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ABSTRACT
The antioxidant activity of natural plant materials rich in phenolic compounds is being widely
investigated for protection of food products sensitive to oxidative reactions. In this thesis
plant materials rich in phenolic compounds were studied as possible antioxidants to prevent
protein and lipid oxidation reactions in different food matrixes such as pork meat patties and
corn oil-in water emulsions. Loss of anthocyanins was also measured during oxidation in
corn oil-in-water emulsions. In addition, the impact of plant phenolics on amino acid level
was studied using tryptophan as a model compound to elucidate their role in preventing the
formation of tryptophan oxidation products. A high-performance liquid chromatography
(HPLC) method with ultraviolet and fluorescence detection (UV-FL) was developed that
enabled fast investigation of formation of tryptophan derived oxidation products.
Byproducts of oilseed processes such as rapeseed (Brassica rapa L.), camelina (Camelina
sativa) and soy meal (Glycine max L.) as well as Scots pine bark (Pinus sylvestris) and
several reference compounds were shown to act as antioxidants toward both protein and lipid
oxidation in cooked pork meat patties. In meat, the antioxidant activity of camelina, rapeseed
and soy meal were more pronounced when used in combination with a commercial rosemary
extract (Rosmarinus officinalis).
Berry phenolics such as black currant (Ribes nigrum) anthocyanins and raspberry (Rubus
idaeus) ellagitannins showed potent antioxidant activity in corn oil-in-water emulsions
toward lipid oxidation with and without β-lactoglobulin. The antioxidant effect was more
pronounced in the presence of β-lactoglobulin. The berry phenolics also inhibited the
oxidation of tryptophan and cysteine side chains of β-lactoglobulin. The results show that the
amino acid side chains were oxidized prior the propagation of lipid oxidation, thereby
inhibiting fatty acid scission. In addition, the concentration and color of black currant
anthocyanins decreased during the oxidation.
Oxidation of tryptophan was investigated in two different oxidation models with hydrogen
peroxide (H2O2) and hexanal/FeCl2. Oxidation of tryptophan in both models resulted in
oxidation products such as 3a-hydroxypyrroloindole-2-carboxylic acid, dioxindolylalanine, 5hydroxy-tryptophan, kynurenine, N-formylkynurenine and β-oxindolylalanine. However,
formation of tryptamine was only observed in tryptophan oxidized in the presence of H2O2.
Pine bark phenolics, black currant anthocyanins, camelina meal phenolics as well as
cranberry proanthocyanidins (Vaccinium oxycoccus) provided the best antioxidant effect
toward tryptophan and its oxidation products when oxidized with H2O2. The tryptophan
modifications formed upon hexanal/FeCl2 treatment were efficiently inhibited by camelina
meal followed by rapeseed and soy meal. In contrast, phenolics from raspberry, black currant,
and rowanberry (Sorbus aucuparia) acted as weak prooxidants.
This thesis contributes to elucidating the effects of natural phenolic compounds as potential
antioxidants in order to control and prevent protein and lipid oxidation reactions.
Understanding the relationship between phenolic compounds and proteins as well as lipids
could lead to the development of new, effective, and multifunctional antioxidant strategies
that could be used in food, cosmetic and pharmaceutical applications.
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1. INTRODUCTION
Oxidative reactions of lipids and proteins are a major cause of chemical deterioration in food. Free
radical mediated oxidation of lipids and proteins arise from reactive oxygen species (ROS)
generated during food processing and storage (Davies et al., 1995; Stadtman et al., 2003). Free
radicals derived from lipid oxidation reactions are easily transferred to other molecules such as
proteins, carbohydrates and vitamins, especially in the presence of metal ions (Schaich, 2008). The
nature and extent of reactions involved in food processing depend on the ingredients as well as the
processing conditions. The oxidative attacks on macromolecules contribute to deterioration of
flavor, aroma, color (unwanted browning reactions), and nutritive value. The protein oxidation
leads to loss of amino acids and solubility, changes in texture, alterations in protein functionality
and may even lead to formation of toxic compounds (Karel et al., 1975; Rice-Evans et al., 1993).
Living organisms are also exposed to ROS. Oxidation of proteins in human body has been linked to
changes occurring during aging, and particularly in a variety of diseases and disorders, e.g.,
infectious diseases, autoimmune diseases as well as neuropsychiatric and neurological disorders
(Levine et al., 2001; Levine, 2002).

In order to prevent and control lipid and/or protein oxidation, antioxidant compounds can be added
to foods. In recent years the consumer demand for “all natural” products has increased. Therefore,
natural plant materials could provide an alternative to synthetic food additives. Plant materials rich
in phenolic compounds exhibit a wide range of activities such as antioxidant, antimicrobial,
antimutagenic, as well as anti-inflammatory activities (Kähkönen et al., 2001; Vuorela et al., 2005a;
Heinonen, 2007). Phenolic compounds act as antioxidants by donating electrons and terminating
radical chain reactions (Dangles et al., 2006), as well as chelators by binding metal ions (Fernandez
et al., 2002). The role of phenolic compounds in prevention of cardiovascular diseases, cancers,
diseases mediated by inflammation or pathogens, and neurodegenerescence is still unknown (Sun et
al., 2002; Katsube et al., 2003; Howell et al., 2005; Puupponen-Pimia et al., 2005; Ruel et al., 2005;
Wang et al., 2005).

Phenolic compounds include flavonoids, phenolic acids, and tannins that originate mainly from
fruits, berries and vegetables, and are also relatively abundant in human diet (Heinonen, 2007).
Byproducts of deoiling processes of different oilseeds are rich sources of phenolic compounds,
proteins and essential fatty acids, and could thus provide an economical source of bioactive
compounds for food, cosmetic and pharmaceutical industries. At present, plant ingredients such as
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berries are being applied to various food products claimed to be health beneficial (i.e. functional
foods) due to their antioxidant or antimicrobial effect.

During the recent years the research on effects of plant phenolics has mainly focused on lipid
oxidation reactions, whereas research on protein oxidation remains scarce. Until now, the role of
phenolic antioxidants on protein oxidation has been evaluated using phenolics from berries, grapes,
red wine, and tea as well as different flavonols, catechins, phenolic acids and anthocyanidins in
oxidation models such as oil-in-water emulsions (Almajano et al., 2004; Viljanen et al., 2005b;
Almajano et al., 2007), liposomes (Heinonen et al., 1998; Viljanen et al., 2004b) and low density
lipoproteins (LDL) (Milde et al., 2004; Viljanen et al, 2004a; Yeomans et al., 2005; Milde et al.,
2007). However, these studies have focused on measuring the overall effect of phenolics on protein
oxidation i.e. loss of tryptophan fluorescence and formation of carbonyl derivatives, and do not
address what individual oxidation products are actually formed. Thus, it is still unclear what
functional groups are the targets for the phenolic antioxidants. Therefore, development of accurate
measurement methods leads to their applicability to real foods where protein oxidation reactions
may result in changes in food quality and in functional properties of proteins and phenolic
compounds. By optimizing the use of bioactive ingredients such as plant phenolics as well as the
structure of food containing proteins and other food constituents, further benefits may be gained in
the food industry developing more stable foods and foods for health benefits. This will benefit also
the consumer.

This thesis reviews the literature concerning protein and amino acid oxidation, their reactions and
methods as well as protein − phenolic interactions. The experimental part of this thesis is a
summary of the research results published in attached papers I-V. The oxidation reactions in pork
meat patties, corn oil-in-water emulsions and tryptophan models in the presence of phenolic
compounds, and the HPLC method developed for detection of tryptophan oxidation products are
evaluated in the Discussion section.
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2. LITERATURE REVIEW
2.1 Protein oxidation
2.1.1 Protein oxidation pathways

Proteins in food, cosmetics and pharmaceuticals are prone to oxidation reactions. During food
processing and storage and in vivo, proteins are modified, for example, via oxidation, glycation and
glycoxidation reactions. Free radical mediated oxidation of amino acids and proteins arise from
ROS generated as byproducts of normal metabolic processes, or external factors such as processing
(e.g. heating, fermentation, application of chemicals), photochemical reactions, the presence of
oxygen, air pollutants, and irradiation (γ-, x-, and UV) (Davies et al., 1995; Damodaran, 1996;
Stadtman et al., 2003). Free radical species can react directly with the protein or they can react with
other molecules such as lipids and carbohydrates, forming products that subsequently react with the
protein (Figure 1). Thus, the oxidation of proteins, peptides and amino acids leads to altered
physicochemical and functional properties, and may even result in formation of toxic compounds
(Karel et al., 1975; Rice-Evans et al., 1993). Oxidation of proteins has also been linked to changes
occurring during aging, particularly with progression of diseases and disorders in humans (Levine
et al., 2001; Levine, 2002).

PH + A• → P• + AH
A.

B.

C.

Radical transfer
Oxidation
•
•
P + AH → PH + A
P• + O2 → POOH → PO• + OH•
•
POO + AH → POOH + A
↓
Peptide scission
Side-chain oxidation
↓
↓
P – CH = O
P – CH = O

Crosslinking
P• + A• → P – A
P• + P• → P – P
POO• + P → POOP

Figure 1. Protein oxidation pathways via A) free radical transfer, B) oxidation, and C) crosslinking
(Adapted from Karel et al., 1975, and Schaich, 2008). PH = protein, P• = protein radical, AH = any

molecule with abstractable hydrogens, A• = non-protein radical, PO• = alkoxyl radical, POO• = peroxyl
radical, POOH = hydroperoxide, P-CH=O = secondary products such as aldehydes.
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Free radical transfer
Protein radicals (P•) are formed when lipid peroxyl and alkoxy radicals arise from lipid
hydroperoxides, and transfer free radicals to proteins by abstracting hydrogens (Karel et al., 1975)
(Figure 1A). Protein hydroperoxides (POO•) and other protein radicals (P•) are highly reactive, and
thus oxidize to secondary compounds (Davies et al., 1995). The peptide bond in the backbone of the
protein or the side-chains of the amino acids may be the target for amino acid modifications. The
oxidative modification can cause cleavage of the protein backbone and crosslinking of the sidechains. The reactions are usually highly influenced by redox cycling metals such as iron and
copper. In addition, protein radicals can also transfer radicals to other proteins, lipids,
carbohydrates, vitamins and other molecules, especially in the presence of metal ions. Radical
transfer occurs early in lipid oxidation, and this process underlies the antioxidant effect for lipids.
Consequently, it may appear that lipid oxidation is not proceeding whereas the radical transfer to
proteins is in its highest (Schaich, 2008).

Oxidation

Backbone fragmentation of proteins occurs via C-C or β-scission that decarboxylates the target
amino acid side-chain during exposure to radicals (radiation, oxidizing lipids) in the presence of
oxygen as shown in Figure 2B. For example, β-scission of alanine, valine, leucine, and aspartic
acid side chains generates free formaldehyde, acetone, isobutyraldehyde, and glyoxylic acid,
respectively. In each case, cleavage of the side-chain gives α-carbon radical (-NH •CHCO-) in the
polypeptide chain. This reaction occurs via the formation and subsequent β-scission of the alkoxyl
radical (Headlam et al., 2002).

Crosslinking

The general reaction for free radical crosslinking generates usually polymers of intact protein
monomers, with and without oxygen bridges (Figure 1C) (Schaich, 2008). Oxidative modifications
of proteins generating intra- and intermolecular crosslinks can occur by different mechanisms: 1)
direct interaction of two carbon-centered radicals, 2) interaction of two tyrosine radicals, 3)
oxidation of cysteine sulfhydryl groups, 4) interactions of the carbonyl groups of oxidized proteins
with the primary amino groups of lysine side-chains in the same or different protein, 5) reactions of
both carbonyl groups of malonaldehyde with two different lysine side-chain in the same or two
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different protein molecules, 6) interactions of glycation/glycoxidation derived protein carbonyls
with either a lysine or an arginine side-chain of the same or a different protein molecule, 7)
interaction of a primary amino group of lysine side-chain with protein aldehydes obtained via
Michael addition reactions with the lipid aldehydes such as 4-hydroxy-2-alkenal (HNE) (Stadtman
et al., 2003; Stadtman, 2006).

2.1.2 Protein modifications by lipid oxidation

Primary lipid oxidation products

Lipid oxidation products generate multiple reactive species such as hydroperoxides, peroxyl and
alkoxyl radicals, carbonyl compounds as well as epoxides which can easily react with non-lipid
molecules such as proteins. Lipid hydroperoxyl radicals have low to intermediate reduction
potential values (E0´=1.1-1.5 V, at pH 7) compared to those of hydroxyl radicals (E0´=2.3 V, pH 7)
(Buettner, 1993). Consequently, hydroperoxyl radicals are much more selective in attacking
reactive side chains than hydroxyl radicals. Reactions between proteins and free radicals and ROS
suggest that proteins could protect lipids from oxidation if they are oxidized preferentially to
unsaturated fatty acids. Protein oxidation could be favoured if amino acids are more labile than
unsaturated fatty acids, or if the location of the protein enables it to scavenge the free radicals or
ROS before they migrate to the lipids (Elias et al., 2008). A study of continuous phase βlactoglobulin in oil-in-water emulsion showed that tryptophan and cysteine side-chains, but not
methionine, oxidized before lipids (Elias et al., 2005). The inaccessibility of methionine to oxidants
is probably due to its location in the buried hydrophobic area of β-lactoglobulin.

Transition metal ions can catalyze directly breaking down unsaturated lipids into alkyl radicals but
this reaction occurs extremely slowly and is therefore not believed to be important in promoting
lipid oxidation. Metal ions catalyzed oxidation of lipid hydroperoxides into formation of reactive
radicals (schemes 1 and 2) is suggested as the main oxidative pathway in processed foods,
especially in oil-in-water emulsions. Redox reactive transition metals such as iron and copper ions
are important prooxidants in foods as they are ubiquitous in food ingredients and biological tissues
(McClements et al., 2000). The interaction reactions of proteins and lipid radicals are shown in the
general reaction pathway in Figure 1C. In oil-in-water emulsions iron is a strong prooxidant and it
promotes hydroperoxide degradation if it is in close proximity to surface-active lipid
hydroperoxides at the emulsion droplet interface. Iron ions (Fe2+ and Fe3+) can decompose
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hydroperoxides (LOOH) into alkoxyl (LO•) and peroxyl (LOO•) radicals by the following
mechanisms:
Fe2+ + LOOH → Fe3+ + LO• + OH−

(Scheme 1)

Fe3+ + LOOH → Fe2+ + LOO• + H+

(Scheme 2)

The ability of iron to break down hydroperoxides can depend largely on its physical location
relative to the interface of the emulsion droplet. This ability may be slowed down by the presence
of large proteins or surfactants on the droplet interphase (McClements et al., 2000). Metal catalyzed
oxidation of side chains of lysine, arginine, proline, and threonine yield carbonyl derivatives and
histidine side-chains form 2-oxo-histidine (Stadtman et al., 2003). Metalloproteins are especially
prone to oxidation due to binding and reducing the lipid hydroperoxides near the ligand site. Most
non-metalloproteins have also metal-binding sites, for example on histidine, glutamic acid, or
aspartic acid side-chains that enable the metal-catalyzed reactions of hydroperoxides on the protein
surfaces. Yuan et al. (2007) showed that iron was bound to the protein surface of β-lactoglobulin
oxidized by methyl linoleate.

Lipid epoxides are cyclic products formed by internal reactions of lipid hydroperoxides, peroxyl
addition products or alkoxyl radicals, or reaction between alkenals (e.g. hydroxynonenal) and lipid
hydroperoxides or hydrogen peroxide. Lipid epoxides exhibit carcinogenic, mutagenic and
cytotoxic properties (Chung et al., 1993; Lee et al., 2002). Epoxide adducts are formed when they
bind to amino acids such as valine, lysine, serine, histidine and methionine, or to intact proteins
such as haemoglobin (Lederer, 1996; Moll et al., 2000). Reactions between epoxides and proteins
are most important under anhydrous conditions, e.g., in dry foods and in hydrophobic interior of
biomembranes and blood lipoproteins (Lederer, 1996).

Secondary lipid oxidation products
Decomposition of lipid hydroperoxides, via β-scission reactions, yields low molecular weight,
volatile compounds that are responsible for the off-flavours and aroma in foods. These secondary
lipid oxidation products comprise of alkanes, alkenes, aldehydes, ketones, alcohols, esters and
acids. Lipid aldehydes are highly reactive and among the most important compounds to contribute
to food deterioration, modification of food structure, as well as protein damage via crosslinking
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(Schaich, 2008). Lipid aldehydes can react with amino acid side-chains by either Schiff base
reactions or Michael additions or by combination of both yielding aldehydic adducts (Figure 2).
Schiff bases are imines that are formed in complex food systems when the carbonyl group of
aldehydic lipid reacts with the functional groups of certain nucleophilic amino acid side-chains (e.g.
thiol group of cysteine). Michael addition is the nucleophilic addition of a carbanion to an α,βunsaturated carbonyl compound. Polyunsaturated aldehydes react faster with proteins than saturated
aldehydes, and thus Michael addition reaction is the more preferred pathway (Gardner, 1979). For
example, above 99% of the modifications of β-lactoglobulin and human haemoglobin by HNE
occurred via Michael addition compared to Schiff base formation (Bruenner et al., 1995). Michael
addition products i.e. the protein carbonyls can react further and form cyclic products, especially
dihydropyridines and pyrroles. Instead, the formation of intra- and intermolecular crosslinks can
occur via Schiff base formation or Michael additions or by complex combinations of both reactions
(Schaich, 2008).

Saturated aldehydes such as monofunctional alkanals (e.g. hexanal and nonanal) have low reactivity
and high selectivity, and they react with amines exclusively by Schiff base formation with
preference for N-terminus of protein. In addition, at low aldehyde and oxygen concentration, there
are no side reactions (Gardner, 1979; Schaich, 2008). In a study by Fenaille et al. (2003) hexanal
modifications occurred only on phenylalanine and lysine side-chains in a B chain of insulin.
Bifunctional saturated aldehydes such as glyoxal and malonaldehyde are more reactive due to the
second carbonyl and keto-enol tautomerism. These aldehydes have three main reaction
mechanisms: 1) Schiff base addition to nucleophilic groups on single amino acids and proteins, 2)
formation of cyclic structures (dihydropyridines) with amines, and 3) Michael addition reactions
with amines.

Unsaturated aldehydes such as acrolein, crotonaldehyde, alkenals, 4-hydroxy-2-alkenals and 4-oxo2-alkenals (isoketals) are extremely reactive compounds. Due to α,β -unsaturation, 2-alkenals and
their derivatives have three potential reaction sites: Schiff base formation at the carbonyl groups
and Michael-type 1,2 and 1,4 additions at the carbocations (Esterbauer et al., 1991b). As described
earlier, the Michael additions are preferred over Schiff base formation. Due to these multiple
pathways complex reaction mixtures of products are formed. At the moment the research interests
are focused on unsaturated aldehydes and their interactions with proteins and amino acids (Yamaki
et al., 1992; Uchida et al., 1993; Bruenner et al., 1995; Refsgaard et al., 2000; Chopin et al., 2007;
Guilleaguten et al., 2008). The main targets for unsaturated aldehydes are the nucleophilic thiol

19
groups of cysteine, ε-amine groups of lysine, and imidazole nitrogen of histidine (Esterbauer et al.,
1991b). These reactions are discussed in more detail in the section 2.3 ‘Oxidation reactions of other
amino acids’.
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Figure 2. Protein modification by lipid aldehydes via a) Michael addition to cysteine, histidine or
lysine side-chains. Carbonyl group undergoes subsequent reaction with hydroxylamine to form
oxime derivatives that remain bound to protein; or b) Schiff base formation is followed by
displacement of HNE (4-hydroxy-nonenal) from protein (Bruenner et al., 1995).
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Epoxyalkenals are also common secondary products of lipid oxidation, and they can modify amino
acids and proteins as well. In general, the oxidation of n-6 polyunsaturated fatty acids (e.g. linoleic
acid) leads to formation of an intermediate 12,13-(E)-epoxy-9-hydroperoxy-10-octadecanoic acid
which decomposes into 4,5-(E)-epoxy-2(E)-decenal (Gardner et al., 1984). On the other hand, the
decomposition of n-3 fatty acids leads to the formation of 4,5-epoxy-2-heptenal (Frankel et al.,
1981). For example, the formation of various epoxyalkenals has been detected in oxidized
sunflower oil (Guillen et al., 2005). Several studies have confirmed that pyrrolization of proteins
(e.g., BSA, bovine plasma, bovine α-globulins, bovine γ-globulins) occurs after reaction with
epoxyalkenals such as 4,5(E)-epoxy-2(E)-decenal and 4,5(E)-epoxy-2(E)-heptenal (Hidalgo et al.,
1998; Hidalgo et al., 2000). Reaction with 4,5-(E)-epoxy-2(E)-heptenal can lead to changes in the
primary, secondary and tertiarty structures of BSA which have been observed as lysine losses,
formation of ε-N-pyrrolylnorleucine, increase in fluorescence and protein polymerization (Hidalgo
et al., 2000). In addition to ε-N-pyrrolylnorleucine resulting as a final product of oxidative stress
(Hidalgo et al., 1998), it is also a normal compound found in many fresh food products such as
fishes, meats, nuts, seeds and vegetables (Schieberle, 1996; Zamora et al., 1999a). Amino acid
degradation with epoxyalkenals can occur via Strecker-type mechanism (Hidalgo et al., 2004) or by
chemical conversion into α-keto acids (Zamora et al., 2006) which will lead to formation of flavor
compounds.

2.1.3 Impact on protein functionality

The oxidation of proteins leads to damage of amino acids and decreased solubility resulting in
aggregation of proteins (e.g. in myosin, egg albumin, γ-globulin and albumin, cytochrome c, casein,
β-lactoglobulin, and soy protein) (Schaich, 2008), changes in food texture, alterations in tissue and
membrane structures, changes in protein functions such as inactivation of enzymes, and formation
of toxic products. Oxidative modifications in foods leading to the deterioration of structure, flavor,
aroma, loss of nutritive value and alterations in protein functionality are a great concern to food
industry (Damodaran, 1996). In addition, oxidation reactions of proteins are also important in other
fields such as chemistry, biochemistry and medicine. Processing-induced changes leading to
denaturation of proteins may improve the digestibility, especially of plant proteins containing
antinutritional compounds (Mithen et al., 2000). Processing can also impair the digestibility and
biological bioavailability by destruction of essential amino acids, conversion of amino acids into
nonmetabolizable derivatives, and by intra- and intermolecular crosslinking (Karel et al., 1975;
Rice-Evans et al., 1993).
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The damage of amino acids in proteins, decrease in digestibility and inhibition of proteolytic and
glycolytic enzymes leads to subsequent loss of nutritive quality of proteins. For example, oxidation
of BSA with 4,5(E)-epoxy-2(E)-heptenal led to inhibition of the proteolysis, which was suggested
to be due to the formation and accumulation of pyrrolized amino acid side-chains (Zamora et al.,
2001). Protein oxidation reactions lead to conformational changes in the protein structure by
altering surface charges, increasing hydrophobicity, inducing denaturation, or complexing lipids to
the protein. Some of these reactions lead to polymerization of proteins. Functional properties
important to food processing such as gelling, foaming, water-holding capacity and ability to act as
surfactant are greatly affected by lipid oxidation products (Damodaran, 1996).

2.2 Oxidation of amino acids
2.2.1 Tryptophan oxidation

2.2.1.1 Tryptophan oxidation pathways

Tryptophan has been shown to be highly susceptible to many oxidizing agents, e.g., to oxidizing
lipids, H2O2, H2O2/peroxidase, γ-irradiation, ROS such as singlet oxygen, ozone, heat/O2, light/O2,
Fe3+/ascorbic

acid/O2,

hypoxanthine/xanthine

oxidase/Fe3+-EDTA,

visible

light

and

photosensitizers (Friedman et al., 1988; Steinhart et al., 1993; Itakura et al., 1994; Simat et al.,
1998; Ronsein et al., 2008). Although tryptophan in proteins is relatively low in abundance, it has
the highest molar absorption coefficients, which makes it one of the most important amino acids in
the photodegradation pathways (Kerwin et al., 2007), and therefore the reactions of tryptophan are
more throrouhgly reviewed than those of other amino acids.

Oxidation of tryptophan is shown in Figure 3. First initiator (I*) (metal ion or some other initiators
such as UV light) converts tryptophan to nitrogen (1) and carbon (2) centered radicals, which can
react with oxygen (O2) yielding tryptophan-peroxyl radicals (3). Thus, tryptophan-peroxyl radicals
can react with lipids (RH) or photooxidize by singlet oxygen yielding unstable cis- and trans-3hydroxyperoxyindolenine (tryptophan hydroperoxide) (4), which can then decompose rapidly to
yield N-formylkynurenine and kynurenine as major end-products (Friedman et al., 1988; Davies et
al., 1995; Davies, 2003; Ronsein et al., 2008). However, the transformation from this hydroperoxide
into N-formylkynurenine has been postulated to occur by three pathways. First, a hydrated
indolenine (5) and its rearranged product (6) were suggested as the intermediates (Hamilton, 1969).
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This mechanism is suggested to involve the heterolysis of the O−O hydroperoxide bond, followed
by alkyl migration to yield (6), which subsequently breaks down into N-formylkynurenine. Another
proposed pathway is degradation of the tricyclic hydroperoxide (7), which occurs through
homolysis or heterolysis of its O−O bond, and is transformed into eight-membered hydroxyketone
intermediate (8), which then decomposes to N-formylkynurenine. Finally, a dioxetane (9) derived
from a ring chain tautomerism between (4) and (7) is also suggested as a likely intermediate. The
reduction of the 3-hydroxyperoxyindolenine (4) or its ring tautomer (7) leads to concurrent
formation of another degradation product, an alcohol (10) (Nagakawa et al., 1979; 1981).

End-products such as N-formylkynurenine and kynurenine are formed also during irradiation and
interactions

with

lipid

oxidation

products.

Other

degradation

products

such

as

3-

hydroxykynurenine, anthranilic acid, aspartic acid, carbon dioxide and ammonia have been also
detected during oxidation of both free tryptophan amino acid alone and from tryptophan side-chains
in peptides and proteins (Davies, 2003). In addition, the indole ring of tryptophan is susceptible to
irreversible oxidation producing 3a-hydroxypyrroloindole-2-carboxylic acid, β-oxindolylalanine,
and dioxindolylalanine that can be further transformed to N-formylkynurenine and kynurenine and,
dioxindolylalanine and kynurenine, and kynurenine, respectively (Itakura et al., 1994; Simat et al.,
1998). This is because the tryptophan oxidation products are more prone to oxidation that
tryptophan is itself. Photodegradation of tryptophan in the proteins may also arise from formation
of tryptophan radical cation that rapidly deprotonates to yielding a neutral indolyl radical. The
tryptophan indolyl radical may extract hydrogen from a nearby tyrosine repairing the tryptophan,
thus forming a tyroxyl phenoxy radical. In the presence of oxygen, tyroxyl phenoxy radical will
form a peroxy radical on the tryptophan, or react with nearby amino acids. This phenomenon has
been reported in goat α-lactalbumin with a formation of a thioether bond with indole between
cysteine(73) and tryptophan(118) (Vanhooren et al., 2002). Increasing the pH, temperature or ionic
strength of the solution increases tryptophan oxidation due to changes in tryptophan excitation
states (Lee et al., 1988; Steinhart et al., 1993).
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Figure 3. Proposed reactions pathways for oxidation of tryptophan to kynurenine via Nformylkynurenine. Tryptophan is converted to radicals by initiator. Further reactions with oxygen
generate tryptophan-peroxyl radicals and tryptophan hydroperoxides, which via different pathways
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Modification of amino acid tryptophan and tryptophan side-chains in proteins can arise also by
reactive nitrogen species (RNS). RNS catalyze pathophysiological and physiological conditions via
nitric oxide radical (NO•) and its derivatives such as peroxynitrate (ONOO−). Free tryptophan
(amino acid) can be modified to several nitrated products such as (1-,4-,5-,6-, and 7-)1-N-nitroso
compounds, and several oxidized products by reaction with various RNS, depending on the
conditions

used.

The

most

common

products

formed,

1-N-nitrosotryptophan

and

6-
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nitrosotryptophan (6-NO2-tryptophan), have been found in the reaction with peroxynitrate. In
proteins, the modifications by RNS suggest that interactions with tryptophan are more limited than
with tyrosine side-chains. This may be because tryptophan side-chains are more likely to be buried
inside the protein (Yamakura et al., 2006). 6-NO2-tryptophan is the most abundant product of
reactions between tryptophan side-chains and peroxynitrate in BSA, hemoglobin, human Cu,
Zn/superoxide dismutase as well as in peroxidase/H2O2/nitrite and myeloperoxidase/H2O2/nitrite
systems (Stadtman et al., 2003; Yamakura et al., 2006).

2.2.1.2 Metabolic routes of tryptophan

Tryptophan is an essential amino acid for humans and it functions as a precursor for series of
metabolic reactions. Tryptophan is degraded primarily by a complex enzymatic cascade known as
the kynurenine pathway (Figure 4). Two enzymes, indolamine 2,3-dioxygenase (EC 1.13.11.42)
(Hirata et al., 1975) and tryptophan 2,3-dioxygenase (EC 1.13.11.11) (Batabyal et al., 2007),
catalyze the irreversible cleavage of the indole ring of tryptophan leading to the formation Nformylkynurenine, which is then metabolized by kynurenine aminotransferases (EC 3.5.1.9; EC
2.6.1.7) (Okuno et al., 1991) into kynurenine. Kynurenine is metabolized by three different
enzymes: (1) kynurenine hydroxylase (EC 1.14.13.9) with the formation of 3-hydroxy-kynurenine;
(2) kynurenine aminotransferase (EC 2.6.1.7) with formation of kynurenic acid; (3) kynurenine
hydrolase (EC 3.7.1.3) with the formation of anthranilic acid. 3-Hydroxy-kynurenine is then further
transformed into 3-hydroxy-anthranilic acid and 2-amino-3-carboxy-muconate semialdehyde,
which can transform into quinolic acid participating in nicotinamide metabolism, or acetyl-CoA via
several enzymatic steps contributing to glycolysis (Moroni, 1999; Schwarcz, 2004).

Tryptophan is also metabolized via another biochemical route into neurotransmitter serotonin (5hydroxytryptamine) and neurohormone melatonin (Figure 5). First tryptophan is converted to 5hydroxytryptophan

by

tryptophan-5-monooxygenase

(EC

1.14.16.4)

and

subsequent

decarboxylation by aromatic-L-amino acid decarboxylase (EC 4.1.1.28) converts it to the serotonin
(5-hydroxytryptamine) (Hirata et al., 1972). Serotonin is further metabolized into N-acetylserotonin
by

serotonin-N-acyltransferase

(EC

2.3.1.5)

methyltransferase (EC 2.1.1.4) (Boutin et al., 2005).

and

into

melatonin

by

hydroxyindol-O-
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Serotonin and melatonin metabolisms play an important role e.g. in the regulation of mood, anger,
aggression, sleep and appetite (Boutin et al., 2005). Enhanced tryptophan degradation is observed
during e.g. pregnancy (Schrocksnadel et al., 2003) and in a variety of diseases and disorders
concomitant with cellular immune activation, e.g., infectious diseases, autoimmune diseases
(Widner et al., 2000) as well as diabetes (Ahmed et al., 2005a) and cataract (Parker et al., 2004;
Vazquez et al., 2004). In addition, neuropsychiatric (Tourette’s syndrome, depression,
schizophrenia), and neurological disorders (e.g. Alzheimer’s, Parkinson’s and Huntington’s
diseases, dementia, multiple sclerosis, rheumatoid arthritis) are observed with disturbed serotonin
and/or tryptophan metabolism (Widner et al., 2000; 2002a; 2002b).

2.2.1.3 Reactions in foods

Tryptophan is essential amino acid for human nutrition and it is common constituent in most
protein-based foods and dietary proteins. However, the amount of tryptophan is usually smaller in
food proteins compared to the other essential amino acids. In general, most plant proteins are
nutritionally incomplete due to their deficiency in several essential amino acids. For example, some
cereal proteins are under the WHO recommendation of tryptophan content (1.0 %, calculated as
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ratio of tryptophan to protein). High content of tryptophan (≥ 1%) is found e.g. in bovine milk,
eggs, soya, wheat flour, rice, red meat, fish, poultry, turkey, sesame, chickpeas, sunflower seeds,
pumpkin seeds, and peanuts whereas bananas, and potatoes have a lower content of tryptophan
(0.8-0.9%) (Belitz et al., 2004). Tryptophan is also available as dietary supplements (DelgadoAndrade et al., 2006).

Reactions of tryptophan with carbonyl compounds have been widely studied (Culp et al., 1990;
Damodaran, 1996; Herraiz, 1996; 2000a; Diem et al., 2001a; 2001b; Herraiz et al., 2003b;
Papavergou et al., 2003; Herraiz et al., 2004). Lipid carbonyl compounds such as aldehydes can be
formed during food processing and storage due to lipid oxidation. In addition, naturally existing
aromatic and phenolic aldehydes such as cinnamic aldehyde, benzaldehyde, anisaldehyde,
salicylaldehyde, syringaldehyde, vanillin and trans-2-hexenal are used as flavouring agents (Culp et
al., 1990; Herraiz et al., 2003b). Tryptophan has been shown to react with aldehydes or α-keto acids
forming tetrahydro-β-carboline-3-carboxylic acids via Pictet-Spengler condensation (Diem et al.,
2001b) (Figure 6). The decarboxylation of tetrahydro-β-carboline-3-carboxylic acids forms βcarboline alkaloids. Generally, β-carbolines are naturally formed during production, processing and
storage. In addition, the levels of β-carbolines in the food depend on the composition of food and
the amount of precursors present, food processing conditions (heating, cooking, fermentation,
smoking, and ripening), temperature, pH as well as the presence of oxygen, application of
chemicals and antioxidants (Herraiz, 2000a). For example, broiling or grilling of meat products
yields β-carbolines (Damodaran, 1996). In fruit and vegetable – derived products such as juices,
jams and tomato sauces, glycoconjucates of β-carbolines are formed from a condensation reaction
between D-glucose and tryptophan at low pH and high temperature (Papavergou et al., 2003).
Carbohydrate-derived β-carbolines have also been identified in reactions between tryptophan and
ribose (Diem et al., 2001a; Diem et al., 2001b). Tetrahydro-β-carboline-3-carboxylic acids and βcarbolines have been found in variety of food products such as cocoa, chocolate (Herraiz, 2000b),
fermented alcoholic and non-alcoholic beverages such as wines, beers, ciders, distillates, soy
sauces, and vinegar (Herraiz, 1996) as well as in meat, cured ham, fermented and cooked sausages
(Herraiz et al., 2004), smoked sausages, smoked cheeses and smoked fish (Papavergou et al., 2003).
In smoked foodstuffs the formaldehyde-derived formation of tetrahydro-β-carbolines is favored,
and the concentration are higher than those of unsmoked (Herraiz et al., 2003b). Therefore, the
intake of tetrahydro-β-carbolines in the diet may be several milligrams per day.
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Tryptophan-derived tetrahydro-β-carbolines are biologically active alkaloids that occur and
accumulate in mammalian tissues, fluids, and brain, and thus function as potential neuromodulators
(Herraiz et al., 2003a). Studies have reported the possibility of tetrahydro-β-carbolines having toxic
or mutagenic properties (Ostergren et al., 2004; Bringmann et al., 2006; Herraiz et al., 2007;
Wernicke et al., 2007). However, it has been suggested that tetrahydro-β-carbolines might act as
antioxidants when absorbed and accumulated in the body, contributing to the antioxidant effect of
fruit products containing these compounds (Herraiz et al., 2003a). The study was performed by 2,2'azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) free radical scavenging assay. However,
the hydrogen-donating ability of antioxidants is a simple test model that does not necessarily
indicate their activity in a more complex food models or in vivo.
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Figure 6. Condensation of tryptophan with aldehydes yields tetra-hydro-β-carboline-3-carboxylic
acids. Aliphatic aldehydes: formaldehyde (R = H) and acetaldehyde (R = CH3). Phenolic aldehydes:
benzaldehyde, salicylaldehyde, anisaldehyde, vanillin, and syringaldehyde (R = phenol ring consisting of
functional groups such as –H, –OH and/or –OCH3 at different positions).

Maillard reaction initiated by reaction between amino acids and carbonyl compounds at elevated
temperatures has also a great impact on organoleptic and nutritional properties of proteins
(Damodaran, 1996). One study reported that half of the tryptophan was lost when α-NH2 of the free
tryptophan reacted with reducing sugars such as glucose. The rate of the tryptophan loss depends on
the water activity (aw). Higher aw increases the reaction. The indole ring of tryptophan can also react
with Maillard derivatives (Leahy et al., 1983). Oxidation of tryptophan has been detected in αlactalbumin and β-lactoglobulin when they were incubated with lactose (Meltretter et al., 2007).
Decomposition of free tryptophan in cookies was also reported to be more severe with glucose than
with sucrose (Morales et al., 2007).

2.2.2 Oxidation reactions of other amino acids

The susceptibility of amino acid side-chains in proteins to oxidation depends on their location in the
protein, the exposure to the aqueous medium, the nearby amino acids in the primary amino acid
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sequence and the three dimensional structure (whether buried or exposed). The conformational
changes due to pH, temperature, salts, or binding ligands are major factors in the degradation
reactions (Kerwin et al., 2007). Amino acids located mainly on protein surfaces (cysteine,
tryptophan, histidine, lysine, arginine, tyrosine, and methionine) are primary targets for ROS
mediated oxidation with their readily abstractable hydrogens (except methionine) and hydrogenbonding properties (Schaich, 2008). Most of these amino acids (cysteine, histidine, lysine,
tryptophan and arginine) form stable radicals upon oxidation with lipids. Side-chain thiol and amine
groups of these amino acids react readily with carbonyl compounds derived from lipid oxidation
and form Shiff bases, Michael adducts, and their cyclic products. Therefore, these amino acids are
first modified during oxidation, and can remain reactive through propagation and termination
stages. Buried hydrophobic side-chains (glycine, alanine, valine, proline, leucine and isoleucine)
have no easily abstractable hydrogen atoms and they do not participate in hydrogen bonding. These
amino acids need to be exposed by denaturation in order to react with oxidizing lipids.

Cysteine

Cysteine, and peptides, proteins and enzymes containing a thiol group (e.g. glutathione (GSH), Nacetylcysteine, thioredoxin, peroxiredoxins, and tyrosinase phosphatase) are highly reactive with
various ROS. The reactions can be divided into two categories: one electron and two electron
oxidations (Figure 7) (Winterbourn et al., 2008). Radicals and transition metal ions (one electron
oxidants) oxidize the cysteine side-chains in the protein yielding thiol radical (P-S•). These radicals
can further react with amino acids resulting in crosslinking (Kerwin et al., 2007). Under aerobic
conditions its favored reaction is with a thiolate anion (in protein or GSH), thereby forming
disulfide anion radical (PSSG− for GSH). Further reactions with oxygen generate superoxide and
thus amplify the oxidative reactions. Alternatively, the thiol radical can propagate radical reactions
or be quenched by scavengers. Dimerization of two thiol radicals is usually a minor pathway. Most
thiol radical reactions are reversible. In addition, as the level of oxygenation of the sulphur
increases, pKa decreases, and the thiols are present as thiolates thus forming also ionized oxidation
products. Two electron oxidation of protein thiol group (P-SH) first forms an intermediate product
of sulfenic acid (P-SOH) that will give rise to several secondary reactions. Sulfenic acid can form
mixed disulfides with GSH (P-SS-G), intramolecular disulfides (favored in vicinal thiols), and
intermolecular disulfides between protein molecules. In protein tyrosinase phosphatase, reaction
with an adjacent amide forms a sulfenylamide (Winterbourn et al., 2008). Cysteine side-chains in
whey proteins such as α-lactalbumin and β-lactoglobulin were shown to oxidize into sulfenic acid
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(Meltretter et al., 2008b). Measuring the modifications to cysteine and other thiol compounds
during oxidation can be evaluated by derivatization into fluorescent compounds (see chapter 2.3).
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Figure 7. Oxidation pathways for protein thiols (Winterbourn et al., 2008).

P = protein, P-SH = thiol group of cysteine, P-S• = thiol radical, GSH = glutathione (tripeptide of glutamine,
cysteine and glycine), P-SS-G•- and P-SS-P•- = disulfide anion radicals, P-SOH = intermediate product of
sulfenic acid, P-SS-G = disulfide between GSH and protein, PUFA = polyunsaturated fatty acids.

Methionine

Methionine side-chains in proteins are readily oxidized to methionine sulphoxide via zwitterionic
intermediate that undergoes subsequent reaction with a second molecule of methionine (Sysak et
al., 1977). Only pure methionine sulphoxide oxidizes into methionine sulphone, however, in a
mixture of methionine and methione sulphoxide this reaction does not occur (Karel et al., 1975)
(Figure 8). Methionine side-chains of α-lactalbumin and β-lactoglobulin have been shown to yield
methionine sulphoxide and methionine sulphone (Meltretter et al., 2007).
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The susceptibility of sulphur atom to oxidize is due to the rapid delocalization of electrons (Sysak et
al., 1977). This reaction, unlike the oxidation of other amino acids (except cysteine), is reversible.
Oxidation of methione side-chains by ROS yields inactive forms of ROS (IRS) (scheme 3).
Methione sulphoxide can be reduced back to methione by methionine sulphoxide reductases (EC
1.8.4.6). These enzymes use thioredoxin Th(SH)2 as reducing agents (scheme 4). Furthermore, the
oxidized form of thioredoxin (ThS-S) in the presence of NADPH can be converted back to its
reduced form by the enzyme thioredoxin reductase (scheme 5). Finally, the coupling of these
previous reactions (schemes 3-5) leads to conversion of ROS to inactive forms (scheme 6), and
thus provides a mechanism for radical scavenging (Stadtman, 2006). Methionine can thus act as
antioxidant and protect other amino acid side-chains from oxidation (Levine et al., 1999).
Methione + ROS → Methione sulphoxide + IRS

(Scheme 3)

Methionine + Th(SH)2 → Methione + ThS-S

(Scheme 4)

ThS-S + NADPH + H+ → Th(SH)2 + NADP+

(Scheme 5)

ROS + NADPH + H+ → IRS + NADP+

(Scheme 6)

Tyrosine

Photolytic excitation of tyrosine side-chains (TyrosineOH) in protein leads to formation of tyrosyl
radicals (TyrosineO•). The triplet state Tyr (TyrOH*) can a) form a neutral tyrosyl radical via
electron transfer mechanism, b) further react with oxygen yielding peroxides (schemes 7-12), or c)
react with disulfides (P-SS-P) or tryptophan thereby forming disulfide-base radical anion (P-SS-P•-)
and tyrosyl radical cation (TyrosineO•+) (schemes 13-14), respectively. In schemes 7-12, the
ejected electrons during the excitation (e.g. UV irradiation) of tyrosine react with molecular oxygen
to yield superoxide radical anion (O2•-), which in turn participates with tyrosyl radical that compete
coupling (schemes 7-10). The repair process and formation of hydroperoxides in the presence of
superoxide radical anion are presented in schemes 11-12. The excited tyrosine can further generate
tyrosyl radicals, which can react with thiol groups of proteins (P-SH) (schemes 15-17). Free
tyrosine, upon reaction with 1O2, can also form cyclised products such as 3a-hydroxy-6-oxo2,3,3a,6,7,7a-hexahydro-1H-indolol-2-carboxylic

acid

(HOHICA)

through

formation

of

endoperoxides and C1-hydroperoxides (scheme 18). HOHICA can be further oxidized, thereby
forming decarboxylated keto compounds. In peptides, however, tyrosine oxidation products yield
C1-hydroperoxides, which subsequently decomposes to the corresponding dienone alcohol (Davies,
2003). The tyrosyl radical is important precursor in forming degradation byproducts such as
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dityrosines (Figure 9). Dityrosines can be formed via intramolecular or intermolecular crosslinking
(Davies, 2003; Kerwin et al., 2007). Dityrosine formation has been observed in both purified
proteins in vitro and intact red blood cells during oxidation (Giulivi et al., 1993). The dityrosine
generated remains in the intact protein unless it is released by the action of proteolytic enzymes.
Other tyrosine oxidation products such as dopamine, dopamine quinone, and 5,6-dihydroxyindol
are also formed during exposure to oxidants and are also only released following proteolytic
digestion (Giulivi et al., 1993; Davies, 2003). In general, since dityrosine can only be formed by
reaction of two tyrosyl radicals, dityrosine is a specific marker for free radical modification of
proteins and protein oxidation. Although the levels of dityrosines are not high, the sensitivity of
fluorometric detection methods (particularly when coupled with the specificity of HPLC separation)
makes dityrosine measurement a relatively simple and powerful procedure (Davies, 2003). More
comprehensive discussion of these methods is given in chapter 2.3.

TyrosineOH + hv → TyrosineOH*

(excitation)

(Scheme 7)

TyrosineOH* → TyrosineO• + H+ + e-

(electron ejection)

(Scheme 8)

e- + O2 → O2•-

(superoxide formation)

(Scheme 9)

TyrosineO• → ½ dityrosine

(coupling)

(Scheme 10)

O2•- + Tyrosine• → TyrosineOH + O2

(repair)

(Scheme 11)

O2•- + H+ + TyrosineO• → Tyrosine hydroperoxides (hydroperoxide formation)

(Scheme 12)

TyrosineOH* + P-SS-P → TyrO•+ + P-SS-P•-

(Scheme 13)

TyrosineOH* + Tryptophan → TyrosineOH + TryptophanOH*

(Scheme 14)

TyrosineOH* + hv2 → e- + TyrosineO•+

(Scheme 15)

TyrosineO•+ → H+ + TyrosineO•

(Scheme 16)

TyrosineO• + P-SH→ TyrosineOH + P-S•

(Scheme 17)

TyrosineOH + 1O2 → Tyrosine hydroperoxides → HOHICA

(Scheme 18)
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Figure 9. Formation of tyrosyl radicals. Crosslinking tyrosine molecules yields isodityrosine and
dityrosine (Kerwin et al., 2007).

Phenylalanine

Oxidation of phenylalanine side-chains is initiated by photolysis (Figure 10A). First, excited triplet
state of phenylalanine (Phe*) can form phenyl radicals (Phe•) that react readily with water forming
ortho-, meta, or para-tyrosine derivatives (Figure 10A and B) (Stadtman et al., 2003). Reaction of
excited phenylalanine competes also with oxygen to produce superoxide anion and the phenyl
radical cation (Phe+•) which subsequently undergoes further reactions. Another pathway for excited
phenylalanine is photolytic cleavage to form benzyl and glycyl radicals (Kerwin et al., 2007).
Strecker-type degradation of amino acid phenylalanine by 4,5-(E)-epoxy-2(E)-alkenals has been
reported (Hidalgo et al., 2004). This reaction yielded N-substituted pyrroles and N-substituted 2-(1hydroxyalkyl)pyrroles as well as Strecker aldehyde phenylacetaldehyde and 2-alkylpyridines. In
addition, epoxyalkenals have been reported to convert phenylalanine into phenylpuryvic acid, a
corresponding α-keto acid (Zamora et al., 2006). These compounds are flavor compounds
analogous to Maillard reactions. Therefore, flavors traditionally connected to Maillard reactions
may also be produced as a result of lipid oxidation.
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Figure 10. A) Phenylalanine reaction pathways (Kerwin et al., 2007). B) Structures of
phenylalanine, phenylalanine radical as well as ortho-, meta-, and para-tyrosines.

Phe = phenylalanine, Phe* = excited phenylalanine, Phe• = phenyl radical, O2•- = superoxide radical anion,
Phe+• = phenyl radical cation.

Histidine

Histidine is especially sensitive for oxidative degradation. Photocatalytic oxidation of the imidazole
group by singlet oxygen (1O2) forms endoperoxides (Figure 11). These products can decompose
rapidly to various products such as aspartic acid- and asparagine-derivatives and urea (Tomita et al.,
1969; Davies, 2003). Metal ion -catalyzed oxidation of histidine, however, was found to be the
main pathway in the formation of 2-oxo-histidine. This reaction pathway also yields aspartate,
aspartylurea, and formylasparagine (Uchida et al., 1986). Radical reactions may also induce
formation of histidine-histidine and histidine-lysine crosslinks (Davies, 2003). The formation of 2oxo-histidine has been detected in oxidized proteins such as low density lipoprotein (LDL) (Retsky
et al., 1999; Yamada et al., 2004), BSA (Yamada et al., 2004) and Cu, Zn-superoxide dismutase
(Uchida et al., 1994). Histidine is also prone to specific modifications by secondary lipid oxidation
products such as 2-alkenals, 4-hydroxy-2-alkenals, and ketoaldehydes (Hashimoto et al., 2003;
Uchida, 2003) (Figure 12). These reactions between histidine and reactive aldehydes occurs via
Michael addition of the imidazole nitrogen of histidine to the α,β-unsaturated bond. The oxidation
product such as 4-hydroxy-2-alkenal-histidine with its free aldehyde group undergoes cyclization
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and forms cyclic hemiacetal derivatives (Uchida et al., 1993). Histidine side-chains can also be
modified by lipid peroxidation product 4,5-epoxy-2-alkenals (Zamora et al., 1999b). For example,
the reaction of BSA with 4,5(E)-epoxy-2(E)-heptenal leads to histidine losses and formation of
carbonyl groups in the protein as well as formation of 4,5(E)-epoxy-2(E)-heptenal − histidine
adducts. This data revealed that in BSA, histidine side-chains can compete with lysine side-chains
for scavenging these reactive aldehydes (Zamora et al., 1999b).
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Figure 11. Oxidation of histidine in the presence of singlet oxygen yields endoperoxides, which
decompose to various products (Uchida, 2003).
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Lysine

Metal ion catalyzed oxidation of lysine yields aminoadipic semialdehydes. In addition, lysine reacts
easily with aldehydes such as 2-alkenals and 4-hydroxy-2-alkenals, as well as ketoaldehydes and
epoxyalkenals forming various oxidation products (Table 1). Lysine side-chains in proteins in the
presence of 2-alkenals such as well-known air pollutants acrolein and crotonaldehyde, and 2hexenal yield Nε-(3-formyl-3,4-dehydropiperidino)lysine (FDP-lysine), Nε-(2,5-dimethyl-3-formyl3,4-dehydropiperidino)lysine (dimethyl-FDP-lysine), and diethyl-FDP-lysine and dipropyl-FDPlysine, respectively. However, FDP adducts are not the end products but the electrophilic
intermediates that potently react with thiol compounds. Reaction with crotonaldehyde forms also
minor oxidation products with pyridinium ring such as Nε-(5-ethyl-2-methylpyridinium)-lysine
(EMP-lysine) (Ichihashi et al., 2001). HNE reacts with lysine forming Michael adducts, and pyrrolo
derivatives. Study on HNE treated LDL suggested that HNE may be a major contributor to
fluorescence properties of oxidized LDL (Yamada et al., 2004). Epoxyalkenals such as 4,5-(E)epoxy-2(E)-heptenal has been shown to react with lysine generating pyrrole derivatives and
polymers (Zamora et al., 1994). In addition, reaction between 4,5-(E)-epoxy-2(E)-decenal and
lysine leads to formation of N-substituted pyrroles and N-substituted 2-(1-hydroxyalkyl)pyrroles
which in turn can lead to polymerization and formation of polypyrroles (Zamora et al., 1995;
Hidalgo et al., 2004). Oxidation of carbohydrates and lipids followed by reaction with lysine sidechains generates carboxymethyllysine and glyoxal-derived lysine-lysine dimers. Reaction of lysine
with malonaldehyde forms Nε-(2-propenal)lysine (Uchida, 2003). Oxidation in lysine side-chains of
whey proteins has been reported (Meltretter et al., 2007; Meltretter et al., 2008b). The modifications
in α-lactalbumin and β-lactoglobulin revealed also glycation/glyoxidation of lysine in the precence
of lactose into Amadori product (lactulosyllysine) and Nε-carboxymethyllysine. Lysine was also
oxidized to lysine aldehydes (Meltretter et al., 2007). These and other reactions with other amino
acids such as tryptophan, cysteine and methionine have been shown to occur also in dairy products
such as raw, high-temperature, ultra-high temperature, sterilized, and condensed milk as well as in
infant formulas (Meltretter et al., 2008a). Most of the lysine oxidation products are also carbonyl
compounds or they have fluorescent properties. This makes them easy to detect (Uchida, 2003).
More detailed methodology of semialdehydes is discussed in the following chapter 2.3.
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Table 1. Oxidation products of lysine side-chains in proteins in the presence of reactive lipids.
Oxidant
Acrolein
Crotonaldehyde

Reference
Ichihashi et al., 2001
Ichihashi et al., 2001

2-hexenal

Oxidation products
Nε-(FDP)-lysine
Nε-(2,5-dimethyl-FDP)-lysine
Nε-(EMP)-lysine
Diethyl-FDP-lysine, dipropyl-FDP-lysine

4-hydroxy-2-alkenals

Micheal adducts, pyrrolo derivatives

Yamada et al., 2004

4,5-epoxy-2-heptenal
4,5-epoxy-2-decenal

Pyrrole derivatives, polymers
N-substituted pyrroles, N-substituted 2-(1hydroxyalkyl)pyrroles, polypyrroles

Zamora et al., 1994
Zamora et al., 1995;
Hidalgo et al., 2004

Malonaldehyde

Nε-(2-propenal)lysine

Uchida, 2003

glycation/glyoxidation
Lactulosyllysine, Nε-carboxymethyllysine
FDP = 3-formyl-3,4-dehydropiperidino, EMP = 5-ethyl-2-methylpyridinium

Ichihashi et al., 2001

Meltretter et al., 2007

2.3 Analyses of protein, peptide and amino acid oxidation
2.3.1 Protein carbonyls

The oxidative modification of proteins by reactive species, especially by ROS, has been widely
studied in food products such as meat as well as in human tissues. Formation of carbonyl
compounds has been shown to be one of the salient changes in oxidized proteins. Therefore, the
concentration of carbonyl groups is highly indicative of protein oxidation. The extent of
modifications in proteins can be quantified by measurement of protein carbonyl content (Levine et
al., 1994). The carbonyl compounds can be detected by converting them to 2,4dinitrophenylhydrazones (DNPH) by reaction with 2,4-dinitrophenylhydrazine and measuring the
derivatives by spectrophotometric or immunochemical methods (Oliver et al., 1987). In addition,
the DNPH –derivatives can also be analyzed by using HPLC gel filtration or electrophoresis such as
Western blot (Levine et al., 1994). In foods, DNPH method has been implemented for example in
studies of oxidation in pork meat patties and frankfurters (Vuorela et al., 2005b; Salminen et al.,
2006, Estevez et al., 2007).

Carbonyl compounds can also be measured by fluorescence spectroscopy. The protein – lipid
interactions give rise to carbonyl complexes. They have a specific fluorescence at excitation
wavelength around 350 nm. However, the maximum emission wavelength varies from 400 to 500
nm depending on the different carbonyl compounds due to differences in the interacting amino
acids and lipid oxidation products (Aubourg et al., 1992; Yamaki et al., 1992). In order to measure
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only protein carbonyls, the removal of lipid carbonyl compounds and other interfering compounds
is important for the success of the analysis. This can be done for example by precipitating the
proteins or centrifuging with specific molecular weight cut-off membranes.

2.3.2 Oxidized tryptophan

HPLC - methods have been used widely in research of oxidation reactions of amino acids and
peptides. Oxidation of amino acid tryptophan and tryptophan side-chains of proteins and the
formation of tryptophan derived oxidation products have been assessed with RP-HPLC combined
with UV- and fluorescence detection (Simat et al., 1994; 1998). RP-HPLC was also used in
detecting tyrosine dimerization of hen and turkey egg-white lysozymes induced by irradiation
(Audette et al., 2000).

Protein mass spectrometry techniques have been proven to be effective method in identifying and
monitoring the major protein modifications. The advantages of mass spectrometry are the potential
to analyze intact proteins without major sample preparation, thus avoiding artifact formation, and
the simultaneous detection of all modification types independent of their structure (Meltretter et al.,
2008b). Oxidation and nitration reaction of tryptophan has been studied by HPLC combined with
electrochemical detection (EC) and mass spectrometry (MS) (Bregere et al., 2008). Protein
glycation has been successfully studied by using matrix-assisted laser desorption/ionization timeoff-flight mass spectrometry (MALDI-TOF-MS) or electrospray ionization mass spectrometry
(ESI-MS) (Kislinger et al., 2002; 2004; Ahmed et al., 2005b). These methods have made it possible
to detect Amadori adducts of glycated proteins in model solution, milk samples and in vivo in
diabetic patients (Traldi et al., 1997; Ahmed et al., 2005a). The modification site of proteins can be
also determined by applying first enzymatic hydrolysis and then peptide mapping (Humeny et al.,
2002; Kislinger et al., 2005). MALDI-TOF-MS has also been applied to studying the oxidation of
5-hydroxytryptamine by tyrosinase, which resulted in enzymatic oligomerization of 5hydroxytryptamine (Favretto et al., 1997). In another study, LC-ESI-MS analysis was used to
conclude that tryptophan and methionine side-chains were oxidized in myoglobin modified by
hypochlorous acid (Szuchman-Sapir et al., 2008). Tryptophan derived oxidation products and free
radicals under Fenton reaction conditions i.e. in the presence of H2O2 and Fe2+ have been studied
with ESI-MS and ESI-MS/MS. These methods allowed the identification of mono- and
dihydroxytryptophans and N-formylkynurenine as well as 3-methyl derivatives and tryptophan
dimers and monohydroxy-dimers (Dominques et al., 2003).
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In addition to HPLC –methods, a fast and simple method of isothermal microcalorimetry can be
applied to studying the modifications of amino acids in aqueous media in the presence of hydrogen
peroxide. This technique was used to study the degradation of tryptophan, cysteine, methionine and
tyrosine as well as ascorbic acid following the heat flow curves from the calorimetry (Roskar et al.,
2008).

Fluorescence is exceptionally sensitive method to detect intermolecular interactions, and it is
inexpensive and easy to implement (Lakowicz, 1999). Tryptophan fluorescence has been widely
implemented in research of protein structures and functions. Tryptophan fluorescence is measured
at specific excitation wavelength of 280-283 nm with emission wavelength around 330 nm.
Tryptophan fluorescence techniques have been found invaluable in studying the interactions of
modified proteins and peptides especially in membranes (Ladokhin et al., 2000), and in food
components such as milk proteins (Dalsgaard et al., 2007; Elmnasser et al., 2008), in oil-in-water
emulsions (Viljanen et al., 2005a; 2005b), liposomes (Viljanen et al., 2004a; 2004b) and LDL
(Griessauf et al., 1995; Ferroni et al., 2004). In addition, the protein conformations in human eye
lens protein D-crystallin have been evaluated by fluorescence techniques (Chen et al., 2006).

2.3.3 Polymers

Formations of high molecular weight dimers and polymers of proteins due to oxidation have been
analyzed with electrophoresis. For example, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot immunoassay was applied to identify formation of
3-nitrotyrosine in human LDL (Ferroni et al., 2004) and formation of nitrotyrosine and carbonyl
compounds in hypochlorous acid-treated human serum albumin (HSA) and nitrated HSA
(Capeillere-Blandin et al., 2004). These methods are also easy to implement.

2.3.4 Free radicals and paramagnetic species

Lipid – protein interactions can be studied by electron paramagnetic resonance (EPR), sometimes
also referred as electron spin resonance (ESR) spectroscopy. This is a technique for detection and
quantification of chemical species that have one or more unpaired electrons, such as organic and
inorganic free radicals or inorganic complexes possessing a transition metal ion. This results in high
specifity of the EPR technique, since ordinary chemical solvents and matrices do not give rise to
EPR spectra. Free radicals and paramagnetic species can be detected directly or indirectly by spin
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trapping or immuno-spin trapping, or by chemical modifications to proteins (Marsh et al., 2004;
Megli et al., 2005; Tsuchiya et al., 2005). However, the high water content of food and biological
samples interferes with the measurements. This can be resolved by optimizing the instrument
frequency for each sample type. Oxidative modifications in food samples with low moisture content
such as wheat grains have been studied using EPR techniques (Schaich et al., 1999; Partridge et al.,
2003). Lipid – protein interactions causing oxidative modifications have been studied by EPR, e.g.,
in models with methyl linoleate and lysozyme, BSA, α-lactalbumin, myoglobin or different amino
acids (Karel et al., 1974; 1975; Schaich et al., 1976), myoglobin (Irwin et al., 1999), and in LDL
(Hazell et al., 1999; Pietraforte et al., 2002). In addition, the effects of phenolic antioxidants as
inhibiting radical formation by using EPR have been reported (Kanski et al., 2002; Liu et al., 2003;
Ferroni et al., 2004).

2.3.5 Thiol compounds

Various methods have been reported for the determination of cysteine in biological and
pharmaceutical samples. Oxidation of cysteine side-chains can be determined by derivatization with
fluorescent dye 4-fluoro-7-aminosulfonylbenzofurazan (ABD-F), and then measuring directly with
fluorescence spectroscopy at excitation 365 nm with emission set at 492 nm. This method has been
applied in determining the oxidation of cysteine in menhaden oil-in-water emulsions with continous
phase β-lactoglobulin (Elias et al., 2007). Biologically active thiols in pharmaceuticals have been
determined by a simple and highly sensitive spectrophotometric method based on the fading of
eosin-silver(I)-adenine ternary complex (Fujita et al., 2002). A compound having a disulfide bond
(S-S-), such as cystine, could also be determined by the conversion of disulfides to free thiols with
the sulfite ion.

A method for the simultaneous quantitation of total GSH and total cysteine in wheat flour by a
stable isotope dilution assay using HPLC/tandem mass spectrometry (MS/MS) has been reported
(Reinbold et al., 2008). The method procedure consisted of the protection of free thiol groups with
iodoacetic acid, derivatization of free amino groups with 1-dimethylaminonaphathlene 5-sulfonyl
chloride (dansyl chloride), and determination by HPLC-MS/MS. Sano et al. (1998) showed that
thiols can be determined by precolumn derivatization with o-phthalaldehyde and N-(4-aminobutyl)N-ethylisoluminol to form isoindole derivatives, separation by RP-HPLC, followed by successive
postcolumn chemiluminescence reactions with H2O2 and hematin. Another derivatization reagent
N-(2-acridonyl)-maleimide (MIAC) has been used for determination of thiol groups such as
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homocysteine, cysteine and glutathione (Benkova et al., 2008). The reaction of MIAC with
aminothiols is specific, very fast and yields highly fluorescent products, which can be detected by
HPLC. In addition, flow injection with chemiluminescence detection (FI–CL) has been used for the
determination of cysteine, glutathione and acetylcysteine in pharmaceuticals and synthetic amino
acid mixtures by using various chemiluminescent reagents, e.g., luminol-persulphate (Waseem et
al., 2008). A flow injection spectrophotometric method using Fe3+-1,10-phenanthroline complex
has been used in glutathione detection with ascorbic acid (Teshima et al., 2008).

2.3.6 Dityrosine

Formation of dityrosines in proteins as a result of oxidation or normal physiological processes can
be used as a biomarker for assessing oxidative damage. Dityrosine has a specific fluorescence at
emission wavelength of 400 nm with either excitation at 315 nm (for alkaline solutions) or at 284
nm (acidic solutions) (Malencik et al., 1996). In addition, absorbtion spectra of dityrosine exhibit
isosbestic points at 315 nm and at 283 nm. In a study of Capeillere-Blandin et al. (2004) dityrosine
formation in hypochlorous acid oxidized HSA was determined by using fluorescence measurement
with excitation wavelength set at 320 nm and emission maximum set at 410 nm. Detection of 3nitrotyrosine as an in vivo marker for the production of the cytotoxic species peroxynitrite (ONOO-)
has been reported using continuous flow photodiode array spectrophotometry (Eiserich et al.,
1996). This reaction occurs when phenolic subtrate such as tyrosine reacts with nitrate and
hypochlorous acid. In an another study, the excitation wavelength was set at 317 nm and emission
at 407 nm for detection the formation of o-tyrosine and dityrosine which acted as indicators of
oxidative damage in ribonuclease (RNase) and lysozyme exposed to radiolytic and metal-catalyzed
(H2O2/Cu2+) oxidation (Huggins et al., 1993).
2.3.7 Semialdehydes

The metal-catalyzed oxidation of proteins generates oxidation products of proline i.e. glutamic
semialdehydes, and oxidation products of arginine and lysine i.e. aminoadipic semialdehydes.
These products are carbonyl containing compounds. Glutamic and aminoadipic semialdehydes have
been analyzed by using a specific isotope dilution by selected ion monitoring gas chromatography –
mass spectrometry (GC-MS). The procedure involves the reduction of glutamic and aminoadipic
semialdehyde side-chains into acid resistant hydroaminovaleric (HAVA) and hydroxyaminocaproic
(HACA) acids, respectively by NaBH4. By using hydrolysis in the presence of deuterated internal
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standards, HAVA and HACA and their deuterated counterparts are converted to volatile
trifluoroacetyl-methyl ester derivatives which can be analyzed by GC-MS (Requena et al., 2001).

2.4 Interactions between proteins and phenolic compounds
2.4.1 Natural sources and structures of phenolic compounds

Phenolic compounds are abundant in various fruits, berries, vegetables and their peels, tree
materials, oilseeds, beverages and medicinal plants. Tables 2 and 3 present some of the phenolic
compounds present in different plant materials. Black currants, bilberries, cranberries, and
strawberries mainly comprise of anthocyanins whereas cloudberries and red raspberries contain
primarily ellagitannins. Cranberries and lingonberries are rich in flavanols and proanthocyanidins
(Kähkönen et al., 2001: Viljanen et al., 2004b; Määtta-Riihinen et al., 2005). Many fruits and
vegetables are predominated by flavonols such as quercetin, kaempferol and myricetin as well as
phenolic acids (Rice-Evans et al., 1996; Justesen et al., 1998; Aherne et al., 2002). Medicinal plants
such as aloe vera leaves are also rich in flavonols (Sultana et al., 2008). Tea is a source for flavanols
such as epigallocatechin. Tea also has many polymerized phenolics present: theaflavins and
theaflavin 3-gallate (dimers) and thearubigins (tannin oligomers) (Peterson et al., 2005). Oilseeds
such as rapeseed, camelina, olive, and corn are rich in phenolic acids (Vuorela et al., 2005b;
Tuberoso et al., 2007). Lignans are present especially in oilseeds, nuts, and grains, but also in
Brassica vegetables such as broccoli, curly cale, and Brussels sprouts. In addition, other vegetables,
fruits and beverages have low amounts of lignans (Milder et al., 2005). Soy bean and kudzu root are
high in isoflavones (Dixon, 2004).
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Table 2. Some flavonoids and phenolic acids present in plants.
Phenolic group
Flavonoids

Compounds

Examples of sources

References

Anthocyanidins
R1

OH
+

O

8

HO

R2

2

6

R3

5
4

Cyanidin
Delphinidin
Pelargonidin
Peonidin
Malvidin
Kuromanin

R1=OH, R2=R3=H
R1=R2=OH, R3=H
R1=R2=R3=H
R1=OCH3,R2=R3=H
R1= R2=OCH3, R3=H
R1=OH,R2=H, R3=glucose

Raspberry,
strawberry, black
currant, bilberry,
lingonberry,
cranberry, cherry,
grapes, red wine

Rice-Evans et al., 1996;
Kähkönen et al., 2001;
Viljanen et al., 2004b;
Määtta-Riihinen et al.,
2005;

Quercetin
Myricetin
Kaempferol
Rutin
Isoquercitrin

R1=OH, R2=R3=H
R1=OH, R2=OH, R3=H
R1=R2=R3=H
R1=H, R2=OH,
R3=rutinose
R1=OH, R2=H, R3=β-Dglucose

Onion, lettuce,
broccoli, cranberry,
apple skin, cranberry,
bilberry, cloudberry,
lingonberry, aloe
vera, strawberry,
olive, tea, red wine,
grapes, endive, leek,
radish, grapefruit,
camelina

Rice-Evans et al., 1996;
Justesen et al., 1998;
Aherne et al., 2002;
Kris-Etherton et al.,
2002;
Sultana et al., 2008;

(±)-Catechin
Epigallocatechin

R1=OH, R2=H
R1=OH, R2=OH

Green and black teas,
red wine, black
currant, cranberry,
lingonberry,
strawberry, rapeseed,
camelina, soy, pine
bark

Rice-Evans et al., 1996;
Kris-Etherton et al.,
2002;
Peterson et al., 2005;
Vuorela et al., 2005b;
Tuberoso et al., 2007

Naringenin
Hesperitin
Taxifolin

R1=H, R2=OH, R3=H
R1=OH, R2=OCH3, R3=H
R1=OH, R2=OH, R3=OH

Peel of citrus fruits,
citrus fruits, pine
bark

Rice-Evans et al., 1996;
Justesen et al., 1998

Caffeic acid
Ferulic acid
Sinapic acid

R1=H, R2=OH, R3=OH
R1=H, R2=OH, R3=OCH3
R1=OCH3, R2=OH,
R3=OCH3

White grapes, white
wine, olives, olive
oil, spinach, cabbage,
asparagus, coffee,
tomatoes, wheat,
corn, rice, rapeseed,
camelina

Rice-Evans et al., 1996;
Kris-Etherton et al.,
2002;
Vuorela et al., 2005b;
Tuberoso et al., 2007

Apples, pears,
cherries, plums,
peaches, apricots,
blueberries, tomatoes,
anis, rapeseed,
camelina

Kris-Etherton et al.,
2002;
Vuorela et al., 2005b

OH

Flavonols
R1

OH
HO

8

O

R2

2

6

5

R3

4

O

OH

Flavanols (Catechins)
R1
OH
8

HO

O

R2

2

6

OH

5

OH

Flavanones
R1
R2
HO

8

O
2

6

R3

5

O

OH

Phenolic acids
O
R1

OH

5

4
2

R2
R3

Chlorogenic acid

O
C

2

HO

4

O
5

HO

HOOC
OH
HO

OH
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Table 3. Some lignans, isoflavones and phenolic polymers present in plants.
Phenolic groups
Lignans
OMe
OH
OH

Compounds

Examples of sources

References

Secoisolariciresinol
(shown)

Soybean, flaxseed,
sesame seed, sunflower
seed, cashew, oat bran,
wheat bran, rye bran,
barley bran, Brassica
vegetables, garlic, apricot

Kris-Etherton et al., 2002;
Dixon, 2004;
Milder et al., 2005

Daizdein R1=H
Genistein R1=OH

Soybean, kudzu root, fava
bean, chick pea, lupine,
alfalfa, peanut

Kris-Etherton et al., 2002;
Dixon, 2004

Casuarictin (shown)

Raspberry, strawberry,
cloudberry

Kähkönen et al., 2001;
Määtta-Riihinen et al., 2004b;
Mullen et al., 2003;
Kähkönen et al., unpublished
results;

Cranberry, lingonberry,
bilberry,
bog whortleberry, grapes

Kris-Etherton et al., 2002;
Määtta-Riihinen et al., 2005

HO

Other:
Syringaresinol
Pinoresinol
Lariciresinol
Matairesinol

OMe
OH

Isoflavones
HO

8

O
2

6

5

O

R1

OH

Phenolic polymers
Ellagitannins
OH
OH

HO
OH

OH

HO

OH

OC
OC
HO

O

CO

O
O

O

O

CO
CO

HO

OH

Other:
Sanguiin H-10
Sanguiin H-6
Lambertianin C

HO
OH
HO

OH
OH

Proanthocyanidins
OH
8

HO

O

Procyanidin trimer
(flavanol) (shown)

OH

2

Other:
Procyanidin B1 and
B2
Prodelphinidin B2

6

OH

5

OH
HO

8

OH

O

OH

2

6

OH

5

OH
HO

8

OH

O
OH

2

6

5

OH

OH
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2.4.2 Antioxidant function of phenolics toward protein oxidation

Phenolic compounds act as antioxidants by donating electrons and terminating radical chain
reactions (Dangles et al., 2006), and by binding metals as metal chelators (Fernandez et al., 2002).
In flavonoid molecule (Figure 13), the antioxidant and metal chelating properties are mainly due
the 3',4'-dihydroxy group located on the B ring, the 3-hydroxy or 5-hydroxy and the 4-carbonyl
groups in the C-ring. In addition, the antioxidant activity increases with the number of hydroxyl
groups in rings A and B. For example, complexation of metal ions with oxidized quercetin is
proposed to involve a ketone structure in the 3-hydroxyl group. In addition, the five hydroxyl
groups in quercetin contribute to the antioxidant properties. Catechin with no 4-carbonyl group may
chelate metal ions through the ortho-catechol group in the positions 3' and 4' in the B-ring
(Fernandez et al., 2002).
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Figure 13. A) The flavan nucleus, and B) 4-oxo-flavonoid nucleus.

The overall antioxidant mechanism of flavonoids is recognized as a combination of a direct reaction
with free radicals and chelation of metal ions (Fernandez et al., 2002; Dangles et al., 2006).
Modifications of proteins and lipids are frequently influenced by redox cycling transition metal
ions. Flavonoids primarily chelate prooxidant transition metal ions such as Fe2+, Fe3+ and Cu2+ and
alter their redox potentials rendering them inactive in generating free radicals (Fernandez et al.,
2002). Same flavonoids can behave as both antioxidants and prooxidants, depending on the
concentration and free radical source. In a study by Cao et al. (1997), flavonoids acted as
antioxidants against free radicals but demonstrated prooxidant activity when transition metal ions
were available. This is because the flavonoid may react directly with the transition metal ions and
affect the rate of related free radical generation. It has been shown that if the metal-flavonoid
−complex still undergoes redox reactions, the free radicals generated can be scavenged by the
ligand itself since metal-flavonoid chelates are considerably more potent free radical scavengers
than the parent flavonoids (Fernandez et al., 2002).
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The role of phenolic antioxidants on protein oxidation has been studied in different oxidation
models such as oil-in-water emulsions, meat, liposomes and LDL (Heinonen et al., 1998; Almajano
et al., 2004; Rababah et al., 2004; Viljanen et al., 2004a; 2005a; 2005b; Yeomans et al., 2005;
Almajano et al., 2007). However, the extent of protein oxidation studies is still limited as research
has been mostly focused on lipid oxidation reactions. Berry phenolics have been shown to act as
antioxidants in oil-in-water emulsions. A study by Viljanen et al. (2005b) reported that
anthocyanins isolated from black currant, raspberry and lingonberry showed protection toward
protein oxidation in whey protein stabilized rapeseed oil-in-water emulsion. In another study, the
antioxidant activity of raspberry and blackberry juices were evaluated also in whey protein
stabilized rapeseed oil-in-water emulsions (Viljanen et al., 2005a). Raspberry juice provided a
better overall antioxidant protection towards lipid and protein oxidation compared to blackberry
juice. In all of these studies, the antioxidant activity of berry phenolics was shown to increase with
the increasing concentration of the anthocyanins (Viljanen et al., 2005a; 2005b). Different berry
phenolics such as anthocyanins, ellagitannins, and proanthocyanidins from raspberry, bilberry,
lingonberry, and black currant, as well as pure compounds of procyanidins, anthocyanins and their
aglycons were found to be potent in inhibiting protein oxidation in α-lactalbumin-lecithin liposome
system (Viljanen et al., 2004a; 2004b).

Depending on the concentration, almond skin polyphenolics showed 6.7-76% inhibitions toward
tryptophan oxidation in human LDL (Chen et al., 2007). Red wine phenolics and phenolic
compounds with catechin structure (catechin, epicatechin, and quercetin) protected LDL tryptophan
from oxidation by 30-40% under peroxynitrite-mediated oxidation of LDL. The same phenolics
showed, however, a more pronounced effects on inhibiting 3-nitrotyrosine formation (Ferroni et al.,
2004). EPR studies confirmed that red wine phenolics are potent scavengers of radicals formed by
peroxynitrite/CO2 due to increased formation of o-semiquinone radicals. Combination of quercetin
and caffeic acid were potent in inhibiting the tryptophan oxidation and formation of protein
carbonyls in copper-induced oxidation of human LDL (Yeomans et al., 2005). Oxidation of proteins
(measured as protein carbonyls) in porcine liver pâté was shown to be inhibited by sage and
rosemary essential oils (Estévez et al., 2006).

The impact of oxidation and berry phenolics on the location of tryptophan side-chains in oil-inwater emulsions have been reported (Viljanen et al., 2005a). Most of the tryptophan side-chains in
whey proteins located in the buried hydrophobic areas were protected by berry phenolics during
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oxidation due to non-covalent i.e. hydrophobic interactions. Tryptophan side-chains in the aqueous
phase, however, were oxidized, leading to conformational changes due to covalent bond formations.

2.4.3 Binding properties of phenolic compounds

Phenolic – protein interactions influence the characteristics of food, thus affecting the technological
processes involved in food manufacturing. In food products, the phenolic compounds influence the
taste such as bitterness or astringency, appearance such as color as well as nutritional value.
Phenolic bioavailability and phenolic-mediated cell effects may involve the interactions of phenolic
compounds with specific biological targets, mainly proteins, and thus contribute to potential health
effects. In addition, possible participation of phenolic compounds in the regulation of gene
expression for specific proteins may also play an important role in health effects (Dangles et al.,
2006). The interactions of tannins (oligomeric procyanidins) with proline-rich salivary proteins
developing sensation of astringency is currently the sole binding process with clear in vivo
biological significance (Baxter et al., 1997). Tannin – protein interactions occur via two-phase
mechanis: 1) tannin binds to protein forming soluble complexes, and 2) soluble tannin – protein
complexes aggregate forming insoluble complexes (Charlton et al., 2002). Tannin – protein
interactions due to astringency contribute to desirable qualities in many foods and beverages, e.g.,
in tea and red wine. However, another food technological aspect is haze formation in beer, fruit
juices and wine. Tannin – protein haze is unwanted in these products, but the affinity of tannins for
proteins can also be used as a mechanism to reduce the content of phenolics during wine making.
Relative concentrations of tannin and proteins have a large influence on the amount of haze formed
(Siebert et al., 1996a; 1996b; Siebert, 1999).

The properties of polyphenols affect their binding and quenching (i.e. the process which decreases
the fluorescence intensity of a given substance) in BSA and human salivary α-amylase (Soares et
al., 2007). The binding affinity increases with increasing molecular weight of the phenolic
compounds and in the presence of galloyl groups (procyanidin oligomers > procyanidin B2 gallate
> epicatechin gallate > catechin > procyanidin B4). The binding affinities of flavanols increase with
the number of hydroxyl groups in the B-ring. This was revealed in a study with BSA with myricetin
showing the highest binding affinity followed by quercetin, kaempherol and galangin. The
glycoside substitute at the C-ring, however, decreased the binding (Xiao et al., 2008). Isolated
mixtures of chesnut and myrabolan ellagitannins exhibited 3-4 fold greater binding affinities for
interaction with gelatin than for BSA, whereas tara and sumac gallotannins bound with equal
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strength to both gelatin and BSA. The differences in the binding constants are dependent on the
structural flexibility of the tannin molecule. As the loss of conformational freedom of ellagitannins
appears not to interfere with binding to a flexible protein such as gelatin, however, the flexibility of
the protein plays also an important role in the protein - phenolic binding (Deaville et al., 2007).

It has been suggested, that association between flavonoids (quercetin, rutin, epicatechin, catechin)
and BSA do not change molecular conformation of BSA (Papadopoulou et al., 2005). Hydrogen
bonding, ionic, and hydrophobic interactions are equally important in protein-flavonoid associations
(Papadopoulou et al., 2005; Dangles et al., 2006). Reactions of m-, o-, p-dihydroxybenzenes, ferulic
and gallic acid with lysozyme indicated reduction in tryptophan and lysine side-chains, proceeding
to the formation of complex polymeric species (Rawel et al., 2001). In a study of Tsai et al. (2006),
coumaric acid and caffeic acid were shown to bind with pea protein (26 and 23%, respectively),
whereas catechin (13%) and ferulic acid (3%) had less effect, and gallic acid had no binding. It was
concluded that the binding between phenolics and protein matrix might account for the
enhancement of antioxidant capacity, since protein – phenolic interaction is able to stabilize the
protein and its antioxidant capacity is increased during heating.

Absorption studies show that a LDL particle has the capacity to bind ca. 10 quercetin molecules
through interaction with apolipoprotein B. LDL-bound quercetin has been shown to efficiently
repair oxidative damage of at least tryptophan and tyrosine side-chains in apolipoprotein B in LDL
via intramolecular electron transfer. In contrast, rutin which does not bind to LDL, cannot repair
oxidized apolipoprotein B (Filipe et al., 2002). Binding of olive oil phenolics to food proteins such
as BSA, β-lactoglobulin, sodium caseinate, and gelatin was found to be relatively weak (Pripp et
al., 2005). It has been reported that binding of hexanal to soy glycinin and β-conglycinin induced
structural modifications such as increase in surface hydrophobicity and turbidity as well as loss of
lysine (O'Keefe et al., 1991). Phenolic compounds such as flavonols, flavones, flavanones and
isoflavones can bind to bovine and reindeer β-lactoglobulin (Riihimäki et al., 2008). Flavonols
(myricitrin, myricetin and morin), flavanones (hesperidin and naringenin), flavones (baicalin), and
isoflavones (daidzein) were shown to have higher affinities to both bovine and reindeer βlactoglobulin than phenolic acids and their derivatives. In addition, it was found that phenolic – βlactoglobulin complex was stable at acidic and basic conditions, but not during thermal treatment,
which would implicate that β-lactoglobulin could act as a binder or carrier for phenolic compounds,
and protect them from degradation during non-heating processing.
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3. AIMS OF THE STUDY

The hypothesis is that interactions between proteins and dietary phenolic compounds have impact
on the quality of food and functional properties of proteins and phenolic compounds, that in turn
may influence the bioavailability i.e. the fraction of the administered bioactive compound that is
absorbed in the intestinal tract, and health related effects of dietary phenolics. The overall aims of
the study were to address the oxidation of proteins and amino acids as well as the interactions
between other constituents of foods such as lipids in the presence of phenolic compounds from
berries and byproducts of oilseed processes. In order to prevent and control oxidation reactions, the
formation of individual oxidation products must be elucidated. Therefore, the oxidation was also
studied at the level of single amino acid such as tryptophan.

The specific objectives of the study were:
•

To investigate the effect of different plant phenolics toward tryptophan oxidation in
different oxidation environments (III, IV).

•

To investigate the antioxidant activity of different plant phenolics toward protein and lipid
oxidation in food models such as meat and emulsions (I, II, V).
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4. MATERIALS AND METHODS
This section summarizes the materials and methods presented in more detail in the original papers
(I-V).

4.1 Oxidation models
The meat model (I, II) was performed according to the method of Vuorela et al. (2005b) using red
meat from longissimus dorsi muscle of pork, and fat from pork back (2:1) with added water (10%),
salt (1.4%), and different phenolic compounds (Table 4). After homogenization the samples were
vacuum-packed and heated in a water bath (80 °C, 10 min). After heating, the bags were opened,
and the samples were transferred to decanter flasks and oxidized for 9 days (I) or 10 days (II) at 5
°C under light.

The tryptophan model solution (2 mM) using 0.1 M borate (pH 6.3) in the presence of selected
extracts of phenolic compounds was oxidized with H2O2 (resulting in final pH of 4.6) added hourly
(final concentration of 1.05 M) for 6 h at 37 °C in dark (III) or oxidized with 50 mM hexanal and
0.1 mM FeCl2 (resulting in final pH of 5.5) for 8 days at 37 °C in the dark (IV) (Table 4).
The corn oil-in-water emulsions (V) with continuous phase β-lactoglobulin with added phenolic
compounds were used in all oxidation studies. Oil-in-water emulsions were prepared using 5% corn
oil (containing tocopherols 14.4 mg/100 g) and 0.5% surfactant (Brij 35) in sodium phosphate
buffer (10 mM, pH 7.0) containing 0.02% sodium azide as an antimicrobial agent. Emulsions were
oxidized for 24 days at 55 °C in the dark (Table 4).

Table 4. Design of studies I-V.
STUDY
I

OXIDATION
MODEL
Meat

EXPERIMENTAL
CONDITIONS
+5 °C under light
9 days

II

Meat

+5 °C under light
10 days

ANTIOXIDANTS

CONCENTRATIONS

METHODS

Rapeseed meal
Rapeseed meal extract a
Rapeseed meal extract b
Rapeseed oil extract c
Pine bark extract d
Sinapic acid, vinylsyringol, taxifolin

282.4 mg/100 g meat
29.4 mL/100 g meat
29.4 mL/100 g meat
4.7 mL/100 g meat
10.6 mL/100 g meat
23.5 mg/100 g meat

GC (hexanal)
DNPH-method

Rapeseed meal, camelina meal, soy meal and flour
Rapeseed meal, camelina meal, soy meal and flour + rosemary
extract
Quersetin, chlorogenic acid, genistein

0.3, 0.5, and 0.7 g/100 g meat
0.5 g/100 g + 0.04 g/100 g meat
0.01 g/100 g meat.

GC (hexanal,
propanal,
pentanal)
DNPH-method

Tryptophan

+37 °C in the dark
6 hours
pH 4.6

Camelina meal e, rapeseed meal a, soy meal and flour e, pine
bark d, raspberry and black currant anthocyanins, raspberry
ellagitannins, cranberry proanthocyanidins
Cyanidin-3-glucoside, delphinidin-3-glucoside, caffeic acid,
chlorogenic acid, catechin, daidzein, ellagic acid, ferulic acid,
genistein, procyanidin B1, quercetin, sinapic acid, taxifolin,
vinylsyringol

10, 50, 100 µM

HPLC-UV-FL

IV

Tryptophan

+37 °C in the dark
8 days
pH 5.5

Camelina meal e, rapeseed meal a, soy meal e, pine bark d,
raspberry and black currant anthocyanins, raspberry
ellagitannins, rowanberry
Cyanidin-3-glucoside, chlorogenic acid, catechin, ellagic acid,
genistein, procyanidin B2, quercetin, sinapic acid, taxifolin

50, 100 µM

HPLC-UV-FL

V

5% Corn oilin-water
emulsion

+55 °C in the dark
24 days
pH 7.0

Black currant anthocyanins
Rasperry ellagitannins

20, 50 µM

Ammonium
thiocyanate –method
(lipid hydroperoxides)
GC (hexanal)
Trp fluorescence
Cys fluorescence
Stability of
anthocyanins

a
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III

Aqueous ethanolic (70%) extract. b Extract obtained by enzymatic treatment with Ultraflo L. c Aqueous methanolic (80%) extract of crude rapeseed oil. d
Aqueous water extract containing 30% pine bark and phloem. e Aqueous methanolic (80%) extract. Trp = tryptophan, Cys = cysteine.
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4.2 Plant materials
The rapeseed (Brassica rapa L., L. = Linnaeus) meal (I-IV) used was the byproduct of rapeseed
deoiling process in which the oil was expelled by pressing the seeds at an elevated temperature by
Mildola Ltd. (Finland). Camelina (Camelina sativa) meal (II-IV) was the byproduct of cold pressed
camelina oil obtained from Raisio Ltd. (Finland). Soy (Glycine max L.) meal (II-IV) (Risetti®) was
obtained from Risetti Ltd. (Finland) and soy flour (II-III) (Soyolk) was obtained from Cereform
Ltd. (Northampton, England). Scots pine (Pinus sylvestris L.) bark drink (I-IV) was obtained by
extraction with water so that it contained 30% pine bark and phloem (Ravintorengas Ltd.,
Siikainen, Finland). All berries, raspberry (Rubus idaeus) (III-V), black currant (Ribes nigrum)
(III-V), cranberry (Vaccinium oxycoccus) (III) and rowanberry (Sorbus aucuparia) (IV), were
purchased from a market place. Protein, fatty acid, and tocopherol compositions as well as
isoflavone and lignan contents of the oilseed processing byproducts were measured (II). The
protein concentration was measured by determination of nitrogen according to the Kjehldahl
procedure (AOAC International, 1995), and calculated with a 6.25 nitrogen conversion factor. The
total fat of plant materials was determined by using a Soxtec Avanti 2050 automatic extraction
system. The fatty acid composition was measured by GC after hydrolyzing and methylating the fat
extracts. Nonadecanoic acid (C 19:0 fatty acid) and a methyl ester mixture (Nu Chek Prep, GLC63A) were used as an internal standard and standard, respectively. The results were expressed as
methyl ester equivalents of fatty acids. The content of tocopherols in camelina, rapeseed, and soy
meals, soy flour, and rosemary extract were analyzed according to a method of Ryynänen et al.
(2004). Isoflavones and lignans were analyzed in soy meal and flour according to the methods by
Nurmi et al. (2003a) and Nurmi et al. (2003b), respectively.

4.2.1 Extraction of oilseed phenolics (I-IV)

Plant phenolics were extracted with 70% methanol (rapeseed meal I), 80% methanol (camelina and
soy meals II-IV, soy flour III), 70% ethanol (rapeseed meal I-IV), and enzyme-assisted extraction
with Ultraflo L enzyme preparation in 0.02 M ammonium diphosphate buffer solution at pH 5.5 (I).

Plant materials (0.8 g in studies I, III, IV, 1-2 g in study II) and 20 mL of respective solvent were
put in a centrifuge tube, which was then shaken in a water bath at 75 °C for 1 h (I-IV), or at 37 °C
for 2 h (enzyme extraction in study I). The enzymatic reaction was stopped by boiling the mixture
for 10 min (I). After centrifugation (3500 rpm, 20 min is study I, 15 min in studies II-IV), the clear
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phenolic extract was collected. The Ultraflo L enzyme preparation was checked by RP-HPLC not to
contain phenolic compounds. Rapeseed oil phenolics (I) were extracted with 80% methanol
according to the method outlined by Koski et al. (2003).

4.2.2 Isolation of berry phenolics (III-V)

Extraction and isolation of raspberry anthocyanins (III, IV), black currant anthocyanins (III-V) and
raspberry ellagitannins (III-V) were carried out as described by Kähkönen et al. (2003). The berry
anthocyanin fractions were further purified by preparative RP-HPLC and the interfering sugars
were removed by solid phase extraction (SPE) as described by Kähkönen et al. (2003). A method
by Määtta-Riihinen et al. (2004b) was followed to isolate cranberry proanthocyanidins (III).
Rowanberry phenolics (IV) were extracted and isolated as described by Kylli et al. (unpubl. data).

4.2.3 Characterization of plant phenolics (I-V)

The amount of total polyphenols (I-IV) in plant materials was measured colorimetrically according
to the Folin−Ciocalteau procedure (Singleton et al., 1965). The RP-HPLC analysis of phenolics was
performed according to the method outlined by Koski et al. (2003) for phenolic acids and their
derivatives (I-IV), by Kähkönen et al. (2001) for other phenolic compounds (II-V), by Kylli et al.
(unpubl. data) for rowanberry phenolics (IV), and by Karonen et al. (2004) for pine bark phenolics
(I). Phenolic compositions of berries and plant materials are shown in Tables 5 and 6, respectively.
Table 5. Phenolic composition of berry isolates (mg/g ± SD) used in studies III-V a.
Concentration (mg/g)

Raspberry
anthocyanins
NA
534 ± 25
ND
ND
ND
ND
NA
ND
ND

Raspberry
ellagitannins
NA
18 ± 0
369 ± 44
ND
16 ± 2
ND
NA
ND
ND

Black currant
anthocyanins
NA
314 ± 44
ND
ND
ND
12 ± 1
NA
ND
ND

Cranberry
proanthocyanidins
NA
ND
ND
554
ND
ND
NA
ND
ND

Rowanberry
extract
18.7 ± 0.8
9.6 ± 0.3
ND
ND
0.2 ± 0.04
ND
52 ± 2
0.1 ± 0.02
341 ± 23

Total phenolics b
Anthocyanins c
Ellagitannins d
Proanthocyanidins e
Ellagic acid d
Flavanols f
Catechin f
Hydroxybenzoic acids b
Hydroxycinnamic acids
and derivatives g
Flavonols h
ND
ND
1
8±1
64 ± 2
a
NA = not analyzed, and ND = not detected/concentration under detection limit. b Gallic acid as the standard. c
Cyanidin 3-glucoside as the standard. d Ellagic acid as the standard. e Procyanidin B1 as the standard. f
Catechin as the standard. g Chlorogenic acid as the standard. h Rutin as the standard.

Table 6. Phenolic composition (µg/g ± SD) of plant extracts used in studies I-IV a.
Material

Total phenolics h
Flavanols i

a

Flavonols l

Isoflavones m

Lignans

NA
NA
NA
3096 ± 330
8030 ± 1400
3773 ± 1063

2861 ± 7
275 ± 2
3±0
2861 ± 7
1800 ± 180
765 ± 134

275 ± 2
2831 ±76
22 ± 1
275 ± 2
140 ± 20
74 ± 9

ND
ND
463 ± 5
ND
64 ± 7 n
ND

NA
NA
NA
ND
ND
ND

NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA

ND
ND
ND

747 ± 54
3020 ± 160
3590 ± 383

1437 ± 47
650 ± 40
450 ± 52

427 ± 10
30 ± 3
9±1

ND
ND
ND

1325 ± 196
2150 ± 70
6029 ± 677

NA
NA
NA

NA
NA
NA

92 ± 22
760 ± 10
449 ± 127

ND
ND
ND

ND
ND
ND

ND
ND
ND

ND
ND
ND

ND
ND
ND

ND
ND
ND

1310 ± 6
NA
NA

15 ±1
NA
NA

99 ± 14
790 ± 70

ND
ND

ND
ND

ND
ND

ND
ND

ND
ND

ND
ND

1400 ± 51
NA

23 ± 2
NA

336 ± 8h
80 ± 10
80 ± 10

70 ± 4
3±0
3±0

ND
ND
ND

ND
ND
ND

ND
ND
ND

ND
ND
ND

ND
ND
ND

NA
NA
NA

83 ± 2
NA
NA

ND

ND

ND

ND

ND

ND

ND

NA

NA

Hydroxycinnamic
acids and derivatives j

NA
NA
NA
35 ± 4
ND
ND

NA
NA
NA
14 ± 3
ND
ND

236 ± 37
2110 ± 410
3233 ± 818

NA = not analyzed, and ND = not detected/concentration under detection limit. b Aqueous ethanolic (70%) extract. c Extract obtained by enzymatic treatment
with Ultraflo L. d Aqueous methanolic (80%) extract of crude rapeseed oil. e Aqueous methanolic (80%) extract. f Commercial extract. g According to
manufacturer, extract contains 9 ± 1% phenolic diterpenes: carnosic acid, carnosol and rosmanol. h Gallic acid as the standard. i Catechin as the standard. j
Chlorogenic acid as the standard. k Sinapic acid as the standard. l Rutin as the standard. m As aglycone calculated from total 7-O-glucoside and aglycone. n
Vinylsyringol as the standard.
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Rapeseed meal
Ib
4751 ± 114
5885 ± 109
Ic
785 ± 28
I (oil) d
5100 ± 155
II b
6730 ± 290
III b
5865 ± 547
IV b
Camelina meal
6200 ± 490
II e
III e
3940 ± 110
9791 ± 993
IV e
Soy meal
2600 ± 195
II e
2770 ± 65
III e
1761 ± 133
IV e
Soy flour
1800 ± 150
II e
1650 ± 50
III e
Pine bark
762 ± 10
If
3400 ± 250
III f
3400 ± 250
IV f
Rosemary
II f, g
15600 ± 520

Flavonoids and phenolic acids
Sinapine k
Sinapic acid k Vinylsyringol k

Hydroxybenzoic
acids h
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4.3 Analyses of protein oxidation products
4.3.1 Protein carbonyls (I, II)

Protein oxidation in meat (I, II) was followed by measuring the formation of protein carbonyls by
converting them to 2,4-dinitrophenylhydrazones (DNPH) and the derivatives were measured
spectrophotometrically according to method outlined by Oliver et al. (1987). Two different
measurements were made for protein oxidation: quantification of (a) carbonyls and (b) protein.
Meat samples of 1 g (amount of protein = 0.7-1 mg of a sample) were homogenized with 10 mL of
0.15 M KCl with an UltraTurrax homogenizor for 60 s. One hundred microliters of homogenate
was transferred into a 2 mL Eppendorf vial, where 1 mL of 10% trichloroacetic acid was added.
The sample was centrifuged for 5 min at 5000 rpm, and the supernatant was removed. For sample
(a) 1 mL of 2 M HCl with 0.2% DNPH and for sample (b) 1 mL of 2 M HCl was added. After an
incubation of 1 h (shaken every 20 min), 1 mL of 10% trichloroacetic acid was added. The sample
was vortexed and centrifuged for 5 min at 5000 rpm. Supernatant was removed carefully without
damaging the pellet with a Pasteur pipet. The pellet was washed with 1 mL of ethanol/ethyl acetate
(1:1), shaken, and centrifuged for 5 min at 10000 rpm; this procedure was repeated two to three
times. After this, the pellet was completely dried with nitrogen. The pellet was dissolved in 1.5 mL
of 20 mM sodium phosphate buffer with 6 M guanidine hydrochloride, final pH 6.5, shaken, and
centrifuged for 2 min at 5000 rpm. Carbonyls (sample a) and protein concentration (sample b) were
measured spectrophotometrically at 370 nm and 280 nm, respectively. Concentration of carbonyls
was calculated as [Abs370 nm/21.0 mM-1 cm-1) x 1000], where 21.0 mM-1 cm-1 is the molar extinction
coefficient of carbonyls. Protein quantification was determined using a standard curve made from
BSA.

The inhibitions of plant phenolics (I, II) against formation of protein carbonyls was calculated from
the equation: (C0−C1)/C0×100, where C0 is the concentration (nM) of protein carbonyls per mg of
protein in the control sample and C1 is the concentration (nM) of protein carbonyls per mg of
protein in the tested sample. The inhibitions were expressed as percentages.

4.3.2 Tryptophan derived oxidation products (III, IV)

The tryptophan model solutions were prepared first by pipetting solutions of phenolic extracts (at
selected concentration levels) into 4 mL (III) or 10 mL (IV) screw-top vials, and the solvent was
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evaporated under nitrogen flow. In the control sample, no phenolic antioxidant was added. In study
III, the 2 mM tryptophan solution (2 mL) and 0.19 M H2O2 (40 µL) were then added into the vials
resulting in final tryptophan concentration of 317 µg/mL. Every hour during the incubation, an
aliquot of 40 µL of H2O2 was added to samples to keep the catalyst abundant. Samples were
agitated on a vortex mixer after additions of H2O2, and the mixtures in sealed vials were stirred
during incubation. After incubation, the reaction was stopped by 30 min of treatment with 100 µL
of catalase (about 300 U = 5000 nkat). The absence of H2O2 was subsequently checked by
potassium iodide test. After that, the sample was acidified with 164 µL of 2 M acetic acid. In study
IV, the 2 mM tryptophan solution (5 mL) followed by 50 mM hexanal (31 µL) and 0.1 mM FeCl2
(25 µL) were added to the vials. All the samples (studies III and IV) were filtered with 0.45 µm
Acrodisc syringe filters with hydrophilic polypropylene membrane (Pall Life Sciences, Ann Arbor,
MI, USA) prior to HPLC analysis.

Quantitative determination of tryptophan and its oxidation products (III, IV) was carried out using
HPLC combined with diode array and fluorescence detection. The HPLC system (Waters, Milford,
MA, USA) consisted of 717 plus autosampler, 515 and 510 pumps equipped with a control module,
a column oven with a temperature control module, a PDA 996 diode array and a 2475 multi λ
fluorescence detectors (IV) or scanning fluorescence detector (Hewlett Packard 1046) (III).

Analysis of H2O2 oxidized tryptophan and its oxidation products (III) were determined by method
outlined by Simat et al. (1998) with some modifications. Analysis of hexanal/FeCl2 oxidized
tryptophan and its oxidation products (IV) was carried out by developing and validating a new
HPLC method. The experimental conditions are summarized in Table 7. Tryptophan oxidation
products were identified by retention times and UV-spectra. The quantification of tryptophan and
its oxidation products were made using tryptophan, kynurenine and 5-hydroxy-tryptophan (III, IV)
as well as tryptamine and β-oxindolylalanine (III) as external standards. The quantifications of
oxidation products 3a-hydroxypyrroloindole-2-carboxylic acid A/B (i.e. diastereomers of A and B),
dioxindolylalanine A/B, and N-formylkynurenine were calculated as equivalents to 5-hydroxytryptophan (III) or kynurenine (IV) as external standard since these compounds were not
commercially available. The method of quantification with standard compounds was as followed:
5-hydroxy-tryptophan, kynurenine, β-oxindolylalanine, tryptamine, and kynurenic acid were
dissolved in 0.1 M borate (pH 6.3) to a concentration of approximately 0.6 mg/25 mL except for
tryptophan to 6 mg/25 mL (stock solutions) followed by dilutions of 1:4 and 1:40. Samples of these
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three concentrations were analyzed with injection volumes of 10, 15, and 20 µL. Consequently, a
nine-point calibration curve was determined from standard solutions for each compound.

The percent inhibition of plant materials against formation of tryptophan oxidation products was
calculated from the equation: (A0-A1)/A0 x 100, where A0 is the area of tryptophan oxidation
product in control sample and A1 is the tryptophan oxidation product in antioxidant sample (III,
IV). The percent inhibition of plant materials against formation of tryptophan oxidation was
calculated from the equation: [(C0-Ct)-(S0-St)/(C0-Ct)] x 100, where C0 is the area of tryptophan in
control sample at day 0, Ct is the area of tryptophan at day 6, S0 is tryptophan with antioxidant at
day 0, and St is tryptophan with antioxidant at day 6 (IV). In study III the same time points of day 0
and day 6 corresponded to 0 h and 6 h, respectively. The inhibitions were expressed as percentages.

Table 7. Conditions of HPLC-methods (III, IV).
STUDY III
Nova-Pak C18 column
(3.9 mm x 150 mm, 4 µm)
Spherisorb S5 ODS2 precolumn
(20 mm x 2 mm, 5 µm)
(Waters, Milfrod, MA)

STUDY IV
C8 Discovery® BioWide Pore column
(100 mm x 4.6 mm i.d., 5 µm, 300 Å)
C8 Discovery® BioWide Pore guard
column (20 mm x 40 mm i.d., 5 µm)
(Supelco, Bellefonte, PA)

Solvents

0.1% TFA (solvent A)
Methanol (solvent B)
Acetonitrile (solvent C)

0.1% TFA (solvent A)
Acetonitrile (solvent B)

Gradient program

0 min:
10 min:
40 min:
42 min:
46 min:

0 min: 98% A
30 min: 70% A
30.1 min: 50% A
32 min: 75% A
40 min: 98% A

FL-detector

0-13 min: Ex 230 nm, Em 342 nm
13-46 min: Ex 280 nm, Em 335 nm

0-7 min: Ex 230 nm, Em 340 nm
7-11 min: Ex 230 nm, Em 435 nm
11-40 min: Ex 270 nm, Em 350 nm

DAD-detector

260 nm

260 nm

Temperature

35 °C

25 °C

Flow rate

1.0 mL/min

1.0 mL/min

Column

Injection volume
20 µL
TFA = trifluoroacetic acid

95% A 5% B
86% A 14% B
46% A 14% B 40% C
26% A 14% B 60% C
95% A 5% B

10 µL

2% B
30% B
50% B
25% B
2% B
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4.3.2.1 HPLC method validation (IV)

The tryptophan oxidation product standard compounds (3-hydroxy-tryptophan, 5-hydroxytryptophan, kynurenine, tryptamine, and kynurenic acid) were dissolved in 0.1 M borate (pH 6.3) to
a concentration of approximately 0.6 mg/25 mL except for tryptophan where ten times higher
concentration was used (6 mg/25 mL) (stock solutions). Limit of detection (LOD) was defined as
the concentration of analyte that resulted in a peak height three times higher as the noise. The limit
of quantification (LOQ) was defined as the concentration of analyte that resulted in a peak height
three times higher than the limit of detection. Standard samples (tryptophan, kynurenine, 5hydroxy-tryptophan) of three different concentrations (1:1, 1:4, and 1:40 diluted from stock
solutions) were analyzed at the beginning and at the end of every HPLC run to calculate the
precision and accuracy. The accuracy was determined as the mean of the measure relative to the
theoretical value and is reported in percentage (%). The precision is denoted by the intra- and interday coefficient of variation (CV). System suitability parameters such as capacity factor (k’), relative
retention (α), resolution (Rs), and theoretical plate number (N) of the column were also tested.

4.3.3 Tryptophan and cysteine fluorescence (V)
Loss of amino acid side-chains such as tryptophan and cysteine in aqueous phase β-lactoglobulin in
oil-in-water emulsions during oxidation were measured by fluorescence spectroscopy. All amino
acid oxidation assays were performed on continuous phase proteins that were free of Brij-stabilized
oil droplets. To remove oil droplets, emulsions were centrifuged (1000g) for 30 minutes in Amicon
Ultra centrifugal tubes (MWCO 100000, Millipore, Billerica, MA, USA). Berry phenolics caused
quenching of tryptophan and cysteine fluorescence. Consequently, the clear sample after the
ultracentrifugation was passed through a Econo-Pac® 10 DG - desalting column with exclusion
limit at 6000 Da (= g/mol) (Bio-Rad, Richmond, CA, USA) equilibrated with sodium phosphate
buffer (pH 7.0). The protein β-lactoglobulin was separated from phenolics by elution with the
buffer. A protein assay (Bradford – Coomassie Blue, Pierce, Thermo Fisher Scientific Inc.,
Rockford, IL, USA) was used to adjust all the samples to same concentrations. Tryptophan
fluorescence was measured directly by fluorescence with excitation at 283 nm and emission at 331
nm. Cysteine side-chains were measured directly using a sensitive fluorescent probe ABD-F (Sigma
Chemical Co., St. Louis, MO, USA) (Carr et al., 2000). Before the measurement the protein was
denaturated with 8 M urea at room temperature for one hour to expose the buried cysteine sidechains. Then, 100 mM sodium phosphate buffer (pH 8.0) containing 1 mM diethylenetriaminepenta
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acetic acid (300 µL) was added to the mixture. ABD-F thiol probe (10 µL in 10 mM stock solution
in buffer) was added to the protein solution, mixed by vortexing, and incubated in a 60 °C water
bath for 20 min. Derivatized cysteine was measured by using excitation wavelength at 365 nm and
emission at 492 nm. Concentrations were expressed relative to day 0 for tryptophan and cysteine
concentrations, because small differences in their concentrations occurred in the different
emulsions.

4.4 Analyses of lipid oxidation products
4.4.1 Lipid hydroperoxides (V)

Primary lipid oxidation products, lipid hydroperoxides, were determined according to method from
Nuchi et al. (2001). Emulsion samples of 0.3 mL were mixed with 1.5 mL isooctane/2-propanol
(3:1, v/v) by vortexing (10 s, 3 times) and isolating of the organic solvent phase by centrifugation at
1000g for 2 min. The organic solvent phase (100 µL) was added to 2.8 mL of methanol/1-butanol
(2:1, v/v) followed by addition of thiocyanate/ferrous solution (30 µL) [prepared by mixing equal
volumes of 0.132 M BaCl2 with 0.144 M FeSO4, centrifuging, and mixing equal volumes of the
clear ferrous solution with 3.970 M ammonium thiocyanate]. The absorbance of the solution was
measured 20 min after the addition of the iron at 510 nm using a Genesys 20 spectrophotometer
(ThermoSpectronic, Waltham, MA, USA). Hydroperoxide concentrations were quantified by using
a standard curve made from cumene hydroperoxide (80%). Cumene hydroperoxide was used as a
standard because it is relatively stable organic peroxide and commercially available. Though
linoleic acid hydroperoxide could be used as a standard and obtained relatively easily by treatment
with lipoxygenase, cumene hydroperoxide is more convienient to use because of its greater
stability.

4.4.2 Volatile aldehydes (I, II, V)

Lipid oxidation was followed by measuring the formation of volatile aldehydes: hexanal (I, II, V),
pentanal (II) and propanal (II) by headspace gas chromatography. Sample (2 g of meat in studies III, 1 mL of emulsion in study V) was put in a headspace vial. Formation of volatile aldehydes were
measured in study I-II by using a static-headspace gas chromatography (Autosystem XL gas
chromatograph, Perkin-Elmer, Waltham, MA, USA) equipped with capillary column (Nordibond
NB-54, 25 m, 0.32 mm, HNU-Nordion Ltd., Helsinki, Finland), and a flame ionization detector.
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Samples were injected with an automatic sampler (Perkin Elmer HS 40XL, Waltham, MA, USA),
and sample vials were thermostated for 20 min at 80 °C. Oven temperature was held constant at 60
°C.

In study V, the formation of hexanal was measured by using a GC-17A Shimadzu gas
chromatography equipped with an AOC-5000 Autosampler (Shimadzu, Kyoto, Japan), and a flame
ionization detector (at 250 °C). A 30 m x 0.32 mm Equity DB-1 column (Supelco, Bellafonte, PA,
USA) with a 1 µm film thickness was used for chromatographic separations. Samples were
thermostated at 55 °C in the autosampler heating block for 13 min. A 50/30 µm
DVB/Carboxen/PDMS solid-phase microextraction (SPME fiber needle, Supelco, Bellafonte, PA,
USA) was injected into the sample vial for 1 min to absorb volatiles and then analytes were injected
into the 250 °C injector port for 3 min. The gas chromatographic run was 10 min at 65 °C for each
sample. Hexanal concentrations were determined from peak areas using a standard curve made
from hexanal (I, II, V).

The inhibitions of plant phenolics (I, II) against formation of different aldehydes was calculated
after 6 days of incubation using equation: (A0−A1)/A0×100, where A0 is the area of aldehyde in
control sample and A1 is the area of aldehyde in tested sample. The inhibitions were expressed as
percentages.

4.5 Determination of stability of anthocyanins in oil-in-water emulsion (V)
The concentrations of black currant anthocyanins were quantitatively determined by the absorbance
of black currant anthocyanin – containing emulsions. Periodically (0, 0.5, 1, 2, 3, 6, 8, 17, and 24
days), 7 mL sample volumes were placed in open glass fluorometer cells (20 × 10 mm) and
measured using a Shimadzu UV-2101 PC UV–vis Scanning Spectrophotometer equipped with an
ISR-Integrating Sphere Assembly (Shimadzu, Kyoto, Japan) at 520 nm. Integrating sphere is used
for measurements of the total reflectance or transmittance from diffuse or scattering materials. The
measurements are almost always performed spectrally, as a function of wavelength. Black currant
anthocyanin content was determined using a standard curve created using various concentrations of
corn oil-in-water emulsions with and without added black currant anthocyanins. In addition, the
concentration of 20 µM black currant anthocyanins in sodium phosphate buffer (pH 7.0) was
measured by using a Ultrospec 3000 pro spectrophotometer equipped with thermostated cuvette
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holder (Biochrom Ltd., Cambridge, Great-Britain) at 520 nm with temperature set at 55 °C. The
concentrations were calculated by using a standard curve made of black currant anthocyanins.

4.6 Statistical analysis (I-V)
In studies I-V analyses were performed at least once in triplicate. Differences between results were
analysed by multivariance (ANOVA) analysys using Statgraphics Plus (I-III) software (STCC Inc.,
Rockville, MD, USA). Duncan’s multiple range tests (IV-V) and t-tests (IV) were performed using
SAS® 9.1 (SAS Institute Inc., Cary, NC, USA).
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5. RESULTS
This section summarizes the results presented in studies I-V.

5.1 Tryptophan oxidation in different models (III, IV)
Oxidation of tryptophan was investigated in two different model systems: with H2O2 (III),
and with hexanal/FeCl2 (IV). Tryptophan oxidized with H2O2 was degraded by 50% after 6
hours of oxidation (III: Table 4), and tryptophan oxidized with hexanal/FeCl2 was degraded
by 77% after 6 days of oxidation (IV: Figure 2). In both H2O2 and hexanal/FeCl2 modified
tryptophan the following oxidation products were formed: β-oxindolylalanine, Nformylkynurenine, kynurenine, 5-hydroxy-tryptophan, dioxindolylalanine A/B (i.e. the
diastereomers), and 3a-hydroxypyrroloindole-2-carboxylic acid B (III, IV). However,
formation of oxidation products such as tryptamine and 3a-hydroxypyrroloindole-2carboxylic acid A were only detected in H2O2 oxidized tryptophan (III: Table 3). In both
studies (III, IV) only ∼ 20% of the oxidation products could be elucidated by HPLC
determination.

The oxidation kinetics of hexanal/FeCl2 modified tryptophan was followed in more detail
(0.1, 2, 6 and 8 days) (IV). In study IV, the amount of primary oxidation product, 3ahydroxypyrroloindole-2-carboxylic acid B, reached a plateau already after two days of
oxidation, whereas the amount of dioxindolylalanine A/B, 5-hydroxy-tryptophan, kynurenine
and N-formylkynurenine increased during the oxidation period. However, the amount of βoxindolylalanine began to decrease after second day of oxidation, and continued decreasing
over the entire study period.

5.1.1 Analysis method of tryptophan oxidation products (III, IV)

Tryptophan and its oxidation products were detected by two different HPLC-UV-FL methods
as described in studies III and IV. In study III the HPLC method was modified from a
method outlined by Simat and Steinhart (1998). In order to improve the quality of the
separation of the oxidation products, a new HPLC method was developed (IV). Tryptophan
oxidation products such as kynurenic acid, 3-hydroxy-kynurenine, 3a-hydroxypyrroloindole-
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2-carboxylic acid A/B, dioxindolylalanine A/B, N-formylkynurenine, kynurenine, and βoxindolylalanine were detectable by the UV –detector, and 3a-hydroxypyrroloindole-2carboxylic acid A, 5-hydroxy-tryptophan, and tryptamine were detectable by the FL –
detector. Tryptophan itself could be detected with both UV and FL – detectors.

Separation of tryptophan and its oxidation products was achieved within 16 min (III) or 13
min (IV) by using the selected columns and other parameters such as temperature and flow
rate. The best separation between tryptophan as well as tryptophan oxidation products of
dioxindolylalanine

A/B,

3a-hydroxypyrroloindole-2-carboxylic

acid

B,

5-hydroxy-

tryptophan, kynurenine, N-formylkynurenine, β-oxindolylalanine A/B was achieved by using
a gradient of 0.1% TFA and acetonitrile (IV: Figure 1). Dioxindolylalanine and 3ahydroxypyrroloindole-2-carboxylic acid each gave two peaks and β-oxindolylalanine a
double peak (III) or two peaks (IV), referring to their diastereomers. Some peaks remained
unidentified. The identification of tryptophan and its oxidation products were confirmed by
their UV spectra (III: Figure 4; IV).

The developed HPLC method was validated (IV). In general, the chromatographic separation
was good; the resolution value Rs ≥ 1.5 and capacity factor k’ ≥ 1.0 were obtained for all
compounds studied in this work, including also the standard compounds. The relative
retention (α) was between 1.1 and 1.5 for all compounds. It was best for dioxindolylalanine B
and kynurenic acid (i.e. 1.5). For tryptophan it was 1.4 and the most critical (i.e. 1.1) for Nformylkynurenine, tryptamine and 3a-hydroxypyrroloindole-2-carboxylic acid B. Number of
theoretical plates (N) obtained for all compounds was > 2000: 3900 (3-hydroxy-kynurenine),
4100 (dioxindolylalanine A), 4300 (kynurenic acid), 5800 (dioxindolylalanine B), 7400 (3ahydroxypyrroloindole-2-carboxylic acid B), 11000 (kynurenine), 17000 (N-formylkynurenine
and β-oxindolylalanine), 17400 (5-hydroxy-tryptophan), 44000 (tryptamine), and 46000
(tryptophan). Repeatability (intra-day precision) of the method was good for tryptophan (CV
6.4%, n=17), kynurenine (CV 5.7%, n=17) and 5-hydroxy-tryptophan (CV 9.8%, n=16). In
addition, inter-day precision was excellent for tryptophan (CV 6.3%, n=23) and kynurenine
(CV 6.9%, n=23), and the most critical for 5-hydroxy-tryptophan (14.5%, n=21).
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5.2 Impact of plant phenolics on oxidation of tryptophan (III, IV)
Different plant phenolics affected the oxidation or tryptophan either by acting as antioxidants
or as prooxidants (III, IV). The antioxidant activity toward oxidation of tryptophan was
dependent on the oxidation model applied. In addition, the content of phenolic compounds
varied among different plant materials (Table 6).

5.2.1 Effects of phenolics from oilseed byproducts on tryptophan oxidation

Camelina meal phenolics exhibited the best inhibitions (50-52%) among the plant phenolics
against loss of tryptophan oxidized by hexanal/FeCl2 (Figure 14) (IV). In study III in the
H2O2 catalyzed oxidation of tryptophan, camelina meal phenolics were shown to inhibit the
loss of tryptophan only by 6-32%, where camelina meal phenolics at concentration level of
10 µM were the most potent (III: Table 4). Thus camelina meal phenolics revealed a more
pronounced effect in inhibiting the hexanal/FeCl2 induced tryptophan oxidation than H2O2
induced oxidation of tryptophan. The camelina meal phenolics comprise of flavonols,
hydroxycinnamic acids and flavanols (Table 6).

Camelina

meal

phenolics

showed

excellent

i.e.

over

95%

inhibitions

towards

dioxindolylalanine A and β-oxindolylalanine, and good i.e. over 80% inhibitions toward Nformylkynurenine

and

kynurenine.

Moderate

inhibitions

over

50%

towards

dioxindolylalanine B and 5-hydroxy-tryptophan in hexanal/FeCl2 modified tryptophan were
obtained (IV: Table 3). In H2O2 oxidized tryptophan, camelina meal phenolics exhibited over
95% inhibitions toward formation of tryptamine and dioxindolylalanine B, over 80% toward
N-formylkynurenine, kynurenine, and over 50% toward β-oxindolylalanine (III: Table 5).

Rapeseed meal phenolics at 50 and 100 µM showed 25-34% inhibitions toward degradation
(i.e. loss) of tryptophan in hexanal/FeCl2 - oxidized tryptophan (IV: Table 2). Similarly to the
effect of camelina meal phenolics, the effect of rapeseed meal phenolics in inhibiting
tryptophan loss was more pronounced in hexanal/FeCl2 modified tryptophan than to that of
tryptophan oxidized with H2O2 (8-23%) (III: Table 4). Rapeseed meal phenolics provided
protection toward tryptophan oxidation products such as tryptamine (≥ 95%, III), βoxindolylalanine (≥ 95% in IV; ≥ 50% in III), kynurenine, N-formylkynurenine and
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dioxindolylalanine B (70-80% in III; 20-50% in IV) and dioxindolylalanine A (16-55% in
III; 30-50% in IV) (III: Table 5, IV: Table 4). The rate of oxidation was dependent on the
concentration level of applied rapeseed phenolics in both oxidation models: By increasing the
concentration of the rapeseed meal, the inhibitions were more pronounced toward tryptophan
loss and oxidation compounds (Figure 14) (III, IV). Rapeseed meal phenolics comprised
mainly of hydroxycinnamic acids and derivatives (III: Table 2). The main compounds
dominating were sinapine and sinapic acid (Table 6).

Soy phenolics exhibited weak inhibitions toward tryptophan loss (26% in IV, 7-18% in III).
Figure 14 shows the differences in inhibitions of tryptophan losses with soy meal and soy
flour phenolics. Soy meal phenolics were potent in inhibiting the formation of oxidation
products such as tryptamine (≥ 95%, III), β-oxindolylanine (≥ 95% in III; 100% in IV),
dioxindolylalanine B (≥ 95% in III; 33% in IV), N-formylkynurenine (63-73% III; 81% in
IV) and kynurenine (60-100% in III; 77% in IV). The soy meal and soy flour consisted
flavanols (Table 6).

Pine bark phenolics protected from the loss of tryptophan in both hexanal/FeCl2 - (IV) and
H2O2 -oxidized (III) tryptophan. The effect of pine bark phenolics were more pronounced in
tryptophan oxidized by H2O2 than in tryptophan oxidized by hexanal/FeCl2 (Figure 14). Pine
bark phenolics were able to inhibit the formation of secondary tryptophan oxidation products
and/or inhibiting the further oxidation of primary oxidation products of tryptophan (III, IV).
The main phenolics in the pine bark extract were comprised of flavanols (Table 6) with
catechins dominating (I: Table 1).
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Figure 14. Inhibition of tryptophan degradation (i.e. loss) (%) with plant phenolics in H2O2 –
oxidized tryptophan (dark blue) (III) and in hexanal/FeCl2 – oxidized tryptophan (light blue)
(IV). Data points represent means (n = 3) ± standard deviations. Note. Soy meal phenolics at
100 µM and soy flour phenolics at 50 and 100 µM were only employed in the presence of H2O2 in
study III.

5.2.2 Effects of berry phenolics on tryptophan oxidation
Berry phenolics were more potent in inhibiting the oxidation of tryptophan in H2O2 modified
tryptophan than in hexanal/FeCl2 modified tryptophan. Black currant anthocyanins followed
by cranberry proanthocyanidins exhibited the best inhibition (42% and 33%, respectively)
among plant phenolics against tryptophan loss in H2O2 oxizided tryptophan (III: Table 4). In
hexanal/FeCl2 modified tryptophan, however, black currant anthocyanins slightly increased
the degradation of tryptophan (IV: Table 2). Raspberry ellagitannins provided only a very
modest (11-17%) protection against oxidation of tryptophan by H2O2 (Figure 15). In
contrast, raspberry ellagitannins showed weak prooxidant activities in hexanal/FeCl2 oxidized
tryptophan (Figure 15). Other berry phenolics such as raspberry anthocyanins and
rowanberry extract at all concentrations were not able to inhibit tryptophan loss.
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Although most of the berry phenolics were not very effective in inhibiting the degradation of
tryptophan i.e. tryptophan loss, the formation of tryptophan oxidation products was inhibited.
All the berry phenolics were able to inhibit almost totally tryptamine indicating that the
alanyl moiety oxidized products derived from tryptophan were highly affected by them (III).
Black currant and raspberry anthocyanins, raspberry ellagitannins and cranberry
proanthocyanidins showed antioxidant activity toward the formations of both primary and
secondary tryptophan oxidation products in H2O2 oxidized tryptophan (III: Table 5), whereas
in hexanal/FeCl2 oxidized tryptophan, only the formation of β-oxindolylalanine and Nformylkynurenine were inhibited (IV: Table 3). Cranberry proanthocyanidins were also able
to inhibit the formation of tryptophan-derived oxidation products (III). Rowanberry
phenolics in tryptophan modified by hexanal/FeCl2 were good at inhibiting only formation of
β-oxindolylalanine (IV).

Figure 15. Inhibition of tryptophan degradation (%) with berry phenolics in H2O2 – oxidized
tryptophan (dark blue) (III), and in hexanal/FeCl2 – oxidized tryptophan (light blue) (IV).
Data points represent means (n = 3) ± standard deviations. Raspberry ellagitannin isolate
concentrations at 50 µM and 100 µM correspond to 58 and 115 µM, respectively. Negative
values indicate prooxidant activity. BC as = black currant anthocyanins, Rasp as = raspberry
anthocyanins, Rasp et = raspberry ellagitannins.
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5.3 Effect of plant phenolics on the oxidation reactions in meat (I, II)
Plant materials rich in phenolic compounds were effective in inhibiting both protein and lipid
oxidation reactions in meat (I, II). The concentration levels of phenolics from different
rapeseed meal extracts exhibiting antioxidant activity of ≥ 80% (I: Figure 2) were selected for
further experiments to study protein oxidation. Rapeseed meal extracts were able to inhibit
the formation of protein carbonyls by 40-72% (I: Table 2). The amount of rapeseed and pine
bark phenolics present in the samples varied between 1.3 mg and 8.1 mg (I: Table 2). The
antioxidant activity increased with increasing concentration of phenolic compounds present
in the samples. For example, the enzyme-assisted extract with Ultraflo L of rapeseed meal,
with concentrations of 3.5 mg and 6.9 mg of total phenolics present, showed inhibitions of
47% and 90% toward formation of hexanal, respectively.

In addition to rapeseed meal, other byproducts of deoiling processes such as camelina meal,
soy meal and flour were investigated in meat model at different concentration levels (II). A
commercial supercritical CO2 extract from rosemary (Rosmarinus officinalis) was used as a
reference material alone and in combination with the other dry plant materials. Rapeseed and
camelina meal were the most effective antioxidants in inhibiting the formation of protein
carbonyls and hexanal (II: Table 1). In comparison to the antioxidant activity of rapeseed and
camelina meal, soy meal and flour were only effective in inhibiting the protein and lipid
oxidation in combination with the rosemary extract (II: Table 1). The antioxidant effect of all
the phenolics toward protein and lipid oxidation was more pronounced with increasing
concentration of plant material present (II: Table 1).

5.4 Effect of berry phenolics in oil-in-water emulsions (V)
Berry phenolics such as black currant anthocyanins and raspberry ellagitannins provided
moderate protection toward both lipid and protein oxidation reactions in oil-in-water
emulsions with and without continuous phase β-lactoglobulin. The berry phenolics were
more effective in inhibiting the formation of hexanal (the secondary oxidation product) than
lipid hydroperoxides (the primary oxidation products) (Figure 16). The black currant
anthocyanins and raspberry ellagitannins alone (at 20 and 50 µM) were able to inhibit the
lipid hydroperoxides by 31-50% and 34-49%, respectively, whereas with combination with
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the aqueous phase β-lactoglobulin, the inhibitions were 29-39% and 38-44%, respectively.
The antioxidant activity toward hexanal formation was 26-89% in the presence of black
currant anthocyanins and 34-95% in the presence of raspberry ellagitannins alone at
concentration levels of 20 and 50 µM. However, when β-lactoglobulin was present with the
berry phenolics the antioxidant effects were more pronounced toward formation of hexanal.
In the presence of aqueous phase β-lactoglobulin, black currant anthocyanins and raspberry
ellagitannins (at 20 and 50 µM) exhibited antioxidant activities of 56-96% and 94-97%,
respectively.

Figure 16. Antioxidant activity of raspberry ellagitannins and black currant anthocyanins in
5% corn oil-in-water emulsion (pH 7.0) with and without continuos phase β-lactoglobulin
(0.5 mg/g oil) toward lipid hydroperoxides (light blue) and hexanal (dark blue) after 24 days
of oxidation at 55 °C in the dark (V). Data points represent means (n = 3) ± standard
deviations. Negative values indicate prooxidant activity. B-Lg = β-lactoglobulin, et =
ellagitannins, BC as = black currant anthocyanins.
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The loss of amino acid side-chains of continuous phase β-lactoglobulin in oil-in-water
emulsions was monitored during oxidation. Berry phenolics inhibited the loss of tryptophan
fluorescence after the first day of oxidation by 32-38% compared to the control (V: Table 5).
Only raspberry ellagitannins at 50 µM continued to inhibit the loss of tryptophan
fluorescence by 10% after the second day of oxidation. Berry phenolics were more active in
inhibiting the loss of cysteine side-chains compared to the tryptophan side-chains (V:Table
6). They provided protection toward the loss of cysteine fluorescence at days 1, 2, 3, and 6
during the oxidation by 20-27%, 32-45%, 24-40%, and 0-24%, respectively. The results
showed that the amino acid side-chains were oxidized prior propagation of lipid oxidation.

5.4.3 Stability of anthocyanins in oil-in-water emulsion

The black currant anthocyanins in emulsion samples were predominantly degraded within the
first 12 hours (V: Figure 8). There were no differences between the emulsion samples with
and without β-lactoglobulin. After 12 h of oxidation approximately 30% of 20 µM black
currant, and 38% of 50 µM black currant isolate were left. After 24 days, there was still about
25% left of the 20 µM black currant isolate compared to 19% of the 50 µM black currant. In
addition, to study if the rate of the anthocyanin loss was different in aqueous solution (sodium
phosphate buffer, pH 7.0) compared with anthocyanins incorporated in an emulsion, the
stability of black currant anthocyanins at 20 µM was tested during the 24 h of storage as
shown in (V: Figure 9). It was observed that the concentration of anthocyanins decreased
rapidly in both oil-in-water emulsion and in buffer solution with degradation being faster in
the aqueous solution.
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6. DISCUSSION
6.1 Oxidation of tryptophan
Tryptophan losses were shown to be more pronounced when oxidized with hexanal/FeCl2
(IV) compared to H2O2 (III). In a previous study, tryptophan losses after 6 h of oxidation
with H2O2 were reported to be 18-68% depending on the reaction conditions used (Simat et
al., 1998). Simat and Steinhart (1998) also observed that the amount of tryptophan
degradation products formed (13%) with 68% degradation of tryptophan was similar to our
results with 50% of tryptophan degradation (11%). The major experimental differences were
the temperature and pH used; instead of temperature 40 °C and pH of 8.3, temperature of 37
°C and pH 6.3 were used in our study. Therefore, the oxidation of tryptophan depends on the
oxidative conditions such as incubation time, the amount and type of oxidants, and
temperature (Friedman et al., 1988; Simat et al., 1998). The formation of individual
tryptophan oxidation products by both hexanal/FeCl2 and H2O2 followed a similar pattern as
in reported earlier (Simat et al., 1998), However, the formation of tryptamine and 3ahydroxypyrroloindole-2-carboxylic acid A were only detected in tryptophan oxidized with
H2O2. Tryptophan oxidation products (3a-hydroxypyrroloindole-2-carboxylic acid A, βoxindolylalanine, dioxindolylalanine, kynurenine, and 5-hydroxy-tryptophan) can be even
more susceptible to oxidation than tryptophan is itself, and thus yield even more kynurenine,
N-formylkynurenine, and dioxindolylalanine (Itakura et al., 1994; Simat et al., 1998).

The results (III, IV) show that the measured oxidation products explained only 10-20% of
tryptophan loss. These results were in accordance with the results of Simat and Steinhart
(1998) who observed that only ∼20% of the total tryptophan loss could be elucidated by the
determined degradation compounds. Therefore, it still remains unclear to what other
compounds tryptophan is degraded into. The appearance of less polar UV-active and
fluorescent compounds was detected after tryptophan was eluted. However, formation of
putative tryptophan aggregation was not investigated in these studies as described by
Dominques et al. (2003). They reported crosslinking of two tryptophan radicals forming a
dimer, and monohydroxy-dimer due to crosslinking between tryptophan and hydroxytryptophan or due to the hydroxylation of the tryptophan dimer, and other new adducts
resulting from reaction of tryptophan and oxidized tryptophan and 3-methyl indole
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derivatives. Intra- and intermolecular crosslinks have been shown to form in aldehyde
modified proteins (Schaich, 2008). It has been reported that trans-2-hexenal and hexanal had
an effect on covalent binding leading to aggregation, and formation of fluorescent
compounds in whey proteins and sodium caseinate (Meynier et al., 2004). Dalsgaard et al.
(2007) reported polymerization of milk proteins such as α- and β-casein, and lactoferrin upon
photo-oxidation. However, the reaction mechanisms for polymerization in α- and β-casein
were not substantiated. In lactoferrin (contains cysteine) disulfide bonds were responsible for
polymer formation. Therefore, secondary tryptophan oxidation products are not necessarily
final products of the tryptophan oxidation process. Some of these products can either suffer
further oxidations or react with other components to produce new compounds. In conclusion,
the results show that tryptophan is extensively oxidized in the presence of both H2O2 and
hexanal/FeCl2 which leads to formation of various primary and secondary tryptophan derived
oxidation products. Based on our results and literature, the employed procedure of observing
only ∼20% of the total tryptophan derived oxidation products is consistent when based on the
determined oxidation products. However, more basic research is needed to investigate the
still unkown compounds formed during tryptophan oxidation.

The oxidation system of empoying hexanal and FeCl2 (IV) is not a very common one. This
oxidation system of hexanal as the reactive lipid oxidation product was chosen because
hexanal is a major contributor to oxidation reactions and commonly used as a marker of food
quality. Iron (FeCl2) was chosen to the model because it is ubiquitous in food ingredients and
biological tissues and an important pro-oxidant (McClements et al., 2000). The effect of
hexanal and iron (FeCl2) has been previously investigated only in an aqueous
glucose/phenylalanine model system (Fallico et al., 1999). This study showed that an addition
of whether hexanal, iron or hexanal/iron equally inhibited the formation of coloured
compounds.

However,

the

formation

of

a

thermal

decomposition

product,

5-

hydroxymethylfurfural, was more pronounced in the presence of hexanal/iron than hexanal or
iron alone. Different mechanism routes were proposed to be involved when hexanal is added
to the glucose/phenylalanine system: a) reaction between phenylalanine and hexanal can form
a Schiff base, b) addition of hexanal can prevent the reaction of dicarbonyl compounds with
an amino group which would lead to formation of heterocyclic compounds and Strecker
degradation products; instead the formation of 5-hydroxymethylfurfural is favored, c)
hexanal can react with the Strecker aldehyde (phenylacetaldehyde) and prevent its
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condensation with 5-hydroxymethylfurfural (Fallico et al., 1999). Other studies on the effects
of hexanal on protein oxidation have been done in few studies. Ishino et al. (2008) suggested
that saturated aldehydes such as hexanal, in combination with H2O2 or to a lesser extent alkyl
hydroperoxides, can mediate covalent modification of proteins by binding to the lysine sidechains and thus forming Nε-hexanoyllysine via a Baeyer-Villiger-like reaction mechanism
(peroxide addition to the aldehyde Schiff base). Hexanal has been shown to react with
tryptophan, both in model systems and in protease-digested soybeans (Arai et al., 1971), to
give condensation product involving a crosslink between two tryptophan molecules (Kaneko
et al., 1989). Exposure to hexanal can modify also ε-amino groups of lysine side-chains of
proteins into alkyl-substituted pyridinium betaine (Kato et al., 1986). In addition, hexanal has
been shown to modify lysozyme (Tashiro et al., 1985; Kato et al., 1986), BSA, chicken serum
albumin (Smith et al., 1999), whey proteins, sodium caseinate (Meynier et al., 2004) as well
as soy glycinin and β-conglycinin (O'Keefe et al., 1991). In conclusion, the research of the
effects of hexanal and iron on protein oxidation is still scarce, and more studies are needed.
This study (IV) only focused on the effects of both hexanal and iron, however, their effects
should also be investigated separately in the future studies.

6.1.1 Evaluation of the validated HPLC method

The developed HPLC method was shown to be selective and fast enough to be able to study
oxidation products of tryptophan. There were no significant differences (p<0.05) between
inter-day precision and repeatability for each reference compound (tryptophan, kynurenine,
and 5-hydroxy-tryptophan). Values of precision were below 15% of the CV. This indicates
that the oxidation experiments were repeatable. The biggest challenge was identification and
quantification of tryptophan oxidation products that were not commercially available.
Therefore, identification of those compounds was based on UV spectra found in literature
(Simat et al., 1996). In addition, kynurenine as external standard was used for quantification
of these oxidation products. It can be concluded that the method was consistent for detection
of main primary and secondary tryptophan oxidation products. However, once proceeding to
identification of the still unknown tryptophan oxidation products, it could be useful to
combine the method with MS, NMR (nuclear magnetic resonance) as well as FTIR (Fourier
transform infraded spectroscopy) techniques.
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6.2 Effects of antioxidative plant phenolics on oxidation of tryptophan (III,
IV)
6.2.1 Tryptophan oxidation in the presence of oilseed byproducts

Camelina, rapeseed and soy meal phenolics revealed a more pronounced effect in inhibiting
the hexanal/FeCl2 induced tryptophan oxidation (IV) than H2O2 induced oxidation of
tryptophan (III). In general, since tryptophan was less oxidized in the presence of camelina
meal, rapeseed meal, and soy phenolics in both studies (III, IV), the formation of tryptophan
oxidation products was delayed, which consequently resulted in more pronounced inhibitions
toward primary and secondary oxidation products. In contrast, pine bark phenolics were more
effective antioxidants in H2O2 oxidized (III) tryptophan than when oxidized with
hexanal/FeCl2 (IV). Therefore, also the ability of pine bark phenolics in hexanal/FeCl2 model
to inhibit the formation of tryptophan derived oxidation products was weakened.

The camelina meal phenolics comprise of flavonols, hydroxycinnamic acids and flavanols,
which presumably have a synergistic effect. For example, in study IV the antioxidant activity
of the principal reference compounds in camelina meal such as sinapic acid and catechin
toward loss of tryptophan was weaker than that of the camelina meal extract. In addition,
quercetin and chlorogenic acid showed either no effect or prooxidant activity toward
tryptophan loss. However, in study III, it was shown that individual reference compounds
such as catechin, quercetin, sinapic acid and chlorogenic acid at different concentration levels
were able to inhibit the oxidation of tryptophan with similar or even better activities than the
extracts themselves. According to study II, quercetin contributed to the antioxidant effect of
camelina meal. As rapeseed meal contained sinapine as the main component, it may also be
the effective form contributing to antioxidant activity. This would be in accordance with
studies I and II, where rapeseed phenolics inhibited both protein and lipid oxidation in
cooked pork meat patties. Rapeseed phenolics have been reported to show moderate radical
scavenging activity (DPPH test) and inhibit oxidation of liposomes (Vuorela et al., 2005a).
Flavanols and isoflavones are the most important phenolic compounds present in soy. The
effect of individual isoflavones such as genistein and daidzein on tryptophan oxidation was
more pronounced in H2O2 oxidized tryptophan than in hexanal/FeCl2 model. This data shows
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that the antioxidant activity of individual phenolic compounds and oilseed byproducts toward
oxidation tryptophan is dependent on the oxidant present.

The comparison between the total phenolic content measured by Folin-Ciocalteau method
and the total amount of specific phenolic groups or phenolic compounds measured by HPLC
methods showed that there are differences between the methods (Table 6). It is known that
Folin-Ciocalteau method reacts strongly with all reducing hydroxyl groups present not only
in phenolic compounds but also in some proteins and sugars (Singleton and Rossi, 1965).
These other highly reactive compounds include tertiary aliphatic amines, primary, secondary,
and tertiary aromatic amines, tryptophan, hydroxylamine, hydrazine, certain purines, and
other miscellaneous organic and inorganic reducing agents (Ikawa, 2003). Therefore, this
procedure usually leads to an overestimation of the total polyphenolic content. Therefore, the
separation and identification carried out by HPLC methods gives a more specific data on
phenolic groups and phenolic compounds. The results also showed that there were variations
between the phenolic compositions among similar extracts used in different studies (Table
6). This is due to that the materials used in different studies originated from different batches.
Therefore, the variations in composition (phenolics, protein, lipids) are most likely due to
environmental factors such as light, temperature and humidity as well as genetics of the plant.
It can be concluded that the results of phenolic profiles obtained by HPLC methods give a
more accurate and reliable data on the phenolic compositions compared to total phenolic
content obtained by Folin-Ciocalteau procedure. In addition, the processing (extraction)
methods have a great impact on the phenolic composition as have been described in other
studies (Matthaus, 2002; Vuorela et al., 2003; 2004).

Pine bark phenolics consist mainly of flavanols (~80 µg/g) with catechin dominating. In
study IV, catechin at 100 µM was able to inhibit tryptophan loss by 10%, whereas taxifolin,
another phenolic compound reported in pine bark, showed either no effect or weak
prooxidant activity. However, in study III when tryptophan was oxidized by H2O2, catechin
and taxifolin protected tryptophan from oxidation. Flavonols (e.g. quercetin) and flavanones
(e.g. taxifolin) have been shown to have higher metal-initiated prooxidant activity (Cao et al.,
1997). This may explain why reference compounds quercetin and taxifolin as such exhibited
prooxidant or no effect toward loss of tryptophan when iron was added to the model (IV).
Based on this data, pine bark phenolics showed either antioxidant or prooxidant effects
toward tryptophan oxidation depending on the oxidant.
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In conclusion, for the first time camelina, rapeseed and soy meal as well as pine bark rich in
diverse phenolics were shown to be potential antioxidant towards oxidation of amino acid
tryptophan. However, as the results showed, this is highly dependent on the oxidant used in
the model. As the data showed, the pure phenolic compounds used as reference compounds
did not explicate the exact activity of certain plant extract. It can be hypothized that the
network of phytochemicals is essential for the activity of plant materials, particularly when
considering that a plant antioxidant may become a pro-oxidant if suitable and sufficient coantioxidants are missing. Most of the active antioxidants are likely to be pro-oxidants when
they lie beyond the optimum. In addition, the antioxidant activity of certain compound(s)
contributing to activity is difficult to demonstrate since there may also be synergistic effects
between the different phenolics present in the extracts.

6.2.2 Tryptophan oxidation in the presence of berry phenolics

Black currant anthocyanins showed the best protection toward tryptophan loss when oxidized
with H2O2 (III). In contrast, when oxidized with hexanal/FeCl2, black currant was not able to
inhibit the oxidation of tryptophan. In addition, raspberry anthocyanins were not effective in
either model (III, IV). Rowanberry phenolics were not able to inhibit the oxidation of
tryptophan (IV). Berry phenolics that were not able to protect tryptophan from oxidation
yielded also more oxidation products regardless of the oxidant used. Black currant contains
four major anthocyanins: the 3-glucosides and 3-rutinosides of cyanidin (7 and 38%) and
delphinidin (16 and 39%), whereas raspberry consists mainly of the 3-sophorisides (59%), 3glucosides (16%), and 3-glucosylrutinosides (16%) of cyanidin with minor amounts of
pelargonidin (4%) with different 3-glucosyl substituents (Viljanen et al., 2005b). Cyanidin-3glucoside and delphinidin-3-glucoside were able to inhibit the tryptophan loss by 30% (III).
Effects of cyanidin-3-glucoside and delphinidin-3-glucoside (although with less effect)
showed a consistency in the pattern of oxidation products formed with black currant and
raspberry anthocyanins (III). Therefore, according to these results, it seems that cyanidinand delphinidin-3-glucosides present are the main compounds responsible for the antioxidant
activities in black currant isolates. In study IV, however, cyanidin-3-glucoside showed
prooxidant activity toward tryptophan loss.

It has been reported that black currant consists also of procyanidins (43% of total
proanthocyanidins), and prodelphinidins (57%) with low molecular weight (LMW) (1-10
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µg/g) and insoluble high molecular weight (HMW) (100 µg/g) proanthocyanidins, which may
also contribute to the antioxidant activity (Ferreira et al., 2006). Prodelphinidins in the form
of trimeric gallocatechins (Ferreira et al., 2006) and flavan-3-ols such as catechin (8 µg/g)
and epicatechin (11 µg/g) have been identified from black currant (Määtta-Riihinen et al.,
2004a). This suggests that the amount of 3.7% of flavanols in black currant isolate may also
affect the oxidation of tryptophan, which is in accordance with the results that catechin as a
reference compound inhibited the tryptophan oxidation (III, IV).

It has been shown that 3-glucosides and 3-rutinosides of cyanidin and dephinidin can act as
lipid and protein antioxidants in liposomes and oil-in-water emulsions (Viljanen et al., 2004a;
2005b). In addition, black currant and raspberry anthocyanin isolates have been shown to
inhibit protein and lipid oxidation in liposomes (Viljanen et al., 2004b). In another study,
black currant anthocyanins were reported to be better antioxidants toward protein and lipid
oxidation in oil-in-water emulsions than raspberry anthocyanins (Viljanen et al., 2005b). The
antioxidant properties of flavonoids are mainly due to the 3′, 4′-dihydroxy group located on
the B ring, the 3-hydroxy or 5-hydroxy and the 4-carbonyl groups in the C-ring (Fernandez et
al., 2002). In addition, the antioxidant activity increases with the number of hydroxyl groups
in rings A and B. The inability to protect tryptophan from oxidation may be due to that
anthocyanins have a very low oxidation potential (spontaneous oxidation) which renders
them into either pro-oxidants by redox-cycling, or good antioxidants depending on the
reaction conditions (Van Acker et al., 1996).

Raspberry ellagitannins showed a weak antioxidant activity toward tryptophan oxidation
when oxidized with H2O2 (III), but a prooxidant activity when oxidized with hexanal/FeCl2
(IV). The main compounds in ellagitannin fraction consist of mixture of monomers (MW 936
g/mol), dimers (sanguiin H6), trimers (lambertianin C), and polymers (Kähkönen et al.,
unpublished results). Raspberry is reported to contain minor amounts of flavonols such as 3glucosides and 3-glucuronides of quercetin (Määtta-Riihinen et al., 2004b), which was in
accordance with our results (III, IV). Ellagic acid and raspberry ellagitannins have been
attributed with antioxidative properties (Vuorela et al., 2005a). Ellagic acid with increasing
concentration exhibited the best activity against oxidation of tryptophan (III) by decreasing
the tryptophan loss by 50%. Ellagic acid, however, was not able to inhibit tryptophan loss
when oxidized with hexanal/FeCl2 (IV). It is known that the affinities of tannins for binding,
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crosslinking and consequently precipitating proteins are dependent on the structural
flexibility of both the tannin and protein molecule (Deaville et al., 2007). The loss of
conformational freedom of ellagitannins significantly affects their binding capability
(Deaville et al., 2007). In addition, it has been shown that metal ions catalyze the oxidation
and polymerization of the phenolic compounds therefore reducing their available bindingsites (Dangles et al., 2006). It may be concluded that the effects of raspberry ellagitannins and
ellagic acid toward oxidation of tryptophan depends on the oxidant used. The presence of
hexanal/FeCl2 in the tryptophan solution renders both ellagitannins and ellagic acid to act as
prooxidants. Ellagic acid, however, acted as antioxidant when H2O2 is present. In addition,
based on this data as well as knowledge on literature it may be that the ability of ellagic acid
as superior antioxidant compared to ellagitannins may be due to their structural differences,
or perhaps synergistic properties with other compounds.

Functions of cranberry proanthocyanidins were investigated only when tryptophan was
oxidized by H2O2 (III). In this model cranberry proanthocyanidins were among the best
phenolics that inhibited the oxidation of tryptophan. Cranberry procyanidin fractions have
been found to be effective antioxidants when using DPPH test and toward lipid oxidation
inhibiting the oxidation of methyl linoleate emulsion and LDL (Määttä-Riihinen et al., 2005).
Cranberry, blueberry, and grape seed extracts alone and in combinations showed antioxidant
activity assayed by using a DPPH radical inhibition test (Vattem et al., 2005a). In addition,
cranberry juice powder and its synergies with ellagic and rosmarinic acids have been shown
to reduce oxidative stress and mediate antioxidant enzyme responses in porcine muscle tissue
induced by H2O2 oxidation (Vattem et al., 2005b). This data suggests that cranberry
proanthocyanidins are effective in inhibiting the oxidation of tryptophan. In addition,
according to literature the antioxidant activity of cranberries have also been proven in other
oxidation models. Therefore, cranberries could be used in many different food applications to
improve the oxidative stability.

In conclusion, based on the data obtained combinations of antioxidants i.e. extracts of berry
and oilseed phenolics are more effective in preventing oxidative degradation in tryptophan
than single compounds. However, the effectiveness is dependent on the oxidation model used
as was also concluded before. The concentration ratios of different phenolic compounds in
the plant extracts may be critical for their activity. This may explain the differences in
efficacy for camelina and rapeseed meals compared to rowanberry phenolics even though
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they comprised of similar phenolics. In addition, it may be that the concentration levels of the
phenolics used in studies III and IV were not optimal for the antioxidant activity, especially
when the concentrations of the phenolics (10, 50 or 100 µM) were very low compared to the
tryptophan concentration (2 mM). More systematic research is needed to optimize the levels
of phenolics to be the most effective and to further explicate their antioxidant effect toward
protein oxidation by identifying the unknown compounds formed during the oxidation.

The indole i.e. pyrrole moiety of tryptophan is the most likely group to be involved in the
reaction with the phenolic compounds since the oxidation of the indole structure yielding Nformylkynurenine and kynurenine was effectively inhibited by oilseed byproducts in studies
III and IV, and by berry phenolics in study III. This is in accordance with a study (Rawel et
al., 2001) proposing that the semiquinones or quinones of phenolic compounds may react
with the heterocyclic nitrogen-atom of tryptophan. The antioxidant activity of plant phenolics
may be due to the ability of flavonoid semiquinones or quinones in binding directly to
tryptophan, and thereby preventing it from further reactions. Further oxidation of this product
can lead to formation of tryptophan dimers or longer polymers. Another possibility is the
reaction between flavonoid radical and tryptophyl radical. However, flavonoid termination
reactions do not necessary lead to termination of radical scavenging since oxidation products
(dimers or quinones) and their degradation products may still be reactive (Seyoum et al.,
2006). Based on the results, it may be concluded that the most important target for
antioxidant action of plant phenolics was preventing the cleavage of the indole moiety of
tryptophan. Consequently, the overall oxidation of tryptophan was then inhibited. The exact
antioxidant mechanism, however, remains unclear, and needs to be investigated in the future
studies.

6.3 Antioxidant activity of plant phenolics in meat (I, II)
In study I, the different extracts of rapeseed meal (water, ethanolic or enzyme-assisted
extracts) and pine bark showed no statistically significant difference inhibiting the formation
of hexanal or protein carbonyls, even though the different extracts of rapeseed meal had
different amounts of phenolics present. Therefore, the antioxidant effects of the rapeseed
meal extracts may be more dependent on the individual phenolic compounds present in the
extracts than of the amount of total phenolics. In ethanolic extract of rapeseed meal the main
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phenolic compound was sinapine, and in enzymatic extract of rapeseed meal it was sinapic
acid. Therefore, both sinapic acid and sinapine, the choline ester of sinapic acid, contributed
to the antioxidant effect of rapeseed meal extracts. This is accordance with earlier studies
showing the effectiveness of rapeseed phenolics as lipid antioxidants (Vuorela et al., 2004;
2005a). Lipid oxidation has been shown to be the main reason to quality losses in meat and
other muscle foods (Frankel, 1996). Oxidation of meat leads to flavor deterioration,
discolorization, destruction of nutrients, and possible formation of toxic compounds (Kanner,
1994). In study I, the antioxidant effect of rapeseed and pine bark extracts toward lipid
oxidation was also more pronounced than toward protein oxidation. The formation of proteincarbonyl compounds is a secondary sign of protein oxidation due to proteins interacting with
secondary lipid oxidation products (Griessauf et al., 1995; Rampon et al., 2001). Sinapic acid
as a reference compound was effective inhibiting both protein and lipid oxidation in cooked
pork meat patties. In crude rapeseed oil, vinylsyringol was the principal phenolic compound,
and it provided the best protection against both protein and lipid oxidation reactions. These
results showed that rapeseed meal was an effective antioxidant toward protein and lipid
oxidation reactions in cooked pork meat patties. It can be concluded that the antioxidant
activity of rapeseed meal is due to its sinapic acid and sinapine content.

Pine bark extract is a mixture of several phenolic compounds, which may contribute to the
antioxidant activity. Taxifolin was as potent as sinapic acid against lipid and protein
oxidation, but also flavonoids and lignans present in pine bark extract may be responsible for
the antioxidant activity. Pine bark phenolics have been reported to provide protection toward
oxidation in liposomes (Vuorela et al., 2005a). It was also shown, that the lignans
matairesinol and pinoresinol, which are the major phenolic compounds present in pine bark,
were excellent in inhibiting oxidation. The effectiveness of catechins toward protein
oxidation has been described in irradiated raw chicken meat (Rababah et al., 2004).
Therefore, lignans and flavonoids may in part explain the antioxidant activity of pine bark.

In studies I and II, there were no statistically significant differences between the antioxidant
activities of dry rapeseed meals at addition level of 0.3 g/100 g meat toward formation of
hexanal and protein carbonyls. In study II, it was observed that the antioxidant activity
toward both lipid and protein oxidation increased with increasing concentration (0.5 and 0.7
g/100 g meat) of dry byproducts of oilseed plants. The phenolic profile of the rapeseed meal
showed that the antioxidant activity of phenolics may be due to the hydroxycinnamic acids
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and sinapine, whereas the antioxidant activity of camelina meal is probably a combination of
hydroxycinnamic acids and sinapine as well as flavonols. The weak antioxidant effect of soy
is mainly due to isoflavones and lignans as they are the main phenolics present in soy.
Similar antioxidant activity of soy protein hydrosylates toward lipid oxidation has been
reported earlier in cooked pork meat patties (Peña-Ramos et al., 2003). In addition, other
studies have shown that different plants or their phenolic extracts such as potato peel (Kanatt
et al., 2005), tea catechins (He et al., 1997; McCarthy et al., 2001; Tang et al., 2001; 2002;
Rababah et al., 2004), sage and oregano (McCarthy et al., 2001; Fasseas et al., 2008), garlic
(Mariutti et al., 2008), cloudberry, beetroot, willow herb (Rey et al., 2005), dried plums (de
Gonzalez et al., 2008), and pomegranate (Naveena et al., 2008) can act as lipid antioxidants
in meat.

The differences in antioxidant activities between dry oilseed materials may also be due to
their composition of different amounts of proteins, fatty acids, and tocopherols. Dietary
vitamin E has been shown to inhibit lipid oxidation in precooked meat products made from
pork, beef and poultry (Mercier et al., 1998). However, addition of α-tocopherol to meat
products has not been shown to be very effective as lipid antioxidant (Georgantelis et al.,
2007). Thus, based on the data obtained from studies I and II, it can be conluded that
antioxidant effect of dry oilseed byproducts increased with increasing concentration. The
overall antioxidant effect of dry oilseed byproducts is also suggested to be due to their
diverse composition of phenolic compounds, however, the role of other molecules (proteins,
fatty acids and tocopherols) cannot be ruled out.

In study II, rosemary was very effective only in combinations with rapeseed and camelina
meals as well as soy. Rosemary extract has been shown to act as a potent antioxidant among
herbs (Karpinska et al., 2000; McCarthy et al., 2001) and it is widely used in food industry.
The phenolic diterpenes, carnosic acid and carnosol, account for over 90% of antioxidant
activity of rosemary. In meat and meat products, rosemary extract has been shown to be
effective usually in combinations with chelators such as phosphates (Murphy et al., 1998), in
combination with α-tocopherol or chitosan (Georgantelis et al., 2007), and in combination
with butylated hydroxyanisole (BHA) or butylated hydroxytoluene (BHT) with citric acid
(Barbut et al., 1985).
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Phenolic compounds can act as antioxidants by terminating radical reactions and by metal
chelation. During cooking temperatures, iron is released from myoglobin (Moller et al.,
2006). This nonheme iron is a known pro-oxidant of lipid hydroperoxides. The addition of
sodium chloride, an important food additive in meat industry, also increases the pro-oxidant
activity of iron (Kanner et al., 1991). Based on their structures, the oilseed phenolics are also
able to chelate metals, and thus directly retard oxidation of proteins.

In conclusion, phenolic-rich oilseed byproducts were shown to be potent antioxidants toward
both protein and lipid oxidation reactions in cooked pork meat patties. Plant phenolics
containing various bioactive compounds could provide an alternative to synthetic
antioxidants, especially when the consumers demand for natural products increases. In
addition, the use of different byproducts of oilseed processes would be an important in
developing functional foods and also provide economical benefit to food industry.

6.4 Antioxidant activity of berry phenolics in oil-in-water emulsion (V)
Berry phenolics such as black currant anthocyanins and raspberry ellagitannins were efficient
in protecting lipid oxidation in corn oil-in-water emulsions. The antioxidant effect of berry
phenolics in combination with the aqueous phase β-lactoglobulin was more pronounced than
without β-lactoglobulin. Continuous phase β-lactoglobulin, however, did not have an effect
on the initial lag phase (i.e. the time period between exposure to the employed treatment, and
the apparent formation of oxidation products) in the current study since there were no
differences in formation of lipid hydroperoxides between emulsion samples with and without
the protein.Most likely this is due to natural tocopherols present in corn oil (14.4 mg/100 g
oil) acting as free radical scavengers. The ability of α-tocopherol to act as chain-breaking
antioxidant scavenging lipid peroxyl radicals by donating hydrogen to a lipid peroxyl radical
that otherwise would propagate the radical chain reaction of lipid peroxidation has been
shown in LDL (Esterbauer et al., 1991a; Yeomans et al., 2005). Proteins such as BSA and
ovalbumin can increase the stability of oil-in-water emulsions in the presence of phenolic
antioxidants even though BSA itself does not act as antioxidant (Almajano et al., 2004;
2007). This synergistic effect is due to the changed structure of BSA, with a loss of
tryptophan groups, and the formation of BSA-antioxidant adducts, which concentrate at the
oil-water interface due to the surface-active properties of the protein (Almajano et al., 2004;
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2007). In addition, sodium caseinate with lactose (Velasco et al., 2004), casein hydrolysates
(Diaz et al., 2003), and whey proteins (Hu et al., 2003a) as well as β-lactoglobulin (Kellerby
et al., 2006) have been found to increase the stability of oil-in-water emulsions. Soy protein
isolate, sodium caseinate and whey protein isolate in the continuos phase or as emulsifiers
can enhance the oxidative stability of oil-in-water emulsions (Hu et al., 2003b; Faraji et al.,
2004). Increasing the concentration of proteins such as whey proteins in the presence of berry
phenolics (blackberry and raspberry juices) have been shown to enhance the stability of the
emulsion toward lipid and protein oxidation (Viljanen et al., 2005a).
β-lactoglobulin alone in the continuous phase of oil-in-water emulsion was shown to be able
to extend the lag phase of hexanal compared to the control (without protein). This suggests
that it may be able to quench alkoxy radicals to inhibit the β-scission reactions to produce
hexanal. This result is in accordance with previous studies that showed β-lactoglobulin alone
exhibited antioxidant activity toward lipid oxidation (Elias et al., 2005; 2006; 2007). Thermal
treatment of β-lactoglobulin has been described to be more effective in inhibiting lipid
oxidation reactions and scavenging peroxyl radicals, however, the ability to chelate iron ions
have been shown to decrease compared to native β-lactoglobulin (Elias et al., 2007). The heat
treated β-lactoglobulin in this study may still able to chelate prooxidant metal ions (iron) to
some extent and remove them from the vicinity of the emulsion droplet surface, thereby
retarding the oxidation reactions. Proteins and peptides have been shown to act as
antioxidants in lipid oxidation reactions in oil-in-water emulsions (Elias et al., 2005; 2006;
2007). The antioxidant activity of these proteins is suggested to be combination of free
radical scavenging by amino acid side-chains and chelation of prooxidative metal ions. It has
been described that heat treated and enzymatic hydrolysates of β-lactoglobulin were more
potent in inhibiting lipid and protein oxidation than the native protein. This is due to the
conformational changes attributable to the exposure of buried amino acid side-chains that are
able to scavenge free radicals (Levine et al., 1996).

The antioxidant activity of raspberry ellagitannins (MW = 936-3740 g/mol) and black currant
anthocyanins (MW = 449-625 g/mol) (Kähkönen et al., 2003) increased with increasing
concentration. The main compounds in raspberry ellagitannin fraction consist of mixture of
monomers (MW = 936 g/mol), dimers (sanguiin H6, MW = 1870 g/mol), trimers
(lambertianin C, MW = 2804 g/mol), and polymers (lambertianin D, MW = 3740 g/mol)
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(Mullen et al., 2002; 2003; Kähkönen et al., unpublished results). The antioxidant effect of
berry phenolics was more pronounced with β-lactoglobulin. This may be due to that the
larger molecular weight phenolics such as ellagitannins have the ability to bind to the protein
more efficiently due to the proximity of many aromatic rings and hydroxyl groups, and
increase association of antioxidants at the surface of the emulsion droplets, and thus inhibit
oxidation (Almajano et al., 2004). Anthocyanins, however, have been suggested to bind only
to specific glutathione S-transferase – proteins in grape berries (Vitis vinifera L.) (Conn et al.,
2008) and petunia (Petunia hybrida) (Mueller et al., 2000) − in the transport of anthocyanins
from the cytosol to the plant vacuole. Natural plant materials rich in phenolics such as
extracts from berries (Kähkönen et al., 2003; Viljanen et al., 2005a; 2005b), green tea
(Almajano et al., 2007), raisins (Zhao et al., 2007), olives (Paiva-Martins et al., 2006), grape
seeds (Hu et al., 2004), and cactus pear fruits (Siriwardhana et al., 2004) have been used as
antioxidants in studies of lipid oxidation in different oil-in-water emulsions.
In conclusion, the inability of β-lactoglobulin and berry phenolics to decrease lipid
hydroperoxide formation suggests that these additives were increasing lipid hydroxide
decomposition possibly by increasing the solubility and/or reactivity of iron ion (via
reduction). However both β-lactoglobulin and the berry phenolics were able to inhibit
hexanal formation suggesting that they were able to scavenge alkoxyl radicals to decrease
fatty acid scission. As with many antioxidants, combinations of β-lactoglobulin and berry
phenolics were found to be more effective at inhibiting fatty acid scission than individual
antioxidants.
In this study, also amino acid oxidation in the continuous phase β-lactoglobulin was
investigated. The results showed that tryptophan and cysteine side-chains in β-lactoglobulin
were oxidized prior to lipid oxidation. This suggests that these amino acids are able to act as
antioxidants. These results are consistent with previous studies (Elias et al., 2005) where it
was observed that cysteine and tryptophan side-chains were oxidized before lipid oxidation
was detected. Consequently, these results corroborate that the radical transfer to proteins is
high in the beginning of oxidation when lipid oxidation appears to be low. Berry phenolics
contributed to retarding the oxidation of the amino acid side-chains in β-lactoglobulin. It has
been reported that berry phenolics in whey protein stabilized rapeseed oil-in-water emulsions,
where the oil was purified from tocopherols, were able to inhibit protein oxidation measured
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as the loss of tryptophan fluorescence and formation of protein carbonyls (Viljanen et al.,
2005a; 2005b).
β-lactoglobulin consists of 162 amino acid side-chains (18.3 kDa) and contains two difulfide
bonds and a free thiol (cysteine121) as well as two tryptophan side-chains (tryptophan19 and
tryptophan61). The reactivity of tryptophan side-chains in β-lactoglobulin usually limited to
50%. This is due to that tryptophan19 is completely buried and tryptophan61 is exposed. The
limited fluorescence of tryptophan19 has been explained by the nearby arginine124 sidechain quenching its signal (Brownlow et al., 1997). The reduction in tryptophan fluorescence
by ∼40% in β-lactoglobulin during oxidation was consistent with previous studies (Elias et
al., 2005), and is most likely due to oxidation of tryptophan61. An increase in the
fluorescence may indicate that β-lactoglobulin is denaturated, as has been suggested by
others (Brownlow et al., 1997; Manderson et al., 1999), thereby exposing the tryptophan19
side-chain. Further decrease in tryptophan fluorescence indicates a conformational change in
the protein structure, destruction of the tryptophan side-chains or aggregation of the protein.
In native β-lactoglobulin, free cysteine121 is buried within the hydrophobic core, and
therefore it is low in reactivity (Brownlow et al., 1997). However, a heat treatment of βlactoglobulin has been shown to increase the solvent accessibility of sulfhydryl groups (Elias
et al., 2007).

Based on the data of amino acid oxidation, it may be concluded that both tryptophan and
cysteine in the continuous phase β-lactoglobulin were substantially oxidized prior to the
decomposition of fatty acids to form hexanal. This suggests that these amino acids are able to
inhibit fatty acid scission. In addition, both berry phenolics were able to inhibit the oxidation
of tryptophan and cysteine side-chains of β-lactoglobulin in the beginning of oxidation. More
research is, however, needed to elucidate the exact interactions between the individual amino
acid side-chains and phenolic compounds as well as lipids.

6.4.1 Stability of black currant anthocyanins in emulsion during oxidation

The concentration of black currant anthocyanins in emulsion was predominantly degraded
within the first 12 hours. There were no differences between the emulsion samples with and
without β-lactoglobulin. It was observed that the concentration of anthocyanins decreased
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rapidly in both oil-in-water emulsion and in buffer solution with degradation being faster in
the aqueous solution. The stability of anthocyanins have been shown to increase with
increasing lipid and protein content (Viljanen et al., 2005a). It is known, that the intensity and
stability of anthocyanin pigments is dependent on various factors including structure and
concentration of the pigments, pH, temperature, light intensity, quality and presence of other
pigments together, metal ions, enzymes, oxygen, ascorbic acid, sugar and sugar metabolites,
and sulfur oxide. Anthocyanins exhibit the highest stability as the red flavylium cation around
pH 1.0 – 2.0, whereas the other forms are unstable and eventually lead to degradation of the
anthocyanins (von Elbe et al., 1996). At pH 7.0 the flavylium salts loose the proton and
transform into quinoidal base, which is an unstable pigment, and immediately bond to water
and form colourless chalcone. If the pH value is too high and unstable chalcones have already
been formed, the color loss becomes irreversible. It has been reported that in oil-in-water
emulsion studies carried out at pH 5.4 – 7.0, berry phenolics showed antioxidant activity
toward lipid and protein oxidation (Viljanen et al., 2005a; 2005b). In conclusion, the fact that
the black currant anthocyanins were lost faster in buffer (without lipid) than emulsions at pH
7.0 suggests that the loss of color was primarily dependent on pH. The ability of the black
currant to inhibit lipid oxidation after decolorization suggests that the decolorized compounds
were still able to inhibit lipid oxidation, which has also been confirmed by literature.
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7. CONCLUSIONS
Oxidative reactions of lipids and proteins are a major cause of chemical deterioration in food.
Therefore, the antioxidant activity of plant materials rich in phenolic compounds is being
widely investigated for protection of food components sensitive to oxidative reactions. In
addition, phenolic compounds are involved in still incompletely understood mechanisms
related to prevention of food deterioration as well as diseases and disorders in humans. This
study showed that phenolic-rich plant materials can provide protection toward protein and
lipid oxidation reactions in different food models.

Phenolic-rich byproducts of oilseed processes such as rapeseed meal (Brassica rapa L.),
camelina meal (Camelina sativa) and soy (Glycine max L.) as well as Scots pine bark (Pinus
sylvestris) and several reference compounds were shown to act as antioxidants toward both
protein and lipid oxidation in cooked pork meat patties. In meat, the antioxidant activity of
camelina, rapeseed and soy meal were more pronounced when used in combination with a
commercial rosemary extract (Rosmarinus officinalis). The antioxidant activity of rapeseed
and camelina phenolics is mainly due to sinapic acid and sinapine. Flavanols and flavanols
also contribute to the antioxidant activity of camelina meal. The active compounds in pine
bark are flavanols. In meat, metal chelation is very likely to promote antioxidant effect of
plant phenolics.

Berry phenolics such as black currant (Ribes nigrum) anthocyanins and raspberry (Rubus
idaeus) ellagitannins showed potent antioxidant activity in corn oil-in-water emulsions with
and without aqueous phase β-lactoglobulin. The antioxidant effect was more pronounced
with β-lactoglobulin. The berry phenolics were also able to inhibit the oxidation of
tryptophan and cysteine side-chains of β-lactoglobulin. The results show that the amino acid
side-chains were oxidized prior the propagation of lipid oxidation. This suggests that these
amino acids are able to inhibit fatty acid scission. Consequently, these results corroborate that
the radical transfer to proteins is high in the beginning of oxidation when lipid oxidation
appears to be low. In addition, the concentration and color of black currant anthocyanins in
the emulsion decreased during the oxidation confirming that decolorized compounds can still
act as antioxidants.
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The impact of plant phenolics on amino acid level was studied in tryptophan to elucidate their
role in preventing the formation of specific oxidation products. Tryptophan oxidation was
investigated in two different oxidation models with either H2O2 or hexanal/FeCl2. The results
show that hexanal/FeCl2 and H2O2 increased the oxidation of tryptophan and the formation of
tryptophan derived oxidation compounds. The extent of oxidation is dependent on the
oxidative conditions such as the type and amount of oxidant, incubation time and
temperature. The oilseed byproducts such as camelina, rapeseed and soy meal as well as pine
bark phenolics inhibited oxidation of tryptophan in both H2O2 and hexanal/FeCl2 induced
oxidation models. Berry phenolics such as black currant anthocyanins, raspberry ellagitannins
and cranberry proanthocyaninds showed antioxidant activity toward tryptophan loss and on
individual oxidation compounds only when oxidized with H2O2. In contrast, when
hexanal/FeCl2 was used as an oxidant, berry phenolics showed prooxidant effects. The
oxidative attack on tryptophan (side-chains) occurs first on the indole moiety. Therefore, the
ability of semiquinones or quinones of phenolic compounds to react with the nitrogen-atom
in indole moiety may prevent tryptophan from further reactions. Another possibility is the
reaction between flavonoid and tryptophan radicals. Further oxidation of these protein −
phenolic complexes can lead to formation of tryptophan dimers or polymers. However, more
scientific research is needed to optimize the levels of phenolics to be the most effective and to
further explicate their antioxidant effect toward protein oxidation by investigating the
unknown compounds formed during the oxidation.

The effects of plant phenolics varied from antioxidant to prooxidant depending on the choice
of phenolic compound. Therefore, optimal ratios between the phenolic compound and
protein/amino acid for antioxidant action should be further elucidated. Our results contribute
to elucidating the effects of natural phenolic compounds as potential antioxidants in order to
control and prevent protein oxidation reactions. Understanding the relationship between
phenolic compounds and proteins as well as lipids could lead to the development of new,
effective, and multifunctional antioxidant strategies that could be used in food, feed, cosmetic
and pharmaceutical applications.
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