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ABSTRACT 

PRODUCTION OF EGG YOLK PHOSPHOPEPTIDES AND THE CELLULAR 
MECHANISM OF INTESTINAL OXIDATIVE STRESS REDUCTION 

Denise Young Advisor: 
University of Guelph, 2010 Dr. Y. Mine 

Oxidative stress in the gastrointestinal tract has been implicated in the initiation 

and propagation of inflammatory bowel diseases and other chronic intestinal pathologies. 

Antioxidants have limited efficacy and are sometimes pro-oxidant. An alternative, novel 

approach lies in the upregulation of endogenous antioxidative stress mechanisms which 

can combat oxidative stress and re-establish a stable cellular redox balance. Hen egg 

yolk-derived phosvitin phosphopeptides have been shown to exert this biological activity; 

however the preparation of these peptides was not suited to large-scale production. The 

goal of this work was to prepare bioactive peptides from delipidated egg yolk proteins 

with industry scale-up potential. In addition, the antioxidative stress activity of the 

peptides was evaluated, the bioactive fraction was identified and characterized, and the 

cell signaling pathways involved in influencing bioactivity was elucidated. 

Egg yolk peptides (EYP) were produced by Alcalase and Protease N digestion of 

defatted egg yolk proteins. This hydrolysate contained 1.00 ± 0.02% phosphate and 

significantly reduced (P<0.001) the oxidative stress biomarker, interleukin-8 (IL-8), in 

hydrogen peroxide-stimulated Caco-2 intestinal cells. EYP significantly (P<0.05) 

increased glutathione (GSH) and y-glutamylcysteine synthetase activity and mRNA 



expression, elevated the activities of antioxidant enzymes (superoxide dismutase, catalase, 

glutathione reductase, glutathione S-transferase), and lowered malondialdehyde and 

protein carbonyl concentrations in the duodenum, jejunum, ileum, and colon of piglets 

subjected to oxidative stress. GSH concentrations in red blood cells were also 

significantly (P<0.05) elevated in EYP-supplemented animals. 

Anion separation of EYP resulted in 4 fractions with the last fraction, EYP-F4, 

having 0.72 ± 0.06% phosphate. EYP-F4 significantly decreased (P<0.001) IL-8 in 

H202-stimulated cells and this bioactivity was maintained after pepsin and pancreatin 

digestion of EYP-F4 but not after dephosphorylation. Serine and phosphoserine did not 

reduce oxidative stress, but [Ser(P03)]2 and [Ser(P03)]3 significantly reduced (PO.001) 

IL-8. Using mass spectrometry analysis, one of the peptides in the EYP bioactive 

fraction was identified as SKDSSSSSSKSNSK. This identified peptide is found in the 

phosvitin portion of vitellogenin-1, a yolk precursor protein. These results suggest a 

minimum of two contiguous phosphoserines in EYP-F4 peptides influence bioactivity. 

EYP-F4 and [Sef(P03)]2 cell treatments increased the mRNA expression of 

antioxidant genes including glutathione reductase and glutathione peroxidase, and 

lowered the expression of pro-inflammatory genes such as myeloperoxidase and 

lactoperoxidase in an oxidative stress and antioxidant defense microarray. It is likely that 

EYP-F4 and [Ser(P03)]2 increased antioxidant gene expression by activating the nuclear 

factor-E2-related factor 2-antioxidant response element pathway and decreased 

inflammatory gene expression by inhibiting the nuclear factor kappa B pathway. Egg 

yolk phosphopeptides influence the activation of protective antioxidative stress 

mechanisms which contribute to the prevention of intestinal oxidative stress. 
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Chapter 1 Literature review 

1.1 Introduction 

Oxidative stress (OS) is implicated in the origination and propagation of 

inflammatory bowel diseases, ischemic-reperfusion disorders, intestinal cancer, and other 

chronic intestinal pathologies (Thomson et al., 1998; Aw, 1999; Rezaie et al., 2007; 

Roessner et al., 2008). It is caused by an imbalance between the production of reactive 

oxygen species (ROS) such as the superoxide anion (O2 ), hydrogen peroxide (H2O2), and 

hydroxyl radical (OH) and the body's ability to detoxify the reactive intermediates or 

repair the resulting cellular damage to lipids, proteins and DNA. ROS are generated on a 

regular basis during oxidative metabolism and as an innate defense mechanism during 

inflammation. Oxygen radical production also results from environmental factors such as 

tobacco smoke (Valavanidis et al., 2009), ultraviolet radiation (Herrling et al., 2003), 

certain chemotherapeutic compounds (Lou et al., 2006), overexertion during exercise (Ji 

and Fu, 1992; Vina et al., 2000; Powers and Jackson, 2008), exposure to heavy metals 

(Leonard et al., 2004) and toxins (Somayajulu-Nitu et al., 2009), and the consumption of 

some foods (Halliwell et al., 2000). In the presence of oxidative stress, endogenous 

antioxidants such as vitamin C, vitamin E, and glutathione (GSH) scavenge and 

inactivate ROS, as do antioxidative stress enzymes including superoxide dismutase 

(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), and 

glutathione S-transferase (GST). During these stressed conditions, GSH concentration 

rapidly decreases while oxidized GSH (GSSG) increases, shifting the thiol redox status of 

the cell and activating oxidant response transcriptional elements which lead to the 
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upregulation of antioxidant enzymes and the rate-limiting enzyme in GSH synthesis, y-

glutamylcysteine synthetase (y-GCS) (Griffith, 1999). 

Dietary antioxidants such as green tea polyphenols, vitamin E, and soy protein 

hydrolysates have been shown to physically detoxify ROS; however, at low 

concentrations and in the presence of metal ions, they exert pro-oxidant properties, which 

may explain their limited therapeutic efficacy (Landmesser and Harrison, 2001; Meagher 

et al., 2001). Interestingly, food-derived compounds such as curcumin, flavonoids, olive 

oil biophenols, and plant, milk, and egg peptides have been shown to up-regulate 

intracellular GSH synthesis (Myhrstad et al., 2002; Masella et al., 2004; Biswas et al., 

2005) and increase antioxidant enzyme activities (Mcintosh et al., 1995; Molina et al., 

2003; Li et al., 2006; Oh and Lim, 2006; Katayama et al., 2007) in vitro. It was recently 

demonstrated that phosvitin, a highly phosphorylated protein found in egg yolk, upon 

alkaline hydrolysis, enzymatic cleavage, and anion separation, resulted in an 

oligophosphopeptide fraction (PPP3) which inhibited IL-8 secretion; suppressed lipid 

peroxidation formation; increased intracellular GSH levels and y-GCS mRNA expression 

and activity; and elevated CAT, GR, and GST activities in ^CVinduced Caco-2 

intestinal cell culture (Katayama et al., 2006, 2007). PPP3 has great commercial 

potential but the multiple processing steps involving the isolation and digestion of 

phosvitin, and the requirement for chromatographic separation, are barriers against 

industrial-scale production. 

Hen egg yolk represents a major source of active principles usable in medical, 

pharmaceutical, cosmetic, nutraceutical, and biotechnological industries (Cansell, 2007). 

On the basis of dry matter, yolk consists of 84% low- and high-density lipoproteins, 10% 
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globular proteins, 4% phosphoprotein (phosvitin), and 2% minor proteins (Powrie and 

Nakai, 1986). Once phospholipids including phosphatidylcholine (lecithin) are removed 

by ethanol extraction, egg yolk proteins have limited value and functionality due to the 

denatured state of the proteins. The yolk protein phosvitin is a known iron chelating 

antioxidant (Lu and Baker, 1986) and phosvitin enzymatic digests also protect against 

iron-catalyzed oxidative stress and damage (Ishikawa et al., 2004). It represents 

approximately 11% of yolk proteins with over 50% of the amino acids consisting of 

serine which are predominantly monoesterified with phosphate (Clark, 1985). Phosvitin 

is synthesized from an egg yolk protein precursor, vitellogenin, which also encodes the 

lipovitellins (Anton et al., 2007). Although phosvitin is resistant to gastrointestinal 

proteolysis (Albright et al., 1984), removal of the phosphate moieties renders the protein 

susceptible to enzymatic hydrolysis and provides opportunities for the synthesis of novel 

peptides. It stands to reason that similar processing of egg yolk proteins may result in 

crude yolk oligophosphopeptides with antioxidative properties (Otani et al., 2000). 

The research presented here describes the production and characterization of an 

egg yolk phosphopeptide preparation highlighting the in vitro and in vivo antioxidative 

stress activities, the isolation and sequencing of the bioactive fraction, and the elucidation 

of cell signaling pathways influenced by these peptides. 

3 



1.2 Oxidative stress in the gut 

1.2.1 Intestinal oxidative susceptibility 

The gastrointestinal (GI) tract provides a barrier between the organism and the 

luminal environment, and is a critical defense barrier against toxic agents. In addition to 

being exposed to nutrients, the intestinal mucosa is constantly challenged by diet-derived 

oxidants, mutagens, and carcinogens; by microorganisms and their toxins; as well as by 

endogenously generated reactive oxygen species (Ames, 1984). This barrier allows 

efficient transport of nutrients and water across the epithelium while selectively 

excluding passage of harmful molecules and organisms into the body. Several 

mechanisms exist in the intestine to cope with the electrophilic and oxidative stress 

exerted by ingested xenobiotics. These strategies include the maintenance of high 

antioxidant concentrations, the up-regulation of antioxidant enzyme systems, and the 

induction of cell death by apoptosis to dispose of injured or aged enterocytes (Aw, 1999). 

However depending on the level and duration of oxidative stress, these mechanisms may 

sometimes be insufficient, thereby increasing the vulnerability of intestinal tissues to 

oxidative injury. 

1.2.2 Reactive oxygen species 

Reactive oxygen species are the main culprits in inducing oxidative stress - a 

condition in which the cell's antioxidant capacity is overwhelmed by reactive oxidants, 

causing a reduction-oxidation (redox) imbalance. ROS is a collective term that includes 

oxygen radicals (superoxide anion and hydroxyl radical) and some derivatives of oxygen 
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that do not contain unpaired electrons, such as hydrogen peroxide and hypochlorous acid 

(Halliwell and Cross, 1994). The body's two main sources of ROS are from 

mitochondrial output and inflammatory processes, but exogenous ROS from 

environmental and ingested sources can add to this endogenous supply (Valko et al., 

2004). 

Cells are exposed to ROS on a daily basis during cellular respiration in the 

mitochondria. A small percentage of electrons "leak" from the electron transport chain 

and couple with oxygen to form superoxide anion (O2 ) (Salvador et al., 2001). Under 

physiological conditions, of the 90% of inhaled oxygen consumed by the mitochondria, 

about 1-3% of the oxygen molecules are converted into superoxide (Brookes et al., 2002). 

In the presence of a low pH environment and accelerated by the superoxide dismutase 

(SOD) enzyme, the weakly reactive superoxide anion dismutases to molecular oxygen 

(O2) and hydrogen peroxide (H2O2). Although hydrogen peroxide is the most stable ROS, 

it has high cellular diffusibility and reactions with Fe2+ or Cu+ via the Fenton reaction 

form extremely damaging hydroxyl radicals (OH) (Imlay et al., 1988). The hydroxyl 

radical has the ability to oxidize proteins, carbohydrates, lipids, nucleic acids, and organic 

acids. Even more reactive oxidants like hypochlorous acid (HOC1) and peroxynitrite 

(OONO) are formed during inflammatory conditions. Figure 1.1 illustrates the 

formation of various reactive oxygen species. 

In an inflammatory environment activated macrophages and neutrophils produce 

large amounts of superoxide anion and corresponding derivatives via nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase. During this "oxidative burst", 

myeloperoxidase (MPO) in phagocytes catalyses the formation of the strong oxidant, 
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Figure 1.1 Production of reactive oxygen species (ROS). (Adapted from Nordberg and 
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hypochlorous acid (HOC1) from H2O2 or -OH (Proctor, 1996). Activated phagocytes are 

also induced to produce high sustained levels of nitric oxide (NO-) (Mayer and Hemmens, 

1997; Carr et al., 2000); which react with superoxide anion to produce the powerful 

reactive nitrogen species, peroxynitrite. OONO - can directly oxidize lipoproteins 

(Heinecke, 1998) or give rise to other species that promote oxidation (Eiserich et al., 

1998; Radi et al., 2001). In this cellular environment hydrogen peroxide may be present 

in concentrations of 10-100 uM (Keisari et al., 1983; Lander et al., 1997). This massive 

production of ROS plays an important role in innate immunity in which invading 

pathogens are destroyed by a range of oxidants originating from the host. 

Exposure to ultraviolet radiation (Herrling et al., 2003), overexercise (Vina et al., 

2000), and extrinsic xenobiotics found in tobacco smoke (Valavanidis et al., 2009), 

antitumor agents (Lou et al., 2006; Outomuro et al., 2007), heavy metals (Leonard et al., 

2004), and organic pesticides (Drechsel and Patel, 2008; Somayajulu-Nitu et al., 2009) 

increase the ROS burden in the body. In addition, the ingestion of certain foods and 

drinks has also been associated with an increase in oxidative stress (Halliwell et al., 2000). 

Compounds present in foods such as transition metal ions, haem, isoprostanes, additives, 

lipids and their oxidized products act as oxidants, exerting their biological effects on the 

stomach, small and large intestines (Table 1.1). Two types of oxidants commonly 

ingested in foods are lipid hydroperoxides and hydrogen peroxide. Lipid hydroperoxides 

are potentially toxic products of peroxidized polyunsaturated fatty acids derived from 

dietary fats (Sevanian and Hochstein, 1985; Girotti et al., 1987). They are among the 
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Table 1.1 Dietary pro-oxidants and their effects in the gastrointestinal tract (non-
exhaustive list). (Adapted from Halliwell et al., 2000). 

Ingested dietary 
compound 

Reactions during digestion or 
during processing 

Consequences 

Copper and iron ions: 
- insoluble Fe3+ salts 
- elemental iron 

Gastric acid solubilizes ferric and Stomach, duodenum and 
metallic iron, which is reduced to 
Fe by ascorbate and other 
reductants 
(copper ions react similarly) 

upper small intestine may 
be targets for damage by 
•OH radical generated by 
Fenton chemistry from 
ascorbate/Fe2+ and 
ascorbate/Cu mixtures 

Haem from meats Release of haem from haem 
proteins 

Haem and haem/H202 
(peroxide) mixtures are pro-
oxidants and may exert 
these effects in the colon 

Lipids Usually oxidized to some degree, 
by lipoxygenase (in fish and 
some plants) and by thermally-
induced and/or transition metal 
ion-catalyzed peroxidation. 
Decomposition of lipid peroxides 
can generate cytotoxic aldehydes, 
including malondialdehyde and 
4-hydroxy-2-trans nonenal. 
Lipid peroxides can interact with 
free metal ions or haem and 
propagate lipid peroxidation. 

Peroxides and their 
decomposition products 
could contribute to cancer 
development by promoting 
mutation, activation of 
dietary carcinogens and 
abnormal cell proliferation 

Isoprostanes Present in foods Some isoprostanes exert 
significant biological effects 
including vasoconstriction 
and several are cytotoxic 

Oxidized cholesterol Some cholesterol oxidation 
products may be absorbed 

Cholesterol oxidation 
products are cytotoxic 

Pro-oxidant additives: 
Carminic acid 
(colorant) and sulphite 
(preservative 

Exposure of sulphite to iron or 
copper ions, to peroxynitrite or to 
ROS can cause conversion to 
S03 andS05 

SO3 and SO5 are highly-
oxidizing and cytotoxic 
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natural mutagens and carcinogens present in the human diet that can initiate degenerative 

processes through the generation of oxygen radicals, which may ultimately lead to 

disorders of the digestive system (Parks et al., 1983) including intestinal inflammation 

and cancer (Ames, 1984). Hydrogen peroxide is present in concentrations above 100 uM 

in green and black tea and instant coffee (Hiramoto et al., 1998; Long et al., 1999). 

When such beverages are ingested, the H2O2 they contain rapidly diffuses into the cells of 

the oral cavity and upper part of the gastrointestinal tract (Halliwell et al., 2000), 

disrupting the antioxidant-oxidant balance in these areas. 

1.2.3 Endogenous antioxidant defense systems 

Eukaryotic organisms are equipped with a host of enzymatic and non-enzymatic 

mechanisms which tightly control unwanted ROS accumulation (Figure 1.2). Once 

superoxides are formed, they dismutate spontaneously to hydrogen peroxide. This 

reaction is catalyzed at a much quicker rate by 1 of 3 different types of SODs - each 

defined by the metal in the active site. Manganese-SOD (Mn-SOD) is located in the 

mitochondria while Cu- and Zn-SODs are present in the cytosol (Rodriguez et al., 2000). 

Hydrogen peroxide is then converted into water by the enzymes catalase (CAT) or 

glutathione peroxidase (GPx). The gastrointestinal isoform of glutathione peroxidase 

(GI-GPx or GPx2) not only scavenges hydrogen peroxide but also alkyl hydroperoxides 

from absorbed lipids and protects against intestinal damage, inflammation and 

malignancies (Brigelius-Flohe, 1999; Wingler et al., 2000). GPx and glutathione 

reductase (GR) function as a pair in the reduction of peroxides with concomitant 

oxidation of glutathione (GSH) to glutathione disulfide (GSSG) and the regeneration of 
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H20 + 0 2 

„GSH-X 
Detoxification 

DNA/protein Lipid 
damage peroxidation 

-MDA 
- Lipid peroxidation 
by-products 

GSH synthesis 

Glu 

y-GCS Cys 

y-GluCys 

GS 
„Gly 

y-GluCys-Gly 
(GSH) 

Figure 1.2 Endogenous antioxidative stress enzymatic and non-enzymatic (glutathione, 
GSH) reactions. Enzymes are highlighted in boxes. (Adapted from Katayama et al., 
2007). 
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GSH with reducing equivalents donated from NADPH (Halliwell, 1990; Cimino et al., 

1997). Although these antioxidant enzymes are synthesized and found within cells, some 

of the SOD and GPx activities in the intestine and colon appear to be located 

extracellularly, at the external cell surface (Frederiks and Bosch, 1997; Tham et al., 1998) 

and is believed to detoxify and prevent reactive species from reaching the gut surface. 

GSH (y-glutamylcysteinylglycine) is the most abundant, non-enzymatic, thiol 

regulator of redox homeostatis and is ubiquitously present in all cell types including 

intestinal enterocytes at millimolar concentrations (Meister and Anderson, 1983). It can 

directly scavenge free radicals or act as a substrate for GPx and glutathione S-transferase 

(GST) during detoxification of hydrogen peroxide, lipid hydroperoxides and electrophilic 

compounds. Normal cellular glutathione homeostatis is maintained through de novo 

synthesis from sulfur-containing precursor amino acids (cysteine and methionine), 

regeneration from glutathione disulfide, and glutathione uptake from exogenous sources 

via Na+-dependent transport systems (Shan et al., 1990). 

Glutathione is synthesized in two sequential ATP-dependent reactions catalyzed 

by y-glutamylcysteine synthetase (y-GCS) - the rate-limiting enzyme - and glutathione 

synthetase (Griffith, 1999). Factors regulating de novo GSH synthesis are the 

availability of cysteine and the concentration of GSH itself that inhibits, by a feedback 

mechanism, y-GCS activity (Lu, 2009). During oxidative stress conditions GSH 

concentration rapidly decreases while GSSG increases. Glutathione disulfide is normally 

less than 1% of total GSH but is elevated under severe oxidative stress (Moylan and Reid, 

2007). The low GSH to GSSG ratio shifts the thiol redox status of the cell which 

activates oxidant response transcriptional elements. GSSG may also be preferentially 
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secreted from the cell and degraded extracellularly, increasing the cellular requirement 

for de novo GSH synthesis. 

Glutathione from dietary and biliary sources has been shown to be transported 

intact into the small intestine in vivo to supplement the intracellular GSH pool 

(Wierzbicka et al., 1989; Hagen et al., 1990; Iantomasi et al., 1997; Aw, 1999) suggesting 

that luminal GSH can contribute to maintaining mucosal thiol balance. Alternately, GSH 

uptake in intestinal membranes can occur by cleaving GSH into its constituent amino 

acids (Glu, Cys, Gly) through y-glutamyltranspeptidase and a dipeptidase activity 

followed by their subsequent absorption and intracellular GSH resynthesis (Iantomasi et 

al., 1997). Dietary GSH intake and biliary GSH output are the major sources of luminal 

GSH. 

Thioredoxin also contributes significantly to antioxidant defence and redox 

regulation. Thioredoxin acts as a reducing agent for ribonucleotide reductase and 

methionine suphoxide reductases, enzymes than repair oxidative damage to methionine 

residues in proteins (Halliwell and Gutteridge, 2007a). Reduced thioredoxin contain two 

thiol groups which form a disulfide in oxidized thioredoxin. Similar to the role of 

glutathione reductase and GSSG, thioredoxin reductase reduces oxidized thioredoxins by 

using NADPH as an electron donor (Nordberg and Arner, 2001). Peroxiredoxin coupled 

with thioredoxin reduces hydrogen peroxide and organic peroxides, and are believed to 

be more important than catalase and glutathione peroxidase in removing peroxide in 

mammalian cells (Halliwell and Gutteridge, 2007a). 

Other endogenously synthesized antioxidants are also present in the body 

including uric acid, bilirubin-bound albumin, and albumin itself (Ames et al., 1981; 
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Hulea et al., 1995). Amino acids, peptides, and even proteins can act as antioxidants 

(Droge, 2002). They have low specific antioxidative activity, but when present in high 

concentrations they can contribute significantly to the overall ROS scavenging activity. 

Most amino acids can be targets for ROS attack, but tryptophan, tyrosine, histidine, and 

cysteine are particularly sensitive to ROS (Stadtman, 1993). 

1.2.4 Oxidative stress management 

Cells or tissues are in a stable, balanced state if the rate of ROS production is 

equal or close to equal to the ROS removal rate. As depicted in Figure 1.3, cells are 

exposed to a constant low level of oxidative stress on a regular basis (Halliwell and Cross, 

1994). This baseline level can be disrupted when ROS concentration increases and the 

activities of the antioxidant enzyme systems are unable to detoxify ROS, resulting in 

oxidative stress. If the increase in ROS is relatively small, as during acute oxidative 

stress, the antioxidative response may be sufficient to compensate for the increase in ROS 

and to reset the oxidant/antioxidant balance. However, if ROS production is higher and 

persists for a longer period of time, as in the case of chronic oxidative stress, the 

antioxidative response may not be able to rebalance the redox system to a low ROS 

baseline level (Droge, 2002). It is usually in this state that pathological conditions and 

disorders develop or worsen. The system may still reach an equilibrium, but at a much 

higher ROS concentration. This type of equilibrium shift has been observed for the 

process of aging (Finkel and Holbrook, 2000) and occurs in all cells. 
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Figure 1.3 Regulatory events and their dysregulation depend on the magnitude and 
duration of the change in reactive oxygen species (ROS) concentration. I) ROS normally 
occur in living tissues at relatively low steady-state levels. II) The regulated increase in 
ROS leads to a temporary imbalance that forms the basis of redox regulation. Ill) The 
persistent production of abnormally large amounts of ROS, however, may lead to 
persistent changes in signal transduction and gene expression, which may give rise to 
pathological conditions. (Adapted from Droge, 2002). 
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1.2.5 Cell signaling 

Cells communicate with each other and respond to extracellular stimuli through 

cell signaling mechanisms (Poli et al., 2004). This process allows information to be 

transmitted from the outside of a cell to functional elements inside the cell. Signal 

transduction is triggered by extracellular signals including hormones, growth factors, 

cytokines and neurotransmitters (Thannickal and Fanburg, 2000) which generate various 

types of intracellular events involving changes in ion concentrations, activation of 

guanosine triphosphate (GTP)-binding proteins or receptor kinases. This initiates a series 

of events including the gathering of second messenger molecules such as cyclic 

adenosine monophosphate (cAMP), cyclic guanosine monophosphate (cGMP), Ca2+ and 

phospholipid metabolites which can activate protein kinases and mediate downstream 

signaling through protein phosphorylation cascades (Poli et al., 2004). This process 

eventually leads to the activation of transcription factors that enter the cell nucleus and 

bind to specific DNA sequences, resulting in the expression of genes that encode a 

variety of cellular functions. 

Although ROS are predominantly implicated in causing cell damage, they also 

play a major physiological role in several aspects of intracellular signaling and regulation 

(Droge, 2002). High (usually >50 uM) levels of H2O2 are cytotoxic to a wide range of 

animal, plant, and bacterial cells in culture (Imlay et al., 1988; Clement et al., 1998; 

Halliwell et al., 2000), but levels of H202 at or below about 20-50 uM have limited 

cytotoxicity and are used as inter- and intra-cellular signaling molecules (Abe and Berk, 

1999; Dalton et al., 1999; Griendling et al., 2000). 
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Evidence suggests that ROS and especially hydrogen peroxide might directly 

modify specific reactive cysteine residues within proteins (Blanchetot et al., 2002; 

Cooper et al., 2002; Rao and Clayton, 2002). Cysteine sulphydryl groups can be oxidized 

to form either intra- or inter-molecular disulfide bonds (Cooper et al., 2002). Intra

molecular disulfides alter protein conformation affecting DNA binding or enzymatic 

activities; while disulfide bonds between Cys-rich molecules create dimers and can 

potentially influence associations with other cellular proteins (Poli et al., 2004). These 

chemical modifications are transient and reversible and are usually related to the 

GSH/GSSG ratio (Klatt and Lamas, 2000). Reactive cysteine residues in transcription 

factors, protein kinases, protein phosphatases, phospholipases, ion channels, small 

GTPases and contractile elements are prone to redox modifications and trigger signal 

transduction (Kim et al., 2000; Rhee et al., 2000). 

ROS can elicit a wide spectrum of responses ranging from cell proliferation to 

growth arrest, senescence, or cell death. The particular outcome depends on a variety of 

factors including cell type, ROS source, the magnitude and duration of the oxidative 

stress, and endogenous as well as exogenous antioxidant responses (Martindale and 

Holbrook, 2002). As shown in Figure 1.4, ROS can modulate the functions of enzymes 

and transcription factors through a multitude of signaling cascades which influences 

changes in gene expression and the ability of the cell to survive or die. 

Oxidative stress activates all 3 mitogen-activated protein kinase (MAPK) 

pathways which regulate a wide range of cellular processes including proliferation, 

differentiation, stress adaptation, and apoptosis (Martindale and Holbrook, 2002). The 
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Figure 1.4 Oxidative stress activates major signaling pathways that correspond to a wide 
spectrum of responses. Being highly reactive, ROS can directly or indirectly modulate 
the functions of many enzymes (boxes) and transcription factors (ovals) through a 
multitude of signaling cascades. These signals result in changes in gene expression 
which influences cell survival or death. ATM, ataxia-telangiectasia mutated; ERK, 
extracellular signal-regulated kinases; HSF1, heat shock transcription factor 1; JAK, 
Janus protein kinases; JNK, c-Jun N-terminal kinases; NFKB, nuclear factor KB; PI3K, 
phosphoinositide 3-kinase; PKC, protein kinase C; PLC-yl, phospholipase C-yl; STAT, 
signal transducers and activators of transcription. (Adapted from Martindale and 
Holbrook, 2002). 
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extracellular signal-regulated kinases (ERK) MAPK pathway is commonly linked to cell 

proliferation, while the c-Jun N-terminal kinases (JNK) and p38 pathways are strongly 

linked to stress (Kolch, 2000; Chang and Karin, 2001). Akt (also known as protein 

kinase B) is a serine/threonine kinase which, like ERK, plays a key role in integrating 

cellular responses to growth factors and other extracellular signals (Kandel and Hay, 

1999). Akt is activated via phosphoinositide 3-kinase (PI3K) and promotes survival 

during oxidant injury (Wang et al., 2000; Martindale and Holbrook, 2002). Protein 

kinase C (PKC) is a family of serine-threonine kinases activated by phospholipase C 

(PLC). During oxidative stress, PKC activation via PLC-y protects Caco-2 cells against 

oxidants (Banan et al., 2001). Oxidants also activate the transcription factor nuclear 

factor KB (NFKB) which regulates genes related to immune function, inflammation, 

apoptosis, and cell proliferation (Martindale and Holbrook, 2002). ROS activate NFKB 

through the phosphorylation of inhibitor KB (IKB) which normally binds NFKB and 

sequesters it in the cytoplasm. IKB phosphorylation results in the release of NFKB and 

subsequent translocation into the nucleus where NFKB binds to sequence-specific regions 

of DNA and activates transcription. Some studies indicate a protective function of NFKB 

in response to oxidative stress (Mattson et al., 2000; Yu et al., 2000b) but others 

demonstrate a pro-apoptotic effect (Shou et al., 2000; Aoki et al., 2001). A detailed 

account of the effect of ROS on these and other signaling agents is reviewed by 

Martindale and Holbrook (2002) and Poli et al. (2004). 

Under conditions of oxidative or electrophilic stress, the genes encoding 

antioxidant and detoxification enzymes are controlled by the Nrf2-ARE (nuclear factor-

E2-related factor 2 - antioxidant response element) signaling pathway (Nguyen et al., 
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2009). During oxidative stress the low GSH: GSSG disrupts the thiol redox status of the 

cell and triggers the transcription of AREs. AREs are found in the promoter region of 

antioxidant enzymes including SOD, CAT, y-GCS, GST, GR and GPx 

(Dhakshinamoorthy et al., 2000). ARE sequences are strictly regulated by transcription 

factors such as Nrf2 which, upon binding, positively regulates activity (Lee and Johnson, 

2004; Nguyen et al., 2009). In a non-stressed cell, Nrf2 is bound to the Kelch-like ECH-

associated protein 1 (Keapl) in the cytosol (Itoh et al., 2003). In response to oxidative 

stress, Nrf2 dissociates from Keapl and translocates into the nucleus. The mechanism of 

Nrf2-Keapl dissociation is not fully understood, but as depicted in Figure 1.5, two main 

hypotheses have emerged: (i) covalent modification or oxidation of critical cysteine 

residues contained in Keapl may facilitate dissociation of the complex (Zhang and 

Hannink, 2003; Kobayashi et al., 2006); or (ii) phosphorylation of Nrf2 on serine and 

threonine residues by kinases such as PKC, PI3K, and mitogen-activated protein kinases 

activates Nrf2 and facilitates translocation of Nrf2 into the nucleus (Yu et al., 2000a). 

Upon nuclear translocation Nrf2 binds to ARE in the promoter region of antioxidant 

enzymes (Wasserman and Fahl, 1997), to trans-acting factors such as Maf-F/G/K 

(Dhakshinamoorthy et al., 2000), and to coactivators of ARE such as cAMP response 

element binding protein (CREB)-binding protein (CBP)/p300 (Shen et al., 2004) which 

coordinately regulate the ARE-driven antioxidant gene transcription. 

1.2.6 Disease development 

ROS are highly reactive and damaging and are therefore potentially toxic, 
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Gene Transcription 

Antioxidant genes: 
SOD, CAT, 7-GCS, GST, GR, GPx 

Figure 1.5 The Nrf2-ARE signaling pathway with two proposed mechanisms of Nrf2-
Keapl dissociation. In non-stressed conditions, Nrf2 is bound to Keapl in the cytosol. 
During oxidative stress conditions, ROS can participate in the phosphorylation of Nrf2 
via the MAPK protein kinase pathways, thereby activating Nrf2 and facilitating 
translocation into the nucleus. Alternately ROS can covalently modify or oxidize Cys 
residues in Keapl, dissociating the Nrf-Keapl complex and allowing Nrf2 to enter the 
nucleus. Nrf2 with the help of Maf and CBP/p300 then transactivates the ARE 
containing promoter of antioxidant enzymes. (Adapted from Masella et al., 2005; Na and 
Surh, 2008). 
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mutagenic, or carcinogenic. They are non-specific and can target a wide range of 

biomolecules including DNA, lipids, and proteins in a variety of cells and tissues. The 

relative importance of damage to these different molecular targets in mediating cell injury 

or death depends upon the degree of oxidative stress, by what mechanism it is imposed, 

for how long, and the nature of the system stressed (Droge, 2002). ROS, especially -OH 

radicals, are mutagenic and participate in a range of DNA alternations including DNA 

cleavage, DNA-protein cross linking, and purine oxidation. If the DNA-repair systems 

are not able to fix or regenerate intact DNA, a mutation will result from the erroneous 

base pairing during replication and these mutations have been linked to cancer (Marnett, 

2000; Nordberg and Arner, 2001). Lipid oxidation can lead to membrane damage 

(Halliwell et al., 2000) while oxidant reactions with amino acid residues in proteins result 

in damage ranging from modified and less active enzymes to denatured and 

nonfunctioning proteins (Stadtman and Berlett, 1998). 

There is considerable evidence that incriminate oxidants and oxidative stress in 

the genesis and propagation of intestinal pathologies such as inflammatory (Meyer et al., 

1981; Bilotta and Waye, 1989) and ischemic-induced diseases (Thomson et al., 1998; 

Madesh et al., 2000), and cancer (Siegers et al., 1988). Although oxidative stress was 

typically viewed as a secondary event resulting from the inflammatory response, it is now 

believed that redox imbalance is a contributor rather than a consequence of disease 

progression. Genetic knockout mice lacking GPx were found to develop a crypt 

destructive colitis similar to ulcerative colitis by 11 days of age (Esworthy et al., 2001). 

When oxidizing agents such as H2O2 were administered in the colon of mice, the clinical 

and histological features of inflammatory bowel disease (IBD) was observed (Meyer et 
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al., 1981; Bilotta and Waye, 1989). ROS disintegrate the colonic epithelium and 

increases mucosal permeability (Rao et al., 1997; Riedle and Kerjaschki, 1997) and 

mediates the mucosal injury produced by reperfusion of ischemic intestine (Madesh et al., 

2000). Oxidized GSH levels are raised following reperfusion injury in rats (Abdalla et al., 

1990), and GST concentrations are elevated in patients with intestinal ischemia (Delaney 

et al., 1999). Changes in intestinal GSH content have also been related to an increased 

susceptibility to carcinogenesis (Siegers et al., 1988) and oxidative injury (Kelly, 1993). 

Oxidative stress in human intestinal pathologies is substantiated by the high levels 

of ROS and corresponding lowered antioxidant molecules and enzymes. Patients with 

IBD demonstrate excessive oxidized molecules in the GI tract compared with healthy 

control subjects and these are more pronounced in patients with Crohn's disease (CD) 

(Rezaie et al., 2007). Increased levels of H2O2 have been found in the colon tissue of 

ulcerative colitis (UC) patients (Cao et al., 2004) and patients exhibiting active UC 

(Holmes et al., 1998) had a 1.7-fold increase in oxidized glutathione compared with 

inactive UC patients. Patients with gastric carcinomas also have decreased total GSH and 

GST activity in tumorous compared to nontumorous tissue (Siegers et al., 1984). 

1.3 Antioxidative stress strategies 

1.3.1 Dietary antioxidants 

Nutrition and dietary patterns have a direct impact on the health of the population 

and of selected patient groups (Caballero, 2003). Individuals in the Mediterranean area 

have a lower risk of several chronic diseases including colon cancer, and the use of large 
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amounts of vegetables and fruits, cooked tomatoes, and olive oil is believed to bring 

about this lower risk (Weisburger, 2002). Some of the most common nutritional 

antioxidants found in food are depicted in Table 1.2. Nutritional antioxidants act through 

different mechanisms and in different compartments, but are mainly free radical 

scavengers that: (1) directly neutralize free radicals, (2) reduce peroxide concentrations 

and repair oxidized membranes, and (3) quench iron to decrease ROS production (Parke, 

1999). 

Vitamins and trace elements have been shown to be the most active components 

with antioxidant and "disease preventive" properties (Berger, 2005). Vitamin E 

scavenges lipid radicals during lipid peroxidation (Richter, 1987; Buettner, 1993; van 

Acker et al., 1993) while Vitamin C neutralizes free radicals in aqueous environments 

(Shang et al., 2003). The trace metals Cu, Mn, Zn and Se are essential components of 

endogenous antioxidant enzymes (Berger, 2005). Cu, Zn and Mn are cofactors for SOD, 

while Cu and Fe are necessary for CAT, and Se is a part of the GPx enzyme. 

Polyphenols scavenge radicals, chelate divalent cations involved in Fenton reactions, and 

moreover, modulate enzymes related to oxidative stress (Cao and Li, 2004; Singal et al., 

2005; Li et al., 2006; Ramos, 2008). Proteins and especially protein hydrolysates act to 

partition and/or physically hinder substrate pro-oxidant interactions, scavenge free 

radicals, chelate pro-oxidative transition metals, and reduce hydroperoxides (Dean et al., 

1997; EliasetaL, 2008). 

In animal and human trials, dietary antioxidants have been found to be effective in 

the prevention or amelioration of chronic intestinal diseases. A study examining the 
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Table 1.2 Origin of the most common nutritional antioxidants found in foods (non-
exhaustive list). (Adapted from Berger, 2005). 

Components Compounds Food sources 

Vitamins Vitamin C (ascorbic acid) 
Vitamin E (tocopherols and 
tocotrienols) 
P-carotene and other carotenoids 
(lycopene, lutein, etc.) 

- Citrus fruit, berries, papaya 
- Seed-like cereal grains, nuts and 
oils derived from plants 
- Orange pigmented and green leafy 
vegetables, tomato 

Trace elements Copper 

Manganese 

Zinc 
Selenium 

- Oysters, nuts, dried legumes, 
cereals, potatoes, vegetables, meat 
- Nuts, wheat germ, wheat bran, 
leafy green vegetables, beet tops, 
pineapple, and seeds 
- Meat, liver, eggs, seafood 
- Organ meats, seafood, grains and 
cereals, muscle meats and eggs, 
milk, fruit and vegetables 

Phytochemicals Isoflavones (daidzein and 
(plant origin) genistein) 

Flavonoids 

Polyphenols 

Catechins 

-Soy 

- Cranberries, peanuts, apples, 
chocolate, tea, red wine 
- Cocoa, grapes, red wine, tea, 
onions, apples, herbs, oregano, 
thyme 
- Green tea, papaya 

Zoochemicals Glutathione coenzyme Qjo 
(animal origin) (Ubiquinone) 

Proteins and peptides 

- Meats, whey protein 

- Dairy, soy, egg yolk, potato, 
gelatin 

• 2 4 



association between regular multivitamin use (four or more times per week) and 

colorectal cancer incidence, found regular multivitamin users 10 years before study 

enrolment were at similarly reduced risk whether they were still multivitamin users at 

enrolment or had stopped (Jacobs et al , 2003). The green tea polyphenol, (-)-

epigallocatechin-3-gallate (EGCG) has shown strong protective effects against 

experimentally induced forestomach (Katiyar et al., 1993, 2001) and colon (Han and Xu, 

1990) cancers. Inhibitory effects were also observed for EGCG and green tea extracts in 

duodenal, stomach, and colon carcinogenesis in rodents (Yamane et al., 1996). 

Furthermore, in animal colitis models green tea polyphenols alleviated intestinal 

inflammation and improved GSH levels in the blood (Mazzon et al., 2005; Oz et al., 

2005). 

Among the numerous studies purporting the efficacy of dietary antioxidants, there 

have been conflicting reports which suggest their ineffectiveness especially in clinical 

trials. Randomized controlled trials have shown that some antioxidants (P-carotene, 

selenium, vitamin E, vitamin C) are ineffective in patients with IBD (Geerling et al., 

2000; Trebble et al., 2004; Seidner et al., 2005; Trebble et al., 2005). A recent meta

analysis could find no evidence of gastrointestinal cancer prevention by antioxidants, 

with the possible exception of selenium (Bjelakovic et al., 2004). Even in animal models 

of intestinal carcinogenesis the efficacy of quercetin (Pereira et al., 1996), black/green tea 

extracts, and green tea polyphenols (Weisburger et al., 1998a, b) have been questioned. 

A delicate balance exists between oxidant and reducing forces. Trace elements 

with antioxidant properties such as copper and selenium may become strongly pro-

oxidant both in vivo and in vitro as a consequence of their physical properties (Abuja, 
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1998; Terada et al., 1999). Vitamins A, C, and E can also become pro-oxidant when 

present in low concentrations and in the vicinity of transition metal ions (Neuzil et al., 

1995). Polyphenols such as resveratrol were also found to catalyze cellular DNA 

degradation in the presence of transition metal ions like copper (Heiss et al., 2007). 

Another key factor which contributes to the failure of some antioxidants in human 

trials is the timing of antioxidant administration. Antioxidant nutrients cannot cure an 

installed disease, such as a gastrointestinal cancer but may play a role in preventing the 

promotion of disease. The detoxification of oxidants is pertinent in the initial reversible 

phase of tissue injury but after some time if oxidative stress is prolonged and is of a high 

degree, there is a point beyond which disease development cannot be prevented (Schiller 

et al., 1993). Therefore antioxidant supplementation may seem to have little to no effect 

in some clinical studies where diseases have progressed beyond the "therapeutic 

window" of treatment. 

1.3.2 Nutritional inducers of cellular antioxidant defence 

Given the pro-oxidant capacity of some dietary antioxidants, alternative strategies 

are sought to maintain redox homeostatis and cellular integrity. Protecting cells against 

oxidative insult can be achieved not only by directly scavenging ROS, but also more 

fundamentally by fortifying the body's antioxidant mechanisms through the induction of 

antioxidant gene expression. 

Food-derived compounds like curcumin and flavonoids, and olive oil biophenols 

have been shown to up-regulate intracellular GSH synthesis (Myhrstad et al., 2002; 

Masella et al., 2004; Biswas et al., 2005) and increase antioxidant enzyme activities 
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(Molina et al , 2003; Li et al., 2006) (Table 1.3). Recent data demonstrate that the 

increase in GSH levels in various cell types treated with polyphenols depends on the 

increased transcription of the y-GCS gene (Myhrstad et al., 2002; Moskaug et al., 2005) 

and that dietary polyphenols can stimulate the transcription of antioxidant and 

detoxification defense systems through ARE elements (Dinkova-Kostova and Talalay, 

1999; Chen et al., 2000). It has been suggested that polyphenols influence the pathways 

that regulate ARE activation by modifying the capability of Keapl in sequestering Nrf2 

and/or activate MAPK proteins (ERK, JNK and p38) involved in Nrf2 stabilization 

(Masella et al., 2005). Nrf2 would thus translocate to the nucleus where it would 

transactivate the ARE-containing promoter of antioxidant genes (SOD, CAT, y-GCS, 

GST, GR, and GPx). As shown in Figure 1.6, oxidized or reactive forms of the major 

green tea polyphenol, EGCG, are thought to conjugate with GSH thereby disrupting the 

cell's redox status and activating protein kinase pathways which trigger Nrf2 

phosphorylation (Andreadi et al., 2006; Wu et al., 2006). Alternately, reactive EGCG 

(EGCG*) may directly interact with Cys residues of Keapl to stimulate Nrf2 dissociation. 

ROS produced by EGCG auto-oxidation could also oxidize Cys thiols of Keapl. These 

events liberate Nrf2 and facilitate the nuclear translocation of Nrf2 (Na and Surh, 2008). 

1.3.3 Antioxidative stress peptides 

Bioactive proteins and peptides from plant, milk, and egg have also been found to 

exhibit antioxidative stress activities (Mcintosh et al., 1995; Oh and Lim, 2006; 

Katayama et al., 2007) (Table 1.3). Supplementation with glycoprotein isolated from 
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Table 1.3 Selected examples of antioxidative stress food compounds and the mechanisms 
by which they influence GSH and endogenous antioxidant enzymes. 

Antioxidative 
stress food 
component 

Polyphenols / 
Biophenols 

Active compound 

Phytoalexin 
- resveratrol 
(red wine) 

Oleuropein and 
Protocatechuic acid 
(extra virgin olive 
oil) 
Curcumin 

Quercetin 

(-)-epigallocatechin-
3-gallate (EGCG, 
green tea) 
Flavonoids 

Mechanism of action 

Concentration and/or time-dependent 
induction of SOD, CAT, GSH, GR, 
GPx, and GST activity. Increased 
mRNA expression of CAT and 
GSTA1. 
Increased GR and GPx enzyme 
activities; and maintained mRNA 
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Antioxidant genes: 
SOD, CAT, y-GCS, GST, GR, GPx 

Figure 1.6 EGCG-induced upregulation of antioxidant or detoxifying enzymes via Nrf2-
ARE signaling. (1) Oxidized or reactive forms of EGCG, EGCG*, conjugates with GSH 
thereby lowering the cellular GSH level. (2) This leads to disruption of the cell's redox 
status and subsequent activation of kinases including phosphatidylinositol 3-kinase 
(PI3K), protein kinase C (PKC), and MAPKs such as ERK, JNK, and p38, triggering 
Nrf2 phosphorylation. (3) ROS produced by auto-oxidation of EGCG can also oxidize 
cysteine thiols of Keapl, disrupting the Nrf2-Keapl moiety. (4) EGCG* can also interact 
with Cys in Keapl, stimulating Nrf2 dissociation. (5) Liberated or activated Nrf2 can 
then translocate into the nucleus and associate with small Maf, forming a heterodimer 
than binds to ARE to stimulate antioxidant enzymes. (Adapted from Na and Surh, 2008). 
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Gardenia jasminoides Ellis (GJE) fruits augmented SOD, CAT, and GPx activities (Oh 

and Lim, 2006) in a mouse colitis model. Whey protein and casein fed rats had 

significantly higher hepatic GSH concentrations during chemically induced intestinal 

tumor development compared with soybean or red meat fed rats (Mcintosh et al., 1995). 

In H202-induced intestinal cell culture, PPP3 - a highly active phosvitin 

oligophosphopeptide fraction, inhibited interleukin-8 secretion, suppressed the lipid 

peroxidation, increased GSH levels and synthesis, and elevated antioxidant enzymes 

(Katayama et al., 2006, 2007). 

1.3.4 Phosvitin oligophosphopeptides 

Hen egg yolk phosvitin is a highly phosphorylated protein comprised of 10% 

phosphorus and 6.5% carbohydrates (Taborsky, 1983). It is a mixture of two polypeptides 

with a-phosvitin containing polypeptide subunits of 35 to 40 kDa, and P-phosvitin having 

45 kDa subunits (Ito and Fujii, 1962). Phosvitin is synthesized from the egg yolk protein 

precursor, vitellogenin, from which the lipoproteins are also derived (Taborsky, 1983). It 

contains 123 serine (Ser) residues accounting for 57.5% of the total amino acid residues, 

and most of these serines are monoesterified with phosphate. Phosvitin is a very strong 

metal chelator due to its polyanionic composition (Hegenauer et al., 1977) and phosvitin 

oligophosphopeptides of 1-3 kDa M.W. have enhanced calcium and iron binding abilities 

(Jiang and Mine, 2000) suggesting the potential for increasing calcium and iron uptake in 

the intestinal tract (Jiang and Mine, 2001; Feng and Mine, 2006). Although phosvitin is 

resistant to gastrointestinal proteolysis (Albright et al., 1984), removal of the phosphate 
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moieties renders it susceptible to enzymatic hydrolysis and provides opportunities for the 

synthesis of novel peptides. 

The protective effects of hen egg yolk phosvitin phosphopeptides (PPP) against 

hydrogen peroxide-induced oxidative stress were evaluated in vitro using human 

intestinal Caco-2 cells. Pretreatment of cells with a highly bioactive PPP fraction, PPP3, 

resulted in an inhibition of H202-induced IL-8 secretion and decreased malondialdehyde 

levels (Katayama et al., 2006). Not only were lipid peroxidation byproducts reduced, but 

there was also an increase in intracellular glutathione levels, a significant increase in y-

GCS activity and the expression of y-GCS heavy subunit mRNA. In addition, 

intracellular GR, GST and CAT activities were elevated by PPP3 treatment. As depicted 

in Figure 1.7, these results indicate that oligophosphopeptides from hen egg yolk 

phosvitin can up-regulate cellular glutathione biosynthesis as well as antioxidative 

enzyme activities, providing an effective defense against oxidative stress in human 

intestinal epithelial cells (Katayama et al., 2007). 

1.4 Egg yolk proteins 

The egg yolk provides vital nutrients such as proteins, lipids, vitamins, and 

minerals to the developing chicken embryo. On the basis of dry matter, yolk is 

comprised of 68% low-density lipoproteins, 16% high-density lipoproteins, 10% globular 

proteins (livetins), 4% phosphoproteins (phosvitin) and 2% minor proteins (Powrie and 

Nakai, 1986). Purified egg yolk lecithins are used in pharmaceutical applications and in 

cosmetics (Cansell, 2007). Once lipids are removed by ethanol extraction, the remaining 
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Figure 1.7 Antioxidative stress enzymes affected by PPP3 in an in vitro Caco-2 model of 
oxidative stress. Shaded boxes indicate enzyme activities which were significantly 
increased during PPP3 supplementation. Enzymes with significantly higher activities 
included superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), 
glutathione S-transferase (GST), and y-glutamylcysteinyl synthetase (y-GCS). y-GCS 
mRNA was also upregulated. (Adapted from Katayama et al., 2007). 
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33% of egg protein content has limited commercial value and functionality due to 

denaturation of the proteins. Similar to milk proteins, both solubility and functionality 

can be improved by proteolysis (Kilara and Danyam, 2003). Delipidated egg yolk 

protein hydrolysed with the endo-proteases, Protex 7L and Protamex 1.5, result in 

peptides with improved solubility as well as enhanced foaming and emulsifying 

properties (Wang and Wang, 2009). Phosvitin represents about 11% of total yolk 

proteins (Powrie and Nakai, 1986) and as previously discussed, exhibit a range of 

biological activities after trypsin hydrolysis (Jiang and Mine, 2000;Sattar Khan et al., 

2000; Katayama et al., 2006, 2007). 

1.4.1 Application of egg yolk peptides (EYP) for decreasing oxidative stress 

PPP3 has great commercial potential but large-scale production is complicated by 

the multiple processing steps involving the isolation and digestion of phosvitin and the 

requirement for HPLC separation (Katayama et al., 2006, 2007). Since phosvitin is 

present in egg yolk protein, it was hypothesized that crude egg yolk 

oligophosphopeptides with similar antioxidative stress properties could be produced 

using a combination of alkaline and enzyme hydrolysis. 
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1.5 Research objectives 

Building upon previous results (Katayama et al., 2006, 2007) for the production of PPP3 

and characterization of the antioxidative stress bioactivity, the objectives of this research 

were as follows: 

1. To produce and evaluate the ability of egg yolk phosphopeptides (EYP) in 

influencing intestinal glutathione and antioxidant enzyme systems. 

EYP was evaluated in vitro for the ability to reduce oxidative stress and in vivo to 

verify antioxidative stress activity. 

Hypothesis 1: Egg yolk phosphopeptides have antioxidative stress properties. 

2. To identify and characterize EYP and the bioactive fraction for the purpose of 

understanding peptide structure and functionality. 

EYP was chromatographically separated to determine the fraction contributing to 

bioactivity. The active fraction, EYP-F4, was sequenced, then digested and 

dephosphorylated to determine if these changes affected bioactivity. 

Hypothesis 2: Phosphoserine sequences in the EYP fraction confer bioactivity. 

3. To elucidate the cell signaling pathways influenced by the EYP bioactive fraction. 

The genes influenced by the EYP bioactive fraction were evaluated in vitro, by 

examining the expression profile of a panel of oxidative stress genes from mRNA 

extracted from H202-stimulated, peptide-treated Caco-2 cells. 

Hypothesis 3: EYP-F4 influences genes encoding antioxidant enzymes. 
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Chapter 2 Preparation of egg yolk oligophosphopeptides and the in vitro and in vivo 

evaluation of antioxidative stress properties 

2.1 Introduction 

There is increasing evidence that the ingestion of proteins, and in particular their 

peptide constituents, confer biological effects on the body that are beyond basic nutrition 

(Kitts and Weiler, 2003; Zaloga and Siddiqui, 2004). A number of peptides from dairy, 

fish, soy, egg, and cereals have been discovered to possess antihypertensive, opioid, 

immunomodulatory, mineral sequestering, antimicrobial, and antioxidant activities (Kitts 

and Weiler, 2003; Wang and Xiong, 2005). Bioactive peptides can be produced by the 

use of heat, acid or base hydrolysis, or by using proteolytic microorganisms or their 

proteolytic enzymes. Microbial enzymes are particularly appealing since they possess 

different substrate specificities than that of intestinal enzymes, hence new peptides can be 

produced which, depending on the amino acid sequence, may be able to escape cleavage 

by gastrointestinal enzymes and express their biological functions in the intestinal tract 

and/or inside the body after absorption (Shimizu, 2004). 

Egg yolk proteins are present as free proteins or as apoproteins which are 

included in lipoprotein assemblies (Anton, 2007). The main constituents of egg yolk are 

lipoproteins. Yolk phospholipids such as lecithin are especially desirable for 

pharmaceutical and cosmetic uses (Cansell, 2007), and defatted egg yolk proteins result 

as a co-product of this extraction. Due to the hexane/ethanol extraction, these delipidated 

proteins are denatured and as a result have little functional value. Phosvitin, a highly 

phosphorylated protein comprising 11% of yolk proteins, after undergoing partial 
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alkaline dephosphorylation, trypsin digest, and anion fractionation, results in 

oligophosphopeptides with proven antioxidative stress properties (Katayama et al., 2006, 

2007). Since phosvitin is present in delipidated egg yolk proteins, it may be possible to 

produce similar oxidative-stress reducing peptides by hydrolyzing these defatted yolk 

proteins. 

Antioxidative stress activity is typically evaluated in vitro using cell lines which 

represent the targeted site of oxidative stress. The Caco-2 human colon carcinoma cell 

line when stimulated with hydrogen peroxide secretes the pro-inflammatory cytokine, 

interleukin-8, which serves as a biomarker of oxidative stress (Yamamoto et al., 2003; 

Herring et al., 2007; Nemeth et al., 2007). IL-8 inhibition is a reliable indicator of 

oxidative stress reduction, but further assays examining glutathione, endogenous 

antioxidative enzymes, and tissue oxidative damage are even more persuasive in 

demonstrating antioxidative stress efficacy. Animal models of oxidative stress are more 

pertinent than cell culture since the effectiveness of the peptides after gastrolintestinal 

digestion can be monitored within an entire complex network of cells and interacting 

physiological systems. Recently, Yorkshire piglet models of chronic intestinal diseases 

such as colitis have been used for testing the therapeutic efficacy of nutraceuticals (Kim 

et al., 2009; Lee et al., 2009). Since the pigs' gastrointestinal physiology is similar to that 

of humans (Miller and Ullrey, 1987), and H2O2 is often implicated in intestinal oxidative 

stress-related pathologies, a H202-porcine model of intestinal oxidative stress is ideal for 

studying the effects of antioxidative stress compounds. 

Previous studies have shown that the treatment of epithelial cells with egg yolk 

phosvitin phosphopeptides can reduce IL-8 and stimulate GSH synthesis and antioxidant 
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enzyme activities during oxidative stress conditions (Katayama et al., 2006, 2007). Since 

the isolation of phosvitin and separation of the bioactive fraction are not conducive to 

industrial-scale production of these peptides, it is conceivable that similar 

oligophosphopeptides can be produced using lipid-free egg yolk protein as a starting 

material. 

This chapter describes the production and characterization of crude egg yolk 

oligophosphopeptides and evaluates the antioxidative stress properties in a Caco-2 and 

porcine model of intestinal oxidative stress. 

2.2 Materials and methods 

2.2.1 Preparation of egg yolk peptides 

Egg yolk peptides were prepared from the digestion of delipidated egg yolk 

protein using a combination of Alcalase (EC 3.4.21.62; HBI Enzymes Inc., Osaka, Japan) 

and a variety of proteases including: protease S, protease N, protease A, protease P, and 

trypsin (all proteases from Amano Enzymes USA, Elgin, IL). Defatted egg yolk protein 

(50 g; Taiyo Kagaku Ltd., Yokkaichi, Japan) was dissolved in 1 L of 0.1N NaOH and 

incubated at 37°C for 3 h with constant shaking. The mixture was adjusted to pH 10 with 

1 N HC1, and 0.5% Alcalase (w/w) was added to the solution and incubated for 3 h at 

45°C. The pH of the solution was adjusted to 8.0 using 2 M NaOH. After 0.5% protease 

(w/w) was incorporated, the mixture was held at 45°C for 15-17 h with constant shaking. 

The enzymatic reaction was stopped by heating at 85°C for 20 min and the digest was 
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centrifuged at 8000 rpm for 40 min at room temperature. After centrifugation, the 

supernatant was separated and lyophilized. 

2.2.2 Characterization of EYP 

2.2.2.1 Dumas protein analysis 

The DUMAS protein analysis is based on the rapid combustion of a sample into 

gases from which the % nitrogen is determined. The % protein is then calculated using a 

conversion factor specific to the food material. The LECO FP-528 (Leco, St. Joseph, MI) 

was first calibrated with blanks and ethylenediamine tetra-acetate (EDTA) standards. 

Approximately 0.2 g of EYP was weighed into foil cups, sealed, and analyzed. Samples 

were tested in triplicate and % crude protein was determined by multiplying the % N by a 

conversion factor of 6.25. 

2.2.2.2 Mean chain length 

The mean chain length was determined by the 2,4,6-trinitrobenzenesulfonic 

(TNBS) method (Fields, 1972) in which the reaction of TNBS with primary amines 

provides a way to compare free amino groups of peptides before and after acid hydrolysis. 

Hydrolyzed EYP samples (0.25 mg/mL in 5.7N HC1) were incubated at 110°C for 24 h. 

After hydrolysis, samples were neutralized in an equal volume of 5.7N NaOH and then 

applied to the assay. Non-hydrolyzed EYP samples (0.25 mg) were diluted in Milli-Q 

water (1 mL) and immediately used in the assay. 
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Samples and glycine standards (10 uL each) were dispensed into microtitre wells 

(Corning Costar, Cambridge MA) and 100 uL of a 1 M borate buffer (pH 9.2) was added 

to each well. TNBS reagent (40 uL/well; 1:42 dilution in water) was incorporated and 

the plate was incubated at 37°C for 1 h. The reaction was stopped by the addition of a 

0.02 M Na2SC>3/2 M Nat^PC^ solution and samples were read at 450 nm using a 

microplate reader (Bio-Rad model 550, Bio-Rad Laboratories, Hercules, CA). Mean 

chain length was estimated by calculating the ratio between the free amino values of the 

hydrolyzed and nonhydrolyzed fractions. 

2.2.2.3 Phosphate analysis 

Phosphate content was determined according to the method of Bartlett (1959). 

Briefly, samples (2.5 mg/mL; 100 uL) and potassium hydrogen phosphate (KH2PO4) 

standards (0-15.3 mg/mL) were dispensed into glass tubes (Corning Costar) and were 

evaporated completely in a block heater. A 70% perchloric acid solution (0.4 mL) was 

added and samples were heated for 60 min at 130-140°C. A mixture of water, 5% (w/v) 

ammonium molybdate, and diaminophenol dyhydrochloride (21:1:1 v/v/v; 4.6 mL) was 

incorporated into each tube and samples were heated at 100°C for 10 min. Once the 

samples were cooled to room temperature, their absorbances were measured at 830nm in 

a spectrophotometer (UV-1201, Shimadzu, Kyoto, Japan). A standard curve of 

absorbance versus jxg phosphate was prepared and the phosphate content in each sample 

was extrapolated accordingly. 
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2.2.2.4 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was carried out according 

to Laemmli (1970) with the Protean II Minigel system (Bio-Rad Laboratories) and 

stained according to the method of Hegenauer et al. (1977). The 12.5% polyacrylamide 

resolving gel was prepared using 30% acrylamide/0.8% bisacrylamide (w/v; 16.7 mL), 

1.5M Tris (pH 8.8; 10 mL), 10% (w/v) sodium dodecyl sulfate (SDS; 0.4 mL), distilled 

deionized water (ddHiO; 12.8 mL), 10% (w/v) ammonium persulfate (APS; 0.2 mL), and 

tetraethylmethylenediamine (TEMED; 13.3 uL). The stacking gel consisted of 30% 

acrylamide/0.8% bisacrylamide (w/v; 1.33 mL), 1.5M Tris (pH 8.8; 2.5 mL), 10% SDS 

(0.1 mL), ddH20 (6 mL), 10% APS (0.05 mL), and TEMED (5 uL). The resolving gel 

was pipetted in between the sandwiched glass plates, leaving 2-3 cm at the top of the unit. 

Distilled deionized water was layered over the top of the gel to prevent gel dehydration 

and the gel was allowed to polymerize for 1 h. After polymerization the water overlay 

was completely removed and the stacking gel was added to the top of the sandwich. A 

comb was inserted into the stacking gel and the gel was allowed to polymerize for 0.5 h. 

Following gel polymerization, the comb was removed and the prepared samples (5 uL 

each) and molecular weight marker (2 uL; Sigma Wide Range Marker, Sigma-Aldrich) 

were loaded into the individual wells. Samples (8 mg protein concentration/mL) were 

prepared in a SDS sample buffer consisting of 62.5 mM Tris-HCl, 2% SDS, 10% (v/v) 

glycerol, 50 mM dithiothrietol (DTT), 0.01% (w/v) bromophenol blue, and ddH20. The 

sample mixture was heated at 95°C for 10 min, centrifuged (2500g, 10 min, 25°C), and 

then cooled on ice until the time of loading. The gel was placed into an electrophoresis 

tank and was immersed in tank buffer (0.025 M Tris, 0.192 M glycine and 0.1% SDS, pH 
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8.3 in 10 L ddt^O). Afer the prepared samples were loaded into the gel, the gel was 

subjected to 20 mA for 30-40 min. After electrophoresis, the gel was removed and 

stained overnight with constant shaking using 0.02% (w/v) Coomassie Brilliant Blue R-

250 and as then destained using a 40% (v/v) methanol, 7% (v/v) acetic acid solution for 1 

h with shaking. The gel was destained a second time using a 5% (v/v) methanol and 7% 

(v/v) acetic acid solution for 2 h with constant agitation. The gel was then placed in 

between 2 transparency sheets and scanned on a Sharp JX-330 scanner (Sharp Electronics, 

Tokyo, Japan). 

2.2.3. Induction of in vitro oxidative stress 

The Caco-2 human intestinal cell line (American Type Culture Collection; 

Rockville, MD) was used in all in vitro oxidative stress studies. Cells were grown in 

Dulbecco's modified Eagle's Medium/F12 (DMEM/F12; Gibco, Burlington, ON) 

supplemented with 20% fetal bovine serum (FBS; Hyclone, UT) and 50 units/mL of 

penicillin-streptomycin (Gibco) and were incubated at 37°C in a 5% CO2 chamber. Cell 

passages 15-45 were used to form the confluent monolayers required for the oxidative 

stress experiments. Cell confluency was based on microscopic examination with the 

same monolayer cell concentration existing in all wells. These monolayers were formed 

from 2 x 105 cells (0.5 mL) cultivated in wells of a 48-well culture plate (Corning Costar) 

which were grown for 5-7 days with fresh media replacements every 2-3 days. 

Confluent cells were incubated in a 5% FBS-DMEM/F12 media with 0.1 and 1 

mg/mL of protease-derived egg yolk peptides for 2 h. One mM H2O2 (Sigma-Aldrich) 

was added to the cells to induce oxidative stress for 6 h. Previous tryptan-blue exclusion 
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studies determined that at least 95% of the cells remained viable during oxidant treatment. 

At the end of 8 h, the cell supernatant was pipetted into eppendorf tubes and frozen at -

80°C for future interleukin-8 assays. Cell viability was determined on the aspirated cell 

monolayer. 

2.2.3.1 Interleukin-8 immunoassay 

The interleukin-8 concentration in the cell supernatants was determined using an 

IL-8 enzyme linked immunosorbent assay (ELISA). Mouse anti-human IL-8 antibodies 

(100 uL; BD Biosciences, San Diego, CA) were coated at a 1:1000 dilution in lOOmM 

sodium phosphate (pH 9.0) buffer in a 96-well microtiter plate (Corning Costar) held 

overnight at 4°C. All incubations from this point forward proceeded at 37°C. The 

microtiter wells were washed three times with phosphate buffered saline (PBS) 

containing 0.05% Tween-20 (PBST) and then blocked with 200 uL of 1% (w/v) bovine 

serum albumin (BSA) in PBS for 1 h. After blocking, the plate was washed and 100 uL 

of supernatant samples or IL-8 standards (BD Biosciences) were dispensed into the wells 

and incubated for 2 h. The plate was again washed and 100 uL of biotinylated mouse 

anti-human IL-8 antibodies (BD Biosciences) were added to each well and incubated for 

1 h. After the plate was washed, 100 uL of avidin-horseradish peroxidase conjugate (BD 

Biosciences) was placed into each well and incubated for 0.5 h. The plate was washed 

and color was developed using 50 uL of 3,3',5,5'-tetramethylbenzidine (Sigma-Aldrich). 

The reaction was terminated using 25 uL/well of 0.5N H2SCH, and the absorbance was 

read at 450 nm. IL-8 concentrations of samples were extrapolated from the IL-8 standard 

calibration curve and are expressed as pg of IL-8 per mL of sample. 
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2.2.3.2 Water-soluble tetrazolium-1 (WST-1) cell viability assay 

The WST-1 cell viability assay is based on the cleavage of tetrazolium salts by 

mitochondrial succinate reductase (NADPH dependent) to a corresponding formazan dye 

which can be photometrically detected (Tan and Berridge, 2000). Since reductases are 

present in living cells, this provides a non-specific indicator of metabolic activity and 

viability. After the removal of supernatant for the IL-8 assays, 290 uL of 5% FBS-

DMEM/F12 media and 10 uL of WST-1 solution was added to each well and mixed. 

The plate was incubated for 5-10 min at 37°C until color development. Supernatants 

(200 uL/well) were pipetted into a 96-well microtiter plate for measurement at 450 nm in 

a plate reader (Bio-Rad model 550, Bio-Rad Laboratories). 

2.2.4 In vivo EYP evaluation 

2.2.4.1 Animal trial design 

A pilot study was first conducted to determine the optimal conditions for the 

induction of intestinal oxidative stress in piglets. The trial duration and concentration of 

H2O2 used in the actual animal study was based upon the pilot study's biomarker results. 

Five- to seven-day-old Yorkshire male and female piglets were obtained from the 

Arkell Swine Research Station (University of Guelph, Guelph, ON). The piglets were 

individually housed in an animal facility maintained at 26°C with a 12-hour light/dark 

cycle. Piglets were fed three times a day with a commercial milk replacement formula 

(Soweena® Litter Life; Merrick's Inc., Middleton, WI) at ad libitum intake volumes. All 

animal trials were approved by the University of Guelph's Animal Care Committee and 
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were conducted in accordance with the Canadian Council of Animal Care Guide for the 

Care and Use of Experimental Animals. 

After a two-day acclimatization period, piglets underwent surgery for the 

placement of an intra-peritoneal catheter (Micro-Renathane®; Braintree Scientific Inc., 

Braintree, MA). The catheter was anchored to a trimmed inert silicone patch (about 8 x 

12 mm; Access Technologies, Skokie, IL), which was further sutured onto the muscular 

right side of the inner abdominal cavity with the catether end positioned towards the 

intestines. A custom-made vest was fitted dorsally on each animal for temporary storage 

of the exterior segment of the catheter. Following a 3-day recovery period, animals were 

randomly assigned into one of three groups (negative control (NEG), positive control 

(POS), and egg yolk peptide (EYP); n = 5 per group) and infused with H2O2 or saline, 

while receiving daily doses of EYP or L-alanine. During the 10 days of oxidative stress 

induction, POS and EYP groups were infused with 60 mL of 0.2 mM H2O2 /kg body 

weight (BW)/day while the NEG group was given saline infusions. Hydrogen peroxide 

infusions (10 mL) were administered six times during the course of the day. After each 

infusion, the catheter was flushed with 2 mL saline to ensure delivery of the full 10 mL of 

hydrogen peroxide. EYP piglets were also fed 250 mg egg yolk peptide crude protein/kg 

BW/day while NEG and POS animals were given 254 mg L-alanine/kg BW/day for 

isonitrogen balance (Livesey, 1984) during the oxidative stress period. 

Whole blood from the peri-orbital sinus was collected on day 2, 8, 11, 14, and 17 

in EDTA tubes and centrifuged at 1000 g for 10 min at 4°C. The red blood cells (RBC) 

were separated and processed for GSH analysis and the plasma was stored at -80C for the 

44 



ferric reducing antioxidant power (FRAP) assay. The buffy coat was siphoned off and 

discarded during separation of the plasma and red blood cells. 

On day 19, all piglets were sedated through an inhaled anesthetic, isoflurane 

(Aerrane, Anaquest, WI), and sacrificed via an intra-cardiac injection of Euthanol 

(pentobarbital) at 0.3 mL/kg BW. Intestinal tissues from the duodenum, jejunum, ileum 

and colon were separated based on morphological features by an animal care technician 

and were rinsed with phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich) in saline, 

and flash frozen in liquid nitrogen for further biomarker analyses. Prior to use, tissues 

were finely ground in liquid nitrogen using a mortar and pestle. All protein 

concentrations were determined by the microplate Bio-Rad DC protein assay (Bio-Rad 

Laboratories) using bovine serum albumin as a protein standard. 

2.2.4.2 Determination of glutathione (GSH) and GSH-related assays 

Plasma samples were not evaluated for GSH content since glutathione levels are 

below the detection limit of the GSH assay and cannot be measured directly. Since 

glutathione is abundant in red blood cells, these were processed for the GSH assays. The 

RBC were lysed in a 4x volume of ice-cold HPLC-grade water and centrifuged (10,000 g, 

15 min, 4°C). The supernatant was collected and stored on ice. An equal volume of 10% 

(w/v) metaphosphoric acid (MPA; Sigma-Aldrich) was added and the mixture was 

vortexed. The solution was incubated at room temperature for 5 min followed by 

centrifugation at 3,000 g at 4°C for 10 min. The supernatant was collected and stored at -

80°C until analysis. 
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Frozen ground tissues (approximately 1 g) were homogenized in 5 mL cold 

phosphate buffer (pH 6.7 with 1 mM EDTA) and centrifuged (10,000 g, 15 min, 4°C). 

The supernatant was removed, and an equal volume of 10% MP A was added to 

deproteinate the sample. 

For both RBC and tissues, immediately prior to analysis the deproteinated 

samples were neutralized using 50 uL 4 M triethanolamine (TEAM; Sigma-Aldrich) per 

mL of supernatant and vortexed thoroughly. 

2.2.4.2.1 Total GSH 

Total GSH was determined according a modified version of Allen et al.'s (2000) 

method. Supernatants (25 uL) were mixed with 125 uL of 100 mM PBS containing 4 

mM EDTA, 0.2 mM NADPH, and 0.5 mM 5,5'-dithio-bis 2-nitrobenzoic acid (DTNB), 

and 100 units per mL of glutathione reductase. The mixture was incubated for 5 min at 

room temperature with shaking, and the absorbance was measured at 405 nm. The 

concentration of GSH in the samples was calculated using a GSH standard curve and was 

expressed as nanomoles of GSH per mg of protein. 

2.2.4.2.2 Gamma glutamylcysteine synthetase activity 

The y-GCS activity was assayed by the method of Seelig and Meister (1985) by 

following the oxidation of NADH at 340nm and 25°C. A pre-mixture solution (0.6 mL) 

consisting of 0.25 M Tris-HCl (pH 8.2) containing 1.25 mM EDTA, 166 mM KC1, and 

0.1 mM NADH, was mixed with 0.31 mL of 10 mM ATP, 10 mM phosphoenolpyruvate 

(PEP), 10 mM L-glutamate, pyruvate kinase/lactate dehydrogenase (PK/LDH; 4U/5U per 
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mL), and 5 mM L-a-aminobutyric acid. Tissue supernatant (0.09 mL) was added to this 

solution and the decrease in absorbance at 340 nm was recorded at 2 and 5 min. y-GCS 

activity was defined as umol of NADH oxidized/min/mg protein which is equivalent to 1 

U and activity was expressed as U per mg protein. 

2.2.4.2.3 y-GCS mRNA expression 

For determining y-GCS mRNA expression, total RNA was first extracted from 

frozen intestinal tissues using the Aurum™ Total RNA Mini Kit (Bio-Rad Laboratories) 

according to the manufacturer's instructions. The quantity and quality of the RNA was 

verified by measuring the A260:A280 ratio (NanoDrop® ND-1000; Thermo Scientific, 

Wilmington, DE) and by gel electrophoresis. First strand cDNA was synthesized using 

the iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, Inc.) according to the 

manufacturer's instructions. y-GCS mRNA expression was quantified using real time-

polymerase chain reaction (RT-PCR) with porcine y-GCS and the p-actin housekeeping 

gene. The primer sequences were as follows: y-GCS (forward primer 5' - GAG AAA 

ATC CAC CTG GAC GA- 3' and reverse primer 5' - ATG GGC CGG AAT TCT ACT 

CT - 3', 134 bp) and P-actin (forward primer 5' - GGA TGC AGA AGG AGA TCA CG -

3' and reverse primer 5' ATC TGC TGG AAG GTG GAC AG - 3', 130 bp). RT-PCR 

was carried out using iQ™ SYBR® Green Supermix (Bio-Rad Laboratories, Inc.) on a 

MyiQ™ Single Color Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.) 

using the following conditions: denaturation 15 s at 95°C, annealing 15 s at 56°C, and 

extension 30 s at 72°C. Porcine primers were designed using Primer3 v.0.4.0 (Rozen and 

Skaletsky, 2000) and synthesized by the University of Guelph Laboratory Services 
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Molecular Biology Section (Guelph, ON). Results were expressed as fold changes 

relative to the negative control (untreated) animals. 

2.2.4.3 Ferric reducing antioxidant power assay 

FRAP analyses were conducted on plasma samples. The FRAP assay is based on 

the reduction of ferric ion (Fe3+) to the ferrous form (Fe2+) at low pH, which has a blue 

color at 593 nm when complexed with 2,4,6-tripyridyl-s-triazine (TPTZ, Sigma-Aldrich) 

to form Fe2+/TPTZ (Benzie and Strain, 1999). 

The FRAP assay reagent was freshly prepared by mixing TPTZ (10 mM in 40 mL 

HC1), acetate buffer (300 mM, pH 3.6), and 20 mM FeCl3 at a 1:10:1 (v/v/v). Equal 

concentrations (500 uM) of L-ascorbic acid and ellagic acid were prepared in methanol. 

Ten microliters of standards or samples were individually dispensed into microtiter wells 

and mixed with 300 uL FRAP reagent pre-warmed to 37°C. The plate was held at 37°C 

for the duration of the assay. Absorbance readings were taken immediately after mixing 

and at 4 min intervals using a microplate reader (EL 340; Bio-Tek Instruments, Inc., 

Winooski, VT). Plasma samples were tested in triplicate. The FRAP value (uM) was 

calculated from 500 uM ascorbic acid which has an equivalency of 1000 uM FRAP 

values. 

2.2.4.4 Determination of antioxidant enzyme activity 

For CAT, GR, and GST enzyme activity assays, frozen ground tissues were 

homogenized in lOOmM cold potassium phosphate buffer (pH 7.5 with 1 mM EDTA) 

and centrifuged (10,000 g, 15 min, 4°C). For the GPx assay, tissues were homogenized 
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in a similar potassium phosphate buffer with 1 mM dithiothreitol (DTT) and tissue 

solutions were centrifuged accordingly. Intestinal tissues for the SOD assay were 

homogenized in sucrose buffer (0.25M sucrose, 10 mM Tris, 1 mM EDTA) and 

subsequently centrifuged. After all centrifugations, supernatants were removed, kept on 

ice, and immediately used for the enzyme assays. 

2.2.4.4.1 Superoxide dismutase 

The SOD assay is based on the reaction of WST-1 with superoxide anion which 

forms a colorimetric formazan dye that can be monitored at an absorbance of 450 nm. 

Since xanthine oxidase reduces O2 to O2 but is converted to H2O2 by SOD, the inhibition 

activity of SOD can be determined by following the decrease in color development. SOD 

enzyme activity of samples was quantified using Fluka's SOD determination kit (Sigma-

Aldrich) in accordance with the manufacturer's instructions. SOD standards (Sigma-

Aldrich) were used to correlate SOD concentration (U/mL) with % inhibition. SOD 

activity in tissue samples was expressed as U per mg protein. 

2.2.4.4.2 Catalase 

Catalase activity was determined according to the procedure of Johansson and 

Borg (1988) by following the decomposition of H2O2 at 340nm and 25°C. Tissue 

homogenates (0.02 mL) were mixed with 0.1 mL of 100 mM phosphate buffer (pH 7.0) 

and 0.03 mL of methanol in a microtitre plate. The reaction was initiated with 0.02 mL 

of 352.8 mM H2O2. The mixture was incubated for 20 min with shaking, and the reaction 

was terminated by the addition of 0.03 mL of 10 M KOH. Purpald (0.03 mL; 34.2 mM in 
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0.5 N HC1) was added and the mixture was incubated for 10 min on a shaker. Potassium 

periodate (10 uL) was then added and incubated for a further 5 min. The absorbance of 

the purple formaldehyde adduct was then measured at 570 nm. Catalase activity was 

calculated based on a standard curve with formaldehyde and expressed per mg protein. 

One unit of activity was expressed as the formation of 1 umol formaldehyde per min. 

2.2.4.4.3 Glutathione peroxidase 

GPx activity was determined according to the procedure of Wendel (1981) by 

following the oxidation of NADPH to NADP+ at 340nm and 25°C. Tissue homogenates 

(0.017 mL) were mixed with 1 mL of a reaction cocktail consisting of 48 mM sodium 

phosphate, 0.38 mM EDTA, 0.12 mM p-NADPH, 0.95 mM NaN3, 3.2 units of GR, 1 

mM GSH, 0.02 mM DTT, and 0.0007% (w/w) H202. After mixing in a cuvette by 

inversion, the absorbance at 340nm was recorded at 2 and 5 min. The changes in 

absorbance rate were converted into units of GPx per mg protein using a molar extinction 

coefficient of 6.22 mM"1 cm"1 for P-NADPH. One unit of activity was defined as the 

oxidation by H2O2 of 1 umol of GSH to GSSG per min. 

2.2.4.4.4 Glutathione reductase 

GR activity was determined according to the procedure of Carlberg and 

Mannervik (1985) by following the decomposition of P-NADPH at 340nm and 25°C. 

Tissue homogenates (0.075 mL) were mixed with 0.875 mL of 1.18 mM oxidized GSH 

(dissolved in 100 mM PBS, pH 7.5, containing 1 mM EDTA). P-NADPH (0.05 mL; 2 

mM) was added and the absorbance was recorded at 2 and 7 min. The changes in 
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absorbance rate were converted into units of GR per mg protein using a molar extinction 

coefficient of 6.22 mM"1 cm"1. One unit of activity was defined as the oxidation of 1 

umol of p-NADPH per min. 

2.2.4.4.5 Glutathione S-transferase 

GST activity was determined according to the procedure of Habig et al. (1974) by 

following the formation of the 1-chloro-2,4-dinitrobenzine (CDNB)-GSH conjugate at 

340 nm and 25°C. Tissue homogenates (0.05 mL) were mixed with 0.95 mL of 0.1 M 

potassium phosphate buffer (pH 6.5) containing 2 mM GSH, 1 mM CDNB, and 0.1% 

Triton X-100. The increase in absorbance was monitored at 2 and 5 min. The changes in 

the absorbance rates were converted into units of GST per mg protein using a molar 

extinction coefficient of 9.6 mM"1 cm"1. One unit of activity was expressed as the 

conjugation of 1 nmol of CDNB with GSH per min. 

2.2.4.5 Determination of cellular oxidation injury 

Cellular injury was assessed by measuring the malondialdehyde (MDA) and 

protein carbonyl (PC) content in intestinal samples. For the MDA assay, tissues were 

homogenized in a 100 mM cold potassium phosphate buffer (pH 7.5 with 1 mM EDTA) 

with 5 mM BHT and tissue solutions were centrifuged at 10,000 g, 15 min, 4°C. For the 

PC assay, frozen intestinal tissues were homogenized in a 100 mM potassium phosphate 

buffer and centrifuged accordingly. After all centrifugations, supernatants were removed, 

kept on ice, and immediately used for the lipid and protein oxidation assays. 
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2.2.4.5.1 Malondialdehyde 

MDA was determined according to the method of Janero (1990) with a slight 

modification. Tissue homogenates (0.4 mL) were mixed with a reaction solution (1.3 

mL) consisting of 10 mM of N-methyl-2-phenylindole in acetonitrile and 0.2 mM FeCl2 

in methanol. Hydrochloric acid (0.3 mL; 12 N) was added to the mixture, vortexed, and 

incubated at 45°C for 1 h. After cooling on ice, the mixture was centrifuged (10,000 g, 

10 min, 4°C) and the supernatant absorbance was measured at 586 nm. The MDA 

concentration was extrapolated from a standard curve with methanesulfonic acid and 

converted to nanomoles of MDA per mg protein. 

2.2.4.5.2 Protein carbonyl 

The PC assay is based on the method of Levine et al. (1994) in which the protein 

carbonyl content can be quantified via the reaction of carbonyls with 2,4-

dinitrophenylhydrazine (DNPH; Sigma-Aldrich) to form a Schiff base and a 

corresponding hydrozone, which can be analyzed spectrophotometrically between 360-

385 nm. Tissue homogenates (0.54 mL) were incubated with streptomycin sulfate (0.06 

mL of 10% streptomycin sulfate stock dissolved in 50 mM potassium phosphate, pH 7.2; 

Sigma-Aldrich) to remove nucleic acids. The mixture was centrifuged (8,000 rpm, 10 

min, 4°C) and 0.2 mL supernatant was each transferred into 2 tubes. One tube was 

designated as a sample and the other was a control. DNPH (0.8 mL; 10 mM dissolved in 

2.5 N HC1) was added to the sample tube and 0.8 mL 2.5 N HC1 to the control tube. The 

tubes were incubated in the dark at room temperature for 1 h with occasional vortexing 

every 15 min. One mL of 20% TCA was added to each tube, vortexed, and then placed 
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on ice for 5 min. The mixture was centrifuged (10,500 rpm, 10 min, 4°C), the 

supernatant was discarded and the pellet was resuspended in 10% TCA. The tubes were 

again placed on ice for 5 min and centrifuged again. The supernatant was discarded and 

the pellet was resuspended in 1 mL ethyl acetate/ethanol solution (1:1 ethyl acetate/ 

absolute ethanol), vortexed and centrifuged. This last step was repeated 2 more times 

with the last centrifugation increasing to 12,000 rpm for 10 min at 4°C. After the final 

wash, the pellet was resuspended in 0.5 mL guanidine HC1 solution (6 M guanidine HC1 

with 20 mM potassium phosphate, pH 2.3), vortexed and centrifuged at 13,000 rpm for 

10 min at 4°C. The supernatant (0.11 mL) from sample and control tubes were each 

transferred into 2 wells of a half-area UV microtitre plate (Corning Costar) and the 

absorbance was measured at 360nm. The corrected absorbance was determined by 

subtracting the average control absorbance from the average sample absorbance. The 

carbonyl concentration was then calculated using a molar extinction coefficient of 0.022 

uM"1 cm"1 and was expressed per mg protein. 

2.2.5 Statistical analysis 

All statistical analyses were carried out using GraphPad Software (San Diego, CA, 

USA). The statistical significance of the in vitro data was determined by the Student's t-

test with a p value of less than 0.05 taken as significant. For the in vivo data, 

comparisons between groups were conducted with a one-way analysis of variance 

(ANOVA) followed by the Tukey-Kramer multiple comparisons test. Homogeneity of 

variances was confirmed using Bartlett's test. Groups were considered statistically 

significant when P < 0.05. Results were reported as mean + SEM. 
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2.3 Results and discussion 

2.3.1 Production and characterization of yolk protein digests 

We were faced with the challenge of manufacturing peptides from crude egg yolk 

protein with antioxidative stress bioactivity. In order to characterize the egg yolk protein 

digests hydrolyzed by protease S (EYP-S), protease N (EYP-N), protease A (EYP-A), 

protease P (EYP-P), and trypsin (EYP-T), phosvitin digestion, % crude protein, % crude 

protein recovery, mean chain length, and % phosphate were determined. The digestion of 

phosvitin was important since only phosvitin hydrolysates have antioxidative bioactivity 

whereas intact phosvitin does not (Katayama et al., 2006). Since phosvitin is present in 

delipidated egg yolk protein, it was believed that similar bioactive phosvitin 

phosphopeptides could be made from the digestion of yolk protein. Therefore it was 

important to confirm the digestion of phosvitin in the egg yolk hydrolysates. The 

electrophoretic patterns of the egg yolk peptides in Figure 2.1 illustrate the digestion of 

phosvitin in all of the peptide mixtures. No bands were observed in the peptide lanes (2 

to 6) compared to the two major bands in phosvitin (lane 1) which consists of 2 

polypeptides with one aggregate of subunits at 35 to 40 kDa and another set at 45 kDa 

(Ito and Fujii, 1962). There was a minor band of approximately 6.5 kDa in the phosvitin 

lane due to the lack of anion exchange chromatography purification after the extraction of 

phosvitin from egg yolk (Jiang and Mine, 2000). Without this purification step, authors 

have noted the presence of additional phosphoproteins with high electrophoretic mobility 

known as phosvettes (Anton et al., 2007). There was no significant difference in the % 

crude protein among all digests (Table 2.1); however, EYP-P had the highest crude 
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Figure 2.1 SDS-PAGE pattern of egg yolk protein digests where lanes 1-7 (left to right) 
correspond to phosvitin, protease S digest, protease N digest, protease A digest, protease 
P digest, trypsin digest, and the molecular marker, respectively. Arrows indicate the 
bands which relate to the phosvitin subunits. 
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Table 2.1 Evaluation of egg yolk protein digests derived from protease S (EYP-S), 
protease N (EYP-N), protease A (EYP-A), protease P (EYP-P), and trypsin (EYP-T) 
hydrolysis. Digests were analyzed for protein, protein recovery, mean chain length, and 
phosphate content. Data is presented as mean ± SEM; n = 3. 

Egg Yolk 
Protein Digest 

EYP-S 

EYP-N 

EYP-A 

EYP-P 

EYP-T 

Crude 
Protein (%) 

74.66 ± 0.04 

74.25 ± 0.40 

75.26 ± 0.29 

74.28 ± 0.05 

74.74 ±0.19 

Crude Protein 
Recovery (%) 

66.28 ± 0.04 

73.44 + 0.41 

72.24 + 0.21 

76.24 ± 0.05 

65.63 ±0.17 

Mean Chain 
Length 

4.34±0.10 

3.63 ±0.15 

2.81 ±0.05 

2.49 ±0.10 

5.22 ±0.12 

% Phosphate 

0.51 ±0.01 

1.00 ±0.02 

0.75 ±0.01 

0.76 ± 0.03 

0.88 ± 0.02 
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protein recovery followed by EYP-N, EYP-A, EYP-S and EYP-T. During protein 

hydrolysis, peptides with a high degree of hydrophobicity tend to aggregate and while 

hydrophilic peptides remain in solution. Since phosvitin is highly phosphorylated (Clark, 

1985), phosvitin phosphopeptides within the egg yolk hydrolysate are expected to remain 

in the supernatant. The % crude protein represents both peptides and amino acids present 

in the supernatant and was based on the multiplication of a 6.25 conversion factor by 

the % nitrogen as determined by Dumas protein analysis. The % crude protein of the 

delipidated egg yolk proteins was approximately 90%. After hydrolysis, this percentage 

is reduced since the hydrolysate also contains carbohydrates and minerals. Salt is also 

present as a result of the sodium hydroxide and hydrochloric acid used to adjust the pH 

values. The % crude protein recovery compares the crude protein in the supernatant with 

the total protein in the delipidated egg yolk protein. There was not 100% crude protein 

recovery since only peptides and amino acids present in the supernatant were considered. 

The remaining crude protein is present in the aggregate. The mean chain length of the 

digests which estimates the average peptide size, ranged from 2.49 in EYP-P to 5.22 in 

EYP-T, with EYP-N having a mean chain length of 3.63. It is important to emphasize 

that the mean chain length is based on a ratio of the total free amino groups of a 

completely hydrolyzed and non-hydrolyzed sample. This average may not be an 

appropriate representation of the peptide length since the non-specificity of alcalase and 

the proteases may result in the generation of many amino acids and peptides of varying 

sizes. Of all the mean chain length values, it is not surprising that EYP-T had the highest 

value (5.22). Due to the site specificity of trypsin cleavage at the carboxyl side of lysine 

and arginine (Brown and Wold, 1973), the peptide size is bound by the enzyme's 
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cleavage restrictions. The EYP-N hydrolysate also had the highest phosphate content 

(1.00%). The % phosphate represents the amount of phosphate present in the hydrolysate 

and the assay considers both the phosphate groups present on phosphopeptides as well as 

free phosphate groups. It would be ideal to remove the free phosphates by dialysis and 

only measure the % phosphate present on phosphopeptides. Regardless, the % phosphate 

does provide an indication of the amount of phosphorylation in the sample. Previous 

studies with phosvitin phosphopeptides demonstrate that peptides with higher phosphorus 

compositions resulted in stronger IL-8 inhibition, lower MDA levels, and higher GSH 

and GR activities (Katayama et al., 2006) and in fact, peptides without any phosphorus 

had minimal impact on bioactivity. Since phosphorus comprises approximately 1/3 

(w/w) of phosphate, the % P is approximately 1/3 of the % phosphate. Hydrolysates with 

high phosphorus content and correspondingly high % phosphorylation were likely to 

have bioactive peptides. 

2.3.2 In vitro antioxidative stress activity 

The antioxidative stress effect of the digests was determined after a 2 h peptide 

pretreatment followed by 6 h H2O2 stimulation in Caco-2 cells. As shown in Figure 2.2A 

and as previously reported (Yamamoto et al., 2003), Caco-2 cells exposed to oxidants 

such as H2O2 produce an abundance of IL-8 cytokines. Pretreatment of cells with any of 

the egg yolk digests at either 0.1 or 1.0 mg/mL concentrations significantly reduced 

(PO.001) IL-8 secretion. None of the digests affected cell viability (Figure 2.2B) which 

signifies IL-8 reduction is not due to cytotoxicity but rather stems from the alteration of 
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Figure 2.2 Effect of protease S (EYP-S), protease N (EYP-N), protease A (EYP-A), 
protease P (EYP-P), and trypsin (EYP-T) digests on (A) IL-8 secretion and (B) cell 
viability in H202-treated Caco-2 cells. Cells were treated with 0.1 or 1.0 mg/mL of 
peptide digests for 2 h at 37°C, and then incubated with 1 mM H2O2 for 6 h. Data is 
presented as mean + SEM; n = 3. *** PO.001 compared to H^-treated cells. 
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gene expression in the presence of oxidative stress. In the absence of hydrogen peroxide 

the yolk protein hydrolysates did not change baseline levels of IL-8 (data not shown). 

Based on the high phosphate content and in vitro antioxidative stress activity, EYP-N was 

chosen for use in the in vivo oxidative stress trials. EYP-N was confirmed to have 

bioactivity even after peptides were removed following the 2 hour incubation period and 

stimulated with hydrogen peroxide for 6 h (data not shown). Any reference to EYP-N 

from this point forward will be simply referred to as EYP. 

2.3.3 In vivo intestinal antioxidative stress bioactivity 

In the past in vivo intestinal oxidative stress has been induced by fasting (Abdeen 

et al., 2009), methotrexate (Gulgun et al., 2009), ischemia (Maranon et al., 2009), 

irradiation (Berbee et al., 2009), and intensive and exhaustive exercise (Rosa et al., 2009). 

Although these methods induce oxidative stress and result in intestinal damage, they were 

unfeasible due to animal care concerns, facility limitations and budget restrictions. 

Hydrogen peroxide is a ROS which is ubiquitous in all oxidative situations especially 

inflammation (Keisari et al., 1983; Lander et al., 1997), and is easily diffusible across 

membranes (Bienert et al., 2006, 2007). Previous use of hydrogen peroxide enemas for 

the management of fecal impaction resulted in the development of colitis, leading to the 

discontinuation of this practice (Meyer et al., 1981; Bilotta and Waye, 1989). For these 

reasons hydrogen peroxide was used to induce chronic oxidative stress in the peritoneum 

of the piglet. Since 60 mL of hydrogen peroxide was infused into the peritoneal cavity 

throughout the course of the day, intestinal tissues including the duodenum, jejunum, 

ileum, and colon were subjected to oxidative stress. During the 10 day period of 
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oxidative stress, pigs were fed egg yolk peptides daily in the food and at sacrifice, 

intestinal segments were removed to investigate the effect of EYP on glutathione 

concentration and synthesis, antioxidant enzyme activities, and lipid and protein 

oxidation. Since hydrogen peroxide affected tissues from the peritoneum side of the 

intestine and ingested EYP was exposed to luminal cells, it can be deduced that the 

antioxidative effects of EYP did not involve oxidant scavenging or quenching. 

Hydrogen peroxide can easily and quickly diffuse into nearby cells using water channels 

and damage or oxidize thiol groups present on proteins (Bienert et al., 2007). A 

consequence of this may be the triggering of cell signaling cascades which result in the 

production and release of pro-inflammatory cytokines in the vicinity (Halliwell and 

Gutteridge, 2007b). In addition, information about oxidative stress such as changes in 

GSH: GSSG ratio or the thioredoxin redox state can be communicated to nearby cells via 

gap junctions between cells (Halliwell and Gutteridge, 2007b). Ingested EYP may be 

digested upon arrival at the epithelial cells in the duodenum. Depending on the EYP 

amino acid composition and phosphate content, peptides can potentially be further 

digested by pepsin, trypsin, and chymotrypsin. Peptides face further degradation by 

peptidases present on the epithelial surface and in endocytotic vesicles. Non-degradative 

routes of peptide transport include the PepTl transporter for di- and tri-peptides and 

paracellular passage through tight junctions for larger peptides (Tsukita et al., 2001; 

Daniel, 2004). As supported by the in vitro EYP study, EYP can exert bioactive effects 

by interacting directly with epithelial cells in the various intestinal tissues. If EYP 

utilizes the paracellular transport route, it can access the bloodstream, pass through blood 
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vessels feeding into the intestines and also exert antioxidative stress activities on these 

cells. 

2.3.3.1 Tissue GSH concentration and synthesis 

Glutathione is a naturally occurring cellular reductant and antioxidant (Meister 

and Anderson, 1983; Kaplowitz et al., 1985) that detoxifies reactive oxygen metabolites 

of endogenous or exogenous origins. The amount of de novo GSH synthesis can be 

estimated from the intracellular GSH concentration and from the expression level and 

activity of the key synthesis enzyme, y-GCS (Griffith, 1999; Aw, 2005). Limited data is 

available for the study of endogenous antioxidants and antioxidant enzymes in the 

intestines. Mice are commonly used in in vivo trials; however, due to their size and 

length of their intestines, the entire intestine or the colon and remaining intestinal 

segment are usually excised and studied (Tham et al., 1998). Human subjects are also 

limited by the amount of tissue they can provide. Tissue samples are usually excised 

during colon biopsies in patients suffering from inflammatory bowel diseases. 

Occasionally, adjacent non-inflamed tissues are excised to compare the levels of 

biomarkers in these cells with those in the inflamed cells. From the limited data provided 

by humans, the intestinal distribution of GSH and antioxidant enzymes are generally 

higher in the proximal intestine starting from the duodenum compared to the distal end at 

the colon (Siegers et al., 1984). Levels of these endogenous compounds, however, can be 

disrupted in the presence of oxidative stress (Droge, 2002) as observed in the varied 

responses among the 4 intestinal tissues and among the NEG, POS, and EYP groups. 
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There was a significant increase in the total GSH of POS (P<0.05) and EYP 

(PO.01) groups compared to NEG controls in the duodenum, but y-GCS activity was in 

fact reduced in POS and EYP tissues and y-GCS gene expression was significantly higher 

(PO.05) in only POS tissues (Figure 2.3). Jejunum y-GCS activity was significantly 

lowered in EYP compared to POS groups, however y-GCS mRNA expression was 

significantly elevated (PO.05) upon treatment with EYP, which may later influence the 

enzyme levels, activity and role in GSH synthesis. The ileum concentration of total GSH 

and y-GCS activity was not significantly different among the NEG, POS, and EYP 

groups, however y-GCS expression was upregulated (P<0.05) in POS versus NEG 

controls. There was also a significant increase in y-GCS activity in the colon (P<0.05) of 

EYP supplemented piglets compared to NEG and POS controls, but this was not reflected 

in the corresponding y-GCS gene expression or total GSH concentration. 

These results may be explained by the degree of oxidative stress, the variation in 

levels of GSH and GSH-related enzymes, and the difference in activities of antioxidant 

defense enzymes prevailing in each tissue. In response to mild oxidative stress, tissues 

often respond by producing more antioxidants; however severe enduring oxidative stress 

depletes the body's antioxidant resources and overtakes the ability to produce more 

antioxidants, leading to lower antioxidant levels (Rezaie et al., 2007). It is plausible, 

therefore, that tissues may be at different stages of coping with oxidative stress. 

Duodenum y-GCS activity may be compromised in POS pigs, however, associated 

mRNA indicate an effort to re-establish GSH levels by upregulating y-GCS gene 

expression. On the contrary, jejunum y-GCS activity is higher in positive pigs compared 
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* * 

Duodenum Jejunum Ileum Colon 

Figure 2.3 Effect of EYP on (A) total GSH and (B) y-GCS activity and (C) relative 
mRNA expression in the duodenum, jejunum, ileum, and colon. GSH concentration is 
expressed as nmoles GSH/mg protein and y-GCS activity as units/mg protein. mRNA 
was extracted from intestinal tissues and relative gene expression was measured by real
time RT-PCR. Fold changes were calculated relative to the negative control. Values 
represent mean + SEM with n = 5 per group. * PO.05; ** PO.01; *** PO.001. 
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to both NEG and EYP, and this corresponds to the increased y-GCS mRNA expression, 

confirming this gene was already induced as an adaptive response to oxidative stress 

defense and detoxification. The jejunum y-GCS mRNA expression of EYP-treated pigs 

is also elevated and is in fact significantly higher than that of the H202-stressed pigs, 

suggesting a role in the enhancement of intracellular GSH synthesis. Colon y-GCS 

activity is higher in EYP compared to both POS and NEG controls however there is no 

difference in mRNA expression or total GSH among the 3 groups, which may indicate 

the beginning of antioxidant defense exhaustion in this tissue. Although the change in 

antioxidant levels is conflicting among the intestinal segments, the imperative point is the 

presence of an imbalance in antioxidant concentrations to which EYP supplementation 

aids in the promotion of antioxidative stress mechanisms to re-establish a stable redox 

homeostatis. 

2.3.3.2 Endogenous antioxidant enzyme activities 

During oxidative stress conditions genes encoding antioxidant enzymes like SOD, 

CAT, GPx, GST, and GR are preferentially upregulated in an effort to restore cellular 

redox homeostatis. Since some dietary components have been found to positively 

influence these transcription and signaling pathways, EYP was investigated for the 

potential role in affecting antioxidant enzyme activities. Enzyme activities were 

measured instead of protein levels or gene expression since this better reflects the state of 

the enzymes during oxidative stress. The enzyme concentration is misleading since some 

enzymes could be inactivated by oxidants, while increased mRNA does not always 

equate to more enzymes (Halliwell and Gutteridge, 2007c). The ingestion of EYP during 
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the onset of oxidative stress resulted in significantly increased SOD activity in the ileum 

(PO.05) and colon (PO.01) compared to the POS and NEG groups (Figure 2.4). SOD 

activity was significantly higher (P<0.01) in the duodenum of NEG piglets versus both 

POS and EYP groups, however there was no significant difference in activity among all 

groups in the jejunum. Catalase activity was significantly increased in EYP-treated 

duodenum (PO.05), jejunum (PO.001), and colon (PO.05) tissues compared to POS 

and even NEG controls. In the ileum, CAT activity was elevated in both POS and EYP 

groups versus the NEG control. As shown in Figure 2.5, EYP treatment did not appear 

to influence GPx activity above endogenously produced levels during oxidative stress 

since there was no significant difference in GPx activity between EYP and POS piglets, 

but the activity in both groups were significantly higher than that of the negative controls 

in all intestinal tissues. In terms of EYP's effect on GR activity, only ileum EYP was 

increased (PO.05) compared with H202-treated piglets. On the other hand EYP treatment 

caused higher GST activities in all intestinal tissues in contrast with the POS group. 

These elevated GST activities matched or exceeded levels to that of the NEG control 

tissues. 

Similar to GSH and GSH-synthesis enzymes, there were intertissue variations and 

differences among treatment groups for the antioxidant enzymes. EYP supplementation 

elevated GST and CAT activities in the majority of tissues while exhibiting limited effect 

on SOD and GR activities, and did not influence GPx activities compared to levels 

observed for the positive pigs. The increase in CAT and GST activities is interesting 

since it appears the cell's priority is to detoxify the exogenously supplied H2O2 and 

protect against lipid peroxidation. 
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Figure 2.4 Effect of EYP on superoxide dismutase (SOD) and catalase (CAT) enzyme 
activities in harvested duodenum, jejunum, ileum, and colon tissues. Enzyme activities 
are reported as units per mg protein. Values represent mean + SEM with n = 5 per group. 
*P<0.05; **P<0.01; ***P<0.001. 
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Figure 2.5 Effect of EYP on glutathione peroxidase (GPx), glutathione reductase (GR) 
and glutathione S-transferase (GST) enzyme activities in harvested duodenum, jejunum, 
ileum, and colon tissues. All enzyme activities are reported as units per mg protein. 
Values represent mean ± SEM with n = 5 per group. *P<0.05; **P<0.01; ***P<0.001. 
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An increase in antioxidant enzymes and their corresponding activities is crucial to 

the detoxification of ROS and the restoration of tissue health. Under conditions of 

oxidative or electrophilic stress, the genes encoding y-GCS and antioxidative enzymes 

are controlled by the Nrf2-ARE signaling pathway (Aleksunes and Manautou, 2007) and 

the low GSH: GSSG ratio triggers the transcription of AREs which are localized in the 

promoter region of these genes (Dhakshinamoorthy et al., 2000). Recent data 

demonstrate the effect of polyphenols on increasing GSH and y-GCS, GR, GPx, and GST 

activities and mRNA (Myhrstad et al., 2002; Scharf et al., 2003; Masella et al., 2004; van 

Zanden et al., 2004; Moskaug et al., 2005) and it is thought that dietary polyphenols 

stimulate the transcription of these defense systems through ARE elements (Dinkova-

Kostova and Talalay, 1999; Chen et al., 2000). Researchers (Masella et al., 2005) 

suggest that polyphenols influence the pathways that regulate ARE activation by 

modifying the capability of Keapl in sequestering Nrf2 and/or activate the MAPK 

proteins (ERK, JNK and p38) involved in Nrf2 stabilization, thereby permitting Nrf2 to 

translocate to the nucleus where it would transactivate the ARE-containing promoter of 

antioxidant genes. Egg yolk digests also may be able to enhance Keapl/Nrf2 dissociation 

during oxidative stress, by signaling through either of the PKC, PI3K or MAPK pathways 

which can subsequently phosphorylate Nrf2, facilitate nuclear translocation and 

attachment to ARE, and and in doing so upregulate antioxidative genes (Yu et al., 2000a). 

2.3.3.3 Lipid and protein oxidation 

The extent of oxidative damage to membrane lipids and tissue proteins in the 

intestinal tissues were evaluated by assaying malondialdehyde and protein carbonyl 
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concentrations respectively. As illustrated in Figure 2.6, EYP supplementation resulted 

in a significant decrease in MDA (PO.01) and PC (PO.05) to levels similar to NEG 

controls in both jejunum and ileum tissues compared to H202-stressed animals. EYP had 

no effect on MDA concentrations in the duodenum and colon since there was no 

significant difference in MDA among all three animal groups. Similarly, EYP did not 

appear to influence PC levels in the colon, although in the duodenum POS animals 

exhibited significantly higher (P<0.05) PC versus NEG controls. The increased CAT and 

GST detoxification activities supports the lowered malondialdehyde levels seen in the 

jejunum and ileum of EYP treated animals. The coordinate action of all upregulated 

antioxidant enzymes also defend against protein damage as reflected by the decreased 

protein carbonyl concentration of pigs supplemented with egg yolk digests compared to 

H202-stressed animals. Remarkably, the majority of effects exhibited by EYP in 

intestinal tissues are identical to that observed for PPP3 in Caco-2 cell culture (Katayama 

et al., 2006, 2007), suggesting similarities in peptide composition and structure. 

2.3.4 Systemic effect of EYP 

In human studies, the efficacy of dietary antioxidants is approximated by 

measuring the antioxidant status of the blood. Since it is difficult to attain tissue biopsies 

unless the patient is at a high risk of developing intestinal disease, blood samples are 

analyzed even if antioxidants are intended to target the GI tract. There is no single 

validated assay that can reliably measure the antioxidant capacity in biological samples 

and since many of these in vitro assays utilize different substrates, probes, reaction 
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Figure 2.6 Effect of EYP on malondialdehyde (MDA) and protein carbonyl (PC) 
concentrations in the duodenum, jejunum, ileum, and colon. MDA is reported as nmol 
per mg protein while PC is reported as nmol per mg tissue. Values represent mean + 
SEM with n = 5 per group. * PO.05; ** PO.01; *** PO.001. 
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conditions, and quantitation methods, it is difficult to compare the results from different 

assays (Frankel and Meyer, 2000). Regardless, assays do provide holistic information 

about the body's antioxidant status. The total GSH and FRAP values were determined in 

red blood cells and plasma, respectively. The antioxidant capacity of the plasma was also 

analyzed using the oxygen radical antioxidant capacity (ORAC) assay; however reliable 

results could not be obtained. This may be partly due to sample matrix interference 

which is amplified when the antioxidant activity of the sample is low (Huang et al., 2005). 

As shown in Figure 2.7, all animals at the beginning of the trial (day 2) had similar GSH 

and antioxidant capacities. On the first day of EYP supplementation (day 8), both GSH 

and FRAP values were significantly elevated (PO.05) in EYP compared to POS and 

NEG control piglets. This increase in GSH was also observed on day 11 and 14. On the 

last day of supplementation (day 17), there was no significant difference in GSH among 

all three groups of animals. FRAP values were similar among NEG, POS, and EYP 

piglets on days 11 and 17, but on day 17 EYP animals had significantly higher FRAP 

values compared to the untreated group. 

The GSH results are notable since EYP supplementation maintained high RBC 

GSH levels throughout the course of hydrogen peroxide infusions. In comparison, POS 

animals appear to increase endogenous GSH to cope with the stress and are able to re

establish levels similar to baseline pigs only at the end of the study. The dip in GSH 

levels in NEG pigs are likely due to the oxidative stress incurred after surgery (Thomas 

and Balasubramanian, 2004), however GSH levels increased by day 17, though not to 

pre-surgery levels. Given a longer period of time, NEG pigs may be able to reach pre-

surgery GSH baseline concentrations. The GSH results suggest that EYP 
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Figure 2.7 Effect of EYP on (A) total GSH and (B) total antioxidant capacity in red 
blood cells and plasma, respectively. GSH concentration is expressed as nmoles of GSH 
per mg protein. Total antioxidant capacity was determined by the ferric reducing 
antioxidant power assay and is reported in micromolar concentrations. Values represent 
mean + SEM with n = 5 per group. * PO.05; ** PO.01; *** P<0.001. 
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supplementation, even though intended for intestinal oxidative stress, are able to maintain 

high systemic levels of GSH. A study comparing the absorption of three polypeptides 

with 3, 10, and 51 amino acid chain lengths, found all three peptides in the blood 

following enteral administration (Roberts et al., 1999). Although the amount absorbed 

decreased as the chain length increased, peptides which were absorbed intact maintained 

biological effects. The PepTl H+-coupled transport protein transports di- and tri-peptides 

(Daniel, 2004) while pores formed by tight junctions permit the passive transport of 

oligopeptides (Tsukita et al., 2001). These transport routes allow for the transport of 

intact protein into the bloodstream, therefore it is possible for EYP to exert biological 

activity not only in the gut, but systemically as well. 

With the exception of day 8, EYP had little effect on the total antioxidant capacity 

in plasma. On the first day of supplementation, it is likely that EYP elevated GSH levels 

which were decreased in negative and positive controls after IP surgery. This increase in 

GSH was reflected in the higher FRAP value. The FRAP assay measures the reduction 

of Fe(III) to Fe(II) (Benzie and Strain, 1999) and is intended to measure the oxidant 

scavenging capacity of a sample. Since the assay does not involve a competitive reaction 

and there is no oxygen radical in the assays, it is questionable how the assay results relate 

to the antioxidant capacity. The FRAP assay may be able to measure some antioxidants 

in plasma such as glutathione, uric acid and vitamins, however antioxidant enzymes 

including SOD, GPx, CAT, and GR are not represented. 
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2.4 Conclusion 

The industrial scale-up of bioactive peptides produced in the laboratory requires 

the procedure to be time and cost-effective with a small number of simple processing 

steps. Although hen egg phosvitin phosphopeptides exhibited a range of antioxidative 

stress properties, the production of these peptides was unfeasible and alternate strategies 

were sought. Since phosvitin is present in yolk proteins, it is possible that the digestion 

of lipid-free yolk proteins may yield similar bioactive peptides. 

Bioactive egg yolk phosphopeptides were successfully produced using a 

combination of Alcalase and Protease N digestion. These peptides exhibited 

antioxidative stress properties in an in vitro hydrogen peroxide-induced Caco-2 intestinal 

cell culture and in an in vivo piglet model of gastrointestinal oxidative stress. 

Concentrations of peptides used in both trials were non-toxic and they positively 

influenced antioxidant defense mechanisms. 

In intestinal tissues, EYP increased GSH concentration and elevated GSH 

synthesis, upregulated endogenous antioxidant enzyme activities, and decreased lipid and 

protein oxidation to varying degrees among the gastrointestinal tissue segments. EYP 

supplementation also increased GSH levels in red blood cells. These results demonstrate 

EYP's bioactivity and potential use as a nutraceutical for the alleviation of oxidative 

stress and the prevention of stress-induced diseases of the gut. 
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Chapter 3 Identification and characterization of the egg yolk peptide bioactive 

fraction 

3.1 Introduction 

It is important to characterize food protein hydrolysates on the basis of their 

physico-chemical properties such as peptide size, free amino acids content, post-

translational modifications (like phosphorylation), and chemical modifications that occur 

during human digestion. In addition to information on their composition, a better 

characterization of the hydrolysate requires the separation and identification of 

constituent peptides and amino acids. Chromatography is the most powerful technique to 

isolate and purify bioactive peptides (Wang and Xiong, 2005). High pressure liquid 

chromatography (HPLC) is the most commonly used separation method, with ion-

exchange chromatography permitting the separation of peptides based on their charge 

properties. Once a bioactive fraction is isolated, mass spectrometry (MS) can be used for 

peptide identification and sequencing. In the past, peptides with antibacterial, 

immunomodulatory, and anti-hypertensive activities have been identified in cheeses by a 

combination of reverse phase (RP)-HPLC-ESI MS and tandem MS (Jiang et al., 1998). 

The amino acid sequence provides structural predictions which, along with their physico-

chemical properties, can be related to their functional properties so as to elucidate the 

molecular basis of their functionality. 

The properties of protein hydrolysates depend on the original proteins, the type of 

protease, and the extent of hydrolysis (Adler-Nissen, 1986). Food hydrolysates which 

have biological activity in vitro do not automatically achieve similar results in vivo. 
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Upon ingestion, the stomach's pepsin hydrolyses proteins and protein fragments into 

large oligopeptides, which then get cleaved into short di- or tri-peptides and free amino 

acids by trypsin and chymotrypsin in the small intestine. These di- or tri-peptides can be 

further digested by brush border membrane (bbm) oligopeptidases and, if transported into 

the cell, by intracellular peptidases (Ganapathy et al., 1994; Aito-Inoue et al., 2007). The 

hydrolysis of bioactive peptides by the body's digestion process is limited by the 

substrate specificities of pepsin, trypsin and chymotrypsin. Pepsin cleaves after the N-

terminal of aromatic amino acids such as phenylalanine and tyrosine (Fruton, 1970), 

trypsin at the carboxyl side of lysine and arginine (Brown and Wold, 1973), and 

chymotrypsin at the carboxyl side of tyrosine, tryptophan and phenylalanine (Sweeney 

and Walker, 1993). Brush border oligopeptidases and intracellular peptidases play a 

limited role if the peptides remain intact even after hydrolysis with the major digestive 

enzymes. Antioxidative stress peptides which target the intestine do not need to be 

absorbed or passed into systemic circulation, but it is ideal that they arrive at the 

intestinal tract either intact or with minor modifications that do not affect their bioactivity. 

Egg yolk proteins are comprised of lipid-free proteins including phosvitin and 

livetins (Powrie and Nakai, 1986). Phosvitin phosphopeptides, but not intact phosvitin, 

have been shown to possess antioxidative stress activity (Katayama et al., 2006, 2007). 

PPP and in particular the most bioactive fraction, PPP3, contains 18.9% phosphorus 

which is likely phosphate moieties monoesterified to serine (Katayama et al., 2006). 

Although the sequence of PPP3 has not been published, it is expected that some 

phosphoserines (PS) are present in uninterrupted sequences since phosvitin itself is 

comprised of PS blocks containing up to 15 consecutive residues (Byrne et al., 1984). 
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To further characterize the egg yolk peptides, it is pertinent to determine the role 

of phosphate in influencing bioactivity, and if phosphoserines are important, the 

minimum number of contiguous phosphoserines required for antioxidative stress activity. 

Peptides can be chemically synthesized to prepare bioactive peptides on a large scale and 

to study their mechanism of action (Wang and de Mejia, 2005). These custom-made 

peptides provide a simplistic approach to understanding how peptides influence 

bioactivity and eliminate variables such as peptides with various lengths, sequences, and 

properties which can be present in crude peptide mixtures. 

This chapter describes the isolation of the EYP bioactive fraction, the evaluation 

of bioactivity when subjected to in vitro gastrointestinal conditions, the assessment of 

phosphate and phosphoserine in affecting bioactivity, and the identification and 

sequencing of the antioxidative stress yolk protein hydrolysates. 

3.2 Materials and methods 

3.2.1 Determination of the egg yolk peptide bioactive fraction 

EYP was first separated using anion exchange high pressure liquid 

chromatography (HPLC) and subsequent fractions were analyzed for phosphate content 

and antioxidative stress bioactivity. 

3.2.1.1 Anion exchange high pressure liquid chromatography 

EYP fractions were separated using anion exchange HPLC with a Waters 1525 

binary HPLC pump in combination with a Waters in-line Degass AF, a Waters 717 Plus 
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autosampler, and a Waters 2487 dual absorbance detector with Breeze software control. 

EYP was injected into a Mono Q HR 5/5 anion exchange column (GE Healthcare Bio-

Sciences AB, Uppsala, Sweden) and eluted with 20 mM Tris-HCl (pH 8.0) with a linear 

NaCl gradient from 0 to 1.0 mM, at a flow rate of 1 mL/min. Effluents were monitored 

at 280 nm. Four fractions were collected and named EYP-F1, -F2, -F3, and -F4. 

Fractions were dialyzed for two consecutive days with daily changes of Milli-Q water 

using a 500 Da cut-off membrane (Spectrum Laboratories Inc., Rancho Dominguez, CA), 

and were then lyophilized. 

3.2.1.2 Phosphate assay 

Phosphate content was determined according to the method of Bartlett (1959) and 

was conducted as described in section 2.2.2.3. 

3.2.1.3 Antioxidative stress bioactivity 

Caco-2 monolayers were cultivated and grown to confluency as described in 

Chapter 2.2.3. On the day of the assay, confluent cells were incubated in a 5% FBS-

DMEM/F12 media with various concentrations (0.01, 0.1 and 1 mg/mL) of EYP-F1, -F2, 

-F3, -F4, EYP, and PPP3 for 2 h. One mM H202 (Sigma-Aldrich) was added to the cells 

to induce oxidative stress for 6 h. At the end of 8 h, the cell supernatant was collected 

and frozen at -80°C for IL-8 ELISA. The IL-8 concentration in the supernatant was 

determined as described in section 2.2.3.1. 
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3.2.2 In vitro characterization of EYP-F4 (bioactive fraction) 

EYP-F4 was further characterized by evaluating the endogenous antioxidant 

enzyme activities in cell culture and by testing bioactivity after chemical modifications as 

carried out by simulated enzymatic digestion and dephosphorylation. 

3.2.2.1 GR and GST enzyme activities 

Caco-2 epithelial monolayers were cultured and grown to a confluent layer as 

described in section 2.2.3. Cells intended for enzyme activity assessments were 

incubated in a 5% FBS-DMEM/F12 media with 0.1 and 1 mg/mL of EYP and EYP-F4 

for 2 h. One mM H2O2 (Sigma-Aldrich) was added to the cells to induce oxidative stress 

for 6 h. Cells were harvested after 2 h and after 8 h total incubation to compare enzyme 

activities prior to and after the induction of oxidative stress. 

The Caco-2 cells were washed twice with 100 mM PBS (pH 7.2 with 100 mM 

NaCl), scraped and suspended in 100 mM cold potassium phosphate buffer (pH 7.5 with 

1 mM EDTA) and lysed by sonication (Sonifier 250, Branson, Danbury, CT). Cell 

lysates were centrifuged (10,000 g, 15 min, 4°C) and supernatants were stored at -80°C 

until use. The protein concentration in the cell lysates was determined by the Bio-Rad 

DC protein assay (Bio-Rad Laboratories) using BSA standards. 

GR and GST enzyme activities were determined as previously described in 

sections 2.2.4.4.2, 2.2.4.4.4, and 2.2.4.4.5. 

3.2.2.2 EYP-F4 bioactivity following a simulated gastric digest 

Gastric conditions were created by using pepsin (Enzyme: Substrate = 1: 250; 

Sigma-Aldrich) in an acidic environment, followed by pancreatin (E: S = 1: 50; Sigma-
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Aldrich) at an alkaline pH to simulate protein digestion in the stomach and small intestine. 

The EYP bioactive fraction, EYP-F4, was dissolved (5 mg) in 100 uL of 0.15 N HC1. 

Pepsin was added and the mixture was incubated at 37°C for 2 h. KH2PO4 (50 uL, 0.5 

M) and pancreatin were incorporated and the solution was incubated at 37°C for 8 h. The 

digestion was terminated by heating at 90°C for 5 min. The antioxidative stress activity 

of digested EYP-F4 was evaluated at 0.01, 0.1, and 1 mg/mL concentrations in Caco-2 

cell studies as generally described in sections 2.2.3 and 2.2.3.1. Briefly, digested EYP-F4 

was added to cells for 2 h at 37°C, and then incubated with 1 mM H2O2 for 6 h. Cell 

supernatant was tested for IL-8 protein concentrations. 

3.2.2.3 Effect of dephosphorylation on bioactivity 

The effect of dephosphorylation on bioactivity was evaluated by removing all 

phosphate moieties from EYP-F4 with the use of phosphatase (E: S = 1: 25; Sigma-

Aldrich). EYP-F4 was combined with phosphate prepared in a 10 mM potassium acetate/ 

acetic acid buffer (pH 5.2) and incubated for 8 h at 37°C. The enzyme was inactivated at 

80°C for 10 min. The bioactivity of dephosphorylated EYP-F4 was determined by 

treating Caco-2 cell cultures with 0.01, 0.1 and 1 mg/mL of peptides for 2 h at 37°C, 

followed by the addition of 1 mM H2O2 for 6 h. Cell supernatants were collected at the 

end of the assay and evaluated for IL-8 protein levels. A detailed account of the cell 

culture procedures and IL-8 immunoassay is outlined in sections 2.2.3 and 2.2.3.1. 

In addition, serine, phosphoserine (PS), and chemically synthesized peptides 

consisting of 2 and 3 consecutive phosphoserine sequences ([Ser(P03)]2 and 

[Ser(P03)]3 respectively; GL Biochem, Shanghai, China) were tested for antioxidative 

81 



bioactivity. Cells were cultured with 5% FBS-DMEM/F12 and treated with 0.01, 0.1, 0.5, 

or 1.0 mM of the aforementioned amino acids and peptides for 2 h at 37°C, and then 

incubated with 1 mM H2O2 for 6 h prior to supernatant removal for IL-8 determination. 

3.2.3 Sequence identification 

Dephosphorylated EYP-F4 was also subjected to nanoscale reverse phase liquid 

chromatography on a modular LC Packings Ultimate HPLC system equipped with a 

Famos autosampler and a Switchos microcolumn switching device (LC Packings, Dionex 

Co., Amsterdam, Netherlands). Samples were previously desalted and concentrated with 

SpeedVac. Peptides were eluted onto a 150 mm x 75 um analytical PepMap CI8 column 

(100 A, 3 um, LC Packings). The nanoscale LC eluent from the analytical column was 

sent to the nanoelectrospray ionization source of a QSTARXL global hybrid 

quadrapole/time-of-flight mass spectrometer (nanoLC ESI-Q TOF-MS/MS; Applied 

Biosystem, Framingham, CA) operated in positive ion mode. Raw data was 

automatically analyzed on a local server harboring Mascot and an internally created 

Gallus gallus egg protein databank. Results were corroborated with ProID software 

(Applied Biosystem). The modification of peptides by phosphorylation, deamidation, 

and oxidation were considered during the search. 

3.2.4 Statistical analysis 

All statistical analyses were carried out using GraphPad Software (San Diego, CA, 

USA). The statistical significance of the data was determined by the Student's t-test. 

Groups were considered statistically significant when P < 0.05. Results were reported as 

mean + SEM. 
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3.3 Results and discussion 

3.3.1 Separation and antioxidative assessment of the EYP bioactive fraction 

EYP was separated into four fractions (Figure 3.1) using a Mono Q 5/5 anion 

exchange column with UV detection at 280 nm. The absorbance at 214 nm is typically 

used for monitoring the absorbance of peptide bonds while a 280 nm absorbance is used 

for the detection of aromatic amino acids like tryptophan, tyrosine and phenylalanine 

(Damodaran, 1996). However, the separation of phosvitin phosphopeptides was 

performed at 280 nm using a similar anion exchange column, therefore this was chosen 

as an appropriate wavelength for monitoring the separation of phosphopeptides in the egg 

yolk hydrolysate. Fractions were assessed for phosphate content and in vitro 

antioxidative stress activity (Figure 3.2). The last fraction, EYP-F4 had the highest % 

phosphate (0.72%) of all isolated fractions. In addition, EYP-F4 significantly (P<0.001) 

inhibited IL-8 secretion at all tested concentrations (0.01, 0.1, and 1 mg/mL) compared to 

the H202-stimulated cells. IL-8 was reduced to levels similar to that observed with the 

entire peptide mixture, EYP, and the highly phosphorylated phosvitin 

oligophosphopeptide fraction, PPP3, produced by Katayama et al. (2006). 

EYP and EYP-F4 also enhanced in vitro GR (Figure 3.3) and GST (Figure 3.4) 

activities compared to lowered enzyme activities in H202-stressed cells. Treatment with 

0.1 and 1 mg/mL EYP and 0.1 mg/mL EYP-F4 significantly increased GR activities to 

basal levels present in NEG cells as compared to the oxidatively stressed cells. Similarly, 

EYP and EYP-F4 at both concentrations raised GST activities. In the absence of 

oxidative stress, a 2 h pretreatment with the peptides and bioactive peptide fraction had 
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Figure 3.1 EYP was separated into 4 fractions (EYP-F1, -F2, -F3, and -4) using a Mono 
Q HR 5/5 anion HPLC column. EYP was injected into the column and eluted with 20 
mM Tris-HCl (pH 8.0) with a linear NaCl gradient from 0 to 1.0 mM, at a flow rate of 1 
mL/min. Effluents were monitored at 280 nm. Fractions were dialyzed for 2 consecutive 
days with daily changes of water using a 500 Da cut-off membrane and lyophilized. 
The % phosphate was then determined from the dried fractions and is presented as mean 
+ SEM;n = 3. 
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Figure 3.2 Effect of EYP fractions (Fl, F2, F3, and F4), EYP, and PPP3 on IL-8 
secretion in H202-treated Caco-2 cells. Cells were cultured with 5% FBS-DMEM/F12 
and treated with 0.01, 0.1 or 1.0 mg/mL of peptide digests for 2 h for 37°C, and then 
incubated with 1 mM H2O2 for 6 h. Data is presented as mean + SEM; n = 3. 
* PO.05; ** PO.01; *** PO.001 compared to H202-treated cells. 
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Figure 3.3 Effect of EYP and EYP-F4 (F4) on glutathione reductase (GR) enzyme 
activity (A) before and (B) after H202 treatment in Caco-2 cells. One group of cells was 
treated with 0.1 or 1.0 mg/mL of peptides for 2 h at 37°C and then harvested. Another 
group was treated with peptides for 2 h at 37°C, incubated with 1 mM H202 for 6 h, and 
then harvested. Data is presented as mean + SEM; n = 3. * PO.05; ** PO.01; *** 
P<0.001 compared to cells in (A) and H202-treated cells in (B), respectively. 
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Figure 3.4 Effect of EYP and EYP-F4 (F4) on glutathione S-transferase (GST) enzyme 
activity (A) before and (B) after H202 treatment in Caco-2 cells. One group of cells was 
treated with 0.1 or 1.0 mg/mL of peptides for 2 h at 37°C and then harvested. Another 
group was treated with peptides for 2 h at 37°C, incubated with 1 mM H202 for 6 h, and 
then harvested. Data is presented as mean + SEM; n = 3. * PO.05; ** PO.01; 
PO.001 compared to cells in (A) and H202-treated cells in (B), respectively. 
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no effect on GR or GST activities, suggesting EYP and EYP-F4 interfere with and 

promote the upregulation of antioxidative stress enzyme genes only at the onset of 

oxidative stress. The increased in vitro GR and GST activities corroborate the results 

observed in the in vivo trial. The combined use of the Caco-2 model system which 

exhibits morphological and functional similarities to non-malignant human enterocytes 

(Pinto et al., 1983) and animal trials provide valuable information on bioactive peptide 

efficacy, mechanism of action, and cytotoxicity (Gulden and Seibert, 2003). 

3.3.2 Effect of digestion and dephosphorylation on bioactivity 

EYP-F4 was hydrolyzed under simulated digestion conditions using pepsin and 

pancreatin and dephosphorylated with phosphatase to determine the influence of these 

effects on IL-8 inhibition. Intact and digested EYP-F4 at 0.01, 0.1, and 1 mg/mL 

concentrations significantly lessened (PO.05) IL-8 secretion compared to oxidant 

stressed cells, however dephosphorylated peptides had no effect on IL-8 levels (Figure 

3.5). These results were anticipated since EYP fed to piglets were able to increase 

antioxidant defense mechanisms even after potential stomach and small intestine 

enzymatic hydrolysis. The lack of bioactivity after dephosphorylation was similar to 

those obtained by Katayama et al. (2006, 2007) who tested unphosphorylated PPP 

fractions. The preservation of antioxidative stress activity after digestion and the 

importance of phosphorylation suggest that EYP and in particular the bioactive peptides 

are composed of amino acid sequences which are highly phosphorylated. The majority of 

egg yolk phosphorylation is concentrated in phosvitin, a highly phosphorylated protein 
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Figure 3.5 Effect of digested and dephosphorylated EYP-F4 on IL-8 secretion in H202-
treated Caco-2 cells. EYP-F4 was enzymatically digested using pepsin and pancreatin 
and dephosphorylated using phosphatase. Cells were treated with 0.01, 0.1 or 1.0 mg/mL 
of peptides for 2 h at 37°C, and then incubated with 1 raM H202 for 6 h. Data is 
presented as mean ± SEM; n = 3. * PO.05; ** PO.01, *** PO.001 compared to H202-
treated cells. 
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containing phosphoserine blocks which carry up to 15 consecutive residues (Byrne et al., 

1984). Notably intact phosvitin has no antioxidative stress bioactivity compared to 

phosvitin hydrolysates (Katayama et al., 2006). Since phosvitin is the only source of 

phosphorylated protein in egg yolk proteins, these results suggest that phosphorylation 

and more specifically phosphoserine peptides may have an impact on bioactivity. 

Consequently, the antioxidative stress activity of serine (Ser), phosphoserine (PS), and 

two synthetically constructed phosphoserine peptides, [Ser(P03)]2 and [Ser(P03)]3 were 

tested (Figure 3.6). Pretreatment with [Ser(P03)]2 and [Ser(P03)]3 but not Ser or PS 

significantly reduced (PO.001) IL-8 secretion compared to H202-induced Caco-2 cells, 

indicating peptides with a minimum of two sequential phosphoserines are capable of 

reducing oxidative stress. 

3.3.3 Peptide identification and sequencing 

One approach to protein identification is by the early digestion (typically with 

trypsin) of the protein mixture and multidimensional chromatographic separation of the 

peptides followed by on-line mass spectrometric peptide detection and sequencing 

(Wolters et al., 2001). Since the EYP is already in peptide form and has undergone 

further isolation of the bioactive fraction, further tryptic digestion was unnecessary. Due 

to the complexity of the egg yolk protein hydrolysate, EYP-F4 was first 

dephosphorylated before preseparation on a reverse phase HPLC column. Eluting 

peptides were continuously infused into the electrospray ion source and were analyzed 

on-line by measuring intact peptide masses by mass spectrometry (MS) and their 

corresponding fragment ions by tandem MS/MS. MS and MS/MS measurements were 
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Figure 3.6 Effect of serine (Ser), phosphoserine (PS), [Ser(P03)]2, and [Ser(P03)]3 on 
IL-8 secretion in H202-stimulated Caco-2 cells. Cells were cultured with 5% FBS-
DMEM/F12 and treated with 0.01, 0.1, 0.5, or 1.0 mM of substance for 2 h at 37°C, and 
then incubated with 1 mM H202 for 6 h. Data is presented as mean + SEM; n = 3. 
*** PO.001 compared to H202-treated cells. 
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used to generate sequence information. Experimental mass results were then compared 

with in-silico predictions of peptide masses and sequences using an internally developed 

egg protein database. Four major egg proteins including vitellogenin-1 (VTG-1), 

apolipoprotein-B, ovotransferrin, and low-density lipoprotein-receptor related protein 

were identified. There were also approximately 200 additional peptides sequenced but 

not identified as belonging to a specific protein. 

The ESI-MS/MS spectrum identified as vitellogenin-1 is shown in Figure 3.7. 

EYP-F4 was assigned a match in the internally developed Gallus gallus egg protein 

database of the peptide sequence SKDSSSSSSKSNSK, which is found within the 

phosvitin fragment of VTG-1 (SwissProt P87498). Phosvitin is synthesized from the 

precursor protein, VTG-1, in the liver and then transported through the blood to the ovary 

and into the egg (Greengard et al., 1965; Heald and McLachlan, 1965). All vertebrate 

vitellogenins are posttranslationally glycosylated and phosphorylated in the endoplasmic 

reticulum and Golgi complex before being tagged for export, and are secreted to the 

circulating plasma as homodimeric lipoprotein complexes (Finn, 2007). Phosphorylation 

enhances the solubility of the VTG in the plasma and likely protects the precursor from 

premature degradation. During passage into the ovary, specific vitellogenin receptors 

which are anchored in the ooctye plasma membrane bind VTG-1 and become internalized 

with their VTG-1 ligands via clathrin-mediated endocytosis (Conner and Schmid, 2003). 

Within the oocyte cathespin D cleaves VTG-1 into lipovitellins, phosvitin, and YGP-42 

(Yamamura et al., 1995; Romano et al., 2004). 

It should be clarified that the sequence identification of VTG-1 is not absolute 

since identification was restricted to the proteins compiled in the egg protein database. 
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This database was comprised of all yolk proteins including precursors and major egg 

white proteins, and though limiting was well suited for EYP-F4. Since these peptides 

were produced from Alcalase and a mixture of proteolytic enzymes (Protease N) with 

undefined cleavage sites, they were predicted to have short amino acid chain lengths. 

Peptides were dialyzed using a 500 Da MWCO membrane and are likely to have over 5 

but less than 20 amino acids. Due to the short chain lengths of the peptides, identification 

on extensive databases such as SwissProt did not yield any meaningful results. As a 

result, the hen egg protein database was created and used for protein identification and 

sequencing. Although there is a low probability of the presence of VTG-1 in the egg 

yolk, the identification of VTG-1, and more importantly a sequence with six contiguous 

serines belonging to the phosvitin precursor fragment, reiterates the importance of 

uninterrupted serines which in this case are likely phosphoserines. Confirmation of a 

high serine composition within EYP-F4 could be achieved by analyzing amino acids via 

Edman's degradation process (Edman, 1949). This would not provide a sequence, but 

would verify the importance of serine residues. 

Apolipoprotein-B, ovotransferrin, and low-density lipoprotein-receptor related 

protein were also identified in EYP-F4. Since yolk is comprised of lipoproteins, globular 

proteins, phosphoproteins, and minor proteins (Powrie and Nakai, 1986), the 

identification of apolipoprotein-B and LDL-receptor related protein was not surprising. 

The identification of ovotransferrin however was unexpected but is likely due to 

contamination of egg white in the egg yolk protein starting material. EYP-F4 also 

consisted of approximately 200 additional peptides but no identification was possible 

since some peptides consisted of only 5 amino acids making peptide identification 
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difficult, while some proteins (especially minor proteins) may not yet be indexed in the 

international protein databases and are not present in the egg protein database. 

Owing to the peptide size predicted by the mean chain length, the minimum 

peptide sequence construct of [Ser(P03)]2, and the identified sequence of 

SKDSSSSSSKSNSK, it is hypothesized that EYP-F4 interacts with cell surface receptors 

to trigger phosphorylation cascades that lead to the activation of signaling pathways. 

Experiments with bovine p-casein, a casein phosphopeptide with the active sequence 

SerP-X-SerP directed the enhancement of lymphocyte proliferation and IL-6 expression 

via toll-like receptor 4 (TLR4) (Otani et al., 2001; Tobita et al., 2006). Since it is 

possible for phosphopeptides to interact with apical cell surface receptors, future studies 

will focus on the use of receptor mutated cells and receptor-binding antibodies to 

determine the receptor(s) to which EYP-F4 binds and signals for the enhancement of 

detoxification and antioxidant enzymes. 

3.4 Conclusion 

In order to understand the mechanism by which antioxidative stress peptides bring 

about their biological effects, it is necessary to first determine the fractions or individual 

peptides within the crude peptide mixture which contribute to bioactivity. Egg yolk 

peptides separated using anion chromatography yielded a phosphorylated fraction, EYP-

F4, which inhibited in vitro IL-8 production in the presence of hydrogen peroxide. 

Similar to in vivo tissue results in which oxidatively stressed pigs were supplemented 

with EYP, EYP-F4 in Caco-2 intestinal cell culture upregulated glutathione reductase and 

glutathione S-transferase activities. 
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Since EYP and EYP-F4 are intended to protect the gastrointestinal tract from 

oxidative damage and prevent the development of intestinal pathologies, it is imperative 

that the peptides remain intact during the digestive process. It was confirmed that the 

EYP bioactive fraction maintained antioxidative stress activity after simulated digestion 

involving pepsin and pancreatin. This corroborated findings obtained in in vivo studies in 

which piglets were administered EYP enterally. 

From past studies with phosvitin phosphopeptides and with present experiments 

with egg yolk peptides, phosphorylation appears to play a key role in influencing 

bioactivity. It was found that dephosphorylated EYP-F4, serine, and phosphoserine 

possessed no activity; however synthetic peptides with 2 and 3 contiguous 

phosphoserines reduced IL-8 production. Mass analysis identified a sequence of 

SKDSSSSSSKSNSK from vitellogenin-1 which is a precursor protein for phosvitin. 

Taken together this suggests that the bioactive fraction present in EYP-F4 is comprised of 

a minimum of two consecutive phosphoserine residues which are responsible for 

antioxidative stress bioactivity. 

In this chapter the isolation, characterization, and identification of the EYP 

bioactive fraction highlight the preservation of bioactivity after digestion and provide 

additional information for understanding the underlying mechanism of action. 
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Chapter 4 Elucidation of the cell signaling pathways influenced by the egg yolk 

peptide bioactive fraction and the phosphoserine dimer 

4.1 Introduction 

The intestine has developed several defense strategies for coping with oxidative 

stress and the damaging effects of reactive oxygen species. To keep destructive free 

radical levels low, hydrogen peroxide can be metabolized by the intrinsic antioxidant 

enzymes catalase and glutathione peroxidase (Rao et al., 2000). Cell rescue and defense 

processes help maintain cellular integrity by proper equilibrium between DNA repair, 

DNA replication, cell proliferation, apoptosis, stress response, and other conditions that 

allow the cell to prevent and cope with oxidation (Engler et al., 1999; Desikan et al., 

2001). The expression of key regulatory factors influenced by egg yolk peptide 

supplementation during stress conditions can be monitored by using PCR arrays with a 

focused panel of oxidative stress and antioxidant defense genes. These types of arrays 

include genes involved in ROS metabolism such as oxidative stress responsive genes, and 

genes involved in superoxide and hydrogen peroxide metabolism. PCR arrays combine 

the amplification and relative quantitation capabilities of PCR with the multiple gene 

profiling of microarrays and have been used for a number of applications including 

monitoring the expression of antioxidant genes promoted by senescence inhibitors 

(Polytarchou et al., 2008) and examining the oxidative stress gene expression changes 

associated with mice deficient in CF/HCO3- anion exchangers (Salas et al., 2008). 

Using pathway analysis programs, differentially expressed proteins could be mapped to a 

network connecting biological functions and pathways, thereby providing a visualization 
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of the complex interactions between signaling molecules. It should be noted that 

although PCR arrays are often used as a validation tool for microarrays, it does suffer 

from some disadvantages, particularly in nutritional studies, where effects are expected to 

be small (Gaj et al., 2008). For this reason, it is often used as a preliminary screening 

tool and genes of relevance could be confirmed by using quantitiative expression 

analyses. 

The Nrf2-ARE pathway responds to oxidative stress by upregulating the 

expression of GSH synthesizing enzyme, y-GCS, as well as antioxidant and 

detoxification enzymes (Dhakshinamoorthy et al., 2000). Intracellular redox imbalance 

triggers the increased expression of ARE which localizes in the promoter region of y-

GCS, SOD, CAT, GPx, GR, and GST (Dhakshinamoorthy et al., 2000; Aleksunes and 

Manautou, 2007). Once Nrfi transcription factor is released from the sequestering agent, 

Keapl in the cytosol, Nrf2 translocates into the nucleus, attaches to ARE (Wasserman 

and Fahl, 1997) and along with trans-acting factors such as Maf-F/G/K 

(Dhakshinamoorthy et al., 2000), and ARE coactivators (Shen et al., 2004) positively 

regulate the ARE-driven antioxidant gene transcription. Green tea polyphenols are 

believed to be involved in releasing Nrf2 from the cytosol (Masella et al., 2005), thereby 

increasing production of endogenous antioxidant enzymes and preventing oxidative 

injury. 

Oxidants such as hydrogen peroxide also activate the NFKB pathway which 

regulates genes related to immune function, inflammation, apoptosis, and cell 

proliferation (Martindale and Holbrook, 2002). By phosphorylating the NFKB 

cytoplasmic inhibitor, similar to Nrf2, NFKB can enter the nucleus and bind to specific 
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regions in the DNA and permit the transcription of genes. NFKB is known to be involved 

in the production of IL-8 during t^C^-induced stress in cell culture (Yamamoto et al., 

2003). 

This chapter examines the effect of EYP-F4 and synthetic [Ser(P03)]2 peptides 

on oxidative stress and antioxidant defense gene expression for the purpose of 

understanding the mechanism by which the antioxidative stress response is internally 

communicated. 

4.2 Materials and methods 

4.2.1 GST-zl and CAT mRNA expression in H202-stressed cells 

It was necessary to determine the optimal time of antioxidant enzyme expression 

for future PCR array studies. Two enzymes, GST and CAT, which are both present in 

the array, were examined for their mRNA expression after exposure to hydrogen 

peroxide over fixed periods of time. 

4.2.1.1 In vitro time course and mRNA expression study 

Confluent Caco-2 cells were incubated in a 5% FBS-DMEM/F12 media with 1 

mM H2O2 (Sigma-Aldrich) for 0.5, 1 and 2 h. At the end of each time point, cells were 

rinsed with PBS, and mRNA was extracted and synthesized into cDNA for RT-PCR 

quantification of GST-zl and CAT mRNA expression. 
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4.2.1.2 Isolation of RNA and reverse transcription 

Total RNA was extracted from adherent cultured cells using the Aurum™ Total 

RNA Mini Kit (Bio-Rad Laboratories). After rinsing the microtiter wells with PBS, lysis 

buffer (350 uL) was added to each well and pipetted up and down to lyse the cells. Only 

200 uL of cell lysate was transferred into a new eppendorf tube and mixed with an equal 

volume of 70% ethanol. The entire volume was transferred into the RNA binding 

column fitted into a 2 mL capless tube. The remaining steps were conducted in 

accordance with the manufacturer's instructions. 

The quantity and quality of the RNA was verified by measuring the A260 and 

A280 (NanoDrop® ND-1000; Thermo Scientific, Wilmington, DE) and by gel 

electrophoresis. First strand cDNA was synthesized using the iScript™ cDNA Synthesis 

Kit (Bio-Rad Laboratories) according to the manufacturer's instructions. 

4.2.1.3 Analysis of GST-zl and CAT mRNA by real time RT-PCR 

GST-zl and CAT mRNA expression was quantified using RT-PCR with human 

GST-zl and CAT and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

housekeeping gene. The primer sequences were as follows: GST-zl (forward primer 5' -

CAC AGC GGG CAT ATA CTG TG- 3' and reverse primer 5' - ACC AGC AGC CTC 

TTG TTG AT - 3', 141 bp); CAT (forward primer 5' - CGT GCT GAA TGA GGA ACA 

GA - 3' and reverse primer 5' - TTG TCC AGA AGA GCC TGG AT - 3', 150 BP); and 

GAPDH (forward primer 5' - TCA CCA GGG CTG CTT TTA AC - 3' and reverse 

primer 5' GAC AAG CTT CCC GTT CTC AG - 3', 152 bp). RT-PCR was carried out 

using iQ™ SYBR® Green Supermix (Bio-Rad Laboratories) on a MyiQ™ Single Color 
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Real-Time PCR Detection System (Bio-Rad Laboratories) using the following 

conditions: denaturation 15 s at 95°C, annealing 15 s at 56°C, and extension 30 s at 72°C. 

Human primers were designed using Primer3 v.0.4.0 (Rozen and Skaletsky, 2000) and 

synthesized by the University of Guelph Laboratory Services Molecular Biology Section 

(Guelph, ON). Results are expressed as fold changes relative to the negative control 

(untreated) cells. 

4.2.2 Influence of EYP-F4 and [Ser(P03)]2 on antioxidant gene expression 

4.2.2.1 Preparation of cell culture for PCR array 

Confluent cells were incubated in a 5% FBS-DMEM/F12 media with 1 mg/mL of 

EYP-F4 or ImM of [Ser(P03)]2 for 2 h. One mM H202 (Sigma-Aldrich) was added to the 

cells to induce oxidative stress for 1 h. At the end of 3 h, the cells were rinsed with PBS, 

and mRNA was extracted and synthesized into cDNA for RT-PCR. 

4.2.2.2 Oxidative stress and antioxidant defense PCR array 

The extraction and quantification of total RNA from the Caco-2 cells was 

conducted as described in section 4.2.2. First strand cDNA was synthesized using the 

RT First Strand Kit (SA Biosciences, Frederick, MD) according to the manufacturer's 

instructions. The mRNA expression of a wide range of genes related to oxidative stress 

was quantified using RT-PCR with the RT2 Profiler™ PCR Array: Human oxidative 

stress and antioxidant defense. The genes represented in this array are listed in Table 4.1. 

RT-PCR was carried out using the High Performance RT2 qPCR Master Mixes (SA 
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Table 4.1 Gene symbols and descriptions represented in the human oxidative stress and 
antioxidant defense RT2 Profiler™ PCR Array. Housekeeping genes include beta-2-
microglobulin, hypoxanthine phosphoribosyltransferase 1, ribosomal protein LI3a, 
glyceralderhyde-3 -phosphate dehydrogenase, and beta actin. 

Symbol 
MTL5 

NCF1 

NCF2 
NME5 
NOS2A 

NOX5 

NUDT1 

OXR1 
OXSR1 

PDLIM1 

PIP3-E 

PNKP 

PRDX1 
PRDX2 

PRDX3 

PRDX4 
PRDX5 
PRDX6 

PREX1 

PRG3 
PRNP 
PTGS1 

Description 
Metallothionein-like 5, 
testis-specific 
Neutrophil cystolic factor 1 

Neutrophil cystolic factor 2 
Non-metastatic cells 5 
Nitric oxide synthase 2A 
(inducible, hepatocytes) 
NADPH oxidase, EF-hand 
calcium binding domain 5 
Nudix (nucleoside 
diphosphate linked moiety 
X)-type motif 1 
Oxidation resistance 1 
Oxidative-stress responsive 
1 
PDZ and LIM domain 1 
(elfin) 
Phosphoinositide-binding 
protein PIP3-E 
Polynucleotide kinase 3'-
phosphatase 
Peroxiredoxin 1 
Peroxiredoxin 2 

Peroxiredoxin 3 

Peroxiredoxin 4 
Peroxiredoxin 5 
Peroxiredoxin 6 

Phosphatidylinositol 3,4,5-
triphosphate-dependent 
RAC exchanger 1 
Proteoglycan 3 
Prion protein (p27-30) 
Prostaglandin-endoperoxide 
synthase 1 

Symbol 
ALB 

ALOX12 

ANGPTL7 
AOX1 
APOE 

ATOX1 

BNIP3 

CAT 
CCL5 

CCS 

CSDE 

CYBA 

CYGB 
DGKK 

DHCR24 

DUOX1 
DUOX2 
DUSP1 

EPHX2 

EPX 
FOXM1 
GLRX2 

Description 
Albumin 

Arachidonate 12-
lipoxygenase 
Angiopoietin-like 7 
Aldehyde oxidase 1 
Apolipoprotein E 

ATX1 antioxidant protein 1 
homolog (yeast) 
BCL2/adeno virus E1B 
19kDa interacting protein 3 

Catalase 
Chemokine (C-C motif) 
ligand 5 
Copper chaperone for 
superoxide dismutase 
Cold shock domain 
containing El, RNA-binding 
Cytochrome b-245, alpha 
polypeptide 
Cytoglobin 
Diacylglycerol kinase, 
kappa 
24-dehydrocholesterol 
reductase 
Dual oxidase 1 
Dual oxidase 2 
Dual specificity phosphatase 
1 
Epoxide hydrolase 2, 
cytoplasmic 

Eosinophil peroxidase 
Forkhead box Ml 
Glutaredoxin 2 

102 



Table 4.1 (continued) Gene symbols and descriptions represented in the human 
oxidative stress and antioxidant defense RT2 Profiler™ PCR Array. 

Symbol 
PTGS2 

PXDN 

PXDNL 

RNF7 

SCARA3 

SELS 

SEPP1 

SFTPD 

SGK2 

SIRT2 

SOD1 

SOD2 

SOD3 

SRXN1 

STK25 

TPO 

TTN 
TXNDC2 

TXNRD1 

TXNRD2 

Description 
Prostaglandin-
endoperoxide synthase 2 
Peroxidasin homolog 
(Drosophila) 
Peroxidasin homolog 
(Drosophila)-like 
Ring finger protein 7 

Scavenger receptor class 
A, member 3 
Selenoprotein S 

Selenoprotein P, plasma, 1 

Surfactant, pulmonary-
associated protein D 
Serum/glucocorticoid 
regulated kinase 2 
Sirtuin (silent mating type 
information regulation 2 
homolog) 2 (S. cerevisiae) 
Superoxide dismutase 1, 
soluble (adult) 
Superoxide dismutase 2, 
mitochondrial 
Superoxide dismutase 3, 
extracellular 
Sulfiredoxin 1 homolog 
(S. cerevisiae) 
Serine/threonine kinase 25 
(STE20 homolog, yeast) 
Thyroid peroxidase 

Titin 
Thioredoxin domain 
containing 2 
(spermatozoa) 
Thioredoxin reductase 1 

Thioredoxin reductase 2 

Symbol 
GPR156 

GPX1 

GPX2 

GPX3 

GPX4 

GPX5 

GPX6 

GPX7 

GSR 

GSS 

GSTZ1 

GTF2I 

KRT1 

LPO 

MBL2 

MGST3 

MPO 
MPV17 

MSRA 

MT3 

Description 
G protein-coupled receptor 156 

Glutathione peroxidase 1 

Glutathione peroxidase 2 
(gastrointestinal) 
Glutathione peroxidase 3 
(plasma) 
Glutathione peroxidase 4 
(phospholipid hydroperoxidase) 
Glutathione peroxidase 5 
(epididymal androgen-related 
protein) 
Glutathione peroxidase 6 
(olfactory) 
Glutathione peroxidase 7 

Glutathione reductase 

Glutathione synthetase 

Glutathione transferase zeta 1 
(maleylacetoacetate isomerase) 
General transcription factor II, i 

Keratin 1 (epidermolytic 
hyperkeratosis) 
Lactoperoxidase 

Mannose-binding lectin (protein 
C) 2, soluble (opsonic defect) 
Microsomal glutathione S-
transferase 3 
Myeloperoxidase 
MpV17 mitochondrial inner 
membrane protein 

Methionine sulfoxide reductase 
A 
Metallothionein 3 
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Biosciences) on a MyiQ Single Color Real-Time PCR Detection System (Bio-Rad 

Laboratories) using the following conditions: denaturation 15 s at 95°C, annealing 15 s at 

56°C, and extension 30 s at 72°C. 

4.2.2.3 Signaling pathway analysis 

Functional pathway and network analyses were generated through the use of 

Ingenuity pathway analysis (version 2.0, Ingenuity® Systems, Mountain View, CA). 

Ingenuity pathway analysis identified canonical pathways, biological processes and gene 

interaction networks that were most significant to the gene expression data from the PCR 

array. 

4.2.3 Statistical analysis 

All statistical analyses were carried out using GraphPad Software (San Diego, CA, 

USA). The statistical significance of the data was determined by the Student's t-test. 

Groups were considered statistically significant when P < 0.05. Results were reported as 

mean + SEM. 

4.3 Results and discussion 

4.3.1 Incubation time for maximal GST-zl and CAT mRNA expression 

GST-zl and CAT were selected for determining the optimal time of mRNA 

expression in cells since these enzymes activities were upregulated in in vivo studies with 
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EYP and their genes form part of the PCR array. Due to the cost constraints of the assay 

it was important to determine the best time for harvesting the cells and extracting mRNA. 

As shown in Figure 4.1, the relative expression of catalase in baseline cells was 

not significantly different to that of oxidant-induced cells after 0.5, 1, or 2 hours of H2O2 

stimulation. In contrast, the mRNA expression of glutathione S-transferase was 

significantly decreased (P<0.05) in H2O2 treated cells compared to non-treated cells after 

1 h of ROS incubation. After 2 h, the two groups of cells were not significantly different 

from each other. Therefore a 1 hour incubation period with hydrogen peroxide was 

deemed ideal for observing the effects of EYP-F4 and the synthetic [Ser(P03)]2 peptides. 

Since the reduction of oxidative stress at the initial oxidative insult is thought to be the 

most effective strategy for the prevention of gastrointestinal pathologies (Schiller et al., 

1993), cells were pretreated with peptides for 2 hours prior to the induction of stress. 

Cells respond in varying degrees to different concentrations of oxidants induced 

for various lengths of time (Martindale and Holbrook, 2002). IL-8 mRNA in Caco-2 

cells has been reported to be optimal after 2 h of a 1 mM hydrogen peroxide treatment 

(Yamamoto et al., 2003) and after 3 h of a 2 mM H202 stimulation (Son et al., 2005). 

Other researchers have subjected this same cell line to only 30 min of a 75 uM hydrogen 

peroxide stimulation and isolated and used RNA for both microarray and RT-PCR 

analysis of antioxidant genes including GR and GPx. Katayama et al. (2007) noted an 

increase in y-GCS mRNA after 1 h of a 1 mM H2O2 treatment. In this experiment the 

authors pretreated cells with phosvitin phosphopeptides for 2 h and found elevated y-GCS 

mRNA expression. It is inevitable that different genes will be transcribed to messenger 

RNA at different times. What is clear is that exposure to cell penetrating oxidants like 
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• H202 

0.5 h l h 2 h 

0.5 h l h 2 h 

Figure 4.1 (A) CAT and (B) GST-zl relative mRNA expression over time in Caco-2 
cells. Cells were cultured with 5% FBS-DMEM/F12 and incubated with 1 mM H202 for 
0.5, 1, and 2h. mRNA was extracted from cells at the end of each incubation period and 
relative gene expression was measured by real-time RT-PCR. Fold changes were 
calculated relative to the untreated cells. Data is presented as mean + SEM; n = 4. 
* P<0.05 compared to control (untreated) cells incubated for the same length of time. 

106 



hydrogen peroxide quite rapidly triggers cell signaling pathways which respond to the 

reduction-oxidation imbalance. Western blots have demonstrated the activation of the 

JNK and ERK MAP kinases after only 5 and 15 min of a 1 mM H2O2 induction, 

respectively (Song et al., 2005). Given these studies and the results from the CAT and 

GST-zl time course experiment, 1 h was sufficient for observing antioxidant gene 

expression changes. 

4.3.2 Evaluation of gene expression profile and cell signaling pathways 

The human oxidative stress and antioxidant defense PCR array was used to profile 

the expression of 84 genes related to oxidative stress. This array included various 

isoforms of GPx, SOD, peroxiredoxins, a wide range of peroxidases such as CAT, and 

other oxidative stress responsive genes. To examine the genes with the most dramatic 

expression during stress conditions, a fold change cut-off was set at + 3 as shown in the 

scatter plot (Figure 4.2) and in Figure 4.3. Figure 4.3 illustrates the differential mRNA 

expression of cells supplemented with EYP-F4 and [Ser(P03)]2 and stimulated with 

H2O2 and cells subjected to H2O2 alone. Also included are peptide treated cells without 

any oxidative stress exposure. Gene expression was compared to non-treated baseline 

cells to establish a similar point of reference. Several genes such as CCL5, LPO, MPO, 

NME5, and PXDNL were highly expressed in H2O2 cells compared to peptide 

supplemented cells. With the exception of a few instances, both EYP-F4 and 

[Ser(P03)]2 resulted in similar expression patterns. Oxidant stressed cells highly 

expressed CYGB whereas this gene appear to be downregulated for peptide treated cells. 
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Figure 4.2 Scatter plot of relative expression levels for various treatments (hydrogen 
peroxide-stimulated cells, and t^C^-stimulated cells treated with [Ser(PO)3]2 or EYP-
F4; and [Ser(P03)]2- and EYP-F4-treated, non-F^Ch stimulated control cells) versus non-
peptide, non-H202 stimulated cells. Cells were treated with 1 mg/mL of EYP-F4 or 1 mM 
of [Ser(P03)]2 for 2h followed by ImM H2O2 for 1 h. Dark diagonal lines indicate the + 
3 fold change cut-off threshold; n = 2. Points above the upper cut-off line indicate up-
regulated genes while points below the lower cut-off line show down-regulated genes. 
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• [Ser(P03)]2 
0 EYP-F4 + H202 
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12 16 

Figure 4.3 Real time RT-PCR showing differential messenger RNA expression of genes 
involved in oxidative stress and antioxidant defense. Cells were treated with 1 mg/mL of 
EYP-F4 or 1 mM of [Ser(P03)]2 followed by 1 mM H202 for 1 h. H202 control cells 
were not treated with peptide. [Ser(P03)]2 and EYP-F4 controls were not treated with 
H202. All incubations were held at 37°C and after 3 h, mRNA was extracted from cells 
and relative gene expression was measured by real-time RT-PCR. Fold changes were 
calculated relative to untreated, non-H202 cells. Data is not presented as + SEM since 
n = 2. Only genes with -3< or >3 fold change are shown. 
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Notably, most of the genes with elevated expressions in oxidant stressed cells are 

associated with inflammation and host defense. Myeloperoxidase (MPO) is responsible 

for the production of hypochlorous acid from hydrogen peroxide and the chloride anion 

during the inflammatory burst (Proctor, 1996) and CCL5 is a chemotactic cytokine that 

recruits T cells, eosinophils, basophils, and leukocytes to sites of inflammation (Kabelitz 

and Wesch, 2003). PXDNL (peroxidasin) catalyses hydrogen peroxide-driven oxidations 

in vitro and is believed to function in phagocytosis and defense (Peterfi et al., 2009). 

Lactoperoxidase has antimicrobial properties stemming from the ability to produce 

oxidants through dual oxidases (DUOX1 and DUOX2) (Geiszt et al., 2003). Though 

limited information exists for NME5, it is believed to protect cells from cell death by 

altering Bax mediated apoptosis (Hwang et al., 2003). Since CYGB is a recently 

discovered protein, not much is known about the function except that it is thought to play 

a role in tumor suppression (Li et al., 2008). The low expression and in some cases the 

downregulation of these inflammatory genes by EYP-F4 and [Ser(P03)]2 

supplementation highlights the antioxidative and protective role. 

EYP-F4 treatment in the presence of stress as well as [Ser(P03)]2 control cells 

resulted in downregulated expression of proteoglycan 3 (PRG3). Oxidative stress inhibits 

the insulin-like growth factor-1 (IGF-1) induction of chrondocyte proteoglycan synthesis 

through differential regulation of PI3 kinase and MEK-ERK MAPK signaling pathways 

(Yin et al., 2009). Since chemical inhibition of ERK enhanced IGF-1 phosphorylation of 

Akt and permitted proteoglycan synthesis, it may be possible that EYP-F4 interferes with 

cell signaling to promote high levels of intracellular ERK. This high production of ERK 

may play a role in upregulating the Nrf2-ARE antioxidant enzyme pathway and at the 
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same time reduce PRG3 expression. [Ser(P03)]2 may act in a similar fashion, however 

only the presence of peptides without oxidant brought about this effect. Investigating the 

intracellular levels of phosphorylated ERK and Akt by Western blotting may provide 

additional information on the peptides' mode of action. 

With the exception of PRG3 and titin, the peptide treated control cells exerted low 

changes in gene expression compared to hydrogen peroxide stimulated cells. Titin is 

large protein located primarily in striated muscle which is responsible for providing 

elasticity (Trombitas et al., 2000). The upregulation of the titin gene may be an adaptive 

response to stress where new proteins are being produced to replace oxidatively damaged 

ones. The downregulation of the gene may simply reflect the cell's balanced redox state 

where titin production is not necessary since there is no oxidant threat. 

Although most of the antioxidant enzymes did not meet the + 3 cut-off, it is 

important to discuss their mRNA expression levels especially in terms of their interactive 

relationships and how this may relate to in vitro and in vivo results. Figure 4.4, Figure 

4.5, and Figure 4.6 illustrate three pathway diagrams highlighting the interconnected 

system of enzymes and their expression levels in HbOi-stimulated, and [Ser(P03)]2- and 

EYP-F4-treated cells exposed to oxidative stress. These expressions were compared to 

those of baseline cells. Since expression levels are low, it is likely that this could have 

been increased by elongating the H2O2 incubation time. Due to the transient nature of 

gene expression and the different expression times of genes there will not be an optimum 

time in which all of the genes are expressed to high levels. Similar to the animal trials, 

the EYP bioactive fraction increased the expression of GR and 2 different isoforms of 

GPx including the intestinal GPx isoform, GPx2. The expression of PRNP gene which 
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Figure 4.4 Pathway analysis of messenger RNA differentially expressed in H2O2-
stimulated cells compared with baseline Caco-2 cells (n = 2). When PCR array fold 
change results were input into the Ingenuity pathway analysis, it mapped them to a 
network with NFKB and GPx as the main nodes. Numbers under the network shapes 
indicate the associated fold change. Color shading corresponds to the type of 
deregulation, red for upregulated genes and green for downregulated genes, while the 
intensity of color reflects the degree of up- or down-regulation. White open nodes are not 
from among the PCR array gene list, but are proteins associated with the regulation of 
some of these identified proteins. Continuous and discontinuous lines represent direct 
and indirect functional and physical interaction between genes from literature. 
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Figure 4.5 Pathway analysis of messenger RNA differentially expressed in [Ser(P03)]2-
treated H202-stimulated cells compared with baseline Caco-2 cells (n = 2). When PCR 
array fold change results were input into the Ingenuity pathway analysis, it mapped them 
to a network with NFKB and GPx as the main nodes. Numbers under the network shapes 
indicate the associated fold change. Color shading corresponds to the type of 
deregulation, red for upregulated genes and green for downregulated genes, while the 
intensity of color reflects the degree of up- or down-regulation. White open nodes are not 
from among the PCR array gene list, but are proteins associated with the regulation of 
some of these identified proteins. Continuous and discontinuous lines represent direct 
and indirect functional and physical interaction between genes from literature. 
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Figure 4.6 Pathway analysis of messenger RNA differentially expressed in EYP-F4-
treated H202-stimulated cells compared with baseline Caco-2 cells (n = 2). When PCR 
array fold change results were input into the Ingenuity pathway analysis, it mapped them 
to a network with NFKB and GPx as the main nodes. Numbers under the network shapes 
indicate the associated fold change. Color shading corresponds to the type of 
deregulation, red for upregulated genes and green for downregulated genes, while the 
intensity of color reflects the degree of up- or down-regulation. White open nodes are not 
from among the PCR array gene list, but are proteins associated with the regulation of 
some of these identified proteins. Continuous and discontinuous lines represent direct 
and indirect functional and physical interaction between genes from literature. 

114 



codes for prion protein was also elevated. Under oxidative conditions, prion proteins 

maintain cellular copper homeostatis and exhibit a SOD-like activity (Sakudo et al., 

2004). This is interesting since copper is a required cofactor in cytosolic SOD and CAT 

(Rodriguez et al., 2000). Several peroxiredoxin isoforms (1, 2, and 3) and thioredoxin 

reductase 1 also had increased expressions. These two antioxidant enzymes work in 

concert with each other in the manner of glutathione peroxidase and glutathione reductase 

to detoxify hydrogen peroxide except using thioredoxin instead of glutathione as an 

electron donor (Nordberg and Arner, 2001). Similar to the antioxidant enzymes of the 

glutathione system, peroxiredoxin (PRDX) and thioredoxin reductase (TXNRD) 

transcription is controlled by the Nrf2-ARE pathway (Aleksunes and Manautou, 2007). 

From the pathway diagram, most of the antioxidant enzymes are indirectly associated 

with the NFKB complex. Since the NFKB transcription factor is redox sensitive, and has 

a major influence in the transcription of inflammatory cytokines (Martindale and 

Holbrook, 2002), the detoxification of ROS by endogenous enzymes deters the onset of 

inflammation. The expression of eosinophil peroxidase (EPX), an enzyme associated 

with host defense and inflammation (Wang and Slungaard, 2006), is raised but like LPO 

and MPO, not to the same extent as that of H2O2 cells. Messenger RNA expression of 

thyroid peroxidase, which in the presence of H2O2 converts iodide into iodine (Schweizer 

et al., 2008), is also elevated in [Ser(P03)]2 treated cells and H2O2 cells. 

Similar to EYP-F4, [Ser(P03)]2 elevated the mRNA expression of GPx, PRDX, 

TXNRD and the prion protein. In addition there was an increased expression of a 

microsomal form of GST, MGST3, which detoxifies electrophilic xenobiotics and 

endogenous secondary byproducts of oxidative stress (Hayes et al , 2005). There were 
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also reductions in EPX, MPO and LPO expressions compared to hydrogen peroxide 

stimulated cells. 

Oxidant stressed cells demonstrated increased expression of GPx, SOD and SOD-

related copper chaperone (CCS), MGST3, PRDX, TXNRD, eosinophil and thyroid 

peroxidase and sulfiredoxin 1. The elevated expression of antioxidant enzyme genes is a 

direct response to oxidative stress but it was coupled with high LPO and MPO 

expressions which are pro-inflammatory. This reflects the delicate balance between 

oxidant and antioxidant systems and the consequences of an altered redox balance. The 

antioxidative stress effect of peptide supplementation was demonstrated in the differential 

expression of oxidative stress and antioxidant defense genes in the PCR array. Since the 

PCR array was used as a screening tool, investigating the expression trends of individual 

genes by RT-PCR will be beneficial for confirming the peptides' bioactivity. 

4.4 Conclusion 

In vitro and in vivo studies of egg yolk peptide supplementation verified the 

antioxidative stress activity through the reduction of interleukin-8, increased levels of 

glutathione, elevated activity and mRNA expression of y-GCS, increased antioxidant 

enzyme activities, and lowered lipid and protein oxidation biomarkers. To further 

understand the mechanism by which these peptides influence bioactivity at the 

transcription level and to elucidate the cell signaling pathways involved, the expression 

of 84 human oxidative stress and antioxidant defense genes were profiled. 

Results indicate increased expression of inflammatory genes including 

myeloperoxidase, lactoperoxidase, peroxidasin, and chemotatic cytokines in oxidant 

116 



stressed cells but this expression was much lower in peptide-supplemented cells. All 

cells, with the exception of non-oxidant stimulated cells, exhibited elevated expression of 

antioxidative enzymes including enzymes of both the glutathione and thioredoxin 

systems. Expression of antioxidant enzymes is regulated by the Nrf2-ARE pathway. The 

transcription factor Nrf2 is sequestered in the cytoplasm by Keapl. However, under 

oxidative stress conditions MAP kinases have been shown to phosphorylate Nrf2 thereby 

permitting dissociation, subsequent nuclear localization and binding to ARE in the 

promoter region of genes that encode antioxidant enzymes (Aleksunes and Manautou, 

2007). It is hypothesized that the egg yolk peptide bioactive fraction and the synthetic 

phosphoserine dipeptide enhance Nrf2 dissociation by signaling through the MAP kinase 

pathway. The lowered expression of inflammatory genes may be a direct effect of the 

upregulation of antioxidant genes. Since antioxidant enzymes detoxify reactive oxygen 

species they prevent activation of redox sensitive transcription factors like NFKB, which 

regulate the transcription of inflammatory mediators. 

The mRNA expression data presented in this chapter supports the preceding cell 

culture and animal trial results and highlights the ability of EYP-F4 and [Ser(P03)]2 to 

upregulate antioxidant and defensive enzymes through the Nrf2-ARE pathway, possibly 

via MAP kinase activation. Through their antioxidative mechanisms, these peptides may 

also play a role in preventing the early stages of inflammation. 
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Chapter 5 Conclusions and future research 

5.1 Conclusions 

This research focused on: 1) the production of egg yolk peptides and in vitro and 

in vivo evaluation of the antioxidative stress properties; 2) the identification and physico-

chemical characterization of the EYP bioactive fraction; and 3) the elucidation of the cell 

signaling pathways that contribute to the mechanism of action. 

Oxidative stress in the gastrointestinal tract has been implicated in the origination 

and propagation of intestinal pathologies such as inflammatory bowel disease, ischemic-

reperfusion disorders, and intestinal cancer. Nutritional antioxidants which act to 

sequester oxidants or oxidant promoting elements have limited efficacy in clinical trials, 

therefore there is a need to find alternative strategies to combat oxidative stress and 

associated deleterious consequences. Some food-derived peptides such as phosvitin 

phosphopeptides have been found to increase glutathione and endogenous antioxidative 

enzyme activities; however, the isolation of phosvitin and the preparation of peptides was 

time consuming and is not suitable for industrial production. Since phosvitin is present 

in 11% of egg yolk proteins, it was hypothesized that similar antioxidative stress peptides 

could be manufactured from defatted egg yolk protein. 

Several egg yolk peptides were produced from a variety of bacterial proteases, 

trypsin, and Alcalase, and examined for their crude protein content and recovery, mean 

chain length, phosphate content, digestion patterns, and most importantly their ability to 

reduce oxidative stress. One digest in particular, prepared from Protease N and Alcalase, 

displayed significant bioactivity along with a high % phosphate. This digest was chosen 
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for further study in in vivo oxidative stress trials. In various intestinal segments, EYP 

increased GSH and GSH-related enzymes, elevated SOD, CAT, GR, GST enzyme 

activities, and lowered lipid and protein oxidation compared to oxidatively stressed 

animals. Blood analysis also revealed enhanced GSH in red blood cells but limited effect 

on total antioxidant capacity in plasma. 

EYP was fractionated using anion chromatography and one fraction in particular, 

EYP-F4, was found to have the highest phosphate content and similar antioxidative stress 

properties as the original digest. EYP-F4 also elevated in vitro GR and GST activities 

and maintained bioactivity after simulated intestinal digestion. Since dephosphorylated 

peptides no longer possessed biological activity, the effect of phosphorylation was 

explored in detail. Among the egg yolk proteins, phosvitin is the most highly 

phosphorylated because phosphoserines occupy large contiguous segments of the protein. 

Serine and phosphoserine did not reduce oxidative stress, but synthetically constructed 

phosphopeptides with 2 and 3 continuous phosphoserine had antioxidative stress 

properties. Mass spectrometry analysis and peptide identification from an internally 

constructed egg protein database provided a sequence of SKDSSSSSSKSNSK which 

corresponds to the phosvitin portion of vitellogenin-1, an egg yolk precursor protein. 

Although it is rare to find VTG-1 in the egg yolk, the sequence does support the 

importance of continuous phosphoserine residues in contributing to bioactivity and 

combined with the results from the synthetic peptides, suggest that EYP-F4 contains a 

minimum of two adjacent phosphoserines. 

The expression profile of oxidative stress and antioxidant defense genes of cells 

treated with EYP-F4 and [Ser(P03)]2 showed an increased expression of antioxidant 
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genes with a lowered expression of pro-inflammatory genes. It is likely that EYP-F4 and 

[Ser(P03)]2 influences the increase in cellular defense enzyme production through 

activation of the Nrf2-ARE pathway. The antioxidant enzymes in turn detoxify ROS, 

thereby preventing the activation of NFKB which regulates the expression of 

inflammatory proteins. 

Oxidative stress often participates in disease initiation, so re-establishing the 

redox homeostatis during that period may prevent the harmful effects of oxidants and 

offset the development of disease. A diet supplemented with egg yolk peptides enhances 

the endogenous production of antioxidants and antioxidative defense enzymes and 

provides an innovative approach for combating oxidative stress. 

5.2 Future research 

Although the data presented in this thesis provides some insight on the 

mechanism by which EYP-F4 affects the upregulation of glutathione and antioxidative 

enzymes, further research is needed to determine several aspects of this signaling 

pathway. Cell transport studies will provide information on the uptake (if any) of 

peptides into or across the cell. Due to the bulk of the phosphate groups, the peptides are 

predicted to remain on the apical side of the membrane, but this should be confirmed. If 

this is the case, then EYP may bind to cell surface receptors to trigger signaling cascades. 

Researchers (Otani et al., 2001; Tobita et al., 2006) found that casein phosphopeptides 

with an active sequence of Ser-X-Ser bound to TLR-4 and in doing so, upregulated the 

immunomodulatory functions. The receptor to which EYP binds and transmits the 

initiating signal could be determined by using receptor mutated cells and antibodies that 
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target receptors of concern. The Nrf2-ARE pathway regulates the expression of 

antioxidant genes and the dissociation of Nrf2 from Keapl is crucial for ensuring Nrf2 

nuclear localization and binding to ARE sequences (Lee and Johnson, 2004; Nguyen et 

al., 2009). Since MAP kinases are known to participate in Nrf2 dissociation, the amount 

of active MAP kinases can be determined by the use of Western blots with antibodies 

against phosphorylated ERK, p38, or JNK. Finally, electrophoretic shift mobility assays 

and chromatin immunoprecipitation could be used to verify the presence and 

quantification of nuclear Nrf2. 

Further studies should also be carried out on the effects of EYP-F4 on gene 

expression. The PCR array provided valuable information; however, it can only be used 

as a screening tool. Real time RT-PCR should be performed on selected genes such as 

glutathione peroxidase, glutathione S-transferase, glutathione reductase, catalase, 

superoxide dismutase and the related thioredoxin family of genes including peroxiredoxin 

and thioredoxin reductase. 

Additional information is required about EYP's peptide composition and related 

bioactivity. EYP does contain phosphate and this is assumed to be monoesterified to 

serine, as this is the case in phosvitin. Using Edman's degradation procedure (Edman, 

1949) the amino acid composition in EYP-F4 should be conducted to confirm the 

presence and abundance of serine. 

In considering the application of bioactive peptides as nutraceuticals, sensory 

aspects, bioavailability, potential toxicity, and allergenicity should be examined. The 

taste of bitterness in peptides is influenced by size distribution, peptide composition and 

hydrophobicity, and position of hydrophobic residues (Cho et al., 2004). In terms of size, 
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middle-sized peptides of 1900 to 3300 Da are more bitter than larger (4300 to 9500 Da) 

or very small (210 to 850 Da) peptides (Cho et al., 2004). Although the size of EYP is 

unknown, the identified sequence contained 14 amino acids and, when a taste test was 

performed, was indeed slightly bitter. Bitterness could be overcome by optimizing the 

hydrolytic conditions and using debittering processes. Enzymatic debittering using 

exopeptidases (Raksakulthai and Haard, 2003) and aminopeptidases (Nishiwaki et al., 

2002) dramatically reduces the bitterness in peptide mixtures. Taste is an important 

aspect to take into account if the bioactive peptides are not encapsulated to allow later 

release in the stomach and/or small intestine. 

Since EYP targets the intestines when ingested it must remain intact even after 

digestion with pepsin and pancreatic enzymes. Both in vitro simulated digestion and oral 

consumption of the peptides in in vivo trials have shown that the peptides maintain 

bioactivity, suggesting they are undamaged or are minimally altered. Once the peptides' 

sequence is confirmed, the quality of the peptides after digestion could be determined by 

examining the luminal contents of the intestine by RP-HPLC ESI-MS/MS. This 

technique has been used to evaluate the digestibility of a p-casein phosphopeptide during 

duodenal transit in rats (Bouhallab et al., 1999). 

In considering the beneficial potential of EYP, it is also essential to determine any 

cytotoxic effects, especially at the dose that provides optimum bioactivity. Cell culture 

studies using WST-1 and the health and survival of animals in the EYP trials have 

confirmed the delivered doses were non-toxic. It is now pertinent to establish a range of 

doses and their effects in animals to determine the maximum allowable dose that renders 
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no adverse effects on viability. At the same time, verifying the bioactivity at these tested 

doses will be useful for establishing a "working range" of concentrations for the peptides. 

Immune-mediated adverse reactions can occur after the ingestion of food proteins 

and their peptides. Egg is considered a common allergenic food; therefore, the 

allergenicity should be assessed. The first step in the assessment involves searching for 

sequence homologies and/or structural similarities between the protein and known 

allergens of different origins. In vitro tests can then measure the capacity of specific IgE 

from serum of allergic patients to bind the test protein(s) (Hartmann et al., 2007). 

Allergenicity of egg yolk peptides can be difficult to assess from a database search of 

sequences since it is comprised of many peptides of varying lengths and sequences. 

However in vitro IgE serum tests may be able to provide some information on 

allergenicity. It is predicted that egg yolk peptides have little to no allergenicity since 

most of the egg allergens are present in the egg white. 

Finally, since egg yolk peptides were prepared as an industry-friendly alternative 

to phosvitin phosphopeptides, ongoing quality control tests should be conducted during 

the scaling up period. Scaling up can involve the use of different processing techniques, 

and time and temperatures may be adjusted to cope with the increased bulk of material. 

Consequently, it is pertinent to validate that these peptides have similar physico-chemical 

characteristics and bioactivity to those produced on a smaller scale in the laboratory. 

The increasing studies linking oxidative stress to the initiation of gastrointestinal 

pathologies underline the importance of antioxidative stress prevention strategies and the 

benefits of egg yolk peptide supplementation in averting the onset of disease. 
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