response to the increasing demand, more research about
lipid oxidation and the means to prevent it, such as adding synthetic and natural antioxidants, are

needed.

1.2 LIPID OXIDATION AND OXIDATION PRODUCTS

Lipid oxidation mechanisms have been studied for several decades and have been
recognized as proceeding by a free radical chain reaction in three stages -- initiation, propagation
and termination (Ingold, 1961; Schaich, 2012). Hydrogen abstraction creates free radicals,
molecular oxygen adds to the radical, and further hydrogen abstractions establish and maintain the
reaction (Schaich, 2005). Briefly, hydrogen abstraction, which is spontaneous and continual,
produces alkyl radicals (Equation 1.1). Alkyl radicals are able to react with molecular oxygen,

producing peroxide radicals (Equation 1.2). Peroxide radicals are quenched by abstracting



hydrogen atoms from nearby carbons atoms, forming hydroperoxides (Equation 1.3). In this
classical autoxidation theory, hydroperoxides are considered as indicators of lipid oxidation in oil

and they are recognized as primary oxidation products (Frankel, 1984).

IH — L + H Equation 1.1
L+ 0, — LOO Equation 1.2
LOO" + LH —> LOOH + L Equation 1.3

Hydroperoxides are not the terminal products of lipid oxidation and they are likely to break
down, producing an alkoxyl radical which is highly reactive. Hydroxy compounds are formed
from alkoxyl radicals, since hydrogen abstraction is regarded as the preferred pathway in this
reaction scheme. However, research has shown that there are other pathways, such as cyclization
and B-scission competing with hydrogen abstraction (Schaich, 2005). Cyclization can produce
epoxides or, with B-scission, reactive alkoxyl radicals can result in cleavage of the aliphatic chain,
producing an aldehyde and an alkyl radical (Frankel, 2005). Hydroxides, epoxides and aldehydes

are recognized as secondary oxidation products; aldehydes have been considered as particularly

important in assessing the extent of oxidation because they can be produced from both secondary
products, hydroxides and epoxides, as well as from hydroperoxides, primary oxidation products.
(Raghavamenon et al., 2009). Moreover, aldehydes are regarded as contributors to the off-flavor
and toxicity of food products. They are highly biologically reactive, and can participate in various
metabolic reactions, such as modifying lysine residues to form the oxidative low-density

lipoprotein (Haberland et al., 1984; Jurgens and Esterbauer, 1986), which is likely to increase the



risks of atherosclerosis, cancer and heart disease (Valko et al., 2007). Therefore, aldehydes, long
regarded as terminal oxidation products, have become recognized as important indicators of oil

quality.

For polyunsaturated fatty acids, research has shown that products in addition to
hydroperoxides, like epoxides and alcohols, form early in oxidation (Xie, 2015) (Xia and Budge,
2017); these oxygenated products have generally been recognized as secondary oxidation products,
arising at the very end of the traditional lipid oxidation reaction mechanisms (Frankel, 1984).
However, the mechanisms producing epoxides and alcohols require more attention. Different from
hydroperoxide decomposition and rearrangement at the end of the classical oxidation reactions,
several side pathways have also been put forward. As shown in Fig. 1.1, peroxide radicals attack
double bonds in unsaturated fatty acids which break to form a cyclic oxygen structure and a
peroxide which then loses an oxygen atom to generate an alkoxy radical (Giuffrida and Destaillats,
2004). This reaction not only produces epoxides but also creates alkoxy radicals without
proceeding through a hydroperoxide decomposition step which means it might potentially

accelerate the oxidation process.



_C —C—C—(C ——
H H
<,
%
: LOO
H2 H2 H2 H H2
—C —C—C—~C — - ¢ —C—C——C —
LO-
Fig. 1. 1 Peroxide radicals attack double bonds, forming epoxides, and releasing alkoxy

radicals (Giuffrida et al., 2004; Schaich, 2012).

There are two main mechanisms that produce hydroxy lipids: 1) a lipid radical may be
directly attacked by a hydroxyl radical (Repetto and Semprine 2012); and 2) an alkoxy radical
may abstract a hydrogen from another lipid molecule (Fig. 1.2; McClements and Decker, 2008).
These two pathways can also combine and create dihydroxy lipids from an alkoxy radical
(Frankel, 1987). Schaich’s work showed that hydrogen abstraction by alkoxy radicals is faster
than by peroxy radicals, which means hydroxyl radicals in lipids might be a more relevant
indicator of oxidation than hydroperoxides (Schaich, 2005). These pathways also show early
formation of epoxides and alcohols in lipids oxidation. Moreover, instead of free fatty acids,
these reactions generally involved intact lipids such as triacylglycerols and phospholipids
(Weber, 1997). The oxidation products created from these are not volatile and are likely to

undergo further reaction. Hence, the measurement of alternative lipids oxidation products, such

5



as epoxides and alcohols, is necessary for unsaturated fatty acids since the determination of

hydroperoxides is not enough for the evaluation of the extent of oxidation.

H Hp 0, . H, OH H H,
—C—C6=—f(C¢—C —=-— —C—C—FC—C ———>»—C—C—C—C —
| H H H H H | H H
00 LH OH
'K L
’ OH y H L
H 2 \ ! 2
—C—C=—=C—C — —C—C—=C—C —
T HH | A H LH
OOH O
Fig. 1.2 There are two oxidation pathways leading to the formation of lipid alcohols.

In one, lipid radicals are directly attacked by hydroxyl radicals; in the other, alkoxy radicals

derived from peroxides abstract hydrogens from other lipids.

1.3  ANTIOXIDANTS

Preventing lipids from deterioration and prolonging the shelf life of lipid products has
become one of the biggest challenges facing the food industry with the reduction in the use of the
hydrogenation process. As the inhibition of lipid oxidation in oils is of vital importance, synthetic
antioxidants, such as butylated hydroxyanisole (BHA), propyl gallate (PG) and tert-
butylhydroquinone (TBHQ), have been widely used in commercial applications to prevent lipids
from deteriorating. Frankel (1984) described the antioxidant mechanism of phenolic antioxidants
(BHA, PG, TBHQ) as involving donation of hydrogen atoms to lipid radicals to produce relatively
stable radicals that react very slowly with the lipid substrate. For instance, BHA can donate the
hydrogen atom in its phenolic hydroxy group to a lipid radical or peroxide to prevent the formation

of peroxy and alkoxy radicals (Fig. 1.3). The phenoxy radicals that are generated are stabilized by
6



resonance and are unlikely to react with lipid substrate (Frankel, 2005). The unpaired electron
would be delocalized around the aromatic structure, allowing the phenoxy radical to generate more
stable non-radical structures by reacting with peroxyl radicals (Fig. 1.3). Thus, both the peroxyl
radicals and alkyl radicals on the lipid chain can be scavenged, thereby interfering with the
initiation or the propagation of oxidation. In other words, phenolic antioxidants prevent lipid
oxidation by interfering with both the formation and the decomposition of hydroperoxides. Frankel
(1984) also alleged that phenolic compounds, such as these, at high concentrations and elevated
temperatures would react with oxygen first and produce large amounts of phenolic radicals, which
become prooxidants and chain-carriers, accelerating the lipid oxidation reaction. Literature has
also suggested that all the phenolic antioxidants can behave as prooxidants; it depends on their
concentration and the presence of transition metals (Villanueva, 2012). However, Fukumoto et al.
(2000) analyzed multiple antioxidants by quantifying malonaldehyde in lipid samples and however,
they found that BHT, BHA and a-tocopherol all behaved as antioxidants at concentrations between
0 to 4000 uM (more than 20000 ppm); their antioxidant capacity also increased with increases in
their concentration. This disagreement with previous work is likely because malonaldehyde was
measured as the indicator of oxidation. That study suggests that secondary oxidation products,
such as aldehydes, might not follow the prooxidant theory of a-tocopherol and that the lipid

oxidation pathways may be altered in the presence of tocopherol.



OH 0
tBu tBu

Lo LooH +

Me Me

tBu
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LOO* | |

LOO °

Me
\Me

Fig. 1.3 The hydrogen donated by BHA reacts with peroxide and alkyl radicals to
generate phenolic radicals that are stabilized by resonance and can react further with other

lipid or peroxy radicals.

Although the anti- and pro-oxidation capacity and the reaction mechanisms of phenolic
antioxidants have been studied for decades, there is still controversy about the mechanism
associated with their prooxidant activity. Further, although the prooxidant theory of phenolic

antioxidants is well-accepted, the optimum concentration and temperature for the best antioxidant



behavior have been less investigated, especially for natural antioxidants. This is particularly timely
research, given the worldwide trend to avoid synthetic food additives and to replace them with

natural antioxidants such as ascorbic acid, rosemary and tocopherol (Frankel, 1984).

Ascorbic acid is well-known as a complex multi-functional antioxidant, prooxidant and
even a metal chelator (Barros et al., 2011). It is widely used in food applications for multiple
purposes. In aqueous media, ascorbic acid has been shown to have antioxidant capacity at high
concentrations (I mM) and prooxidant capacity at low concentrations (0.1 mM) (Frankel, 2005).
In oil media, although ascorbic acid is a more effective antioxidant, it is heavily influenced by the
oxidation temperature, being less effective at 45 °C and more effective at 98 °C (Frankel, 2005).
Because ascorbic acid is regarded as a secondary antioxidant which acts by scavenging oxygen
(Gordon, 1990), its capacity also depends on the concentration of oxygen. Moreover, ascorbic acid
and tocopherol have a well-known synergy, protecting oils from oxidation. Ascorbic acid can
donate hydrogen atoms to tocopherol radicals, converting the radical back into the tocopherol

parent (Frankel, 2005).

The antioxidant activity of rosemary extracts is mainly related to phenolic diterpene
compounds, such as carnosol, carnosic acid (Fig. 1.4), rosmanol, epirosmanol and isorosmanol
(Erkan et al., 2008; Richheimer et al., 1996). As the major antioxidant protection providers,
carnosol and carnosic acid can effectively inhibit the formation of hydroperoxides in bulk
vegetable oils and fish oil by donating hydrogen atoms and eliminating the radicals (Aruoma et al.,
1992). Their antioxidant capacity is also influenced by the food matrix (Frankel, 2005). In oil-in-
water emulsions, rosemary extracts will stay in the water phase reducing their protective ability;

thus, they are most effective in bulk oils.



OH
OH
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Fig. 1. 4 Carnosol (a) and carnosic acid (b) are the major components of rosemary

extracts and their phenolic structures can donate hydrogen atoms to lipid radicals.

In contrast to the broad knowledge of ascorbic acid and rosemary extracts, tocopherols are
more of a mystery. Tocopherols are commonly found in most plants and fish (Pokorny, 2003).
There are four different structures of tocopherols (Fig. 1.5) and they can donate hydrogen atoms
to lipid radicals to prevent lipid chain from both propagation and decomposition, following the
same mechanism as phenolic antioxidants. These four homologs are present in variable amounts
in nature and are commonly added to different lipid products to increase their stability. A number
of reports have clearly demonstrated the antioxidant capacity of a-tocopherol in methyl linoleate
(Mékinen and Hopia, 2000), rapeseed oil triacylglycerols (Lampi et al., 1999) and olive oil
(Wagner and Elmadfa, 2000). However, these studies present conflicting conclusions about the
antioxidant capacity of a-tocopherol, likely due to the use of different lipid substrates, tocopherol

concentrations, analysis methods and temperatures.
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Despite their wide-spread use, it has been known for ~30 years that tocopherols also
possess prooxidant activity. Frankel (1984) reported that a-tocopherol had been shown to have a
prooxidant capacity at high concentrations, as demonstrated by an increase in hydroperoxides at
early stage of lipid oxidation; however, the mechanism for this is not well known. This
phenomenon was also observed in some recent reports. For instance, using 'H nuclear magnetic
resonance (NMR), Martin-Rubio et al. (2018) found a similar result in that the concentrations of
hydroperoxides, epoxides, ketones, hydroxy compounds and aldehydes increased at a more rapid
rate in samples treated with 0.02% - 5% a-tocopherol (200 - 50000 ppm); they also found that
oxidation was initiated earlier in the tocopherol-treated oil than in the control group. Hopia et al.
(1996) also suggested that a-tocopherol at 40 mmol L' (17240 ppm) accelerated the formation of
hydroperoxides, as well as prevented hydroperoxides from decomposing. Moreover, Frankel
(2005) also suggested that in polyunsaturated vegetable oils, tocopherols are normally known as
poor antioxidants. For instance, crude soybean oil contains 1300 to 1500 ppm natural tocopherols
and the removal of tocopherols actually increases the stability of soybean oil; the optimum
concentration for soybean oil is between 400 and 600 ppm (Frankel et al., 1959a). Most
importantly, the prooxidant mechanism of a-tocopherol has been rarely mentioned and remains
unclear. European legislation allows the addition of a-tocopherol on the basis of the quantum satis
principle (Commission Regulation 1129/2011) to refined vegetable oils, except refined olive oils,
without an established limit. In other words, the negative effect of a-tocopherol is being neglected.
Considering all of the above, a more comprehensive theory of the influence of a-tocopherol on the

oxidative stability of lipid foods is clearly required.
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R = Hydrogen or Methyl
R, 0] phytyl
Rs
Fig. 1.5 Structures of tocopherols: (a) a-tocopherol (Ri, Rz, R; = methyl), (b) B-

tocopherol (Ri, R; = methyl), (c) y-tocopherol (Rz, R3 = methyl), (d) 3-tocopherol (R3 =

methyl). * indicates the hydrogen atom donated to lipid radical in an antioxidation reaction.

1.4  ANALYSIS METHODS

The methods commonly used for determination of hydroperoxides and aldehydes are the
widely applied titration method called the Peroxide Value (PV) and the spectrophotometric
technique known as the p-Anisidine Value (PAV). They are the main methods used to judge the
degree of oxidation (AOCS Method Cd 8-53; AOCS Method Cd 8b-90; AOCS Method Cd 18-90).
In some analytical reports, conjugated dienes have also been measured using spectrophotometric
techniques, while decomposition products of hydroperoxides including unsaturated aldehydes and
volatiles have also been determined (Firestone, 2009). However, these methods do not provide any

insight into the development of alternative oxidation products such as epoxides and hydroxides.

NMR Spectroscopy has been regarded as a powerful tool for analyzing fatty acid profiles

(Knothe and Kenar, 2004). Previous NMR studies considered '"H NMR as the major technique
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applied to lipid oxidation analysis because of its relatively higher selectivity compared to the other
commonly used nuclei such as '*C and *'P (Guill’en and Uriarte, 2012a). The most obvious
advantage of NMR is the limited sample preparation required; techniques such as transmethylation
and derivatization are easily avoided. NMR techniques have long been used to provide qualitative
information about sample structures and composition but more recently have also been proven to
be reliable for quantitative analysis (Mart inez-Yusta et al., 2014). Additionally, NMR analysis
can offer great time-savings, with different kinds of oxidation products determined in a single run,
simply by dissolving samples in deuterated solvent. However, for polyunsaturated fatty acids,
intact structure information is not available when NMR methods are applied. For instance, the
position of double bonds remains unknown when the oxidation products are determined
(Goicoechea and Guill’en, 2010). Moreover, compared to other analytical techniques such as gas

chromatography (GC), NMR has relatively low sensitivity (Xia and Budge, 2017).

While high performance liquid chromatography (HPLC) has been used to separate oxidized
fatty acids for decades (G'erard et al., 1992), identification of intact triacylglycerols has been
regarded as the most valuable function of HPLC. However, the large number of possible structures
of triacylglycerols combined with different esterified fatty acids make the identification
challenging (Buchgraber et al., 2004). Hence, HPLC is typically coupled with mass spectrometry
(MS) as an effective identification technique for analyzing structures in vegetable oils, lard and
plasma samples (Marai et al., 1983). The MS ionization techniques which have been applied to
HPLC are electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI) for
identification of intact triacylglycerols, and thermo-spray ionization (TSP) for analysis of fatty
acids or fatty acid methyl esters. For example, Griineis et al. (2019) developed a method to identify

the hydroperoxidized and epoxidized triacylglycerols in canola oil and margarine, which were
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thermo-oxidized at 25 °C, 80 °C and 180 °C for 15, 30, 45, 60 minutes, using LC-ESI successfully.
However, MS techniques applied to HPLC are all soft ionization techniques, leading to molecular
ions and diacylglycerol fragments without fragments produced by hydrocarbon chain cleavage. In
other words, although the oxidation products can be identified by analyzing molecular ions and
diacylglycerol ions as in Griineis et al. (2019), the position of hydroperoxyl, epoxy and even double

bonds in the lipid chain cannot be assured.

Gas chromatography (GC) has been well-known as an effective method for analyzing small
volatile compounds that form from B-scission during lipid oxidation. Common GC applications,
such as GC-MS and GC-flame ionization detection (GC-FID), are effective methods for
identification and quantification of oxidation products. For GC-MS, in contrast to LC-MS, among
the ionization techniques that have been applied to GC, electron ionization (EI) has been discussed
as the major method in identifying different structures by their distinct fragmentations produced
from hydrocarbon cleavage; chemical ionization (CI) can be used as a supplemental method for
identification of the mass of the molecular ion. For instance, with EI fragmentation, the location
of a hydroxyl group in a fatty acid methyl ester can be determined from the ion masses of fragments
produced by cleavages occurring on each side of the functional group (Weihrauch and others, 1974;
Wilson and others 1997). Although GC methods cannot analyze compounds with high polarity,
trimethylsilyl (TMS) derivatives have been widely applied to eliminate the polarity problem (Poole,
2013). For quantification, GC-FID has shown excellent selectivity for alternative oxidation
products, but the identification of major oxidation products of lipids can be affected by coelution
problems (Xia and Budge, 2017). To avoid co-elution of epoxides and hydroxides, Xia and Budge
(2018) optimized a solid phase extraction (SPE) method for separating epoxides, hydroxides and

non-polar FAME. In summary, although GC techniques require a time-consuming sample
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preparation process, they are useful tools for qualitative and quantitative analysis of alternative
oxidation products with appropriate pretreatment, including transmethylation, SPE and TMS

derivatives (Marmesat et al., 2008).

1.5 Objectives

Bearing in mind all of the above, it is important to evaluate the effect of a-tocopherol on
lipid oxidation pathways and the mechanism of its prooxidant capacity as accurately and
completely as possible. In this research, the overall objective was to obtain a better understanding
of anti- and pro-oxidation capacity and the associated mechanisms of o.-tocopherol. To do this, a
single type of triacylglycerol, trilinolein (18:2), was adopted as the lipid substrate and treated with
0.1% (1000 ppm) and 2% (20000 ppm) by weight a-tocopherol. Limited oxidation products are
expected with the adoption of trilinolein, an approach rarely used in previous literature. By using
a single TAG, the types of oxidation products can be reduced and the mechanism of lipid oxidation
will be more obvious since the oxidation products can only be derived from 18:2 fatty acid. In
addition, the effect of tocopherol naturally present in vegetable oils is thus eliminated. Since
polyunsaturated fatty acid supplements are likely to be stored at room temperature, the temperature
of thermal oxidation in this research was set at 30 °C, slightly above room temperature.
Specifically, this work tests three hypotheses: 1) that low concentrations of tocopherol will have
an anti-oxidant effect, in comparison to high concentrations; 2) that the secondary oxidation
products will be produced following different oxidation pathways in the presence of tocopherol;
and 3) the concentration of lipid alcohols will be higher with high concentrations of tocopherol

due to the donation of hydrogen atoms.
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CHAPTER 2 MATERIALS AND METHODS

2.1 EXPERIMENTAL DESIGN

Pure trilinolein (C18:2) (Sigma-Aldrich Inc.) was divided into 3 groups. Group 1 was the
control, while group 2 and group 3 contained tocopherol at concentrations of 1.0 mg g™! and 20.0
mg g respectively. Groups I, IT and III were sampled at five time points in triplicate. An additional
initial time point for samples in Group I and II was also included without a replicate to eliminate
the effect of products existing in trilinolein samples. Samples from Group III were not tested on
day 1 because they are the same samples as those in Group II before the thermal oxidation process.
Alpha-tocopherol (Sigma-Aldrich Inc.) was dissolved in hexane, preparing 60.0 mg L' and 1200.0
mg L' solutions. To create 1.0 mg g™ samples, 5.0 mL of the 60.0 mg L' solution were added into
empty test tubes that would become group II; 5.0 mL of the 1200.0 mg L' solution were added
into other test tubes to form the third group (at 20 mg g!). The same volume of hexane was also
added to test tubes forming Group I so that the experimental control was treated in the same manner
as the test samples. Hexane in test tubes in all three groups was then evaporated to dryness and
300 mg trilinolein was added to each. All samples were transferred to 4 mL open vials with
approximately 3 mL of headspace and placed in a 30 °C oven with circulating air but without
forced convection. All the vials remained open and three replicates were removed from each group
following the oxidation plan (Table 1). After removal from the oven, the vials were purged with

nitrogen, capped, and stored in the freezer at -30°C for several days until prepared for analysis.
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Table 1 Oxidation plan for samples heated at 30 °C. ‘n’ indicates number of samples

removed from the oven at that time point.

Oxidation time Group I (Control) Group II (0.1% tocopherol)  Group III (2% tocopherol)
(days) n n n
0 1 1 0
2 3 3 3
5 3 3 3
7 3 3 3
10 3 3 3
15 3 3 3

2.2 SAMPLE PREPARATION

2.2.1 Transmethylation

Firstly, methanol was poured through a funnel with filter paper containing a bed of 10.0 g
of anhydrous sodium sulfate to remove traces of water. Then 10 mL of 0.5 M sodium methoxide

was diluted in 15 mL dry methanol (total volume 25 mL) to make a 0.2 M solution.

Secondly, each 100 mg trilinolein sample derived from 300 mg sample was placed in a 10
mL test tube to which were added 1 mL of fert-butyl methyl ether and 1 mL of 0.2 M sodium
methoxide in methanol. The test tubes were shaken for 1 min and left to sit for 2 min. Then 0.1

mL of 0.5 M sulfuric acid in water was added, followed by addition of 3 mL of water. After
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vigorous shaking and centrifugation, the top organic layer containing FAME was collected in a

graduated test tube, and the solvent was evaporated under nitrogen.

2.2.2 Solid Phase Extraction (SPE) Conditions (Xia and Budge, 2018)

The FAME created from each trilinolein sample (~100 mg) were dissolved in 0.5 mL 98:2
(hexane:ethyl ether) and transferred to a solid phase extraction (SPE) column which was fixed to
a glass chamber with 20 ports and fitted with a vacuum pump. The test tube was washed with 0.5
mL 98:2 (hexane:diethyl ether) solution, and the rinse was added to the SPE column. A gentle

vacuum was applied to the columns with a three-step elution scheme:

a) Addition of 15 mL 98:2 (hexane:diethyl ether) to SPE column to elute the nonpolar

fraction containing most of the linoleic acid methyl ester (C18:2).

b) Addition of 15 mL 90:10 (hexane:diethyl ether) to SPE column to elute polar fraction 1

containing epoxy FAME and traces of C18:2.

¢) Addition of 30 mL diethyl ether to SPE column to elute polar fraction 2 containing

hydroxyl FAME.

2.2.3 TMS Derivatization

Polar fractions 1 and 2 collected in section 2.2 were evaporated to dryness under nitrogen,

mixed with 100 pL N, O-bistrifluoroacetamide (BSTFA) and 100 pL pyridine, and left to sit for
18



30 min at room temperature. After the reaction was complete, the sample was evaporated to
dryness again and then dissolved in 200 pL hexane for GC analysis. Methyl nonadecanoate
(19:0;300 pL of 0.032 mg mL™! solution) was added to both polar fractions (48 pug ml™') as an

internal standard.

2.3 GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS) AND GAS

CHROMATOGRAPHY-FLAME IONIZATION DETECTION (GC-FID)

2.3.1 Analysis of a Standard Mixture Using GC-MS

A mixture of commercially available linoleic acid, and (S)-13-hydroxyoctadeca-9,11-
dienoic acid (13-HODE) methyl ester (> 98%), and 9,10-epoxyoctadecanoate methyl ester
synthesized as described in Xia and Budge (2018) was analyzed using GC-MS. The mixture was
carried through the transmethylation, SPE and TMS derivatization procedure; internal standard
(C19:0) was then added and the mixture analyzed using GC-MS. The retention time of each

standard in the chromatograms was recorded.

2.3.2 GC-MS Parameters

A Trace 1310 gas chromatograph coupled with an ISQ7000 single quadrupole mass
spectrometer was used to identify epoxy and hydroxy FAME. The samples were analyzed using a
Rtx-2330 capillary column (90% biscyanopropyl/10% phenylcyanopropyl polysiloxane, 105 m x
0.25 mm i.d., 0.2 um). All polar fractions were introduced by a Thermo Fisher Scientific AIAS-
1310 autosampler with a PTV injector at 250 °C in splitless mode and an injection volume of 1
pL. The temperature program started at 69 °C and was held for 2 min, increased to 174 °C at 15
°C min’! and was held for 10 min, increased to 250 °C at 20 °C min™' and was held for 31 min with
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a total time of 53.8 min. The carrier gas was helium with constant flow at 1.2 ml min™'. The MS
detector was in a full scan electron ionization (EI) mode with the ion source and transfer line kept
at 200 °C and 245 °C respectively, using an ionization potential of 70 eV with a mass scan range
of m/z 60-600. For positive chemical ionization (PCI) analysis, methane was used as reagent gas

at 1.5 mL min™!. The other parameters remained the same as in EI mode.

In an attempt to improve resolution of co-eluting peaks, the samples were also analyzed
using a DB-23 column ((50%-cyanopropyl)-methylpolysiloxane, 30m x 0.25 mm, 0.25 pm). The
temperature program started at 50 °C and was held for 2 min, increased to 165 °C at 15 °C min!
and was held for 15 min, increased to 205 °C at 10 °C min™' and was held for 10 min, increased to
230 °C at 10 °C min™' and was held for 10 min with a total time of 51.17 min. The carrier gas was

helium with constant flow at 1.2 ml min™'. The other parameters remained the same as applied with

the Rtx-2330 column.

2.3.3 GC-FID Parameters

After the analysis using GC-MS, GC-FID (Scion 436-GC, Bruker) was used with the same
Rtx-2330 capillary column as above to quantify all the oxidation products. The samples were
introduced by a Bruker CP-8400 autosampler with an injection volume of 1 puL. The GC
parameters remained the same as applied in GCMS. The FID detector was set at 270 °C, with

argon (make-up gas), hydrogen and air flow rates at 50, 30, 300 mL min™.
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2.4 QUANTITATIVE ANALYSIS
2.4.1 Response Factors

Optimization of GC parameters and SPE recovery tests were previously carried out by Xia
and Budge (2018). Methyl nonadecanoate (19:0) was used as the internal standard for GC-FID
quantifications. Since trilinolein was used as the sample, the oxidation products expected were
hydroxy-18:2, epoxy-18:1 and epoxy-18:0. Response factors were obtained for the hydroxy and
epoxy compounds using 13-HODE methyl ester and 9,10-epoxyoctadecanoate methyl ester,
respectively; 9,10-epoxyoctadecanoate methyl ester was synthesized as described in Xia and
Budge (2018). Calibration curves were established by plotting the area ratio of analyte:internal
standard versus the concentration of analyte. The working range was 5-60 ug ml™!, with the internal

standard at 48 pg ml ™.
2.4.2 Statistical Analysis

SPSS® (IBM Software, Inc., USA) was used to perform an analysis of variance (ANOVA)
to determine the influence of a-tocopherol at two concentrations on trilinolein samples. The o-

level was set to 0.05.

For each oxidation product, there was a nonlinear relationship between concentration and
time during the 15-day experimental cycle. To model that relationship, the following equation was

used (SPSS, IBM Software, Inc., USA):

Y;(d) = C; x exp*? 2.1
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where Y;(d) is the concentration on a given day, C; is the concentration on the first day, k is the

rate of oxidation (reaction constant), and d is the number of days of oxidation.

For a more obvious comparison of the oxidation rates (k) among the three groups, the
exponential curve was converted into a linear regression curve by taking the natural logarithm of

both sides of equation 2.1, yielding equation 2.2.

In[Y;(d)] = In (C;) + kd 2.2

Pooled variance t-tests were applied to the oxidation rates (k) derived from the linear regression

models (SPSS, IBM Software, Inc., USA) with a set at 0.05 indicating significant differences.
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CHAPTER 3 RESULTS

3.1 IDENTIFICATION OF OXIDATION PRODUCTS IN OILS

3.1.1 Characteristic Electron Ionization (EI) Spectra of Oxidation Products

Polar fraction 1 of the standard mixture showed two peaks: the internal standard (19:0) and
9,10-epoxyoctadecanoate methyl ester. Polar fraction 2 showed the internal standard, cis-13-

HODE, a co-eluting shoulder and a small amount of trans-13-HODE. (Fig. 3.1.)

Based on structure, characteristic cleavage patterns of the anticipated oxidation products
can be predicted (Xia and Budge, 2017) (Fig. 3.2.). The mass spectra of oxidized samples were

evaluated for these cleavage patterns.
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Fig. 3.1 The total ion chromatograms from (a) polar fraction 1 and (b) polar fraction

2 of standards. Peaks are labelled as follows: 1) indicates internal standard (19:0); 2) indicate
9,10-epoxyoctadecanoate methyl ester; 3) indicates 13-HODE; 4) show an unidentified tail

coeluted with peak 3 and 5) a peak identified as trans 13-HODE.
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ester, and (f) 9,10-12,13-diepoxyoctadecenoic acid methyl ester. The structure of methyl

nonadecanoic acid (internal standard) which has 312 m/z (molecular ion) as a characteristic

peak is not presented.
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3.1.2 Identification of Oxidation Products by GC-MS

GC-MS analysis showed several peaks in polar fraction 1, including the internal standard,
epoxy-hydroxy FAME and an aldehyde. Polar fraction 2 chromatograms showed peaks
representing internal standard, hydroxy FAME, epoxy-hydroxy FAME and an aldehyde (Fig. 3.3
and Table 2). Most of the linoleic acid methyl ester was eluted in the non-polar fraction, with only
a very small portion present in polar fractions 1 and 2 which did not affect the identification and

quantification of oxidation products. However, epoxy FAME were not detected in either polar

fraction. 5
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Fig.3.3 GC-MS total ion chromatograms of aldehydes, hydroxy FAME TMS

derivatives and hydroxy-epoxy FAME TMS derivatives in Polar Fraction 2 derived from
trilinolein oxidized at 30 °C for 5 days, with peak identities listed in Table 2. * indicates
unidentified TMS derivatives with 73 m/z ion mass in mass spectrum, suggesting that they

were hydroxy compounds. The MS filament was on from 20 min to 53.8 min.

26

35



Internal standard and 13-HODE were identified by comparing the retention time and mass
spectra of the standard mixture. The other compounds were identified using EI and PCI mass
spectra since they were not available commercially. PCI-MS preserved the molecular ion of the
compounds, yielding the molecular mass of each peak. By comparing the mass fragments in EI
mass spectra to Fig. 1 and literature (Xia and Budge, 2017), the peaks were initially identified
(Table 2). The aldehyde (peak 1) was identified as 9-oxo-nonanoic acid methyl ester by library
match (NIST MS search 2.3) with over 95% probability (Fig. 3.4). The peaks labelled by * were
small and could barely be detected in PCI mode. They were tentatively identified as

monoacylglycerol with two TMS groups which the library indicated with over 90% probability.

P A

Fig. 3. 4 Nonanoic acid, 9-oxo-, methyl ester
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Table 2 Identification of oxidation products in Polar Fraction 2 using spectra from

both EI and CI modes, referring to the peaks labelled in Fig. 3.3

Molecular Characteristic EI spectral ions m/z

Peak No. Compound mass (Relative abundance%)
Nonanoic acid, 9-oxo-, methyl ester
1 (Aldehyde) 186 74 (100), 87 (61), 83 (39)
Methyl nonadecanoic acid (internal
2 standard) 312 74 (100), 87 (73), 312 (12)
3 Methyl linoleic acid 294 67 (100), 81 (96), 95 (72)
a Methyl 13-hydroxyoctadeca-9,11-
4,7 dienoate (13-HODE) 382 73 (100), 311 (30), 225 (20)
a Methyl 9-hydroxyoctadeca-10,12-
5,6 dienoate (9-HODE) 382 73 (100), 225 (47), 311 (14)
8,9,10,11,12% Epoxy-hydroxy-FAME 398 73 (100), 129 (67), 285 (50), 199

(43)

% Two peaks identified as the same compound were geometric isomers, showing identical mass

spectrum but different retention times.

® Five peaks labelled as 8,9,10,11,12 have identical mass spectra, suggesting that they were
geometric isomers of the same compounds. The mass spectrum of peak 9 is shown in Fig. 6.

There was a flat tail on the 13-HODE peak (peak 3 in Fig. 3.1) and the major 9-HODE

peak (peak 5 in Fig. 3.3) for both standards and samples. The mass spectra of the two tails in Fig.

1 and Fig. 3 were different (Fig. 3.5).
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(d) tail of 9-HODE in sample and (e¢) 9-HODE in sample.

According to the EI spectra of the tails in chromatograms, several characteristic ions were
apparent and included 155, 173, 225, 259, 282 and 327 m/z. PCI spectra of all tails in both standard
and sample chromatograms indicated that they had the same molecular mass (382 m/z) as 13-
HODE and 9-HODE. Thus, probable structures of radical ions produced during electronic
ionization can be deduced (Fig. 3.6). The composition of the tails was believed to be a mixture of
compounds whose structure consisted of single hydroxy functionalities bonded to different carbon
atoms of an octadecadienoic acid methyl ester, including 14-hydroxy octadecadienoic acid methyl
ester, 5-hydroxy octadecadienoic acid methyl ester and a geometric isomer of 9-HODE. There was
likely to be decomposition and recombination of hydroxy functionalities and linoleic acid methyl
ester during the oxidation of lipids which could lead to shifts in the position of the functionality.
These tails were removed by peak optimization in the quantification procedure and are not included

in concentrations of 13- and 9-HODE.

31



\OM L|/\/\/\/\

259 m/z -———

> 225 m/z
® Q 327 m/z
\OM\M/ I TN
0
|

/s\‘\

(d)

173 m/z ® 155 m/z
(0] Q
* \O \@

Fig. 3. 8 Probable cleavage of (a) 9-HODE (b) 14-hydroxy octadecadienoic acid methyl
ester, (¢) 5-hydroxy octadecadienoic acid methyl ester and (d) two radicals with masses that

match the ions peak in the spectra.
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There were five peaks eluting from 32 min to 34 min (peaks 8,9,10,11,12 in Fig. 3.3) all of
which had similar mass spectra (Fig. 3.7.). Their molecular masses were 398 m/z and they all had
the same 199 m/z and 285 m/z mass peaks. This area of the chromatogram was highly consistent
with the chromatogram Xia and Budge (2017) found. They suggested that they were epoxy-
hydroxy-FAME. The two major structures are presented in Fig. 7. Since they co-eluted in the
chromatograms, single ion chromatograms were plotted (Fig. 3.7) by monitoring m/z 199 and m/z
285 for methyl 13-OTMS-9,10-epoxyoctadec-11-enoate and methyl 11-OTMS-12,13-

epoxyoctadec-9-enoate.
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Fig. 3. 9* Mass spectrum at EI mode (a) and PCI mode (b) of peak 9 in Fig. 1, suggesting
that the compounds were co-eluting methyl 11-OTMS-9,10-epoxyoctadec-12-enoate and 11-
OTMS-12,13-epoxyoctadec-9-enoate (both with molecular mass of 398). The m/z 285 ion
arises from methyl 11-OTMS-12,13-epoxyoctadec-9-enoate and the 199 ion is derived from
11-OTMS-9,10-epoxyoctadec-12-enoate. Total ion chromatogram (c) and single ion

chromatogram (d) of those compounds were also plotted.
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Fig. 3. 10" Mass spectrum at EI mode (a) and PCI mode (b) of peak 9 in Fig. 1, suggesting
that the compounds were co-eluting methyl 11-OTMS-9,10-epoxyoctadec-12-enoate and 11-
OTMS-12,13-epoxyoctadec-9-enoate (both with molecular mass of 398). The m/z 285 ion
arises from methyl 11-OTMS-12,13-epoxyoctadec-9-enoate and the 199 ion is derived from
11-OTMS-9,10-epoxyoctadec-12-enoate. Total ion chromatogram (c) and single ion

chromatogram (d) of those compounds were also plotted.
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Fig. 3. 11°¢ Mass spectrum at EI mode (a) and PCI mode (b) of peak 9 in Fig. 1, suggesting
that the compounds were co-eluting methyl 11-OTMS-9,10-epoxyoctadec-12-enoate and 11-
OTMS-12,13-epoxyoctadec-9-enoate (both with molecular mass of 398). The m/z 285 ion
arises from methyl 11-OTMS-12,13-epoxyoctadec-9-enoate and the 199 ion is derived from
11-OTMS-9,10-epoxyoctadec-12-enoate. Total ion chromatogram (c) and single ion

chromatogram (d) of those compounds were also plotted.

3.2 QUANTITATIVE ANALYSIS OF OXIDATION PRODUCTS IN OILS

Although epoxy FAME was not detected, 13-HODE, 9-HODE, aldehyde and epoxy-
hydroxy FAME were quantified as oxidation products (mmol mol! Fig. 3.8). Since the tail
consisted of positional isomers of 9-HODE, it was not included in the concentration of 9-HODE.
However, the geometric isomers, trans 13-HODE and frans 9-HODE (peaks 6 and 7, respectively,
in Fig. 3.3) were quantified as 13-HODE and 9-HODE. For all oxidation products, in comparison
with the other groups, the concentration showed only minor fluctuations in samples treated with
0.1% tocopherol (Fig. 3.8) over the course of the oxidation period, which demonstrated that 0.1%

tocopherol was an excellent antioxidant at that concentration. The concentrations of oxidation
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products in samples without tocopherol and with 2% tocopherol showed an obvious increase in
the 15-day experimental cycle (Fig. 3.8). For the 2% tocopherol treated group, the mean
concentration of all oxidation products at a given time point tended to be higher than that of the

control group, except for 9-HODE on day 15.

At the last two time points, there were significant differences (ANOVA; p<0.05) among
all groups for all compounds, except for 9-HODE on day 15 and epoxy-hydroxy FAME on day
10, for which there was no difference between the control and 2% tocopherol groups (Fig. 3.8). In
the first half of the experimental cycle, there was insufficient statistical evidence to demonstrate

real differences between the three groups for all compounds.
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Fig. 3. 12% Mean concentrations and standard deviations of (a) 13-HODE, (b) 9-HODE,
(c) aldehyde and (d) epoxy-hydroxy-FAME in oxidized linoleic acid methyl ester at different
time points quantified by GC-FID. At each sampling time, different letters indicate

significantly different concentrations (ANOVA; n=3; p < 0.05).
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Fig. 3. 13" Mean concentrations and standard deviations of (a) 13-HODE, (b) 9-HODE,
(c) aldehyde and (d) epoxy-hydroxy-FAME in oxidized linoleic acid methyl ester at different
time points quantified by GC-FID. At each sampling time, different letters indicate

significantly different concentrations (ANOVA; n=3; p < 0.05).
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3.3 MODELING OF OXIDATION RATE

Samples treated with 2% tocopherol consistently had similar slopes and therefore similar
oxidation rates as the control group without tocopherol (Table 3); the 0.1% tocopherol group
always had more gradual slopes indicating the best antioxidant capacity (Fig. 3.9). Because the
regression line for the 2% tocopherol group for all oxidation products, except the epoxy-hydroxy
FAME, had a greater intercept and shallower slope, given sufficient oxidation time, it would
intersect the regression of the control group. Thus, the prooxidant capacity of a-tocopherol,
relative to the control, seems to be reduced as the concentration of oxidation products or duration
of oxidation increases. However, two-sample t-tests only indicated significant differences in
oxidation rates between the control group and 0.1% tocopherol group for 9-HODE and aldehydes.
The high standard deviation on the individual time points and the large range of confidence
intervals undoubtedly influenced the results of statistical analysis, despite what appears to be

obvious difference.
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Fig. 3. 16° Trendline fitted by natural logarithm of the initial concentration of (A) 13-

HODE, (B) 9-HODE, (C) aldehydes and (D) epoxy-hydro-FAME in linoleic acid methyl ester

during 15-day experimental cycle. Data are fitted with Equation 2.2 and corresponding

parameters are found in Table 3. The samples treated with no tocopherol, 0.1% tocopherol

and 2% tocopherol were labelled as (i), (ii) and (iii) respectively. The dotted lines show the

confidence intervals of their oxidation rates (k in equation 2.1).
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Table 3 Estimates of oxidation rates (k) and their confidence interval of groups treated
with tocopherol at different concentrations derived from the exponential
model fit to the data obtained. For an oxidation product, mean values with

different superscripts are significantly different (pooled variance t-test;

p<0.05).

Oxidation Products Group k (days™)
no tocopherol 0.32+0.08°

13-HODE 0.1% tocopherol 0.09+0.09°
2 % tocopherol 0.20+0.08°
no tocopherol 0.33+0.09°

9-HODE 0.1% tocopherol 0.13+0.06°
2 % tocopherol 0.28+0.09°
no tocopherol 0.41+0.12°

Aldehydes 0.1% tocopherol 0.1140.12°
2 % tocopherol 0.34+0.14°
no tocopherol 0.25%0.08

Epoxy-Hydro-FAME 0.1% tocopherol 0.14%0.10°
2 % tocopherol 0.2840.09°
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CHAPTER 4 DISCUSSION

4.1. IDENTIFICATION OF OXIDATION PRODUCTS

Trilinolein was adopted as the substrate in this research so that the pathways of formation
of all the oxidation products could be deduced, since they are all derived from the same initial
reactant. The oxidation of this pure triacylglycerol led to the formation of four major oxidation
products that were subsequently characterized using the optimized SPE procedure established by
Xia and Budge (2017) for the separation of hydroxy and epoxy FAME in oxidized vegetable oils.
Under Xia and Budge (2017)’s experimental parameters, all the peaks in the chromatograms were
identified successfully. In agreement with previous literature (Xia and Budge, 2017; Martin-Rubio
et al., 2018; Marmesat et al., 2008), in the current study, hydroxy FAME, epoxy-hydroxy FAME
and aldehydes were identified as oxidation products. Although reported in other work, epoxy
FAME and intact keto FAME were not formed here which was likely the result of different
reactants, shorter oxidation times, lower temperatures of thermo-oxidation parameters and the
influence of a-tocopherol. Other studies which have reported their appearance used vegetable oils
as samples with more than 70 °C and 20 days as thermal oxidation parameters (Martin-Rubio,
2018); further, tocopherols were not added to the samples (Marmesat et al., 2008; Xia and Budge,
2018; Griineis et al., 2019). The reactant is probably most important, with epoxy FAME and keto
FAME more likely to form from monounsaturated lipid instead of linolein. There is a great
possibility that polyunsaturated lipids would form epoxy-hydroxy FAME directly during oxidation,
skipping the step producing epoxy FAME. The possible pathways of oxidation product production

will be discussed below.
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For hydroxy lipids, 13-HODE, 9-HODE and their geometric isomers were identified
following the mass spectrum as Xia and Budge (2018) showed. However, in oxidized trilinolein,
we detected several HODEs with different structures but the same molecular mass (382 m/z) which
were not mentioned in previous literature. Their mass spectra indicated that the hydroxy
functionalities were likely to be bonded to the 5™ and 14™ carbon atoms in the chain. Specific
pathways for the formation of these two HODESs have not been described but since they were also
identified in the commercial 13-HODE standard, they were very likely produced from 13-HODE
and 9-HODE instead of direct oxidation of linoleic acid. Hypothetically, during the lipid oxidation
period, hydroxy octadecadienoate methyl ester could undergo decomposition and recombination
which could change the position of the hydroxy group. Although oxidation products with two
structures were identified, they remained unresolved as a shoulder in the chromatograms. Thus,
14-HODE and 5-HODE might not be the only HODEs present in the standard and samples.
Separation and identification of all the structures in that shoulder is necessary to postulate logical

pathways of their production.

To attempt that separation and eventual identification of all the HODEs, a DB-23 column
was installed on the GC since Xia and Budge (2017) found it a useful phase for separation of
hydroxy FAME. Unfortunately, separation was not improved relative to the RTX-2330, with the
tails continuing to co-elute with the 9-HODE peak. Another phase, a longer column or a new
optimized temperature program/flow rate might improve the separation and should be pursued in

future work.

Epoxy-hydroxy FAME were common secondary oxidation products. Methyl 13-OTMS-

9,10-epoxyoctadec-11-enoate and methyl 11-OTMS-12,13-epoxyoctadec-9-enoate were also
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identified by Xia and Budge (2018) in oxidized vegetable oils whose major fatty acid was 18:2n-
6. However, 18:1n-9 and 18:3n-3 were also present at 59.76% and 9.35% (w/w total FAME),
respectively, in canola oil. Thus, to gain a better understanding of the pathways leading to
formation of epoxy-hydroxy FAME, use of a single substrate was necessary. Two pathways
describing formation of epoxy-hydroxy FAME produced have been published. Hamberg and
Gotthammar (1973) believed epoxy-hydroxy FAME were created by the cleavage and
recombination of hydroperoxides while Xia and Budge (2017), suggested that it was produced
from epoxy FAME (Fig. 4.1). Although Either pathways could explain the transformation from
18:2n-6 to epoxy-hydroxy fatty acids, the hydroxy functional group was considered generating
first due to the fact that there was no epoxide identified in chromatograms. The pathway provided

by Raghavamenon et al. (2009) (Fig. 4.2) is the closest one to the results in this study.
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hydroxy-epoxy structures to end with the formation of aldehydes (Raghavamenon et al.,

2009).
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The aldehyde in the sample was identified by library spectra matching as 9-oxo-nonanoic
acid methyl ester. Like the epoxy-hydroxy FAME, Gardner et al. (1974) suggested that it too was
produced through hydroperoxide decomposition (H.W. Gardner et al. 1974) (Fig. 4.3). Research
that followed considered a pathway in which aldehydes were produced by the breakdown of
epoxy-hydroxy FAME (Fruebis et al., 1992) (Fig. 4.2). Aldehydes are highly volatile compounds,
with most likely lost during the thermo-oxidation procedure in open vials; an aldehyde produced
by cleavage at the ‘b’ position in Fig. 4.3, creating structure (b), would be unlikely to be identified
for that reason. However, cleavage at the ‘a’ position would generate an oxo-methyl ester similar
to structure (a); since this aldehyde was originally bonded to the glycerol backbone, its volatility
would be reduced. That explains why we did not detect structure (b) and confirms the reliability

of quantifying structure (a) as an oxidation product.

b..a
o !
l l
G/OWOO/M\/\/W

0]
() (b)

Fig. 4.3 Two products are derived from the decomposition of a peroxide radical. G

indicates diacylglycerol backbone.
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4.2. QUANTIFICATION OF OXIDATION PRODUCTS

In the chromatogram of the 13-HODE standard, the appearance of tail 4 and unexpected
peak 5 (Fig. 3.1) suggested that during long-term storage, a small portion of 13-HODE was
degraded. Thus, the true amount of 13-HODE in the calibration curves is actually less than thought,
leaving the regression with an erroneously steep slope and generating concentrations for 13-HODE
that would be overestimates. Also, during integration of the chromatograms, all the peak areas
were auto-optimized by the software, which excluded the shoulder of 9-HODE in quantification.
According to the EI mass spectra of the shoulder, some small portion of it consisted of a 9-HODE
geometric isomer. Therefore, similar to the results for 13-HODE, the concentration of 9-HODE
was likely to be lower than true. However, the calibration curves incorporating the small errors
were applied to all the data in this study so that all samples were affected in the same fashion,

allowing them to be compared.

The variation in replicate data for all oxidation products was large. This is a direct result
of the experimental design. In order to maintain independent samples, each replicate was oxidized
in an individual vial so that each vial experienced slightly different oxidation conditions,
contributing to the variation observed here. A different design where samples are withdrawn from
the same container would eliminate this problem; however, while common, that design suffers
from pseudo-replication and underestimates the true variation in oxidation. The sample preparation
prior to GCMS analysis also involved multiple steps and likely contributed to the variation within
replicates. The large variation affected the analysis, leading to few statistical differences in the

data between groups treated by 0.1% and 2% tocopherol, although there was an obvious trend in
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Fig. 3.8 and Fig. 3.9. Therefore, to deal with this variation, more samples and replicates are needed.
Based on the original experimental design, adding another 3 replicates from one container would
likely be an effective solution in future work. In other words, the new replicates and the original
replicates would be analyzed simultaneously, with the combined results having lower variation.
Although statistical differences would still be difficult to detect due to pseudo-replication, the
difference and relative trends among each group and oxidation products would be more obvious;

further, such pseudo-replication would not influence the results of the pathways’ analysis.

The chemical reaction rate was evaluated by converting the exponential curve into a linear
regression curve to allow for a better comparison of the oxidation rates. In this way, the rates of
reaction were assumed to be constant during the whole oxidation process. However, the real
oxidation process was complex and the oxidation rates were likely to be continuously changing.
The data points drawn by natural logarithm of concentration and time (Fig. 3.9) clearly were not
fitted well to the linear model. There are several possible explanations for the inconsistent
oxidation rates: 1) the consumption of antioxidants (tocopherols) was likely to change the
oxidation rate; 2) the formation and decomposition of four major oxidation products proceeded
simultaneously; and 3) the concentration of lipid reactant was reduced during the oxidation process.
Thus, other models, such as a cubic regression might be more appropriate as an oxidation rate
model. In a cubic model, although oxidation rates could be compared between groups at each time
point, they are still speculations because of the simultaneous formation and decomposition of
oxidation products. For simplicity, a logarithm model, based on first order kinetics, was therefore
adopted in this research. In other words, the oxidation rates reported here represent a speculation

for comparison rather than accurate oxidation rates.
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4.3 THE INFLUENCE OF ALPHA-TOCOPHEROL ON OXIDATION PATHWAYS

4.3.1 The Antioxidant and Prooxidant Capacity of a-Tocopherol

Oxidation products in 0.1% tocopherol-spiked oil were always at lowest concentration and
reaction rate compared to the other two groups during the whole experimental cycle (Fig. 3.8 and
Fig. 3.9), which provided statistical evidence for the excellent antioxidant capacity of 0.1% a-
tocopherol. A mechanism for the antioxidant activity of phenolic compounds was suggested in
great detail by Frankel (2005) and that of tocopherol is similar; it functions by donating hydrogen
atoms and producing stable radicals, which would be delocalized instead contributing to chain
propagation. Hence, the tocopherol would interfere with the formation of hydroperoxides, the

primary oxidation products.

When plotted as regressions, it becomes clear that there is a trend for concentrations of 13-
HODE, 9-HODE and aldehydes in the 2% tocopherol-spiked oil to start at higher concentrations
but increase at a lower rate than the control oil, so that at some point in the future, the
concentrations of 13-HODE, 9-HODE and aldehydes in the control oil would exceed those of the
2% tocopherol-spiked oil. In other words, oxidation products in the 2% tocopherol group formed
earlier than in the control group, which demonstrated tocopherol’s prooxidant capacity, as other
studies have noted (Kulas et al., 2002; Romero et al., 2004; Martin-Rubio et al., 2018). Although
Frankel (2005) did not provide a description of the prooxidant mechanism specifically for a-
tocopherol, he suggested that there was prooxidant activity for all phenolic antioxidants and
offered a general mechanism that can be applied to tocopherol. Normally, after initiation,
autoxidation produces radicals and they react preferentially with a-tocopherol to produce stable

structures. At high concentrations, tocopherol would be oxidized first, producing tocopherol
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radicals that have a tendency to act as chain-carriers by propagating new radicals, and thereby
become prooxidants (Fig. 4.4). With the increase in tocopherol radicals, the reaction (b) in Fig. 4.4
will move forward, producing lipid radicals which explains the earlier oxidation process, compared
to the 0.1% tocopherol treatment. As the tocopherol radicals are diminished, the equilibrium will
shift so that the reactants will be favored again and the reactions will move in reverse, offering an
explanation for the observation that the concentrations of 9-HODE and aldehyde in the 2%
tocopherol-spiked oil increased slowly late in the experiment and were overtaken by the control
group. In other words, tocopherol showed antioxidant capacity again as its concentration was
reduced. The correlation between concentrations of a-tocopherol and all other oxidation products
is needed for a more concrete theory of the mechanism to explain its prooxidant capacity. In this
research, I was unable to quantify a-tocopherol because it eluted in both the non-polar fraction and
polar fraction 1 during the SPE procedure. New SPE parameters must be optimized to allow the

collection of a-tocopherol in future work.
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Fig. 4. 4 Mechanism of the prooxidant capacity of a-tocopherol, where L is lipid
chain.

In addition to the large standard deviation, the relatively low temperature used to accelerate
oxidation in this experiment is also likely a reason for the similarity between the 2% tocopherol-
spiked group and the control group. Frankel (2005) alleged that the reactions in Fig. 4.4 would be
dominant not only at high concentrations of antioxidants but also at elevated temperatures. Intense
oxidation conditions, such as high temperature, or in the presence of catalyst or other oxidation
promoters, will likely lead to a high concentration of tocopherol radicals which will result in

greater prooxidant activity of tocopherol.

This research is a verification of and supplement to the current antioxidant and prooxidant
theory of a-tocopherol. Compared to Martin-Rubio et al.’s (2018) work, that identified and
quantified many more classes of oxidation products in soybean oil using NMR techniques, the key

improvements in the experiments in this thesis was the use of pure trilinolein as substrate and GC-

54



MS to identify products. The soybean oil Martin-Rubio et al (2018) used contains triacylglycerols
consisting of assorted fatty acids from 16:0 to 18:3n-3, which is likely to contribute to the range
of products identified. Furthermore, the authors failed to note that soybean oil contains natural
tocopherol which would influence the results. The adoption of trilinolein in this research would
not only lead to complete identification of all oxidation products, but also remove the influence of
natural tocopherol that exists in commercial oils. On the other hand, although more oxidation
products were detected by NMR than using GC, GC-MS was able to provide the specific structure
of each product. For instance, although Martin-Rubio et al (2018) identified and quantified total
hydroxy FAME, the position of the hydroxy groups and the double bonds remained unknown. In
that case, further analysis of oxidation pathways would be difficult. Moreover, their data was
unable to support an antioxidant theory of a-tocopherol, showing a rapid increase in oxidation
products as a-tocopherol concentration increased. They suggested that the oxidation pathways
changed when a-tocopherol was present because of the earlier formation of oxidation products,
but did not show data to support this. However, they did identify and quantify total hydroperoxides
successfully, which was an omission in the current research. The correlation between
hydroperoxides and the other secondary oxidation products is key information in determining the
oxidation pathways when tocopherol is present. The failure to quantify hydroperoxides in this
work may be due to their loss during the sample preparation process; the SPE procedure was
originally optimized for recovery of epoxides and hydroxides and it may be that hydroperoxides

were not eluted from the column with that method.
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4.3.2 The Formation of Epoxides

Epoxides are known as important intermediate compounds in the decomposition reaction
of hydroperoxides in oxidation pathways suggested by Hamberg and Gotthammar (1973).
However, GC-MS analysis showed the absence of any acyl structures containing epoxides without
also including hydroxy functionalities during the whole experimental cycle, which does not
support the intermediate compound theory of epoxides. There are a number of possible reasons

which could explain the absence of epoxides.

For polyunsaturated lipids, in addition to the production of hydroperoxides through the
classical chain reaction, a peroxy radical could directly attack the double bond generating an
epoxide and an alkoxy radical (Fig. 1.1) (Frankel, 1984; Giuffrida et al. 2004). Following this
pathway, epoxides may be produced very early in the oxidation process with lipids in the absence
of antioxidants. As described in 4.3.1, a-tocopherol would act as a prooxidant by accelerating the
formation of hydroperoxides at high concentration. With the presence of a hydrogen-donating
antioxidant in this work, HODE and hydroxy-epoxy FAME would all be produced from the
decomposition of hydroperoxide, rather than the peroxy radical reacting with the double-bond (Fig.
4.2). In this way, the formation of hydroperoxides would have dominated over epoxides. Hence,
the epoxy functionalities will be formed after the formation of hydroxy compounds, directly
producing hydroxy-epoxy FAME. However, there were no signs of the reduction of hydroxy
compounds in quantification results of samples treated by 2% tocopherol; at any time point, there
were also higher concentrations of hydroxy-epoxy structures than hydroxy compounds, which
indicated that the hydroxy and epoxy functionalities might be generated simultaneously during

hydroperoxide decomposition. In this way, the determination of hydroperoxides as major oxidation
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products and epoxy-hydroxy FAME as minor products would be an efficient means for quality

evaluation of commercial vegetable oils, which often contain tocopherols.

Moreover, literature suggests that a-tocopherol may also be responsible for the inhibition
of hydroperoxide decomposition (Frankel, 1994; Koskas et al., 1984). Frankel and Gardner (1989)
also reported that the volatile products produced through the decomposition of hydroperoxides
declined with high concentrations of tocopherol during thermal oxidation. To summarize the
effects, a-tocopherol at high concentrations should accelerate the formation of hydroperoxides and
also inhibit their decomposition. In other words, the formation of total secondary oxidation
products, such as aldehydes, epoxides and hydroxides, would be delayed during the entire
oxidation process. This switch in pathways is likely to not only contribute to the absence of
epoxides, but to also lead to a lower rate of formation for oxidation products other than
hydroperoxides, agreeing with the trends in my data for epoxides, hydroxides and aldehydes in 2%

tocopherol-spiked oil.

Further, the specific conditions employed in the thermal oxidation process will almost
certainly affect the oxidation pathways. Other work which reported the presence of epoxides and
the prooxidant capacity of a-tocopherol all used oxidation temperatures over 60 °C and maximum
oxidation times of more than 20 days (Xia and Budge, 2018; Martin-Rubio et al., 2018; Hopia et
al., 1996; Frankel, 1989; Koskas et al., 1984). Although literature focusing on the efficiency of a-
tocopherol at different temperatures was not found, thermal parameters are likely to affect the

formation of epoxides and the capacity of a-tocopherol as observed in this study.
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4.3.3 The Formation of Aldehydes

Aldehydes have been regarded as the terminal products of lipid oxidation in all oxidation
pathways. The reactivity and toxicity of aldehydes was first confirmed in experiments with animals
(Kanazawa and others, 1985). Research that followed connected aldehydes to various pathological
diseases such as chronic inflammation, neurodegenerative disease, adult respiratory distress
syndrome and different types of cancer (Esterbauer et al., 1991; Blair, 2001). In this research, due
to the adoption of a single triacylglycerol as substrate, 9-oxo-nonanoic acid was the only type of
aldehyde which was identified and quantified. Moreover, the reason why I only detected a single
type of aldehyde was that short chain aldehydes produced by cleavage were likely to be evaporated
during the thermal oxidation process; aldehydes bonded to the triacylglycerol backbone were
likely to remain in substrate. In other words, the determination of aldehydes bonded to TAG as
oxidation products was reliable for evaluating the degree of oxidation. As noted in Fig. 3.8, the
concentration of the aldehyde in 2% tocopherol treated samples showed a sharp increase at day 5
(~2to 10 mmol mol "), compared to the other oxidation products (~ 0 to 2.5 mmol mol™ for HODE
and 0.5 to 4.5 mmol mol™! for hydroxy-epoxy FAME). As described in 4.3.2, the double-bond
reaction, producing hydroxide and epoxide directly, is inhibited by the formation of
hydroperoxides in high concentration tocopherol-spiked oil. The pathway in Fig. 4.2 would
become more favorable. Thus, the aldehyde is very likely formed from the decomposition of
HODE and hydroxy-epoxy FAME. In other words, the inhibition of pathways producing
hydroxide and epoxide directly, and their subsequent decomposition when formed, lead to a much
lower concentrations of all oxidation products identified here, except aldehydes. Thereby the
concentration of epoxides, hydroxides and epoxy-hydroxy FAME might not be higher than the

control group although a-tocopherol contributed prooxidant capacity.
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CHAPTER 5 CONCLUSION

In this work, the antioxidant capacity of a-tocopherol at 0.1% and at 30 °C was successfully
demonstrated. The concentration of all secondary oxidation products remained at low levels with
a low oxidation rate during a 15-day experimental cycle compared to both the control group and
the high concentration tocopherol group. Moreover, there was no indication that the oxidation

products were likely to increase sharply in the future.

High concentrations of a-tocopherol at 2% affected not only the oxidation rate of lipids,
but also the pathways of lipid oxidation. The concentration of 13-HODE was significantly higher
in the 2% tocopherol group than the control group at day 10 and 15, which met the expectations
of higher concentrations of alcohols because of the hydrogen-donating ability of a-tocopherol.
Although I was not able to statistically demonstrate the prooxidant capacity of 2% tocopherol for
the other oxidation products, earlier formation of 13-HODE and aldehyde was also obvious.
Moreover, the rate of formation of 13-HODE at high concentrations of tocopherol was surprisingly
lower than the control group. The formation of epoxy-hydroxy lipids and the inhibition of
alternative oxidation pathways were thought to be the reasons. In other words, with high
concentrations of tocopherol, hydroxy lipids would transform into epoxy-hydroxy lipids rapidly;
chain autooxidation pathways would be favored, which reduces the concentrations of hydroxy
lipids produced through polyunsaturated lipids alternative pathways. These, combined with the
high variability in the experimental data, likely led to the failure to identify a clear prooxidant
capacity of high concentrations of a-tocopherol in this research. The reduction of tocopherol to
low concentrations during oxidation could also have provided some antioxidant capacity as the

experiment progressed. However, that is more likely to happen in the very end of the thermal
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oxidation process and the oxidation time of this experiment was unlikely to be of sufficient

duration.

For future work, the identification and quantification of hydroperoxides in lipids are
necessary to prove the influence of a-tocopherol at high concentrations on lipid pathways and
oxidation products, such as accelerating the formation of hydroperoxides, the inhibition of their
decomposition and the alternative oxidation pathways. To supplement this, the quantification of
tocopherol in the substrate is also necessary to monitor the antioxidant concentration in the lipids.
Last but not least, the separation of all the HODESs in chromatogram should be pursued to eliminate

the peak tails.
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