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ABSTRACT

Content of free- (FPC) and bound- phenolics (BPC) significantly (p<0.05) increased during
mixing, fermenting and baking. Bread crust and crumb contained the highest FPC and BPC,
respectively. Antioxidant activities (AOA) followed the trends of their respective phenolic contents.
HPLC analysis demonstrated that different phenolic acids showed various responses to the bread-
making process. Total anthocyanin content (TAC) was significantly (p<0.05) reduced through
mixing and baking, but fermentation elevated the levels. Anthocyanin extract of purple wheat
exerted higher AOA than those of common wheat. Digested purple wheat extracts after in-vitro
digestion demonstrated significantly (p<0.05) higher AOA than common wheat. During in-vitro
testing, extracts exhibited concentration-dependent effects, while the use of different cell lines
exhibited varying levels of cellular antioxidant and pro-oxidant properties. Purple wheat
demonstrated higher cytoprotectivity and cellular AOA than those of common wheat. Our findings

suggest that purple wheat has the potential to act as functional food in bakery products.

Key words: purple wheat, bread-making, phenolic compounds, anthocyanins, antioxidant activity,

in-vitro digestion, cell culture
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GENERAL INTRODUCTION

In recent years, research activities have been directed towards the investigation of anti-
inflammatory, anti-hepatotoxic and anti-carcinogenic effects of antioxidants (Kessler et al.,
2003). Polyphenolic compounds are of particular interest because of their widespread
consumption in human diet. One of the major functional properties of phenolic compounds is
to scavenge free radicals in organisms, therefore having potential to perform disease-
preventing or health-promoting effects. Epidemiological studies have shown an inverse
relationship between the consumption of whole grain based products and risks of chronic
disease resulting in documentation of their potential health effects in recent reviews (Okarter
and Liu, 2010; Munter et al., 2007). These chronic diseases include cardiovascular diseases,
type II diabetes, obesity and some cancers.

Phenolic acids are a major category of phenolic compounds present in cereal grains.
They have been well investigated. Anthocyanins are water soluble pigments mainly located in
the bran and aleurone layers of a kernel, responsible for the natural color of cereal grain, such
as purple, red and blue. They are powerful antioxidants, contributing significantly to the
antioxidant activity of pigmented cereal grains. Increased interest in investigating
anthocyanins is attributed by their potential as functional foods and nutraceutical ingredients.
Recently, consumption of varieties of cereal grains with colored pericarp is particularly
famous and products made from pigmented cereal grains are largely valuable in the
marketplace.

Baking is a complex process where physical and chemical changes occur simultaneously

in flour dough. It may alter the levels of phenolic compounds, and also modify their
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antioxidant activities, leading to changes in the potential health benefits of the final product.
Moreover, a better understanding of the critical steps in bread production in relation to these
bioactive compounds will help to limit phenolic degradation during manufacturing, thus
improving the functional potentials of final products. To date, there is very limited literature
on evaluation of the effects of bread-making on phenolic acids and anthocyanins. Therefore,
the present study aimed to evaluate the evolution of phenolic acids and anthocyanins during
the production of bread, with purple wheat varieties.

The beneficial effects of cereal phenolic compounds are also dependent on their
bioavailability and metabolic fate in human gut. Most studies on phenolic properties mainly
focused on isolated compounds from food substances using organic solvent extraction
procedures that are not representative of the human gut conditions prevailing during
digestion. In-vitro gastrointestinal (GI) tract models are widely used for investigating food
components under simulated gastrointestinal conditions. These models simulate the digestion
in human gut and are basically constructed upon starch digestion by amylases, lipid digestion
by lipases and protein digestion by pepsin or trypsin. They have been regarded as simple,
inexpensive, and reproducible systems for studying various food compounds. Cell cultures
are also widely used techniques for examining the cellular functional properties of phenolic
compounds. However, most studies utilized a pure food component or organic solvent-
extracted compound. Their cellular antioxidant activities are considered to differ from the
extracts after digestion using simulated GI tract model. Therefore, the present study
employed in-vitro digestion model, aiming to examine the functional properties of purple

wheat bread after gastrointestinal digestion using chemical and cell culture approaches.



CHAPTERI. Literature Review

1.1. Introduction

Cereals are staple foods for most of the world’s population and provide energy, proteins,
dietary fibre, minerals, and vitamins that are vital for human health (Liu, 2007). About 50%
of the dietary fibre consumed in Western countries comes from cereals such as wheat, maize,
barley, oat and rye (Vitaglione et al., 2008). Numerous studies suggest that consumption of
whole—grain cereals is beneficial in the prevention of oxidative-stress related chronic diseases
and metabolic disorders (Quideau et al., 2011; Okarter et al., 2010; Jacobs et al., 1998). The
health potential is partly attributed to the antioxidant properties of phenolic compounds
naturally present in whole grains (Adom et al., 2005; Zielinski & Kozlowska 2000).
However, cereals are processed before they are consumed or used as a food ingredient. Such
processing may alter the functional properties of phenolic compounds. This chapter
constitutes a literature review of phenolic compounds and the effects of processing on the
properties of antioxidant compounds in wheat grains.

Various analytical methods have been used in identifying the antioxidant properties of
phenolic compounds in cereals. These methods include in-vitro, ex-vivo and in-vivo assays.
In-vitro studies are usually conducted in test tube, which can simplify the reaction and focus
on a small number of components (Vignais and Vignais, 2010). However, the information on
antioxidant effectiveness in organisms is limited since chemical assays neither reflect cellular
physiological conditions nor consider the bioavailability, uptake and metabolism of
antioxidants in organisms (Mermelstein, 2008). In contrast, in-vivo animal models attempt to
provide physiological conditions that closely resemble those of humans; however, they are

expensive and time consuming. Therefore, cultured cells derived from biopsies have been

3



used in evaluating the antioxidant properties of phenolic compounds. They are relatively low
cost compared to the in-vivo assays and may give more insightful information beyond in-vitro
chemical assays. The ability of polyphenols to protect organisms from oxidative stress has
been well documented in various in-vitro and cell culture models (Bueno et al., 2012;
Movahed et al., 2012; Khanduja and Bhardwaj, 2003). However, some phenolic compounds
have been reported to be pro-oxidant (Matsuo et al., 2005; Babich et al., 2009; Prochazkova
et al., 2011). For example, tannic, ellagic, gallic acid and quecitin have been reported to
possess both antioxidant and pro-oxidant properties (Labieniec and Gabryelak, 2007; Lee et
al., 2003). Factors that lead to the contradictory properties of phenolic compounds require
further investigation. The present chapter also discusses in-vitro assays and cell culture

models, and explores factors that contribute to the difference in in-vitro and ex-vivo analysis.

1.2. Phenolic Compounds

1.2.1. Classification of Phenolic Compounds

Phenolic compounds are natural antioxidants commonly found in fruits, vegetables
(Gercia-Salas et al., 2010) and cereal grains (Qiu et al., 2010; Liu et al., 2010; Bellido and
Beta, 2009; Hosseinian et al., 2008). The classification of phenolic compounds is illustrated

in Figure 1.1.



Phenolic compounds

Phenolic acids Flavonoids Stibenes Coumarins Tannins
Hydroxy- Hydroxy- Flavonols Flavones Flavanols Flavanones Anthocyanidins Isoflavonoids

benzoic acids cinnamic acids

Quercetin Apigenin Catechin Eriodictyol Cyanidin Genistein

Kaempferol Chrysin Epicatechin Hesperitin Pelargonidin Daidzein
Gallic p-Coumaric o ) ) ) o o

Myricetin Luteolin Epigallocate Naringenin Delphindin Glycitein
Protocatechuic Caffeic ) .. .

Galangin Chin Peonidin Formononetin
Vanillic Ferulic o

Gallate Malvidin
Syringic Sinapic |
] ]
. Proanthocyanidins Catechins, Epicatechins
Procyanidins ( oligomers) ( monomers)

Figure 1.1 Classification of phenolic compounds (Liu, 2004).



Phenolic acids and flavonoids are the major phenolic compounds, and make up 60%
and 30% of human total dietary polyphenols, respectively (Nichenametla et al., 2006). Plant
polyphenols play important roles in food properties such as color, bitterness, astringency
(Haslam, 2007), and a range of tactile or mouth-feel characteristics (Lesschaeve and Noble,
2005). For example, anthocyanins, a subclass of flavonoids are responsible for the color of
various fruits, vegetables and pigmented cereals (Bueno et al., 2012). This color may vary
depending on the pH of the cellular juice and the microelements with which they are

combined (Lengyel et al., 2012).

1.2.2. Phenolic Acids

1.2.2.1. Classification and chemical structures of phenolic acids in wheat

Phenolic acids are classified into hydroxycinnamic and hydroxybenzoic acids (Garcia-
Conesa et al., 1999). The former is composed of ferulic, sinapic, p-coumaric and caffeic acid
while the later comprise gallic, protocatechuic, vanillic and syringic acid (Figure 1.2).

Hydroxybenzoic acids

H Name R, R, R; Ry
- J Gallic acid (GA) H OH OH OH
I e Vanillic acid (VA) H OCH; OH H
ﬂ T Protocatechuic acid H OH OH H
- TN T R, (PRCA)
T Syringic acid (SRA) H OCH; OH OCH;
R; Salicylic acid (SLA) OH H H H

Hydroxycinnamic acids

o Name R, R, R; Ry
H - coon Cinnamic acid (trans-CA) H H H H
. J |j p-coumaric acid (p-CA) H H OH H
T S Ferulic acid (FA) H OCH, OH H
| ‘ . Caffeic acid (CA) H OH OH H
Ry~ \r Y Sinapic acid (SA) H OCH, OH  OCH,
R>

Figure 1.2 Hydroxycinnamic and hydroxybenzoic acids (Irakli et al., 2012).



1.2.2.2. Distribution and forms of phenolic acids in wheat

Ferulic, p-coumaric, vanillic, caffeic, syringic, sinapic and protocatechuic acids are the
common phenolic acids found in whole wheat grains (Vitaglione et al., 2008; Guo and Beta,
2013). Among these, ferulic acid is the most predominant (Beta et al., 2005) and is
concentrated in bran (Vitaglione et al., 2008) and aleurone layer of wheat (Parker et al.,
2005). Vanillic acid is the second abundant phenolic acid in wheat bran followed by syringic
acid and p-coumaric acid (Kim et al., 2006).

Some of these phenolic acids are part of the structural components and protective systems
(Bunzel et al., 2000; Renger and Steinhart, 2000). Depending on their existence, phenolic
acids can be further categorized as: free phenolic acids, acids in soluble ester bonds and acids
occurring in insoluble complexes (Hatcher and Kruger, 1997; Klepacka and Fornal, 2006).
Zhang et al. (2012) investigated the free and bound type of phenolic acids in 37 Chinese
winter wheat cultivars. They concluded that free forms made up of 2.5% of total phenolic
acid content, among which syringic acid accounted for 44.7%, whereas bound phenolic acids
constituted 97.5% (661 ug/g) with 70.7% being ferulic acid. Most bound phenolic acids are
associated with mono- or poly-saccharides (Garcia-Salas et al. 2010; Lin and Harnly, 2007).
For example, ferulic acid is bound to arabinoxylans through ester-bond (Garcia-Conesa et al.,
1999; Rondini et al., 2004) or ether-linked to lignin or lignin-like polymers (Vaidyanathan
and Bunzel, 2012). Parker and his group (2005) found that 95% of wall-bound esterified
phenolics were ferulates and 39% of these were dehydrodiferulic acids. In the same study, the
authors also indicated that the presence of dehydrodiferulic acids provided explanation for the
protective nature of bran and the resistance to digestion of dietary fibre. The presence of

linked ferulic acid is responsible for the formation of diferulates, which is a bridge structure
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between cell wall polysaccharides (Figure 1.3).

Cellulose
Microfibrl s

Diferulic acid
Arabinoxylans

Ferulic acid Glucans

Figure 1.3 Bridge structure of diferulic acid between cell wall polysaccharides (Bunzel et al.,
2001).

These cell wall polysaccharides prevent the phenolic acids from digestion in the small
intestine. However, these acids are released in the large intestine during fermentation (Pandey
and Rizvi, 2009). These non-fermentable phenolic compounds may remain in the human
colon and help in quenching the free radicals, and therefore contribute towards prevention of

some chronic diseases (Palafox-Carlos et al., 2011).

1.2.3. Anthocyanins

1.2.3.1. Profile and chemical structure of anthocyanins in colored wheat

Anthocyanins are pigments responsible for red, blue and purple colors of fruits,
vegetables and cereal grains (Hosseinian and Beta, 2007). Unlike red and white wheat, which
only contain very small amounts of anthocyanin compounds, larger amounts of anthocyanins
are present in blue and purple wheat, being concentrated in the aleurone and pericarp layers,
respectively (Abdel-Aal et al., 2006; Dykes and Rooney, 2007). Although these pigments
exist in wheat kernels at low concentrations, it is assumed that this coloration may be used to
distinguish the health benefits and market value of pigmented wheat versus common wheat

products.



The concentration of anthocyanins reaches maximum level during grain development
and then decreases to minor level after maturity (Knievel et al., 2009). The most common
anthocyanidin found in plants is cyanidin, followed by delphinidin, peonidin, perlargonidin,
petunidin and malvidin (Oomah and Mazza, 1999). The basic structures of anthocyanins and

their colors as summarized by Hosseinian et al. (2008) are shown in Figure 1.4.

Aglycone R1 R2 Color Amax(NM)
Cyanidin OH H Red 535
Peonidin OCHjs H Bluish-purple 532
Pelargonidin H H Orange-red 520
Malvidin OCH; OCH; Purple 542
Delphinidin OH OH Purple 546
Petunidin OCHjs OH Purple 543

Figure 1.4 Common anthocyanin structure and corresponding anthocyanidins (aglycones)
(Hosseinian et al., 2008).

Anthocyanins exist in plants in glycosylated forms, for example, linked with glucose,
galactose, fructose, arabinose, rhamnose and xylose (Choia et al., 2007; Hosseinian and Beta,
2007). Research has demonstrated that the predominant anthocyanins in purple wheat mainly
consist of cyanidin-3-glucoside, peonidin-3-glucoside, and cyanidin-3-galactosidedepending
on the genotype (Dedio et al., 1972; Abdel-Aal and Hucl, 2003; Abdel-Aal et al., 2006;

Knievel et al., 2009). Hosseinian et al. (2008) also reported the existence of other types of



anthocyanin compounds in lower concentrations. In general, the total anthocyanin content is
affected by the genetics, light, temperature, and agronomic conditions (Majoul et al., 2003;
Jing et al., 2007). Magnesium fertilization and early harvest have been reported to effectively
increase the content of anthocyanins in purple wheat (Bustos et al., 2012).

Anthocyanins are relatively unstable and undergo reversible structural transformations
at different pH conditions (Prior and Wu, 2006). When in solution, different forms of
anthocyanins, namely flavylium cation, quinoidal base, hemiacetal base and chalcone, build
equilibrium among themselves (Prior and Wu, 2006) as illustrated by Lee et al. (2005)

(Figure 1.5).

O-gly O-gly
Quinoncidal base: blue Flavylium cation (oxonium form): orange to purple
pH=7 pH=1
+H,0/-H*

Ry

HO OH OH
o)

7 R2

O-gly 0 O-gly
Chalcone: colorless Carbinol pseudo-base (hemiketal form): colorless
pH=45 pH=45

Figure 1.5 Predominant structures of anthocyanins at different pH (Lee et al., 2005)

1.2.3.2. Functional properties of anthocyanins

The increase in number of studies on anthocyanin functional properties in the past few

decades suggests their potential benefits (Lila, 2004; He and Giusti, 2010). Anthocyanins
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have potential to exert anti-obesity, anti-inflammatory and anti-cancer effects (Prior and Wu,
2006). Anthocyanins are also known to contribute to the beneficial roles on cardiovascular
health, oxidative damage, detoxification enzymes and immune system (Manach et al, 2005).
Pigmented wheat demonstrated higher antioxidant properties compared to white grained
varieties. Li et al. (2005) reported that purple and blue wheat had higher radical scavenging
capacity than white wheat. Hu et al. (2007) subsequently indicated that 69% of the overall
free radical scavenging capacity of dark blue wheat grains was contributed by anthocyanins,
whereas the extractable phenolic acids were only responsible for 19%. In addition,
anthocyanins have shown their ability to suppress both hydrogen peroxide-induced oxidation
and bacterial lipopolysaccharide-induced nitric oxide in cell culture models (Hu et al., 2007).
Anthocyanins also exert protective effects through other antioxidant mechanisms, such as
metal chelation and protein binding (Kong et al., 2003). A study done by Abdel-Aal et al.
(2008) also indicated that the molecular structure of anthocyanins has important impact on
their antioxidant properties. For example, cyanidin-containing anthocyanins showed higher
scavenging capacities compared to delphinidin-based anthocyanins, which on the contrary
possessed higher inhibitory capacity against copper-induced human LDL oxidation.
Therefore, it may be inferred that pigmented wheat has the potential as a novel food

ingredient to develop functional foods.

1.3. Effect of Bread-making Process on Phenolic Compounds in Wheat Flour

Food processing is often considered to have both positive and negative effects on

phenolic compounds in whole grains and grain products. One such product is bread. It is
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therefore assumed that bread-making may affect the wheat phytochemicals. Bread-making is
a complex process during which the physical and chemical changes may occur in the dough
and bread. Hansen et al. (2002) investigated the changes in ferulic acid in rye wholemeal
during bread-making process. The total ferulic acid significantly decreased after mixing and
maintained a similar level during proofing and baking while free ferulic acids increased
throughout the process of mixing, proofing and baking. Results from a recent study using
chemical assays showed a reduction in total phenolic content in bread compared to whole
wheat flour (Angioloni and Collar, 2011). This finding is in agreement with several previous
studies reported in the literature (Leenhardt et al., 2006; Alvarez-Jubete et al., 2010). The
decrease in phenolic content could be explained by the presence of oxidative enzymes
(oxygenase and peroxidase) that are activated when water is added to the flour (Angioloni
and Collar, 2011). In addition, continuous incorporation of oxygen into the dough during
processing facilitates the oxidation of phenolic compounds through combined reactions
which are catalyzed by lipoxygenase (Eyoum et al., 2002). Moreover, baking may also lead
to degradation of phenolic compounds (Angioloni and Collar, 2011), since some are reported
to be thermally labile (Han and Koh, 2011). For example, a 2012 study identified the thermal
stability of natural antioxidants, and concluded that the stabilities of selected antioxidants
were in decreasing order of alpha-tocopherol > caffeic acid > ferulic acid > gallic acid
(Santos et al., 2012). The study also observed that the decomposition temperature for gallic
acid was lower than 110 °C (Santos et al., 2012). On the contrary, Gelinas and McKinnon
(2006) reported that baking slightly increased the concentration of phenolic compounds and

the crust of white bread contained slightly more phenolic compounds than the crumb. Slavin,
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Jacobs and Marquart (2000) also indicated that the formation of Maillard reaction products
(MRPs) induced new antioxidant properties. Although the concentration of natural
antioxidants was reduced, the overall antioxidant properties of food products were maintained
or even enhanced.

Anthocyanins, the unique compounds in colored wheat are relatively unstable and often
undergo degradation during processing and storage (Jing et al., 2007). Abdel-Aal and Hucl
(2003) investigated the stability of anthocyanins at different temperatures and pH. They
found that the degradation increased when temperature increased from 65 to 95 °C and
anthocyanins were more thermally stable at pH 1 compared to pH 3 or 5. In addition, Li et al.
(2007) reported that no obvious degradation of anthocyanins was observed in heat-treated
(177 °C for 20min) purple wheat bran, whereas heat processing during muffin production
(177 °C for 7-12 min) led to complete destruction of anthocyanins from both heat-treated and
non-heat treated purple wheat bran. Sun-Waterhouse et al. (2011) examined the effects of
bread-making process on the changes in phenolic compositions of white wheat flours which
contained blackcurrant polyphenol extracts composed of flavonoids, phenolic acid and
anthocyanins. Baking caused oxidation of quercetin and myricetin leading to a loss of about
61-70 % of polyphenols (Sun-Waterhouse et al., 2011). So far, the changes of phenolic
compounds during bread-making have not been well documented and further investigation
are needed to specify the effect of each bread-making step on phenolic changes and total

antioxidant activity.
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1.4. Ex-vivo Evaluation of Antioxidant Activity

1.4.1. In-vitro Analysis of Antioxidant Activity Assays

A variety of in-vitro chemical methods are used to determine the antioxidant activity of
phenolic extracts. The typical assays include total phenolic content (TPC), total antioxidant
activity (TAA), ferric reducing/antioxidant power (FRAP) assay, DPPH radical scavenging
capacity assay, oxygen radical absorbance capacity (ORAC), total radical absorption potential
(TRAP) and trolox equivalent antioxidant capacity (TEAC).

TPC estimates the antioxidant activity of a substance by measuring its capacity to reduce
Folin-Ciocalteu reagent, which changes the color from yellow to dark blue (Moore and Yu,
2008). TAA measures the antioxidant capacity of a biomolecule via a single electron transfer
(SET) mechanism (Ou et al., 2002) which involves transfer of a single electron from the
antioxidant molecule to the oxidative agent (copper II). FRAP is devised to simulate the
environment of plasma (Collins, 2005) and is a colorimetric method, in which a colored ferric
complex (Fe III) 1s reduced to its ferrous form (Fe II). In FRAP, antioxidant capacity can also
be measured using iron (II) chelating and copper (II) chelating capacity assays, which
compete with synthetic chelator to form chelating complexes (Moore and Yu, 2008). DPPH
assay involves direct reaction of antioxidants with DPPH radicals, which causes change in
absorbance and is monitored spectrophotometrically. ORAC, TRAP and TEAC assays utilize
competitive kinetics to compare the ability of antioxidants and fluorescent probe in
scavenging free radicals. Antioxidant capacity is obtained by measuring the fluorescence

decay of the probe in relation to a control (Collin, 2005; Ou et al., 2002).
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1.4.2. Ex-vivo Analysis of Antioxidant Activity Assays

1.4.2.1. Cell viability assays

The effects of phenolic compounds on oxidative stress are often investigated using cell
culture assays. Theoretically, the measurement of oxidative stress can be estimated directly
by the amount of reactive species present in the cells (McKenna, 2009). However, the short
survival time of reactive species makes the direct assessment difficult to perform (Halliwell
and Whiteman, 2004) except when some techniques such as L-band electron spin resonance
and magnetic resonance imaging spin are used (Utsumi and Yamada, 2003; Berliner et al.,
2001). Oxidative stress can be measured indirectly by assessing cell viability (McKenna,
2009). Trypan blue dye exclusion is an example of such indirect measurement. This assay is
based on the principle that living cells have the ability to take up the dye while dead cells
cannot. Therefore, their cell membranes appear visible because they are no longer able to
control the passage of macromolecules (Stoddart, 2011). Other cell viability measurement
methods include resazurin-based methods, the measurement of up-taking radioactive labeled
H-thymidine into cellular DNA, and the reduction of different kinds of tetrazolium salts
(Stoddart, 2011; Yin et al., 2013). Among these assays, MTT (3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazo-lium bromide), which is a kind of tetrazolium salt, is widely used.
This method is based on the principle that the metabolically active cells reduce the yellow
MTT reagent to an insoluble purple formazan dye crystal. After dissolving these crystals into

solution, the absorbance can be measured spectrophotometrically.

1.4.2.2. Cellular antioxidant activity assay

As a fluorescent probe, dichlorofluorescin diacetate (DCFH-DA) was first used by
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Keston and Brandt (1965) to quantify hydrogen peroxide in cell-free system. Bass et al.
(1983) later modified this method and used it in cultured cells to measure the respiratory
burst hydrogen peroxide in phobol myristate acetate (PMA)-stimulated polymorphonuclear
leukocytes. Recently, the cellular antioxidant activity (CAA) was developed by Wolfe et al.
(2007) to evaluate the antioxidant capacity of dietary supplements, phytochemicals and food

components. The mechanism of this method is summarized in Figure 1.6.
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Figure 1.6 Mechanism of cellular antioxidant activity assay

In CAA assay, cells are cultured in a 96-well plate and then incubated with DCFH-DA.
When diffused into the cells, DCFH-DA is deacetylated by cellular esterase to a non-
fluorescent substance - DCFH. In the presence of reactive oxygen species (ROS), DCFH will
be oxidized to DCH, which is highly fluorescent. The intensity of fluorescence is
proportional to the level of ROS within the cell. The addition of antioxidants prevents
oxidation of DCF, therefore, decreases the fluorescence intensity. By comparing with

predetermined DCF standard curve, the antioxidant activity can be measured. This assay is
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considered more biologically relevant than the chemical antioxidant activity assays (Song et
al., 2010), because it accounts for some aspects of uptake, metabolism and location of

antioxidant compounds within the cells (Wolfe et al., 2007).

1.4.2.3. Cell lines

Primary cell culture involves growing cells in a favorable artificial environment. Cells
that are isolated directly from a tissue are known as primary cells (Freshney, 2006). Typically,
primary cells are composed of a mixture of cell types and proliferated under the appropriate
conditions. When they reach confluence, the primary cells have to be sub-cultured into
another vessel with fresh growth medium (Freshney, 2006). Cell lines come from primary
cells that have been transformed by various means and immortalized. Normally, cell lines
have a finite life span (can divide only a limited number of times) because of cell senescence
(Freshney, 2006). However, some cells, such as tumor cells are inherently immortal and other
cells may become immortal through suffering a process called transformation (Freshney,
2010). Cell transformation can occur spontaneously or induced by chemicals or virus
(Freshney, 2010). These transformed cells normally have high growth capacity, therefore
predominating in the population and causing a genotypic and phenotypic uniformity. The
continuous cell lines have the ability to divide indefinitely under favorable conditions.

The accurate ex-vivo assessment of phenolic compounds is based on the proper selection
of cell lines. Various cell lines have been utilized to study cereal polyphenols as summarized

in Table 1.1.
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Table 1.1 Studies on phenolic compounds of cereal grains using cell culture models

Feruli

Tested sample

¢ acid antioxidants

Rice pigment extracts

Avenanthramides, a phenolic
antioxidant present in oats

Water

-soluble feruloyl

oligosaccharides from wheat
bran insoluble dietary fibre

Avenanthramide, a polyphenol

from oats

Phenolic compounds from rice

grain varieties

Anthocyanin extracts from blue

wheat

Extracts from wheat aleurone

Phenolic extracts from purple

wheat

infant cereals

Dietary fibre phenolic
compounds
Free and bound cowpea

pheno

lics

Wheat antioxidants

A flavone, tricin extracts from

winter wheat hull

Cell lines

Hippocampal neuronal cells

Murine macrophage RAW 264.7
cells

Human aortic endothelial cell
(HAEC) monolayers

Rat erythrocyte

A10 cell line derived from rat
embryonic aortic smooth muscle
cells

Rat hepatoma H4I1E cell line

Mouse macrophage RAW264.7
cells

Human colon adenocarcinoma cell
lines HT-29

Primary human epithelial cell line
FHs 74 Int obtained from the small
intestine of a human fetus

Human colon adenocarcinoma cell
lines Caco-2

Hormone-dependent mammary
(MCF-7) cancer cells

Human colorectal adenocarcinoma
cell lines HT-29 and Caco-2

Rat pancreatic cells line
(INS832/13) and Human
hepatocellular carcinoma cells
(HepG2)

Purpose

Effects on neurodegenerative disorders
such as Alzheimer’s disease
Suppressing effects on ROS and RNS

Anti-inflammatory and antiatherogenic
effects of avenanthramides

Inhibitory effect on rat erythrocyte
hemolysis

Effect of avenanthramide on
proliferation of vascular smooth muscle
cells and impaired nitric oxide
production

Protective effect of ethanolic rice
extracts on oxidative stress and
apoptotic cell death

Suppression activity of pigmented
wheat on ROS and RNS activity
Inhibitory effects on human HT29
colon adenocarcinoma cells.

Cellular antioxidant activity of phenolic
compounds in infant cereals

Antiproliferative effect on the cell cycle
of Caco-2 cells

Inhibitory effect of cowpea phenolics
on cell proliferation of mammary
cancer cells

Antiproliferative activities of wheat
antioxidant to cancer cells

Inhibitory effects on inhibitor of two
cancer cell lines of liver and pancreas

Reference
Kanski et al., 2002

Hu et al., 2003
Liu et al., 2004

Yuan et al., 2005

Nie et al., 2006

Chi etal., 2007

Hu et al., 2007
Borowicki et al., 2010

Hirawan et al., 2011

Janicke et al., 2011

Gutierrez-Uribe, et al.,
2011

Lvetal., 2012

Moheb et al., 2013

The use of appropriate cell line models is crucial for the evaluation of properties of

antioxidants including their effects on cell proliferation, apoptosis and cancer progression.

Examples of commercial cell lines have been summarized in Table 1.2.
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Table 1.2 Examples of some widely used cell lines with origin in different cell types

Cell lines Origins

Colorectal cell lines: derived from colon tumors
CACO-2 Human Caucasian colon adenocarcinoma

*HT29 Human Caucasian colon adenocarcinoma

Neurobiology cell lines:
*SK-N-DZ Human neuroblastoma

*N1E-115 Mouse neuroblastoma N1E-115 Mouse neuroblastoma

Oesophageal cell lines: derived from oesophageal adenocarcinoma

“FLO-1 Distal oesophageal adenocarcinoma

“OE19 Human Caucasian oesophageal carcinoma

“ESO26 Adenocarcinoma of the gastroesophageal junction
“SK-GT-2 Adenocarcinoma of the gastric fundus, poorly differentiated
“SK-GT-4 Oesophagus adenocarcinoma, well-differentiated

*OACP4 C Gastric cardia adenocarcinoma

Small intestine cell lines:
“IEC 6 Rat small intestine epithelium

®Ca Ski Human small intestine and cervix

®Information was obtained from the European Collection of Cell Cultures (ECCC)
bInformation was obtained from American Type Culture Collection (ATCC)

Among the various cell lines available for analysis, the human colorectal cell lines and
small intestinal cell lines were employed in the present study because of the metabolic
pathways of cereal phenolic compounds. Free phenolic compounds are absorbed into the
human circulatory system (Andersson et al., 2010) through the small intestine (Vitaglione et
al., 2008). On the other hand, majority of phenolic compounds are esterified and bound to
cell well polysaccharides, and therefore require release by intestinal enzymes or by colon
microflora fermentation (Andersson et al., 2010). During this digestion process, phenolics

help to quench the free radicals that are continuously formed in the intestinal tract. Therefore,
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human small intestinal cell lines and colorectal cell lines may be a better choice because

small intestine and colon are the major sites where phenolics perform their functions.

1.5. Factors Leading to Pro-oxidant Properties of Phenolics in ex-vivo Analysis

The antioxidant activity and disease-preventive effects have been well established both
in-vitro and ex-vivo (Halliwell, 2008). However, polyphenolic compounds can also exert pro-
oxidant effects under certain experimental conditions (Prochazkova et al., 2011). Song et al.
(2010) pointed out that the results from CAA (ex-vivo) significantly correlated to total
phenolic content (in-vitro) but were less correlated to the ORAC values (Wolfe et al., 2008).
Three factors, namely metabolites of phenolic compounds, concentration dependent manner
and excessive oxidative stress in cells, are discussed in an attempt to unveil the ambiguity of

various findings.

1.5.1. Metabolites of Phenolic Compounds in Cells

As extracellular substances, some polyphenols are decomposed by cellular metabolism,
and antioxidant functional groups are converted to lower or non-antioxidant compounds. For
example, the cellular o-methylation and glucuronidation reduce the antioxidant capacities of
quercetin, (—)-epicatechin, catechin and luteolin (Prochazkova et al., 2011). Thus, in some
studies, the metabolism of polyphenols is attributed to their cellular pro-oxidant properties
(Metodiewa et al., 1999; Bayrakceken et al., 2003; Tu et al., 2011). For instance, enzymatic
oxidation of quercetin would produce o-semiquinone and o-quinone which were responsible
for facilitating the formation of superoxide and depletion of glutathione (GSH) (Metodiewa et

al., 1999). Bayrakceken et al. (2003) indicated that when flavonoids react with ROS in cells,

20



they would be converted to flavonoid phenoxyl radicals (FI-O¢), which might be subjected to
further oxidation to produce flavonoid quinones. Flavonoid quinones were still reactive and
were implicated for the pro-oxidant properties of flavonoids (Tu et al., 2011). Evidence also
indicated that the phenoxyl radicals of apigenin, naringenin and naringin rapidly oxidized
NADH, yielding extensive uptake of oxygen and formation of O, (Galati et al., 2002).
Moreover, catechol, luteolin, eriodictyol and quercetin were found to oxidize low molecular
weight antioxidants such as ascorbate, NADH and glutathione (GSH) (Prochazkova et al.,
2011). The oxidized antioxidants reacted other antioxidants to produce an antioxidant

network (Bast et al., 1991) leading to an increase in oxidative stress in the cells.

1.5.2. Concentration Dependent Pro-oxidant Properties

Phenolic pro-oxidant properties were reported to be concentration dependent. Labieniec
and Gabryelak (2007) monitored the pro-oxidant effect of tannic, ellagic and gallic acid on
digestive gland cells of Unio tumidus. The cell apoptosis was attributed to the high
concentration of phenolic acids. Similarly, Yen et al. (2003) also investigated the pro-oxidant
properties of quercetin, naringenin, hesperetin and morin. As the concentration of each
flavonoid increased, the generation of superoxide anion radicals and products of lipid
peroxidation increased in human lymphocytes. Some phenolic compounds exert both
antioxidant and pro-oxidant properties depending on the concentration used. For example,
quercetin and myricetin were found to be powerful antioxidant to inhibit lipid oxidation at
low concentration (1.5uM), while the hydroxyl radical formation increased 8 times when high

concentration (100uM) was used (Laughton et al., 1989). In addition, 10 uM quercetin had no
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significant effect on cell viability until the concentration increased to 200 uM (Metodiewa et
al., 1999). Furthermore, quercetin was effective in reducing the level of superoxide-induced
oxidation of DNA damage at low concentration (~50uM). However, when the concentration

increased to 100uM, the extent of damage increased inversely (Wilms et al., 2008).

1.5.3. Excessive Oxidative Stress in Cell Culture

Based on the principle of CAA, known amounts of reactive species (H20,, AAPHs-,
ABAP etc.) are introduced into the cells. However, other than the introduced radicals, cell
culture itself imposes oxidative stress. The CAA is based on evaluation of generated
oxidative stress rather than a particular reactive species (Halliwell and Whiteman, 2004).
Therefore, the oxidative stress produced during CAA may lead to misinterpretation of the
results. Studies have shown that oxidation of DCFH by various radicals is likely to produce
intermediate radicals which interact with intrinsic cellular substances, such as NADH and
GHS, to produce more free radicals (Rota et al., 1999). Moreover, the condition of cell
culture (95% air/5% CO,) is a state of hyperoxia (1-10 mm Hg in human body vs. 150 mm
Hg in cell culture models), which increases the production of reactive oxygen species by
cellular enzymes or leakage from electron transport chains (Halliwell, 2008). This excessive
oxidative stress may lead to inaccurate measurement. For instance, the fluorescent intensity
induced by intrinsic oxidative stress could be assumed to contribute to the pro-oxidant

properties of tested samples.
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CHAPTER II. Identification and Antioxidant Properties of Phenolic Compounds during
Production of Bread from Purple Wheat Grains

2.1. Abstract

Phenolic profiles and antioxidant properties of purple wheat varieties were investigated to
document the effects of the bread-making process. Bread crust and crumb along with samples
collected after mixing, 30 min fermenting, 65 min fermenting and baking were examined.
Phenolic contents including soluble and insoluble phenolic compounds as well as total
anthocyanins were determined. 2,2’-Diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging  activity and 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
radical cation decolorization capacity were employed to determine their antioxidant
properties. HPLC analysis was used to detect the presence of soluble, insoluble phenolic acids
and anthocyanins. Free phenolic content (105.4~113.2 mg FAE/100g) significantly (p<0.05)
increased during mixing, fermenting and baking (65~68%). Bound phenolics slightly
(»>0.05) decreased after 30 min fermentation (7~9%) compared to the dough after mixing,
but increased significantly (p<0.05) during 65 min fermenting and baking (16~27%). Their
antioxidant activities followed a similar trend as observed for total phenolic content (TPC).
The bread crust demonstrated increased free (103~109%) but decreased bound (2~3%)
phenolic content, whereas bread crumb exhibited a reversal of these results. Total anthocyanin
content (TAC) significantly (p<0.05) decreased by 21% after mixing; however, it gradually
increased to 90% of the original levels after fermenting. Baking significantly (p<0.05)
decreased TAC by 55% resulting in a lowest value for bread crust (0.8 to 4.4 mg cyn-3-glu

equiv./100g). p-Hydroxybenzoic, vanillic, p-coumaric and ferulic acids were detected in free-
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while protocatechuic, caffeic syringic and sinapic were additional acids in bound-phenolic
extracts. Cyanidin-3-glucoside was the detectable anthocyanin in purple wheat. The bread-
making process significantly (p<0.05) increased the phenolic content and antioxidant

activities; however, it compromised the anthocyanin content of purple wheat bread.

2.2. Introduction

Wheat as one of the staple foods worldwide is not only regarded a source of protein and
carbohydrates, but it is also recognized for its potential in reducing the risk of oxidative-stress
related chronic diseases and age-related disorders, such as cardiovascular diseases,
neurodegeneration, type II diabetes, obesity and some cancers (Quideau et al., 2011; Okarter
et al., 2010). The potential health benefits are partly attributed to its unique phytochemical
composition. In recent years, these trace amounts of antioxidant phytochemicals have
attracted considerable interest by both researchers and food manufacturers. Phenolic
compounds are present in wheat as secondary plant metabolites for normal functions
(Challacombe et al., 2012). The most abundant antioxidants present in wheat are phenolic
acids (Beta et al, 2005). The substances that contribute to the distinction of pigmented wheat
and common wheat are anthocyanins. Anthocyanins, contribute significantly to the
antioxidant activity of colored wheat (Liu et al., 2010).

Generally, whole wheat as harvested is not ingested directly by humans but requires
some processing prior to consumption. Bread as one of the processed cereals made from
wheat is an important food product in human diets, and therefore acts as a suitable carrier for

health-promoting compounds. There is growing consumer interest in ingesting whole-meal
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products because of the concentrated dietary fibre and phytochemicals in the outer layers of
the grains (Parker et al., 2005; Katina et al., 2005). Even though increasing evidence has
indicated the health potential of wheat, food manufacturing may compromise its functional
properties, resulting in loss of antioxidant activity. There is substantial literature on the in-
vitro antioxidant properties of phenolic acids and anthocyanins. However, their specific
changes at each critical step of bread-making process have not been adequately investigated.
Therefore, the present research aimed to investigate the changes of phenolic acids and

anthocyanins as well as their antioxidant activities during bread production.

2.3. Materials and Methods

2.3.1. Chemicals and Standards

Analytical grade acetic acid, Folin—Ciocalteu reagent, 2,2’-diphenyl-1-picrylhydrazyl
(DPPH), 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 6-hydroxy-2,5,7,8-
tetramethychroman-2-carboxylic acid (Trolox) and phenolic acid standards (gallic,
protocatechuic, p-hydroxybenzoic, vanillic, caffeic, syringic, p-coumaric, ferulic, sinapic
acid) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). HPLC grade
methanol and ethyl acetate were purchased from Fisher Scientific Co. (Ottawa, ON).

Deionized water (Milli-Q) was used in HPLC analysis.

2.3.2. Sample Description

Three bread wheat grains (7riticum aestivum) were received from Merdrupvej 5 DK-3540
Lynge (Lynge, Denmark), including Indigo (97% purple kernels), Konini (84% purple
kernels) and Oelands hvede (yellow kernels). These three wheat grains were all spring wheats
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grown in 2012 at Merdrup&d, 30 km northeastern from Copenhagen, Denmark from a
certified organic farm (latitude N 55°49.530°, longitude E 012°13.587"). The grains were
milled using a Hausler Miihle model HS with a 50 cm Naxos stone (Haussler, Karl-Heinz

Héussler GmbH, Albstadt, Germany).

Indigo Konini Oelands hvede

2.3.3 Flour Composition Analysis

The moisture contents of whole wheat flour were determined using AACC International
Approved Method 44-15.02. Total ash contents of whole wheat flour were determined
according to AACC International Approved Method 08-01.01. All samples were analyzed in

duplicate.

2.3.4. Bread-making Procedure

Bread was baked according to Canadian short process method (CSP method, Canadian Grain
Commission) with some modifications. The formula included 100 g flour (14% moisture
basis), 3 g compressed yeast, 2.5 g gluten, 4 g whey powder, 4 g sugar, 2.4 g salt, 1 g malt,
and 3 g pure lard. The farinograph absorption ((FAB) was determined by a Brabander
DoCorder model 2200-3 (Brabender Instruments, Inc, South Hackensack, NJ), which was

modified by the Grain Research Lab (GRL, Winnipeg, MB, Canada). The amount of liquid
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added was calculated as: (FAB — 3 mL) water (37 °C) + 1 mL ammonium phosphate solution
(0.1%). Mixing took place in a pin mixing bowl (100 g Mixer, National Manufacture Co.,
Lincoln, NE, USA) at 140 rpm and 30 °C. Optimum mixing time was 10% past peak
consistency. The dough was fermented in a warm cabinet (12 door-proofer with humidity and
temperature controller) at 37.5 °C and 85% relative humidity. After 15 min, the dough was
punched lightly 7 times by hand. Afterwards, the dough was placed back into the warm
proofing cabinet for another 15 min and subsequently was processed through a sheeter (GRL
manufactured sheeter, Canadian Grain Commission) at 11/32 and 3/16 levels, respectively.
The dough was molded immediately using a GRL molder for 30 s. The bread dough was
proofed for 35 min, which was determined by maximum height. The bread baking oven
(Model 6 Precision Scientific, National Manufacturing Company, Lincoln NE, U.S.A.) was
preheated to a set temperature of 200 °C. The dough was baked for 25 min. To avoid the
introduction of antioxidants, pure lard was used instead of shortening. Each sample was

produced in two batches and the average value was reported.

2.3.5. Sample Preparation

At the end of mixing, 30 min fermenting, 65 min fermenting and baking, samples were
removed immediately into -20° C freezer to terminate the chemical changes. All the samples
were freeze dried along with the raw flour, bread crust (5 mm thick outside the whole bread)
and crumb (crust removed bread inner-side) and ground to pass through a 0.42 mm sieve. All

the samples were stored at 4 °C before analysis.
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2.3.6. Extraction of Soluble Phenolic Compounds

Finely ground sample (2 g) was extracted twice with 80% methanol at a ratio of 1:5 (w/v)
(totally 20 mL of 80% methanol). Each time, the mixture was shaken for 1.5 h using a wrist
action shaker (Burrell, Pittsburgh, PA) and then sonicated for 0.5h (Branson 5510, Richmond,
VA) under nitrogen and dark condition at ambient temperature. The mixture was centrifuged
at 11,963 g and 4 °C for 15 min (Sorvall RC 6+, Thermo Fisher Scientific, Ottawa, Ontario).
The supernatants were combined and filtered with a ¢ 90mm filter paper (Whatman™ Cat
No. 1004 125). The collected crude extracts were stored at -20 °C until the analysis for free
phenolic content, DPPH* scavenging activity and ABTS*" decolorization capacity. To
identify and quantify the soluble phenolic acids, the crude extracts were filtered with 0.45 pm
syringe filters (VWR International, Cat No. 28146-489) prior to the injection into HPLC. The
residues were dried in a fume hood at room temperature and kept in sealed bags at 4 °C

before alkaline hydrolysis. Extraction was done in duplicate.

2.3.7. Extraction of Insoluble Phenolic Compounds

The residue collected after 80% methanol extraction was subjected to alkaline hydrolysis.
Insoluble phenolic compounds were released using the method described by Qiu et al. (2010)
with some modifications. First, 15 mL of 4M NaOH was added to the dried residue (0.5 g)
and hydrolyzed on a shaking water bath (VWR, Radnor, PA, USA) for 4 h under N, and at
250 rpm and 25 °C. The hydrolyzed mixture was adjusted to a pH between 1.5 to 2.0 with 6
N HCI and then extracted three times with ethyl acetate (25mL X 3). Every time after mixing,
ethyl acetate was separated from the aqueous layer by centrifuging at 11,963 g and 4 °C for 5

min (Sorvall RC 6+, Thermo Fisher Scientific, Ottawa, Ontario). The supernatant was
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collected into an Erlenmeyer flask using a pipette. Further dehydration was performed by
adding 1 g of Na,SOy and then filtered with a filter paper (¢ 90mm, Whatman™ Cat No.
1004 125). The combined ethyl acetate extracts were evaporated and dried at 35 °C under
vacuum using a rotary evaporator (Yamato RE-51, Cole-Parmer Instrument Company, IL,
USA) with a water bath (Thermo-Lift, Fisher Scientific, NJ, USA). The dried residue was
redissolved in 2 mL of 50% methanol and stored at -20 °C. The extract was used for the
determination of bound phenolic content, DPPH* scavenging activity and ABTSe®"
decolorization capacity. To investigate the presence of insoluble phenolic acids, HPLC
analysis was also performed. The samples were filtered with 0.45 um syringe filters (VWR

International, Cat No. 28146-489) before injection. Extraction was done in duplicate.

2.3.8. Extraction of Anthocyanins

Extraction of anthocyanins was performed according to a method summarized by Young and
Abdel-Aal (2010) with modifications. Specifically, finely ground sample (1g) was extracted
with acidified methanol/HCI (1 N) (85:15, v/v) at a ratio of 1:8 (w/v). The pH of the mixture
was adjusted to 1. The mixture was shaken for 1.5 h (Wrist action shaker, Burrell, Pittsburgh,
PA), followed by sonication for 0.5 h (Branson 5510, Richmond, VA) under nitrogen and in
the dark at ambient temperature. The mixture was then centrifuged at 11,963 g and 4 °C for
15 min (Sorvall RC 6+, Thermo Fisher Scientific, Ottawa, Ontario). The supernatant was
filtered with a 990mm filter paper (Whatman™ Cat No. 1004 125) and evaporated to dryness
at 35 °C under vacuum using a rotary evaporator (Yamato RE-51, Cole-Parmer Instrument

Company, IL, USA) with a water bath (Thermo-Lift, Fisher Scientific, NJ, USA). The residue
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was then redissolved in 2 mL of 80% methanol. The crude extracts were kept at -20 °C for 2
days to precipitate large molecules and then filtered through a 0.45 um syringe filter (VWR
International, Cat No. 28146-489). The extracts were stored at -20 °C prior to the
determination of total anthocyanin content (TAC) with pH differential method, DPPH®*

scavenging activity and ABTS*" decolorization capacity. Extraction was done in duplicate.

2.3.9. Determination of Phenolic Content

The free, bound and total phenolic contents (FPC, BPC and TPC) were determined using a
Folin-Ciocalteau method as described by Li et al (2007). Briefly, 10 fold dilution of Folin-
Ciocalteu reagent was prepared just prior to use. Then 1.5 mL of freshly diluted Folin-
Ciocalteau reagent was used to oxidize 0.2 mL sample extracts. After allowing the mixture to
equilibrate for 5 min, the reaction was then neutralized with 1.5 mL sodium carbonate
solution (60g/L) at room temperature. The absorbance of the resulting solution was measured
at 725 nm after 90 min against a blank of 80% or 50% methanol (80% methanol for soluble
phenolic extracts and anthocyanin extracts, 50% methanol for insoluble phenolic extracts).
Ferulic acid (FA) and gallic acid (GA) were used as standards. Therefore, free, bound and

total phenolic content of samples were expressed as mg of FAE (equivalents)/100g and mg of

GAE/100g.

2.3.10. DPPH Radical Scavenging Capacity Activity Assay
The DPPH method was used according to the modified method used by Beta et al. (2005). A

60 umol/L. DPPHe reactant was made in methanol. Then 3.9 mL of DPPHe solution was

added to 0.1 mL of sample and the absorbance at 515 nm was measured at t = 30 min. To
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determine the absorbance at t = 0 min, measurement was taken by adding 3.9 mL of DPPHe
solution to 0.1 mL of 80% or 50% methanol (80% methanol for soluble phenolic extracts and
anthocyanin extracts, 50% methanol for insoluble phenolic extracts). The antioxidant activity
was calculated as: % DPPHe scavenging activity = (1 - [Asample,=30 / Acontroli=0]) % 100. A plot
of trolox concentration versus % DPPHe scavenging activity was used as a standard curve.

DPPH value was expressed as umol TE (Trolox equivalents)/100g.

2.3.11. ABTS Radical Cation Decolorization Assay
The ABTS*" reagent was made by mixing ABTS*" stock solution (7 mM) (38.4mg ABTS in

10 ml distilled water) and potassium persulfate stock solution (2.45 mM) (6.62mg potassium
persulfate in 10 ml distilled water) at a ratio of 1:1 for 2 minutes vortex. The mixture was
stored for 12 to 16 hrs in the dark at room temperature prior to use. Then, 5 mL of ABTS*"
reagent was diluted with approximately 495 mL of distilled water and absorbance at a
wavelength of 734 nm was adjusted to 0.7 by diluting the solution further with distilled water.
The antioxidant activity of soluble, insoluble phenolic extracts and anthocyanin extracts (50
uL) were evaluated by adding 1.85 mL of freshly made ABTS*" reagent. The absorbance was
determined at t = 30 min. For absorbance at t = 0 min, 1.85 mL of freshly made ABTS*"
reagent was added to 50 pL of 80% or 50% methanol (80% methanol for soluble phenolic
extracts and anthocyanin extracts, 50% methanol for insoluble phenolic extracts). The ABTS
" decolorization (%) was calculated as (1 - [Asample, =30 / Acontroli=0]) * 100. A standard curve
was generated based on different trolox concentrations versus % ABTS*" decolorization and

the antioxidant activities of extracts were expressed as umol TE/100g sample.

31



2.3.12. Absorbance Spectra of Anthocyanin Extract at Different Wavelengths
Finely ground sample (1 g) was extracted with acidified methanol/HCI (1 N) (85:15, v/v) at a

ratio of 1:8 (w/v). The mixture was shaken for 0.5 h (Wrist action shaker, Burrell, Pittsburgh,
PA) under nitrogen and dark condition at ambient temperature. The mixture was then
centrifuged at 11,963 g and 4 °C for 15 min (Sorvall RC 6+, Thermo Fisher Scientific,
Ottawa, Ontario). The supernatant was filtered with a ¢90mm filter paper (Whatman™ Cat
No. 1004 125). The absorbance of the collected supernatant was scanned at wavelengths from
230 to 700 nm using an Ultrospec 1100 Pro UV/Visible spectrophotometer (Amersham
Biosciences, USA) controlled by Biochrom Data Capture Software (version 2.0) (Biochrom

Ltd. Cambridge, UK). A plot of absorbance versus wavelength was created.

2.3.13. Direct Measurement of Total Anthocyanin Content

Total anthocyanin content was measured according to the method reported by Liu et al.
(2010) with some modifications. Briefly, 8 mL of acidified methanol/HCI (1 N) (85:15, v/v)
with pH = 1 was added to 1 g of finely ground sample. The mixture was shaken for 1.5 h
(Wrist action shaker, Burrell, Pittsburgh, PA), followed by sonication for 0.5 h (Branson
5510, Richmond, VA) under nitrogen and in the dark at ambient temperature. The mixture
was centrifuged at 11,963 g and 4 °C for 15 min (Sorvall RC 6+, Thermo Fisher Scientific,
Ottawa, Ontario). The supernatant was filtered with a 90mm filter paper (Whatman™ Cat
No. 1004 125). The absorbance at 535 nm was measured without further dilution of the crude
extracts. Cyanidin-3-glucoside was used as a standard, which was the primary anthocyanin in

wheat (Abdel-Aal et al., 2006). Total anthocyanin content of each sample was calculated as:

A X Vol x MW x 102
€ X Sample Wt
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Where: A is absorbance reading; MW is molecular weight of cyanidin-3-glucoside (449.2
g/mol); € is molar absorptivity of cyanidin-3-glucoside (25965/cm/M); Wt is dry weight of
the ground grain sample. The results were expressed as mg of C3GE (cyanidin-3-glucoside

equivalents)/100g sample.

2.3.14. Total Anthocyanin Content using pH Differential Method (TAC)

A second procedure for determination of total anthocyanin content is based on a pH
differential method (Lee et al., 2005). Theoretically, anthocyanin pigments undergo reversibly
structural transformations when pH changes. This leads to a color change, which can be
monitored by spectrophotometer (colored at pH = 1.0, colorless at pH = 4.5). To conduct this
assay, two buffer solutions were prepared: one for pH = 1.0 potassium chloride buffer (0.03
M) and the other for pH = 4.5 sodium acetate buffer (0.4 M). Briefly, 1.9 g of KCI was
dissolved into 980 mL distilled water and the pH was adjusted to 1 with 6 N HCI, meanwhile,
54.4 g CH3CO;Na*3H,0 was dissolved in 960 mL distilled water and the pH was adjusted to
4.5 with acetic acid. Anthocyanin extracts that had been reconstituted into 2 mL of 80%
methanol were used in this assay. Samples were diluted 5 times with both buffers to a final
volume of 2 mL, respectively (0.4 mL of anthocyanin extracts in 1.6 mL of either potassium
chloride buffer or sodium acetate buffer). The absorbance of each sample was measured at
520 nm against a blank of distilled water after 30 min of preparation. The haze and sediment
were corrected by measuring the absorbance again at 700 nm. The concentration (mg/L) of
each anthocyanin was calculated according to the following formula and expressed as mg

C3GE/100g sample:
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A X MW x DF x 103

e X1

Where: A is the absorbance = (As20nm = A700nm) pH 1.0 = (A520nm = A700nm) pH 4.5
MW is the molecular weight for cyanidin-3-glucoside = 449.2 g/mol,
DF is the dilution factor = 5, L is the pathlength = 1 cm,

e is the extinction coefficient = 26,900 L X c¢m™ X mol for cyanidin-3-glucoside.

2.3.15. Identification and Quantification of Phenolic Compounds with High Performance
Liquid Chromatograph

Identification and quantification of phenolic compounds were carried out on an HPLC
(Waters 2695, Milford, MA) equipped with a photodiode array (PDA) detector (Waters 996,
Milford, MA) and an autosampler (Waters 717 plus, Milford, MA). Analysis was performed
on a Gemini 5 p C18 110 A column (150x4.60 mm) (Phenomenex, Torrance, CA) and the
mobile phase consisted of 0.1% acetic acid in water (solvent A) and 0.1% acetic acid in
methanol (solvent B). A 70 min linear gradient was programmed as follows: 0-11 min, 9-14%
B; 11-14 min, 14-15% B; 14-17 min,15-15% B; 17-24 min, 15-16.5% B; 24-28 min, 16.5-
19% B; 28-30 min, 19-25% B; 30-36 min, 25-26% B; 36-38 min, 26-28% B; 38-41 min, 28-
35% B; 41-46 min, 35-40% B; 46-48 min, 40-48% B; 48-53 min, 48-53% B; 53-65 min, 53-
70% B; 65-66 min, 70-9% B; 66-70 min, 9-9% B. The injection volume was 10 pL and flow
rate was 0.9 mL/min. Identification of phenolic acids was achieved by comparison to the
retention time of phenolic acid standards and their maximum UV absorption and samples
spiked with phenolic acid standards. Phenolic acid quantitation was based on the standard

curves of the corresponding phenolic acids at a wavelength of 280 nm and peak area was
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used for calculations. The HPLC analyses were done in duplicate for each sample.

2.3.16. Identification of Anthocyanins in Purple Wheat with HPLC-QTOP-MS/MS

The anthocyanin composition was evaluated following a method described by Bicudo et al.
(2014). The chromatographic separation was carried out using a HPLC (Waters 2695) system
equipped with photodiode array detector (Waters 996) and autosampler (Waters 717 plus)
(Waters Corporation, Milford, MA, USA). A Gemini 5 um RP-18 (150 mm X 4.6 mm)
(Phenomenex, Torrance, CA, USA) analytical column was used for separation. Each
anthocyanin extract was injected at a volume of 10 uL for analysis. The mobile phase
consisted of (A) water with 0.1% formic acid and (B) methanol with 0.1% formic acid at a
flow rate of 0.5 mL/min. A linear gradient was programmed as follows: 0-5 min, 5-10% B; 5-
15 min, 10-15% B; 15-20 min, 15-20% B; 20-30 min, 20-25% B; 30- 40 min, 25-40% B; 40-
45 min, 40-10% B; 45-50 min, 10% B. Anthocyanins were detected at a wavelength of 280
nm. The quadrupole time-of-flight mass spectrometer (Q-TOF-MS) (Micromass, Waters
Corp., Milford, MA, USA) was calibrated by using sodium iodide for positive mode through
the mass range of 100-1500. MS parameters were set as follows: capillary voltage: 2100 V,
sample cone voltage: 30 V, source temperature: 120 <C, desolvation temperature: 250 <C,
desolvation gas (nitrogen gas) flow rate: 900 I/h. The MS/MS spectra were acquired by using

collision energy of 30 V.

2.3.17. Statistical Analysis

The results were reported as mean + standard deviation (SD) of duplicate determinations.
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Analysis of variance (ANOVA) for main factors (flour type, process step and flour
type*process step) was determined using GLM procedure with SAS version 9.3 (SAS
Institute Inc., Cary, NC, USA). Least significant differences (LSD) were employed to define
significant differences among varieties at a level of p < 0.05. Pearson correlation test was

used to evaluate the correlation among variables at significant levels of p < 0.05 and p <0.01.

2.4. Results and Discussion

2.4.1. Flour Composition Analysis

Table 2.1 Moisture, ash and FAB content of raw flours

Oelands hvede Indigo Konini
Moisture content (%) * 13.33+0.15 1496 £ 0.19 14.71 £ 0.08
Ash content (%) * 1.78 £ 0.01 1.62 £0.00 1.63 £0.01
FAB (%) " 65.8 63.2 63.8

*Results were expressed as mean + standard deviation (n=2).
® FAB stands for farinograph absorption for baking.

Table 2.1 summarizes the moisture, ash and FAB contents for the three bread wheat
varieties. Moisture content was determined to convert raw flour onto a 14% moisture basis
before formulating the bread. Practically, 99.2 g of Oelands hvede flour, 101.1 g of Indigo
flour and 100.9 g of Konini flour were used respectively in the bread-making procedure.

Commercial whole wheat flour is made by mixing a certain amount of wheat bran with
refined flour. The large portion of bran in experimental whole wheat flour adds heaviness,
therefore preventing the dough from rising. Picture 2.1 compared the volume of sample
bread with the addition of gluten on the left and without the addition on the right. The formed
matrix in the left sample held the bread structure better. Therefore, to make bread that would

be accepted by consumers, gluten was formulated in the ingredients of bread.
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Picture 2.1 Whole wheat bread made with (left) and without (right) the addition of gluten

FAB determined the target water to flour ratio to achieve the maximum dough

consistency at a specific speed during mixing.

2.4.2. Free, Bound and Total Phenolic Content using Folin-Ciocalteau Method

Table 2.2 summarizes the amount of soluble free, insoluble bound and total phenolic
content at different stages of bread-making process. Results were expressed as mg FAE and
GAE/100g. FA was used as a standard because of its predominance among phenolic acids in
wheat. Even though GA was rarely detected in wheat, it was still used for a comprehensive

comparison among the literature.
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Table 2.2 Free, bound and total phenolic content of common and purple wheat grains at different stages of bread-making process

Free phenolic content

Bound phenolic content

Total phenolic content

(mg FAE/100g) (mg FAE/100g) (mg FAE/100g)
Oelands hvede® Indigo® Konini® Oelands hvede® Indigo® Konini® Oelands Indigo Konini
hvede
Flour 113.23+1.979 105.44+0.82" 111.26+0.499 125.36+5.26°® 121.82+3.958 123.68+5.53°8 238.59+7.24  227.26+4.77 234.94+6.02
Mixing 129.05+1.64¢8" 125.76+4.931 128.70+0.82¢8" 138.57+2.37% 135.96+2.374 137.08+1.32%¢ 267.62+4.01  261.72+7.30 265.78+2.14
30min fermenting 136.14+4.77°% 128+2 47M 135.67+1 .48°%" 129.64+2.37°% 125.73+5.79°% 127.96+2.63%" 265.78+7.14  253.73+8.26 263.63+4.11
65min fermenting 142.3+0.66° 130.21+4.28h 137.53+6.74° 141.73+5.26° 138.20+5.53% 140.61+4.74° 284.03+5.92  268.41+9.80 278.14+11.48
Bread loaf 185.91+3.78° 176.72+0.99¢ 183.53+2.96% 158.10+5.79° 154.75+5.79° 156.43+3.95° 344.0149.57  331.47+6.78 339.96+6.91
Bread crust 228.81+5.92° 219.16+6.08° 229.86+1.81° 122.57+5.00°% 116.80+3.162 119.596.058" 351.38£10.92  335.96+9.24 349.45+7.86
Bread crumb 123.81+6.08" 114.28+3.78" 119.05+5.26* 163.13+0.26" 159.22+4.74° 161.64+8.16° 286.94+6.35  273.5048.52 280.69+13.42
Free phenolic content Bound phenolic content Total phenolic content
(mg GAE/100g) (mg GAE/100g) (mg GAE/100g)
Oelands hvede® Indigo® Konini® Oelands hvede® Indigo® Konini® Oelands Indigo Konini
hvede

Flour 83.15+1.379 77.74+0.579 81.77+0.349 943243 .65 91.87+2.74°% 93.16+3.83°® 177.47£5.02  169.61+3.31 174.94+4.17
Mixing 94.11+1.14¢8" 91.85+1.14" 93.87+0.57¢%" 103.48+1.64% 101.68+1.64%¢ 102.45+0.91%4 197.60+2.78  193.53+5.06 196.32+1.48
30min fermenting 99.03+3.31°% 93.39+1.71" 98.71+1.03¢h 97.29+1.64°%¢ 94.58+4.01°% 96.13+1.82%f 196.32+4.95 187.97+5.73 194.84+2 85
65min fermenting 103.31:£0.46° 94.92+0.46"" 100.00+4.68° 105.68+3.65° 103.23+3.83% 104.90+3.28° 208.98+4.11 198.15+6.80 204.90+£7.96
Bread loaf 133.5542.62¢ 127.18+2.62¢ 131.21+2.05% 117.03+4.01° 114.71+4.01° 115.87+2.74% 250.58+6.64  241.89+4.70 247.08+4.79
Bread crust 163.31+4.11° 156.61+4.11° 164.03+1.25° 92.39+3.47°% 88.39+2.19¢ 90.32+4.20" 255.69+7.57  245.00+6.41 254.35+5.45
Bread crumb 90.48+4.22" 83.87+4.22" 87.18+3.65% 120.52+0.18° 117.81+3.28° 119.48+5.66 211.00+4.40  201.68+5.91 206.66+9.31

ABCD Columns labelled with the same capital superscript were considered as a group.
abed Significant difference was defined with different letters in each group.
Total phenolic content was calculated as the sum of free and bound phenolic content for each raw.
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As seen in Table 2.2, FPC of raw wheat flour varied from 113.2, 105.4 to 111.3 mg
FAE/100g for Oelands hvede, Indigo and Konini, respectively. The levels were slightly
higher than the 100% methanol extracts of black wheat (70.6 to 110.8 mg FAE/100g)
reported by Li et al. (2005), but lower than the acidified methanol extracts of colored wheat
(146 to 226 mg FAE/100g) reported by Liu et al. (2010). Dough mixing significantly
(p<0.05) increased FPC by 14.0% to 19.3%. Fermentation also remarkably increased FPC,
but its effect was not significant (p>0.05) during the first 30 minutes. FPC significantly
(»<0.05) increased during baking by 64.2% to 67.6%. Bread crust contained the highest FPC,
while bread crumb contained a relatively lower FPC. Among the three wheat varieties,
Oelands hvede had the highest FPC, whereas the purple wheat, Indigo contained the lowest
value. This difference was not significant (p>0.05) until the process of 30 min fermentation.

The BPC of raw flour varied from 94.3, 91.9 and 93.2 GAE/100g for Oelands hvede,
Indigo and Konini, respectively. The levels were in agreement with the literature reported by
Adom et al. (2003), who investigated BPC in whole wheat varieties with a range of 86 to 128
mg GAE/100g, but slightly lower than those reported by Okarter et al. (2010) (93 to 113 mg
GAE/100g). Significant (p<0.05) increase in BPC occurred during mixing (10.5 ~ 11.6%)
and baking (26.1 ~ 27.0%); however, BPC decreased to almost the same level as raw flour
after 30 min fermentation. During the next 35 min (65 min fermentation), BPC significantly
(p<0.05) increased by 13.1 ~ 13.7% compared to raw flour. Unlike FPC, the bread crumb had
the highest BPC, while the bread crust contained the lowest value. No significant difference
(p>0.05) was observed among the three wheat varieties throughout bread-making process.

The major increase in TPC was obtained after mixing and baking. TPC gradually
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increased during dough fermentation and the major increase occurred at the last 35 min
fermenting step. Bread crust contained the highest TPC, followed by whole bread and bread
crumb. These results were in accordance with the findings investigated by Perez-Jimenez et
al. (2014), who concluded that bread and bread crust had significantly higher content (Folin-
Ciocalteu method) of non-extractable antioxidants than wheat flour. Gelinas and McKinnon
(2006) also reported that baking increased the concentration of phenolic compounds while the
bread crust contained more phenolic compounds than the crumb.

The functions of intrinsic phenolic antioxidants as structural components in wheat grains
have been fully described in the literature. For example, ferulic acid is found ester-bound to
arabinoxylans (Garcia-Conesa et al., 1999; Rondini et al., 2004) or ether-linked to lignin or
lignin-like polymers (Vaidyanathan and Bunzel, 2012). Phenolic compounds also form
complexes with proteins via hydrogen, covalent, ionic bond and hydrophobic interactions
(Shahidi and Nacak 1995; Renard et al., 2001; Almajano et al., 2007; Sivam et al., 2010).
During mixing, some intrinsic enzymes might be activated upon the addition of water. Along
with the mechanical shearing effect, the phenolic complexes might be partially broken down.
The increase in FPC was most likely due to the release of some bound phenolic compounds
into their free forms. Continuous release of bound phenolic compounds was evidenced by the
increase in FPC but decrease in BPC during the first 30 min fermentation. Baking
significantly (p<0.05) increased the levels of FPC and BPC by approximately 65% and 26%,
respectively. This was most likely due to the complex mechanism of baking process, which
involved starch gelatinization/pasting, protein denaturation and Maillard reaction (Sivam et

al., 2010). These changes occurred simultaneously and possibly led to the release of bound
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phenolic compounds. Furthermore, studies showed that the Maillard Reaction Products
(MRPs) with reductone type structure or phenol-like complexes exhibited antioxidant activity
and were expected to interfere with the absorbance of Folin-Ciocalteu assay (Lee and
Shibamoto, 2002; Chandrasekara and Shahidi, 2011). The use of 80% methanol largely
incorporated aqueous MRPs into the extract, therefore most likely being detectable in the
bread extract. Besides amino acids and reducing sugar, a recent study found that MRPs also
formed from phenolic compounds, including phenolic acids and flavonoids (Perez-Jimenez et
al., 2014). For example, ferulic acid was incorporated into the melanoidins, contributing
significantly to the higher content of bread TPC using Folin assay (Perez-Jimenez et al.,
2014).

In terms of bread fractions, bread crust contained the highest FPC followed by whole
loaf. Bread crumb contained the lowest value. Nevertheless, BPC was better recovered in
bread crumb than crust. This was most likely due to the concentrated MRPs in bread crust.
Borrelli et al. (2003) indicated that the lower temperature but higher water activity inside the

dough caused the light color of bread crumb leading to the less MRPs in bread crumb.

2.4.3. Antioxidant Activities (AOA) of Soluble and Insoluble Phenolic Compounds

The DPPH- scavenging activities of soluble phenolic extracts are shown in Figure 2.1a.
The values varied from 139, 127 to 130 pmol TE/100g for Oelands hvede, Indigo and Konini,
respectively. The DPPH levels for Oelands hvede, Indigo and Konini significantly (p<0.05)
decreased by 17%, 21% and 22%, respectively after mixing. This could be explained by the

dilution of raw flour with non-antioxidant bread ingredients. The DPPH values recovered to
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the initial levels during the first 30 min fermentation, and slightly increased in the next 35
min. Baking significantly (p<0.05) increased DPPHe scavenging activity by 85%, 91% and
90% for Oelands hvede, Indigo and Konini, respectively. The increasing effect was better
seen in bread crust than crumb. Elevated AOA of soluble phenolic extracts were also reported
by Yu et al. (2013) for bread samples. The MRPs — melanoidins have been considered to
contribute significantly to the antioxidant properties of baked grain products (Manzocco et
al., 2001). No significant (p>0.05) difference among wheat varieties was detected in raw
flours, during mixing and fermenting. However, significantly (p<0.05) lower DPPH level of
Indigo was detected after baking.

Figure 2.1b shows the DPPH values for insoluble phenolic compounds. The levels for
raw flour were two-fold higher than those of soluble phenolic extracts. On the contrary to
soluble phenolic extract, mixing significantly (p<0.05) increased the DPPHe scavenging
activity except for Indigo flour (increased 13%, 9% and 10% for Oelands hvede, Indigo and
Konini). The elevated levels of BPC detected during mixing could contribute to the increase
in AOA of insoluble phenolic extracts. Also, the insoluble phenolic compounds might be less
sensitive to undergo oxidation than soluble phenolic compounds. During fermentation, slight
decrease in DPPH values occurred in the first 30 min and then increased (p>0.05) during the
next 35 min. Baking significantly (p<0.05) elevated the DPPH levels by 47%, 46% and 45%
for Oelands hvede, Indigo and Konini, respectively. Unlike DPPHe scavenging activity of
soluble phenolic extract, that of insoluble phenolic compounds were considerably higher in
bread crumb than in crust. This finding was consistent to BPC in bread, where crust

contained the lowest while crumb had the highest BPC. The lower AOA of bread crust could
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be attributed to the loss of some phenolic compounds, which were destroyed at high

temperature (Han and Koh, 2011).
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Figure 2.1 DPPH radical scavenging capacity of soluble (a) and insoluble (b) phenolic
compounds extract. Columns marked by different letters are significantly different (p<<0.05).
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The ABTS*" scavenging capacity of soluble phenolic extract in raw flour varied from
296, 275 and 283 pmol TE/100g for Oelands hvede, Indigo and Konini, respectively
(Figure 2.2a). A lower range of 201 to 248 pumol TE/100g for non-colored whole wheat
flour was observed by Lv et al. (2014) using 50% acetone. Consistent to DPPH assay,
ABTS method detected a significant (p<0.05) decrease in AOA during mixing (decreased
42 ~ 46%) and a slight (p>0.05) increase during fermentation. Baking significantly
(p<0.05) increased the AOA levels by 78% to 83% compared to raw flour. Bread crust
contained the highest ABTS value (628, 592, 608 pmol TE/100g for Oelands hvede, Indigo
and Konini, respectively) followed by whole bread and bread crumb.

The ABTS values of insoluble bound phenolic extract in raw flour varied from 832,
755, 822 pmol TE/100g for Oelands hvede, Indigo and Konini, respectively (Figure 2.2b).
Similar to findings with DPPH assay, the ABTS values were significantly (p<0.05) higher
after mixing (increased 11 ~ 16%). Even though significant (p<0.05) decrease in AOA
occurred during the first 30 min fermentation (decreased 7 ~ 11% compared to mixing
dough), the ABTS value increased again during the next 35 min. Baking significantly
(»<0.05) increased the ABTS value by 32% to 41% compared to raw flour. Bread crumb
contained the highest AOA while bread crust possessed the lowest value. Compared to
DPPH assay, significant difference was detected during mixing and fermenting using ABTS
method. The higher sensibility might be partially due to the solubility and diffusivity of free
radicals in organic solvent and/or due to the react ability of native substitutes in extracts,

such as phenolic acids, flavonoids, and MRPs, to DPPH and ABTS radicals.
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2.4.4. Identification and Quantification of Phenolic Acids in Soluble and Insoluble
Phenolic Extracts

Monomeric phenolic acids in soluble-free and insoluble-bound phenolic extracts
were identified using HPLC by comparing with the retention times and maximum UV
absorption of external standards. Sample spiked with external standards was used for
further identification. Quantification of monomeric phenolic acids was accomplished on
the basis of relating LC chromatogram data to phenolic acid standard curves. These
commercial phenolic standards include five hydroxybenzoic acids (gallic,
protocatechuic, p-hydroxybenzoic, vanillic and syringic acid) and four hydroxycinnamic
acids (caffeic, p-coumaric, ferulic and sinapic acid). Identification and quantification
were performed at a wavelength of 280 nm, which was confirmed to be more capable for
detecting all phenolic acids by previous studies of Guo and Beta (2013) and Qui et al.
(2010).

Figure 2.3 summarizes the chromatograms of soluble-free and insoluble-bound
phenolic extracts of bread made from the three wheat varieties. The detected monomeric
phenolic acids were labeled and numbered according to the retention time. In soluble
free phenolic extracts, p-hydroxybenzoic, vanillic, p-coumaric and ferulic acid were
detectedwhile other than gallic acid, the other eight phenolic acids were identified in

alkaline extracts.
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Figure 2.3 HPLC chromatograms of soluble-free (a) and insoluble-bound phenolic
extracts (b) from Oelands hvede (1), Indigo (2) and Konini (3) bread samples at 280 nm.
ST, phenolic acid standards: (1) gallic acid, (2) protocatechuic acid, (3) p-
hydroxybenzoic acid, (4) vanillic acid, (5) caffeic acid, (6) syringic acid, (7) p-coumaric
acid, (8) ferulic acid, (9) sinapic acid
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Table 2.3 shows the content of detected monomeric phenolic acids in soluble
fraction during bread production. In raw wheat flour, only free ferulic acid was detected
with values of 2.5, 2.0 and 2.3 pg/g for Oelands hvede, Indigo and Konini, respectively.
This was in agreement with those examined by Zhang et al., (2012) (2 to 8 ug/g) and
Whent et al., (2012) (1.88 to 1.91 ug/g). Upon mixing flour formulation the content of
free ferulic acid significantly (»p<0.05) increased, up to 5-fold of the initial level. During
fermentation, free ferulic acid kept increasing, meanwhile, some other free phenolic acid
such as p-hydroxybenzoic acid, vanillic acid and p-coumaric acid were detected. This
phenomenon confirmed the hypothesis that mixing and fermenting facilitated the release
of bound phenolic compounds into free forms. p-Hydroxybenzoic, vanillic, p-coumaric
and ferulic acid were all detected in the bread of three wheat varieties, indicating the
remarkable effect of baking. Angioloni and Collar (2011) also indicated that some
phenolic acids, such as protocatechuic, sinapic, syringic and ferulic acid were detected
after bread-making but not in the raw flour. Free ferulic acid increased throughout the
process of mixing, proofing and baking. This finding agreed with the study conducted
by Hansen et al., (2002), who examined free ferulic acid in rye wholemeal. In bread
samples, ferulic acid was predominant followed by p-hydroxybenzoic, vanillic and p-
coumaric acid making up 45% to 51%, 26% to 37%, 11% to 18% and 4% to 5% of total
phenolic acid content, respectively. Higher contents of ferulic and p-hydroxybenzoic
acids were found in bread crumb than crust. This suggested that some free phenolic
acids were thermally labile (high intense heat in bread crust). With respect to vanillic

and p-coumaric acid, the levels were too low to make any conclusions.
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Table 2.3 Composition of soluble-free phenolic acids in normal and purple wheat grains at different stages of bread-making process

Steps Sample name p-Hydroxybenzoic acid  Vanillic acid p-Coumaric acid Ferulic acid Total phenolic acid
Oelands hvede nd nd nd 2.50+0.20" 2.50 £ 0.20
Flour Indigo nd nd nd 2.02 £0.07! 2.02+0.07
Konini nd nd nd 2.25+0.01° 2.25+0.01
Oelands hvede nd nd nd 10.01 + 1.23" 10.01 +1.23
Mixing Indigo nd nd nd 9.04+0.24" 9.04 +0.24
Konini nd nd nd 10.58 + 0.69 & 10.58 + 0.69
Oelands hvede nd 2.44+053°¢ 1.31+0.17 % 11.25 +0.67%" 15.01 + 1.37
30 min Fermenting Indigo nd nd nd 10.57 £ 1.55¢" 10.57 £ 1.55
Konini nd nd nd 12.55+ 1.13¢ 12.55+ 1.13
Oelands hvede 4.19+0.71° 3.49+0.09 nd 13.34 + 1.68 “* 21.03 £2.49
65 min Fermenting Indigo nd nd nd 13.25+2.06 * 13.25+2.06
Konini 2.66+0.37" nd nd 15.01 + 0.69 17.67 + 0.44
Oelands hvede 11.07 +2.42° 437+029% 1.51+0.07° 13.53 £ 1.49 °* 30.47 +4.27
Bread Loaf Indigo 739+241% 520+0.83% 1.26+0.06° 14.40 + 0.42 > 28.25 +3.66
Konini 11.87 +1.93" 3.44+032° 1.15+0.01° 15.53 £0.98 * 32.00 +2.53
Oelands hvede nd 3.73+£0.27°¢ nd 1241 +£0.90 16.15+1.17
Bread Crust Indigo nd 5.19+0.04 nd 12.01 £ 1.01 **® 17.21 £1.05
Konini nd 6.00 +0.28° 0.70 + 0.02°¢ 15.11 + 0.26 *° 21.82+0.55
Oelands hvede 16.29 + 1.68° nd nd 14.76 £ 0.74 ** 31.05+1.82
Bread Crumb Indigo 8.64+1.87¢ nd nd 14.65 + 0.03 **¢ 23.29 £2.01
Konini 1524+ 1.37% nd nd 16.44+0.57° 31.68 + 1.54

Content of phenolic acid was expressed as ug/g of dry weight.

* Values in each column with different letters are significantly different (p<0.05).
Total phenolic acid was calculated as the sum of each row.
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Table 2.4 summarizes the content of detected monomeric phenolic acids in insoluble
fraction during the production of bread. Data on phenolic composition at each stage of bread-
making in purple wheat were not previously available in the literature. Ferulic acid accounted
for 77% to 82%, 78% to 83%, 77% to 83% of total bound phenolic acid in Oelands hvede,
Indigo and Konini, respectively throughout the process of bread-making. This result was in
accordance with previous studies on the phenolic profile of whole wheat (Okarter et al., 2010;
Liu et al., 2010; Zhang et al., 2012). Moderate levels of phenolic acids were found as sinapic
and p-coumaric acid, making up approximately 2.4% to 3.9% and 6.3% to 10.5% of total
phenolic acids. The least abundant phenolic acids were protocatechuic, p-hydroxybenzoic,
vanillic, caffeic and syringic acid, having content lower than 20 pg/g.

In terms of bread-making process, mixing increased the content of seven phenolic acids,
except for caffeic acid. The first 30 min fermenting step led to a significant (p<0.05) decrease
in phenolic acids (only vanillic acid decreased slightly, p>0.05). Total phenolic acid
decreased by 26% to 27% compared to the dough after mixing. The decrease was mainly
attributed to the loss of ferulic acid. This phenomenon provided evidence for the release of
bound phenolic acids into their free forms. However, when the dough was fermented for 65
min, the content of total phenolic acid conversely increased to almost the same level as the
mixing dough. The prolonged fermentation step helped liberate the bond between phenolic
acids and insoluble large compounds, such as dietary fibre, thus making it easier to extract
the “freed” phenolics. Baking significantly (p<0.05) increased the content of phenolic acids,
increasing up to 15% of total phenolic acid compared to the raw flour. Yu et al. (2013) also

observed a significant increase of bound ferulic acid after baking.
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With regards to individual phenolic acids, the content of protocatechuic and p-
hydroxybenzoic acid became lower after baking. In bread crust, the content of protocatechuic
acid was outside the detection limit, while p-hydroxybenzoic acid significantly (p<0.05)
decreased. Higher levels of these two acids were found in bread crumb because of their
indirect exposure to heat. This suggested that they are heat sensitive during thermal process.
Similar conclusions could be made to vanillic and syringic acid, whose contents increased
during baking but were detected in lower levels in bread crust. Most likely, these types of
phenolic acids were still released through heating but were labile to intense heat. Therefore,
at moderate level of heat, the content tended to slightly increase. However, when high heat
was applied, they would degrade to their derivatives. Caffeic, p-coumaric, ferulic and sinapic
acid, increased during baking and the contents were even higher in bread crust than crumb.
This result was consistent with the finding of Moore et al., (2009) who reported that higher
levels of insoluble bound ferulic acid were better recovered in baked pizza crust. The
different behaviors of individual phenolic acids might be ascribed to their difference in
chemical nature, sensitivity towards heat and ease of liberation from plant cell wall.

With respect to total phenolic acid content, the upper crust fraction contained the highest
quantities of phenolic acids among other fractions (bread loaf and crumb). By comparison
with free phenolic acid, the content of bound phenolic acid accounted for 97 to 99% of total
phenolic acid content. This finding was in agreement with Zhang et al. (2012), who
investigated 37 Chinese wither wheat cultivars, concluding that free phenolic acids made up

of 2.5% of total phenolic content.
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Table 2.4 Composition of insoluble-bound phenolic acids in normal and purple wheat grains at different stages of bread-making process

Steps Sample name Protocatechuic ~ p-Hydroxybenzoic Vanillic acid Caffeic acid Syringic acid p-Coumaric acid Ferulic acid Sinapic acid Total phenolic acid
acid acid

Oelands hvede nd 22.73+1.29° 929+0.547 454+0.18F 9.03+0.58 ° 26.13+1.19° 532.15 + 30.00 %0 69.36 +2.69 673.25 +36.47
Flour Indigo nd 25.69+1.17° 24.82+0.01° 6.53+£0.15 9.95+£0.23 2 19.14 + 1.50 %f 447.02 +24.14 1 35.97+2.80% 569.12 +29.99
Konini nd 24.60 +1.24%° 1920 £0.97° 7.10+£0.30 * 9.05+0.09° 21.64+0.68°¢ 466.66 + 0.28 * 52.48 +2.24M 600.74 + 5.81
Oeclands hvede  20.67 £1.00° 10.63+0.73 & 7.44+049" 4.85+0.02% 9.46 +0.57 ® 26.50£0.39 573.64 + 11.84 °¢ 72.37+0.88 % 725.56 + 15.92
Mixing Indigo 19.37 +0.60 ®° 24.48 +1.68° 948 £0.32F 452+£0.00 597+0.17°F 19.63 £1.25% 482.89 +9.02 ¥ 51.74+2.88 Y 618.07 + 15.94
Konini 1437+0.84° 20.59+1.19¢ 13.58 £0.18 % 5.70 +0.28 & 7.24+0.36% 22.57+1.16% 514.29 + 429 M 60.38 +0.28 < 658.73 + 8.57
Oelands hvede 15.42+0.439 7.83+039" 6.17+0.17" nd nd 21.02+£0.96 411.57 £13.46™ 64.66 +2.88 © 526.66 + 18.23
30 min Indigo 1546 +0.51¢ 11.63+031° 8.68+£0.73 nd nd 14.56 +0.54 1 363.99 + 18.02 " 40.82 +3.24% 455.14 +23.35
Konini 11.13+0.68 ° 13.79 £ 0.42°¢ 12.76 £ 0.51 ¢ nd nd 13.57 £ 0.03 38639+ 11.13 ™ 49.10 = 2.841 486.74 + 15.60
Oelands hvede 17.56 £0.04 € 11.70£0.61°F 12.86+£0.92°¢ 520+0.08 7 9.40+0.46™ 26.57+0.56° 526.64 +31.76 &N 71.83 £1.05 681.75 +35.47
65 min Indigo 19.97 £0.23 ® 12.19+024° 19.18 £0.69° 621+0.28" 6.83+0.32°¢ 16.90 +0.25 & 488.22 +2.63 Mk 54.86 +0.48 & 62436 +5.12
Konini 14.99 +0.22 % 15.77 +0.91 ¢ 18.17+0.98° 6.86 + 0.05 7.82+0.27 18.61 £0.19 523.25 +7.22 "¢ 60.34 +2.47 ¢ 665.81 £12.31
Oelands hvede 3.75+0.12°%0 10.94 027 ® 14.68 £0.30 530+022M™ 9.63+0.16™ 26.64+0.30° 586.92 +30.32 ™ 75.51+£2.09° 733.38 +£33.79
Load Indigo 4.12+0.08 & 9.99 +0.32 8 19.32+0.59° 6.62+0.16 % 6.97+0.27°¢ 17.31+0.33 & 517.14 = 1.40 ™ 56.12 + 1.48 fehi 637.57 £5.16
Konini 3.10+0.08° 529+0.15 18.65+0.62° 733+026% 8.12+0.09°¢ 1939 +1.47% 564.64 + 37.89 ct°f 6531 +1.81% 691.84 +43.37
Oelands hvede nd 480+0217 1545+0.21°¢ 5.66+0.19 & nd 27.87+0.79? 631.54 £42.35° 80.92+£3.402 766.23 +47.15
Crust Indigo nd 4.44 +£0.101 19.49 +0.66° 7.17+024"% nd 19.30 +1.07 551.35 + 6.76 & 5745+4.15% 659.20 £ 12.98
Konini nd 42540271 18.77 £ 0.63° 7.63+0.04° nd 20.70 £4.12< 616.95+21.59 7157 £3.64 % 739.88 +26.59
Oeclands hvede  3.95+0.14 & 6.17+0.59° 1451 +0.11 5.19£0.051 9.80+0.16° 23.93 + 1.64° 569.32 +26.73 °® 70.96 + 4.66 703.82 + 34.08
Crumb Indigo 433+0.178 5.62+£0.211 18.33+1.00° 6.56+£0.15 6.97 £0.38°¢ 17.10 £ 0.63 & 498.80 +7.71 51.14+0.89 Y 608.85 + 11.08
Konini 3.25+0.13 ™ 432+0.271 18.65+1.21° 6.96 + 1.64 ™ 8.18+0.13°¢ 16.05+0.98 M 554.64 +24.93 <t 58.22+0.79 670.28 +28.61

Content of phenolic acid was expressed as pg/g of dry weight.
* Values in each column with different letters are significantly different (p<0.05).

Total phenolic acid was calculated as the sum of each row.
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2.4.5. Total Anthocyanin Content

Spectra of absorbance at different wavelengths were identified for anthocyanin extract.
As displayed in Figure 2.4, a wavelength range of 520 to 535 nm was detected to exert the
highest absorbance for anthocyanins in Indigo and Konini varieties. No obvious peak was
observed for Oelands hvede flour because of the low anthocyanin content. Giusti and
Wrolstad (2005) summarized the Awis-max) for cyanidin-3-glucoside using different solvents,
indicating the A(is-max) 0f 510 nm for aqueous buffer, 512 nm for 10% ethanol, 520 nm for
0.1N HCI and 530 nm for 1% HCI in methanol. Therefore, wavelengths of 520 and 535 were

used for detecting anthocyanins in acidified methanol extracts.
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Figure 2.4 UV/Visible spectra of raw wheat flour at different wavelengths
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Table 2.5 Total anthocyanin content in normal and purple wheat grains at different stages of
bread-making process

Oelands hvede Indigo Konini
Flour’ 1.45 +0.06" 10.84 £ 0.27° 561 £0.12°
Mixing” 1.06 + 0.05' 8.50 + 0.14¢ 438 +0.05"
30min Fermenting®  1.35 + 0.03* 8.95 + 0.09¢ 5.05+0.14"
65min Fermenting ~ 1.39 + 0.03' 9.47 +0.31° 5.20 +0.04"
Bread Loaf 1.02 + 0.03' 4.85+0.038 2.60 +0.03'
Bread Crust’ 0.86 + 0.06' 439 +0.14" 2.33 +0.05'
Bread Crumb’ 0.55+0.02™ 5.47 +0.03° 2.77 £ 0.06'

"Results were expressed as mg cyanidin-3-glucoside equivalents / 100g.
* Values with different letters are significantly different (p<0.05).

Indigo contained significantly (p<0.05) higher anthocyanin content throughout the
whole process of bread-making, ranging from 4.39 to 10.84 mg C3GE/100g (Table 2.5). The
lowest TAC was obtained from bread crust and the highest was from raw flour. The TAC
values for Konini varied from 2.33 to 5.61 mg C3GE/100g with lowest in bread crust and
highest in raw flour. The non-colored wheat, Oelands hvede contained the lowest TAC, which
was approximately 8 and 4 times lower than the raw flours of Indigo and Konini,
respectively.

With respect to bread-making process, mixing significantly (p<0.05) reduced TAC
values. This was probably due to the dilution of anthocyanin content with other bread
ingredients. Fermentation induced the release of anthocyanins and TAC gradually increased
during fermentation. This effect was significantly (p<0.05) seen at both 30 min and 65 min
fermenting steps. The TAC value increased up to 19% compared to the dough after mixing.
Baking had a significant (p<0.05) influence on anthocyanins, leading to 54% to 55%

decrease of TAC levels in Konini and Indigo varieties, respectively. This result was in
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agreement with the study of Jing et al. (2007), who stated that anthocyanins were relatively
unstable and often underwent degradation during processing. Abdel-Aal and Hucl (2003)
investigated the stability of anthocyanins at different temperatures. They found that when
temperature increased from 65 to 95 °C, the degradation also increased. Li et al. (2007)
reported a complete destruction of anthocyanins from purple wheat bran when heating
processing (177 °C for 7-12 min) was used for muffin production. In the present study, the
thermally labile property of anthocyanins was further confirmed by the TAC of bread
fractions. Bread crust, which was exposed to the intense heat, contained the lowest TAC
value. Bread crumb contained a relatively higher TAC value because the inner-side of bread
possessed a less intense heat. In terms of Oelands hvede variety, TAC was relatively stable
throughout the whole process of bread-making. This indicated the minor level of

anthocyanins in Oelands hvede.

2.4.6. Total Anthocyanin Content using pH Differential Method

Table 2.6 Total anthocyanin content using pH differential method

Oelands hvede Indigo Konini
Flour nd 10.41 +0.39° 531+ 0.02¢
Mixing nd 8.09 +0.37° 422 +0.07°
30min Fermenting'  nd 8.60 + 0.47" 4.65+0.25"
65min Fermenting'  nd 8.97 +0.26° 4.80 + 0.08%
Bread Loaf" nd 4.64 +0.24°" 2.15 +0.048
Bread Crust’ nd 4.16+0.21" 1.99 + 0.078
Bread Crumb’ nd 4.81 +0.26% 2.18 + 0.088

"Results were expressed as mg cyanidin-3-glucoside equivalents / 100g.

* Values with different letters are significantly different (p<0.05).

Table 2.6 summarized the total anthocyanin content using pH differential method.
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Similar results were obtained using this method. TAC significantly (p<0.05) decreased after
mixing and gradually increased during fermenting. Baking destroyed anthocyanins and the
exposure to intense heat led to the lowest TAC in bread crust. Compared to the result using
direct measurement method, pH differential method detected lower TAC in Indigo and
Konini extracts and detected no anthocyanins in Oelands hvede. This method is more
accurate for determining TAC, since two aspects have been improved by pH differential
method: 1) suppressed the interference of degraded anthocyanins and its derivatives; 2)

omitted the hazes or sediments.
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2.4.7. Antioxidant Activity of Anthocyanin Extracts

(a) 700 -

600 -

400

300

200

umol Trolox equiv. / 100g

100

0

~
o
~

700 -

umol Trolox equiv. / 100g

100 -

500 -

800 -

600 -

500 -

400 -

300 -

200 -

| R = i

R

=

65min  Bread loaf Bread crust Bread

7z

Flour Mixing 30min

Fermenting Fermenting crumb
@ Oelands hvede f@Indigo ® Konini &b
b -y
c el o ‘455:; |
s ©f efg r fg / /:E
fgh P’ h h fgh h 7 gh

Flour Mixing 30min 65min  Bread loaf Bread crust Breal
Fermenting Fermenting crumb

Figure 2.5 DPPH radical scavenging capacity (a) and ABTS radical cation decolorization
activity (b) of anthocyanin extracts. Columns labeled with different letters are significantly
different (p<0.05).
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Anthocyanin extracts during the production of bread were examined for their AOA
against DPPH radical and ABTS radical cation (Figure 2.5). The DPPH values of purple
wheat varieties were higher than that of the normal wheat (Figure 2.5a). The significant
(»<0.05) difference was detected in fractions from 30 min and 65 min fermenting steps. The
high AOA of purple wheat was most likely contributed to the presence of anthocyanins.
Consistent to TAC, DPPH values decreased after mixing and gradually recovered during
fermentation. Significant (p<0.05) increase of 37, 32 and 33% for Oelands hvede, Indigo and
Konini, respectively in AOA was observed in bread. Bread crusts exhibited the highest
values. This could be explained by the extracting method, which not only targeted
anthocyanins, but also extracted other soluble antioxidants such as phenolic acids and MRPs.

The effect of anthocyanins on AOA was better revealed by ABTSe" decolorization
activity assay (Figure 2.5b). Significant (p<(0.05) difference was detected between the purple
and common wheat varieties. Indigo exhibited the highest ABTS values. The changes in

ABTS levels during bread production were in accordance with DPPH assay.

2.4.8. Analysis of Anthocyanin Composition

To examine the presence of anthocyanins, HPLC chromatogram with MS and MS/MS
was recorded at wavelength of 520 nm. Anthocyanin composition detected by HPLC-QTOF-
MS/MS is shown in Figure 2.6. Only one main peak was recognized as anthocyanin using
MS/MS, namely cyanidin-3-glucoside (RT = 22.48 min). Two ions were evident for the
identification including m/z 499 ([M+H]") being the molecular weight of anthocyanin, and

fragment ion m/z 287 arising from a loss of glucose residue m/z 162. This was in agreement
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with the study of Hosseinian et al. (2008). Liu et al. (2010) also detected cyanidin-3-

glucoside in Indigo and Konini wheat without the presence of other anthocyanins.
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Figure 2.6 LC chromatogram (a) of anthocyanin at different stages of bread-making as well
as LC-MS (b) and LC-MS/MS of cyanidin-3-glucoside (cy-3-glu).
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2.4. Conclusions

In summary, the changes of FPC, BPC, TAC as well as their AOA during the production
of bread were first systematically investigated. Individual phenolic acids were also identified
and quantified in fractions from each stage of bread-making. Mixing, fermenting and baking
significantly increased FPC and BPC. Bread crust contained the highest FPC, while bread
crumb contained the highest BPC. AOA were correlated to their respective phenolic content.
Different phenolic acids behaved differently in the bread-making process, which might be
ascribed to their difference in chemical natures, sensitivities towards heat and ease of
liberation from plant cell walls. TAC was significantly reduced through mixing and baking,
but fermentation elevated the level of TAC. Anthocyanin extract of purple wheat exerted
higher AOA than the common wheat, indicating the potential of purple wheat to be used as a

functional ingredient in baking.
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CHAPTER III. Identification and Comparison of Antioxidant Properties of Phenolic
Compounds in Purple Wheat Bread after Digestion using In-Vitro Human
Gastrointestinal Tract Model

3.1. Abstract

Increasing evidence has shown the health benefits of phenolic compounds in cereal grains.
However, their beneficial effects in human bodies depend on their metabolic fate in the
human gut and ultimately their bioavailability. The objectives of the present study were to
investigate the antioxidant properties of bread extracts using simulated human gastrointestinal
(GI) conditions and examine the effects of the digested phenolic compounds using cell-based
models of cancer and normal human intestinal cells. The in-vitro digestion model was based
on simulation of human GI tract with various enzymes functioning at their optimum pHs.
Three bread wheat cultivars were investigated, i.e. Oelandshvede (normal), Indigo (purple)
and Konini (purple). Digested bread extracts were evaluated for total phenolic content (TPC),
DPPH-* scavenging capacity activity, ABTS++ decolorization capacity and HPLC analysis.
Three human gut cell lines were selected to evaluate their intracellular effects (Caco-2 and
HT-29, cancer cell lines and FHs 74 Int, non-transformed cell line). Cytotoxicity,
cytoprotective activity against AAPH and H,O,-induced oxidation and dichlorofluoresin
diacetate (DCF) assays were employed. Digested sample extracts of phenolic compounds
from the purple wheats, Indigo and Konini, showed significantly (p<0.05) higher TPC (166
& 126 mg ferulic acid equiv/100g) than common wheat bread (120 mg ferulic acid
equiv/100g). HPLC analysis detected protocatechuic, p-hydroxybenzoic, vanillic, caffeic,
syringic, p-coumaric and ferulic and sinapic acids with total values ranging from 22 to 30

ug/g. ABTS and DPPH values ranging from 419 to 461 and 125 to 207 umol TE/g
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respectively, correlated to TPC. Purple wheat bread had higher cellular antioxidant activity
(CAA) than common wheat bread. Cancer cell lines exhibited maximum cell viability at
concentration of 100 mg/ml for cytoprotective activity against both AAPH and H,0,, while
normal cell lines showed an optimum viability at concentration of 20 mg/ml. The DCF assay
demonstrated that 5 mg/mL extracts for HT-29 and Caco-2 cell lines and 500 mg/ml extracts
for FHs cells exhibited antioxidant properties. Purple wheat bread demonstrated higher in-
vitro and cellular antioxidant properties than common wheat after simulated human Gl
digestion, which indicates its potential to be used as a functional ingredient for cereal grain-

based baked foods.

3.2. Introduction

Bread, as a major product from wheat, is an important component in the daily diet of
many countries (Gawlik-Dziki et al., 2009). However, due to the complexity of bread-making
process, the amount of phenolic compounds delivered by bread may differ quantitatively and

qualitatively from what has been compiled in the food database.

The beneficial effects of wheat phenolic compounds in biological environment are
also determined by bioavailability and metabolic fate. In the literature, the functional
properties of phenolics were mainly reported in organic solvent extracts, therefore lacking
representation of conditions of the human gut. The complexity of in-vivo biological system
makes it hard to standardize the digestive conditions, thus creating less consistent
comparisons from lab-to-lab (Coles et al., 2005). Nowadays, models under simulated GI

conditions have been regarded as simple, inexpensive and possible reproducible systems for
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investigating the structural changes, release and digestibility of food components (Oomen et
al., 2002). This technique utilizes the major enzymes existent in oral, gastric and intestinal
pathways, and is basically constructed upon starch digestion by a-amylase, lipid digestion by
lipase and protein digestion by pepsin or trypsin (Hur et al., 2011). Simulated GI tract model
is considered to be closer to the human gut environment and data obtained from digested

edible goods are more practical for nutritional purpose.

To properly assess the health potential of phenolic extracts, cell cultures are widely
utilized to predict their possible effects in living organisms. However, in most studies, cell
culture models combined as part of in-vitro GI digestion are usually used to predict the
absorption of bioactive compounds, such as iron uptake or for pharmaceutical preparation
purpose (Hur et al., 2011). There is need for further investigations of antioxidant activity and
cytoprotective properties of phenolic compounds released from a ready-to-eat food product

during in-vitro digestion conditions.

Our current study aimed to: (1) characterize the phenolic profiles in the extracts of in-
vitro digested bread samples derived from purple wheat varieties; (2) investigate the

antioxidant properties and cytoprotectivity using both chemical and cell based assays.

3.3. Materials and Methods

3.3.1. Chemicals

(1) Extraction

Mucin, alpha-amylase, pepsin, pancreatin and bile salts were purchased from Sigma-Aldrich
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Chemical Co. (St. Louis, MO, USA). HPLC grade ethyl acetate was purchased from Fisher

Scientific Co. (Ottawa, ON).

(2) Chemical assays and HPLC analysis

Materials utilized for chemical assays and HPLC analysis are listed in section 2.3.1.

(3) Cell culture assay

Cell growth reagents, including fetal bovine serum (FBS), penicillin/streptomycin (P/S), L-
glutamine (L-gIn), sodium pyruvate (Na/Pyr), human transferrin (hTF), epidermal growth
factor (EGF) and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich
(Oakville, ON, Canada). Trypsin-EDTA used for cell dissociation and Dulbecco’s modified
eagle medium with D-glucose content (DMEM) used for growing cancer cell lines were
obtained from Invitrogen Canada Inc. (Burlington, ON, Canada). Hybri-care medium
(ATCC®, 46-X™) used for growing FHs 74 Int cell line and MTT cell proliferation kit
(ATCC® 30-1010k) used for cell viability assay was from ATCC (American Type Culture
Collection; Manassas, VA, USA). 2,7 -Dichlorofluorescin diacetate (DCFH-DA) was

purchased from Invitrogen Canada, Inc. (Burlington, ON, Canada).

3.3.2. Sample Description

The wheat varieties are described in chapter 2.3.2.

3.3.3. Bread-Making Procedure and Sample Preparation

Bread was made and freeze-dried following the method described in sections 2.3.4 and 2.3.5.
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3.3.4. In-Vitro Gastrointestinally Digested Extraction

3.3.4.1. Simulated gastrointestinal fluid

The GI digestion was performed according to Swieca et al. (2013) with some modifications.
Three solutions were prepared to simulate the digestion in mouth, stomach and intestine. The
formulas were described as followings:

Saliva fluid was prepared by dissolving 1.19 g Na;HPOy, 0.095 g KH,POy, 4 g NaCl and 50
g mucin in 500 mL of distilled water. The pH was adjusted to 6.75 and a-amylase was added
to obtain a 200 U per mL of enzyme activity.

Gastric juice was prepared by adding 1 g NaCl, 1.6 g pepsin, and 3.5 mL HCI into 500 mL
distilled water. The solution was adjusted to pH = 1.2.

Intestinal juice was prepared by dissolving 0.15 g pancreatin and 0.9 g bile extract in 105

mL 0.1 mol/L NaHCOs.

3.3.4.2. In-vitro digestion

The in-vitro digestion was performed according to the following steps:

1) 5 g of ground bread sample was homogenized with 15 mL of simulated salivary fluid
using a vortex for 1 min. Subsequently, the mixture was shaken for 10 min at 37 °C in a
water bath at 150 rpm speed (VWR, Radnor, PA).

2) The pH of the mixture was adjusted to 1.2 using 6 N HCI followed by adding 15 mL of
simulated gastric juice. The sample was then shaken for 60 min at 37 °C using the same
water bath (VWR, Radnor, PA).

3) The sample was adjusted to pH 6 with 0.1 mol/L NaHCO;, followed by addition of 15

mL of intestinal juice. The pH was then adjusted to pH 7 with 4 mol/L NaOH.
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Subsequently, 5 mL of 120 mmol/L NaCl and 5 mL of 5 mmol/L KCI were added to the
sample. Continuous shaking of the sample was performed in darkness for 120 min at
37 °C. Thereafter, the sample was transferred to an ice bath to terminate the enzyme
reaction and then centrifuged at 11,963 g, 4 °C for 20 min (Sorvall RC 6+, Thermo Fisher
Scientific, Ottawa, Ontario). The supernatant was collected and used for further

extraction.

3.3.4.3. Extraction of phenolic compounds

The digested mixture was adjusted to a pH between 1.5 and 2.0 using 6 N HCI and then
defatted twice with hexane (25 mL each time). The hydrophilic part was separated from
hexane and subsequently extracted three times with ethyl acetate (25mL each time). Every
time after mixing, ethyl acetate was separated from the aqueous layer by centrifuging at
11,963 x g and 4 °C (Sorvall RC 6+, Thermo Fisher Scientific, Ottawa, Ontario) for 5 min.
The supernatant was collected and further dehydration was performed by adding 1 g of
Na,SO4 before filtering with a filter paper (90 mme, Whatman™ Cat No. 1004 125). The
combined ethyl acetate extracts were evaporated and dried at 35 °C under vacuum using a
rotary evaporator (Yamato RE-51, Cole-Parmer Instrument Company, IL, USA) with a water
bath (Thermo-Lift, Fisher Scientific, NJ, USA). The residue was then redissolved in 2 mL of
50% methanol for the determination of total phenolic content, DPPH radical scavenging
capacity, ABTS radical cation decolorization assay, oxygen radical absorbance capacity
(ORAC) and HPLC analysis. For cell culture assays, the residue was redissolved in 5 mL of

phosphate buffered saline (PBS). Extraction was done in duplicate.
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3.3.5. Chemical Model Assays

3.3.5.1. Determination of phenolic content

Total phenolic contents were determined using the method described in section 2.3.9.

3.3.5.2. DPPH radical scavenging capacity activity assay

DPPH values were determined following the method explained in section 2.3.10.

3.3.5.3. ABTS radical cation decolorization assay

The ABTS assay described in section 2.3.11 was utilized.

3.3.5.4. Oxygen radical absorbance capacity assay (ORAC)

The antioxidant activity was determined using the ORAC assay described by Huang et al.
(2002) with some modifications. The assay was performed in a 96-well flat bottom
polystyrene microplate (Corning Incorporated, Corning, NY, USA). A Precision 2000
automated microplate pipetting system (Bio-Tek Instruments, Inc., Winooski, VT, USA) was
used to add 150 uL fluoroscein with 25 uL extracts or trolox standard into each well. After
shaking for 3 min, the plate was incubated at 37 °C for 15 min. Then, 25 uL AAPH was
added to each well and the fluorescence intensity was measured automatically by a FLx800
microplate fluorescence reader (Bio-Tek Instruments, Inc., Winooski, VT, USA) controlled
by software KC4 3.0 with an excitation wavelength of 485/20 nm and an emission
wavelength of 528/20 nm every minute. A regression equation between the trolox
concentration and the net area under the fluorescence decay curve was obtained. Therefore,

AUC =05+ 1/ 0 +..+ fi / fO +..+ f49 / f0 +0.5 x(f50 / f0)
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Where, fO = initial fluorescence reading at 0 min and fi = fluorescence reading at time i min.
The final results were expressed as Trolox equivalent and were determined based on the

standard curve.

3.3.6. HPLC Analysis

HPLC analysis was carried out using the method described in section 2.3.15.

3.3.7. Cell Culture Assays

3.3.7.1. Cell lines and cell culture

Three human gut cell lines were selected for the evaluation of in-vitro digested bread extracts.
Caco-2 and HT-29 cell lines were both derived from human caucasian colon
adenocarcinoma, and FHs 74 Int cell line which originated from the small intestine of a
healthy 3 to 4 month female baby. These cell lines were obtained from ATCC (American
Type Culture Collection; Manassas, VA, USA). The cells used in the present study were
between generations of 11 to 16 for Caco-2 cells, 37 to 42 for HT-29 cells and 1 to 6 for FHs

74 Int cells.

3.3.7.2. Growth of cell lines

The Caco-2 and HT-29 cell lines were grown in Dulbecco’s Modified Eagle Medium
(DMEM, cell culture medium with D-glucose content) supplemented with 10% fetal bovine
serum (FBS, growth promoting and survival enhancing factors), 10 mg/mL
penicillin/streptomycin (antibiotics against bacterial contaminations), 200 mM L-glutamine

(energy source), 100 mM sodium pyruvate (source of energy), and 1 mg/mL human
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transferrin (ion-delivery agent binds). To grow FHs 74 Int cell line, a Hybri-care medium
(American Type Culture Collection (ATCC), 46-X™, Manassas, VA) was used as the cell
culture medium with the essential supplement of 10% fetal bovtine serum, 1%
penicillin/streptomycin and 10 pM epidermal growth factor (EGF, extra growth factor that
increase the rate of cell proliferation). The cells were maintained at 37 °C in a 5% CO;
humidified incubator.

The cell culture medium was changed three times a week to maintain the optimum growth of
cells. Trypsin with the addition of EDTA was used to detach the cells from the cell culture
flask for sub-cultivation when the cells reached an 80% to 90% confluence. Cell culture
medium was used to rinse out the trypsin solution and resuspend the cells during routine
passage.

For cell culture assays, intestinal cell line suspension (100 pL) was seeded in a 96-well plate

at a concentration of 1x10*/mL for at least 72 h until each well was fully covered with cells.

3.3.7.3. Cytotoxicity assay

Various concentrations of in-vitro digested bread samples, AAPH and H,O, were tested for
their cytotoxicity using the MTT cell proliferation assay according to a method described by
Hirawan et al. (2011) with some modifications. Four dilutions of sample treatment were made
(500 mg/ mL, 100 mg/mL, 20 mg/mL, 5 mg/mL) with PBS (medium). Various concentrations
of AAPH and H,0, were made with PBS, including 0, 1, 3, 5, 10, 15, 20 25 mM and 0, 1, 3,
5, 10 mM for AAPH and H;0,, respectively. The medium in all wells of the 96-well plate

were aspirated. Then 100 puL of each extract/oxidant was plated into the well and fresh PBS
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was used as control. The plate was covered with aluminum foil. After incubation for 4 h at 37
°C, MTT reagent (10 puL) was added to all the wells and left in the incubator for
approximately 3 h until the intracellular punctate purple precipitate was visible under the
microscope. Detergent reagent (100 uL) was added to all the wells. The covered plate was
then left at room temperature for 15 min and the measurement was taken at 590 nm using an
Opsys MR 96-well plate reader (Dynex Technologies, Chantilly, VA). Cytotoxicity level was
calculated as: Cell viability (%) = (absorbance of treatments) / (absorbance of controls) x

100%. Analysis was done in six replicates.

3.3.7.4. Cytoprotective activity against AAPH-induced oxidation

The cytoprotectivities of digested bread extracts against AAPH-induced oxidation was
determined according to a method described by Gliwa et al. (2011) with some modifications.
Specifically, after aspirating the entire medium, the digested bread extracts (100 uL) were
added to sample wells and 100 puL of PBS was added to the control and blank wells. After 2 h
of incubation, 10 uL. of 3 mM AAPH was added to all the wells except for negative control
and blank wells. Cells were then incubated for another 4 h. MTT reagent (10 puL) was then
added to all except the blank wells and the plate was incubated for approximately 3 h until
the intracellular punctate purple precipitate was visible under the microscope. The plate was
then aspirated gently and the detergent reagent was added to all except the blank wells. After
standing overnight at room temperature, the absorbance was recorded at 560 nm (Opsys MR
96-well plate reader, DYNEX Technologies, Chantilly, VA, USA). The cytoprotective

activity of digested bread extracts against AAPH-induced oxidation was expressed as cell
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viability (%) = (absorbance of treatments) / (absorbance of controls) < 100%. Analysis was

done in six replicates.

3.3.7.5. Cytoprotective activity against H,O;-induced oxidation

The cytroprotective activity against H,O»-induced oxidation assay was formed using the
procedure described in 3.2.8.4, but 1| mM of H,O, was used instead of 3 mM of AAPH.

Analysis was done in six replicates.

3.3.7.6. Cellular antioxidant activity (CAA) assay using dichlorofluoresin diacetate as
fluorescent probe

The digested bread samples were tested for their effects in cellular oxidative status using a
CAA method with some modifications (Hirawan et al. 2011). The medium in the entire well
was aspirated and 100 pL of each extract was added for sample well, while 100 pL of fresh
medium was added for positive control, negative control and blank wells. The cells were
treated and left in the incubator for 1 h. At 30 min of incubation, 100 uL of 10 uM DCFH-DA
solution was added to all wells except for the blank. The final concentration of the DCFH-DA
solution would be 5 mM. After 1 h of incubation, all 200 puL of treatment solutions were
removed, and 100 pL of 500 uM AAPH dissolved in PBS was added to all the wells except
for negative control and blank wells (100 pL of PBS was added instead). The plate was then
immediately placed into a Fluoroskan Ascent FL 96-well plate reader (ThermoLabsystems,
Franklin, MA). Temperature was set at 37 °C, emission wavelength at 527 nm, and excitation
wavelength at 485 nm, and measurement was taken every 30 min for 2 h. Analysis was done

in six replicates.
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The CAA value was calculated by integrating the area under the curve of fluorescence versus
time at each concentration of digested bread sample extracts as:

CAAvalue=[ 1- (] SA/]CA)] X 100
where SA is the area under sample fluorescence versus time curve and CA is the area under

positive control fluorescence versus time curve.

3.3.7.7. Cell culture for reactive oxygen species (ROS) imaging

Microscopic image of real time cells oxidizing HDCF-DA in the presence of AAPH was
conducted. In-vitro digested bread samples were tested for their effect in cellular oxidative
status using CAA with DCFH-DA method. Specifically, HT-29 cell line was grown,
trypsinized, washed and plated onto 22 mm?” sterile cover slide. Cells were left to grow to
90% confluence on Inoue chamber at 37 °C in a 5% CO, humidified incubator. The medium
from all wells was aspirated. Then, 100 uL of 5 mg/mL sample extract and 100 uL of PBS
(control) were added. The cells were treated and left for 30 min of incubation. DCFH-DA
solution (100 pL of 10 uM) was then added to the chambers. After 1 h of incubation, all 200
uL of treatment solutions were removed and 100 uL 500 uM AAPH dissolved in PBS was
added to all chambers. The cells were then viewed with fluorescent microscopy (Olympus
IX-70) connected to the Xenon Arc Lamp (Sutter DG4), computer, camera (Hamamatsu
C4880-80). The wavelengths were set at emission wavelength at 527 nm, and excitation

wavelength and measurements were taken every 30 min for 2 h.

3.3.8. Statistical Analysis
Experimental data were expressed as mean = standard deviation (SD) of duplicate
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determinations. Two way analysis of variance (ANOVA) test with SAS version 9.3 (SAS
Institute Inc., Cary, NC, USA) was employed for main factors (concentrations, bread type,
concentration*bread type). Statistical significance was determined through Least Significant
Differences (LSD) at a level of p<0.05. Pearson correlation test was used to evaluate the

correlation among variables at significant level of p<0.05.

3.4. Results and Discussion

3.4.1. Total Phenolic Content of Digested Bread Samples
As seen in Table 3.1, TPC of digested bread varied from 119, 126 to 166 mg FAE /

100g (92, 97 to 125 mg GAE / 100g) for Oelands hvede, Konini and Indigo, respectively.
Among them, the purple wheat variety — Indigo exhibited a significantly (p<0.05) higher
TPC than Konini and Oelands hvede. The control wheat - Oelands hvede contained the
lowest value. The investigation of bread using conversional extracting method (Table 2.2)
exhibited TPC of 344, 340 and 331 FAE / 100g for Oelands hvede, Konini and Indigo,
respectively. Phenolic bioaccessibility could be obtained by comparing the TPC before and
after digestion. The purple wheat, Indigo demonstrated the highest bioaccessibility, making
up 50% of its total phenolic content. While, Konini and Oelands hvede had bioaccessibilities

of 37% and 35%, respectively.

Angioloni and Collar (2011) examined the bread of commercial white wheat and
buckwheat using in-vitro digestion model, reporting TPC of 68.5 and 80.8 mg GAE / 100g,
respectively. Nevertheless, ten-fold higher TPC (1698 mg GAE / 100g) was reported by

Swieca et al. (2013) for wheat bread after in-vitro GI digestion. Other studies also assessed
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TPC of digested bread samples, for example, 0.62 mg GAE/mL of digested fluid (Gawlik-
Dzikl et al., 2009; Hiller et al., 2011); however, the use of different units made it hard to
compare with present study. The use of different types and quantities of enzymes in simulated
GI tract model determined the variations in TPC. Yu et al. (2013) studied the TPC of whole
wheat bread using acidified ethanol through conversional extraction; the values obtained
ranged from 80 to 160 mg FAE / 100g. The simulated human GI system in the present study
involved release of ester-linked or bound phenolics by various enzymes, leading to higher

TPC.

Table 3.1 Total phenolic content and antioxidant activities of digested bread samples

TPC TPC DPPH ABTS ORAC
(mg FA equiv.  (mg GA equiv. (umol Trolox (umol Trolox (umol Trolox
/ 100g DW) / 100g DW) equiv. / 100g equiv. / 100g equiv. / 100g DW)
DW) DW)

Oelands 119.95+592° 92.42+4.11° 12513+ 4.55°  419.63+21.43°  4367.99 + 311.44°
hvede

Indigo 166.47 +6.58" 124.68+4.56" 207.08+11.36°  461.31+12.50"  5040.53 + 326.25°
Konini 12623 +4.28° 96.77+2.97° 173.34+£9.09°  438.57+19.65° 4712.02+197.27®

# Values in each column with different letters are significantly different (p<0.05).

3.4.2. Antioxidant Activity of Digested Bread Samples
Results from DPPH, ABTS and ORAC assays are presented in Table 3.1. Among the

three wheat varieties, Indigo exhibited significantly (p<0.05) higher DPPH value of 207,
while Konini demonstrated 173 umol TE/100g. Oelands hvede had a value of 125 umol
TE/100g, which was the significantly (p<0.05) lower than the purple wheat varieties. Due to
the use of different units and examining procedures, no reference was found for DPPH value
of digested bread extract. Whole wheat bread samples were assessed for free and bound

fractions in the previous chapter (Figure 2.1 and 2.2) and the resultant total DPPH values
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were 689, 631 and 652 pmol TE/100g for Oelands hvede, Indigo and Konini, respectively.
The digested extract exerted lower AOA due to the incomplete extraction of phenolics using
simulated GI fluids. The %AO0A of digested samples, based on total DPPH levels, were 33%
and 27% for Indigo and Konini, respectively. The digested extract of common wheat,
Oelands hvede had a much lower %AO0A, making up 18% of its total DPPH level.

ABTS assay presented a higher magnitude than DPPH assay, ranging from 419 to 461
pumol TE/100g. Indigo had the highest while Oelands hvede contained the lowest value;
however, no significant difference (p>0.05) was found among the three wheat varieties.
Similar to DPPH, higher ABTS values were reported in Figure 2.1 and 2.2. The total ABTS
values (free and bound) varied from 1671, 1571 and 1603 umol TE/100g for Oelands hvede,
Indigo and Konini, respectively. Among the three wheat varieties, Indigo had the lowest
AOA before but highest after digestion, whereas the common wheat exhibited a reversal of
results. This indicated that purple wheat might pose better protection than common wheat
against free radical induced oxidation in the human Gl tract.

ORAC values for digested bread samples ranged from 4368 to 5041 umol TE / 100g.
Still, Indigo had the highest while Oelands hvede contained the lowest ORAC values. Yu et
al. (2013) examined the ORAC values for whole wheat bread, revealing a range of 5189 to
6465 umol TE / 100g. A significantly lower value (2376 164 umol TE/100g) was reported
by Michalska et al. (2008) for rye bread. Moore and Yu (2008) also reported lower ORAC
value (2000 umoles TE / 100 g) for whole wheat bread. The variations were most likely due
to the use of different raw materials, bread-making procedures and extracting methods.

Results from both TPC and AOA showed that purple wheat has potential to be used as a
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functional food ingredient compared to common wheat.

3.4.3. Analysis for Phenolic Acids Composition using HPLC

Figure 3.1 showed the chromatograms of digested bread extracts. The detected
monomeric phenolic acids were labeled and numbered according to the retention time.

Except for gallic acid, other eight phenolic acids were detected in the digested bread samples.
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HPLC chromatograms of digested phenolic extracts from mixed standard (a)
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Table 3.2 Contents of detected monomeric phenolic acids in digested bread samples

Oelands hvede Indigo Konini
Protocatechuic acid (ug/g) 0.81+0.05°¢ 6.8 +0.18" 511+0.35°
p-Hydroxybenzoic acid (ug/g)  0.95+0.05° 1.53+0.03° 0.78 £0.11 °
Vanillic acid (ug/g) 2.03+0.05°¢ 5.51+0.03° 3.51+0.15°
Caffeic acid (ug/g) 0.77 +0.03° 0.50 = 0.03 0.58 £0.07°
Syringic acid (ug/g) 0.92+0.01° 1.14+0.02* 0.99 +0.03 °
p-Coumaric acid (ug/g) 2.4740.02° 1.47+0.07° 120+0.14°
Ferulic acid (ug/g) 12.14+0.23° 11.75+0.28 * 12.27+0.87°
Sinapic acid (ug/g) 1.84 +0.00 1.22+0.07° 1.25+0.06°
Total (ug/g) 21.94 % 0.45 29.94 £ 0.73 25.69 = 1.79

# Values in each row with different letters are significantly different (p<0.05).

The composition of phenolic acids in digested bread extract is summarized in Table
3.2. In general, purple wheat varieties contained higher levels of phenolic acids than the
control wheat. Correlation analysis demonstrated significant (p<0.05) correlations
(r>0.9162) among total phenolic acid content, TPC, DPPH, ABTS and ORAC. Compared to
the control wheat, significantly (p<0.05) higher content of protocatechuic, p-hydroxybenzoic,
vanillic, caffeic, syringic acid were detected in Indigo variety; however, p-coumaric and
sinapic acid were found more concentrated in the control wheat. From the quantitative view,
the major phenolic acids were detected in order of ferulic > vanillic > p-coumaric > sinapic
for all wheat varieties. Protocatechuic acid was found to be present in a remarkably high level
in purple wheat, but detected in minor amounts in Oelands hvede. The presence of ferulic,
sinapic and p-coumaric acid was detected in extracts of in-vitro digested whole wheat bread
by Hiller et al. (2011), ranging from 1.0-2.6, 0.1-0.4, 0.5-1.9 ug/mL, respectively. Hemery et
al (2010) reported values of 0.28, 1.68 and 8.2 ug/g for free p-coumaric, sinapic and ferulic
acid, respectively in in-vitro digested whole wheat bread. It seems likely that the unique
phenolic profile of purple wheat led to the variations in detected amounts of phenolic acids

compared to values reported in the literature.
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Phenolic acid profiles were previously summarized in Table 2.3 (free) and 2.4 (bound).
p-Hydroxybenzoic, vanillic, p-coumaric and ferulic acid were detected in free- while
protocatechuic, caffeic syringic and sinapic were additional acids in bound-fraction. /n-vitro
GI tract model was expected to partially release some bound phenolic acids, since all eight
phenolic acids were present in digested extract. However, an incomplete extraction of soluble
free phenolic acids was observed as reflected by the lower levels of p-hydroxybenzoic,

vanillic, p-coumaric and ferulic acid that were detected in the digested extracts.

3.4.4. Cytotoxicity of Digested Bread Sample in Different Cell Lines

Figure 3.2 (a) shows the absorbance of formed formazan decomposed from MTT
reagent. The higher absorbance reflected the higher degree of living cells. For the HT-29 cell
line, no toxic effect was observed when treatment was applied from 5 to 100 mg/mL.
However, when the concentration rose up to 500 mg/mL, significant (p<0.05) decrease in
numbers of living cells was detected. Constant levels of living cells were obtained for Caco-2
cell line, when extracts were applied at 0 to 20 mg/mL. Increase in cell numbers occurred at
extract concentration of 100 and 500 mg/mL. For FHs cell line, more cells were alive at
lower extract concentrations (5 and 20 mg/mL). Decrease in numbers of living cells was
observed at 100 and 500 mg/mL.

Figure 3.2 (b) shows the cytotoxicity of sample treatment at different concentrations of
5, 20, 100 and 500 mg/mL. Cell viability was calculated by referring the absorbance of
sample treatment to the untreated control (control had 100% viability). As seen in Figure 3.2

(b), different cell lines had varied responses to the same environmental condition. In HT-29
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cell line, cell viability ranged from 83% to 101% and 104% to 136% at concentrations of 5
and 100 mg/mL. However, loss of around 60% cells was observed when treatment increased
to 500 mg/mL. For Caco-2 cell line, when concentration increased from 5 to 500 mg/mL, the
cell viability ranged from 105% to 154%, 107% to 162% and 104% to 152% for Oelands
hvede, Indigo and Konini, respectively. Meanwhile, the cell viability of FHs cell line ranged
from 73% to 228%, 96% to 257% and 76% to 243% for Oelands hvede, Indigo and Konini,
respectively. Therefore, except for 500 mg/mL for HT-29 cell line, other concentrations were

considered to pose no toxicity against the three cell lines.
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Figure 3.2 Absorbance (a) and viability (b) of cells treated with different concentrations of digested bread extracts in different cell lines measured
using the MTT assay. Results were expressed as mean £ SD. Values labelled with different letters for different cell lines are significantly different
(p<0.05).
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3.4.5. Cytotoxicity of Various Concentrations of AAPH and H,0,

A preliminary cytotoxic effect of different concentrations of AAPH and H,O, on HT-
29 and Caco-2 cell lines was conducted to determine the optimal concentrations of AAPH

and H,O, to induce cellular oxidative stress.

Figure 3.3 summarizes the toxicity of AAPH and H,O,. The increase in
concentrations resulted in increase of cell loss for both lines. Following AAPH oxidative
stress, the loss of cell viability was observed in ranges of 26% to 56% and 33% to 76% in
HT-29 and Caco-2 cell lines, respectively. Meanwhile, with the treatment of H,O,, cell
viability ranged from 37% to 50% and 48% to 57% for HT-29 and Caco-2 cell lines,
respectively. As seen in Figure 3.3 (b), the major decline in HT-29 cell viability was found at
concentrations of 3 mM AAPH and 1 mM H,O,, leading to 45% and 50% of cell death,
respectively. The cell viability maintained at a relatively constant level when higher
concentrations were applied. For Caco-2 cell line, when the levels of AAPH and H,0,
increased to 3 mM and 1 mM, the loss of cell viability went up to approximately 45%,
yielding a cell viability of 55%. Thus, 3 mM of AAPH and 1 mM of H,O, were chosen to
stimulate sufficient levels of oxidation in the subsequent studies. Since the non-transformed
cells (FHs) are more sensitive to oxidative stressors compared to the cancer cells, the selected
concentrations (3 mM of AAPH and 1 mM of H,0,) are considered to exert toxic effects on

FHs cell line.
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Figure 3.3 Absorbance (a) and viability (b) of cells treated with different concentrations of AAPH and H,O, in different cell lines measured
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SD.
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3.4.6. Cytoprotective Activity of Digested Bread Extract against AAPH-Induced Oxidation

Figure 3.4 shows cytoprotectivity of digested bread extracts against AAPH-induced
oxidation. In Figure 3.4 (b), no inhibitory effect was observed for HT-29 cell line. The
reduction of cell viability respectively ranged from 10% to 19%, 2% to 9% and 7% to 20%
for Oelands hvede, Indigo and Konini with concentrations varying from 5 to 100 mg/mL.
Result for 500 mg/mL was not taken into consideration, since it was regarded to be toxic to
living cells. In Caco-2 cell line, the inhibitory effect was significantly (p<0.05) seen when
concentration rose up to 100 mg/mL. Using 5 to 500 mg/mL of sample treatments, cell
viability varied from 84% to 95%, 95% to 121% and 86% to 111% for Oelands hvede, Indigo
and Konini, respectively. The purple wheat — Indigo exhibited better cytoprotectivity with the
highest inhibitory property at concentration of 100 mg/mL. In contrast, FHs cell line
exhibited a more pronounced growth at lower concentrations, reaching cell viability of 102%,
139% and 125% at 5 mg/mL and 118%, 148% and 131% at 20 mg/mL for Oelands hvede,
Indigo and Konini, respectively. Nevertheless, with the increase in sample concentration, cell
viability was suppressed from 25% to 30%.

Specific concentrations of digested bread extracts displayed effective protection in
Caco-2 and FHs cells against AAPH-induced cell loss. However, sample treatment
demonstrated pro-oxidant effect throughout all the concentrations in HT-29 cells (cell
viability < 100%). Some phenolic acids have been reported as pro-oxidants in various
evaluation systems, although their antioxidant properties are clear in-vitro (Decker, 1997;
Fukumoto & Mazza, 2000; Maurya & Devasagayam, 2010). The anti- or pro-oxidant activity

of phenolic compounds ultimately depends on sample concentrations and cultural cell lines.
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Figure 3.4 Cytoprotective activities of in-vitro digested bread extracts at different concentrations against AAPH-induced oxidation. Value labelled with
different letters are significantly different (p<<0.05). Results were expressed as mean + SD.
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3.4.7. Cytoprotective Activity against H,0>-Induced Oxidation

Figure 3.5 shows the cytoprotective activity of sample treatment against H,O,-
induced oxidation. Digested bread extract started to protect against cell death when the
concentration reached to 100 mg/mL in HT-29 cell line. The cell viability reached 85%, 124%
and 105% for Oelands hvede, Indigo and Konini, respectively. For Caco-2 cells, cell viability
increased with increase in sample concentrations. However, when using 500 mg/mL, bread
extracts behaved as pro-oxidants, causing oxidative damage to living cells. The cell loss
reached 40%, 25% and 33% for Oelands hvede, Indigo and Konini, respectively. This
indicated a dose-dependent manner of sample treatment. A similar phenomenon was
observed in FHs cells; whereas, significant cell loss (approximately 40%) was obtained at
lower concentration (100 mg/mL). The different responses of cultural cell lines to sample
treatment were ascribed to the specific cellular metabolism and subsequent proliferation of
different cell types. Purple wheat demonstrated higher cytoprotective activity than the
common wheat, confirming its beneficial potential in cellular biological environment,

challenged in this case with free radicals.
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Figure 3.5 Cytoprotective activities of in-vitro digested bread extracts at different concentrations against H202-induced oxidation. Values labelled
with different letters in different cell lines are significantly different (p<<0.05). Results were expressed as mean + SD.
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3.4.8. Cellular Antioxidant Activity (CCA)

Figure 3.6 shows the cellular antioxidant activity of sample treatment against AAPH-
induced oxidation. The fluorescent intensity represents the degree of oxidation. Positive and
negative controls showed the intensity with and without the addition of AAPH. They were
used to illustrate how efficiently the AAPH could cause the cellular oxidation. In the presence
of antioxidant sample treatment, the oxidation would be inhibited, ideally falling into the
range of fluorescence levels between positive and negative controls. As seen in Figure 3.6,
concentration levels of 5 and 20 mg/mL for HT-29 and Caco-2 cell lines as well as 500
mg/mL for FHs cell line were detected to be higher than negative controls while lower than
positive controls over time. Therefore, these concentrations were used to construct the chart

(Figure 3.7a) for cellular antioxidant activity.

Image 2 shows the fluorescent intensity of HT-29 cells exposed to AAPH-induced
oxidation. Indigo at concentration of 5 mg/mL was chosen to display the inhibitory effect of
digested extract. Image 2 (a) showed the intensity level of cells incubated with sample
treatment. The fluorescence gradually increased and finally maintained at a constant level.
Image 2b exhibited the positive control. Even though the initial fluorescence was relatively
lower than that of Image 2 (a), the fluorescence intensity increased rapidly and became
higher from 30 min of incubation time. This thereby indicated the ability of digested bread

extract to reduce AAPH-induced cellular oxidation.
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Figure 3.6 Fluorescence intensity (mean = SD) of AAPH-induced oxidation of DCFH to
DCF in different cells lines treated with various concentrations of digested extracts. PC:
control with AAPH, NC: control without AAPH, OH: Oelands hvede, In: Indigo, K: Konini

89



Image 2. Fluorescence intensity of AAPH-induced oxidation with (a) and without (b) addition of Indigo bread extract (5 mg/mL) for
cellular antioxidant activity assay at different incubation time in Caco-2 cell line

(@)
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AAPH initiated intracellular oxidation in these three cell lines as seen in Figure
3.7 (a).The positive control showed a rapid increase in fluorescence level, and the
intensity increased over time as compared to the negative control. The AAPH-induced
oxidation of dye DCFH to DCF was suppressed by applying sample treatment. The
fluorescence intensity was lower than the positive control when cells were incubated
with sample treatment except for Oelands hvede extract in FHs cell line. This inhibitory
effect was particularly emphasized at longer incubation time.

CCA was calculated by referring the fluorescence intensity of sample and AAPH
treated cells to the reversed basis of positive control. The %CCA ranged from -19% to
56% for HT-29 cell line. As seen in Figure 3.7 (b), the sample treatment did not show
effect until at an incubation time of 15 min. Then the CCA increased gradually with
time. Indigo bread showed the highest antioxidant activity, whereas Oelands hvede
extract had the lowest %CCA. Moreover, the increase in CCA was more rapid in Indigo
treated cells than the others. A similar phenomenon was obtained for Caco-2 cell line,
however, the inhibitory effect was not observed until 45 min. The %CCA ranged from
13% to 32% during the time of 60 to 120 min. With respect to FHs cells, a higher dose
(500 mg/mL) of sample treatment was required to exert cellular beneficial property.
Opposite to the cancer cell lines, the CCA of normal cell line increased initially and
decreased with the increase in incubation time. The preliminary %CCA of FHs cells
was 24%, 28% and 25% for Oelands hvede, Indigo and Konini, respectively. The
highest %CCA reached 62%, 46% and 27% for Indigo, Konini and Oelands hvede
respectively, demonstrating the better antioxidant activity of digested bread extracts

from purple wheat.
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Figure 3.7 Inhibitory effects of certain concentrations of digested bread extracts against AAPH-induced oxidation of DCFH to DCF represented by
fluorescence intensity (a) and cellular antioxidant activity (b). PC: positive control with AAPH; NC: negative control without AAPH. Results were
expressed as mean + SD.
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3.5. Conclusion
The antioxidant property and phenolic acid profile of purple wheat bread were investigated

using in-vitro GI tract model. Purple wheat demonstrated significantly (p<0.05) higher
antioxidant activity than normal wheat. To date, the cytoprotective and cellular antioxidant
activity were evaluated for the first time in-vitro using digested baked products from purple
wheat. However, the cell culture assays exhibited a concentration-dependent manner and the
use of different cell lines revealed different cellular antioxidant and pro-oxidant properties.
Findings suggest that in-vitro digested extracts of purple wheat bread might function to
reduce levels of cellular ROS and prevent the formation of apoptotic cells caused by AAPH

oxidation.
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GERNERAL DISCUSSION

The changes in content of free phenolics (FPC), bound phenolics (BPC) and total
anthocyanins (TAC) were investigated for purple wheat varieties during the production of
bread. Antioxidant activities (AOA) were examined using DPPH and ABTS assays. Phenolic
acids were also identified and quantified using HPLC in samples obtained from selected steps
of bread-making. The antioxidant properties and phenolic acid profiles of purple wheat bread
were subsequently investigated using an in-vitro gastrointestinal (GI) tract model. The
digested extracts were examined against total phenolic content (TPC), DPPH values, ABTS
levels and phenolic acid profiles using HPLC. Cell culture models were employed for
investigating their intracellular antioxidant activities.

Mixing, fermenting and baking significantly (p<0.05) increased FPC and BPC. Bread
crust contained the highest while bread crumb contained the lowest FPC. BPC exhibited a
revisal of result. AOA followed the trends of their respective phenolic contents. HPLC
analysis detected four phenolic acids for free and eight phenolic acid for bound fractions.
Free phenolic acids were thermally labile to heat. However, different bound phenolic acids
showed varying responses to the bread-making process. TAC was significantly (p<0.05)
reduced through mixing and baking, but fermentation elevated the levels of anthocyanins.
Anthocyanin extract of purple wheat exerted higher AOA than these of common wheat.
Purple wheat bread extracts after in-vitro gastrointestinal digestion demonstrated significantly
(p<0.05) higher antioxidant activity than common wheat by using chemical assays.
Cytoprotective and cellular antioxidant activities were employed to analyze their cellular
functional properties. During in-vitro testing, extracts exhibited concentration-dependent
effects. Moreover, the use of different cell lines exhibited varying levels of cellular
antioxidant and pro-oxidant properties. However, purple wheat demonstrated higher

cytoprotective and cellular antioxidant effects than these of common wheat. Our findings
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suggest that purple wheat has the potential to act as functional food to scavenge free radicals
and reduce cellular oxidative stress. For future studies, more purple wheat varieties with
higher TAC can be involved, while animal or human trails are suggested to give more
information in in-vivo analysis.

The strengths of the present study were: (1) systematic investigation of phenolic
changes during bread production from purple wheat, (2) utilization of an in-vitro digestion
model in combination with cell culture assays, (3) the use of a combination of cancer cell
lines and non-transformed (normal) cells. However, weaknesses also appeared. Only one
anthocyanin compound, cyanidin-3-glucoside, was detected in wheat varieties. Therefore, it
was not worth quantifying the changes in anthocyanin profiles during bread-making process.
Also, the non-transformed cell line (FHs) was obtained from the intestine of an infant, which
turned out not to be the best model for investigating intracellular antioxidant activities of

digested bread extracts.
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APPENDIX

Appendix A. ANOVA table of FPC (FAE)
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Source DF Type ISS Mean Square F Value Pr>F

type 2 552.183 276.091 18.94 <.0001
process 6 61485.8 10247.6 703.01 <.0001
type*process 12 74.6066 6.21722 0.43 0.9348

Appendix B. ANOVA table of FPC (GAE)

Source DF Type ISS Mean Square F Value Pr>F
type 2 265.605 132.803 18.94 <.0001
process 6 29575.3 4929.21 703.01 <.0001
type*process 12 35.8865 2.99054 0.43 0.9348

Appendix C. ANOVA table of DPPH values for free phenolic extracts

Source DF Type I SS Mean Square F Value Pr>F
type 2 2651.64 1325.82 26.37 <.0001
process 6 234127 39021.2 776.09 <.0001
type*process 12 1716.06 143.005 2.84 0.0174

Appendix D. ANOVA table of ABTS values for free phenolic extracts

Source DF Type I SS Mean Square F Value Pr>F
type 2 6696.91 3348.46 19.93 <.0001
process 6 1136154 189359 1126.96 <.0001
type*process 12 635.314 52.943 0.32 0.9784

Appendix E. ANOVA table of BPC (FAE)

Source DF Type I SS Mean Square F Value Pr>F
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type 2 101.394 50.697 2.33 0.1218
process 6 9221.99 1537 70.69 <.0001
type*process 12 6.415 0.53458 0.02 1

Appendix F. ANOVA table of BPC (GAE)

Source DF Type I SS Mean Square F Value Pr>F
type 2 48.7714 24.3857 2.33 0.1218
process 6 4435.86 739.31 70.69 <.0001
type*process 12 3.08568 0.25714 0.02 1

Appendix G. ANOVA table of DPPH values for bound phenolic extracts

Source DF TypeISS Mean Square F Value Pr>F
type 2 7886.63 3943.32 22.53 <.0001
process 6 150128 25021.3 142.97 <.0001
type*process 12 498.131 41.5109 0.24 0.9933

Appendix H. ANOVA table of ABTS values for bound phenolic extracts

Source DF TypeISS Mean Square F Value Pr>F
type 2 49933.7 24966.9 24.49 <.0001
process 6 774430 129072 126.58 <.0001
type*process 12 7101.17 591.764 0.58 0.8338

Appendix I. ANOVA table of TAC (direct measurement)

Source DF Type I SS Mean Square F Value Pr>F

109



type 2 287.33 143.665 10945.3 <.0001
process 6 70.7846 11.7974 898.8 <.0001
type*process 12 31.4003 2.61669 199.36 <.0001

Appendix J. ANOVA table of TAC (pH differential method)

Source DF Type I SS Mean Square F Value Pr>F
type 1 84.9146 84.9146 1429.17 <.0001
process 6 93.5733 15.5955 262.48 <.0001
type*process 6 6.87294 1.14549 19.28 <.0001

Appendix K. ANOVA table of DPPH values for anthocyanin extracts

Source DF TypeISS Mean Square F Value Pr>F
type 2 12952 6476.01 18.71 <.0001
process 6 191093 31848.8 92 <.0001
type*process 12 3242.56 270.214 0.78 0.6642

Appendix L. ANOVA table of ABTS values for anthocyanin extracts

Source DF TypeISS Mean Square F Value Pr>F
type 2 46700.1 23350.1 101.67 <.0001
process 6 111308 18551.3 80.77 <.0001
type*process 12 12169 1014.09 4.42 0.0015

Appendix M. ANOVA table of soluble-free phenolic acids (HPLC)

p-Hydroxybenzoic acid
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Source DF Type I SS Mean Square F Value Pr>F
type 3 27.0213 9.00711 2.98 0.0966
process 2 297.902 148.951 49.23 <.0001
type*process 2 9.0211 4.51055 1.49 0.2816
Vanillic acid
Source DF Type I SS Mean Square F Value Pr>F
type 2 4.28743 2.14372 9.65 0.0058
process 3 6.84632 2.28211 10.28 0.0029
type*process 1 7.43945 7.43945 33.5 0.0003
p-Coumaric acid
Source DF Type I SS Mean Square F Value Pr>F
type 2 0.47884 0.23942 36.51 0.001
process 2 0.24543 0.12272 18.72 0.0048
type*process 0 0
Ferulic acid
Source DF Type I SS Mean Square F Value Pr>F
type 2 21.8859 10.943 12.4 0.0003
process 6 736.058 122.676 139.01 <.0001
type*process 12 8.17368 0.68114 0.77 0.6718

Appendix N. ANOVA table of insoluble-bound phenolic acids (HPLC)

Protocatechuic acid
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Source DF Type I SS Mean Square F Value Pr>F
type 2 64.4271 32.2135 153.48 <.0001
process 4 1238.58 309.645 1475.29 <.0001
type*process 8 31.6896 3.9612 18.87 <.0001
p-Hydroxybenzoic acid
Source DF Type I SS Mean Square F Value Pr>F
type 2 56.268 28.134 50.21 <.0001
process 6 1848.72 308.12 549.94 <.0001
type*process 12 253.209 21.1008 37.66 <.0001
Vanillic acid
Source DF Type I SS Mean Square F Value Pr>F
type 2 291.597 145.798 344.03 <.0001
process 6 521.577 86.9296 205.12 <.0001
type*process 12 149.944 12.4953 29.48 <.0001
Caffeic acid
Source DF Type I SS Mean Square F Value Pr>F
type 2 20.0778 10.0389 303.84 <.0001
process 5 10.8113 2.16225 65.44 <.0001
type*process 10 3.39328 0.33933 10.27 <.0001
Syringic acid
Source DF Type ISS Mean Square F Value Pr>F
type 2 23.2843 11.6422 111.92 <.0001
process 4 10.3617 2.59042 24.9 <.0001
type*process 8 12.2488 1.5311 14.72 <.0001
p-Coumaric acid
Source DF Type I SS Mean Square F Value Pr>F
type 2 494.826 247.413 302.65 <.0001
process 6 196.245 32.7076 40.01 <.0001
type*process 12 28.5263 2.37719 291 0.0156
Ferulic acid
Source DF Type I SS Mean Square F Value Pr>F
type 2 33489.5 16744.7 37.1 <.0001
process 6 162371 27061.8 59.96 <.0001
type*process 12 4947.8 412.317 0.91 0.5502
Sinapic acid
Source DF Type I SS Mean Square F Value Pr>F
type 2 3561.19 1780.6 269.89 <.0001
process 6 1582.65 263.774 39.98 <.0001
type*process 12 207.294 17.2745 2.62 0.0258

Appendix O. ANOVA table for cytotoxicity of digested bread extracts at different

concentrations in different cell lines (MTT assay)
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HT-29 cell line

Source DF Type I SS Mean Square F Value Pr>F
Conc. 4 1.28919 0.3223 197.33 <.0001
breadtype 2 0.03661 0.01831 11.21 <.0001
conc*breadtype 8 0.11179 0.01397 8.56 <.0001
Caco-2 cell line
Source DF Type I SS Mean Square F Value Pr>F
Conc. 4 0.06576 0.01644 133.83 <.0001
breadtype 2 0.0002 1E-04 0.81 0.4485
conc*breadtype 8 0.00037 4.6E-05 0.38 0.9291
FHs cell line
Source DF Type I SS Mean Square F Value Pr>F
Conc. 4 0.076 0.019 483.93 <.0001
breadtype 2 0.00045 0.00022 5.73 0.0052
conc*breadtype 8 0.00066 8.3E-05 2.11 0.0477

Appendix P. ANOVA table for cytotoxicity of AAPH and H,O; at various concentrations in
different cell lines (MTT assay)

HT-29 cell line

Source DF Type I SS Mean Square F Value Pr>F
Conc. 7 0.30367 0.04338 3714.32 <.0001
Stressor 1 0.03031 0.03031 2594.72 <.0001
(AAPH & H,0,)

conc*stressor 4 0.0096 0.0024 205.58 <.0001

Caco-2 cell line

Source DF Type I SS Mean Square F Value Pr>F
Conc. 7 0.22585 0.03226 3153.59 <.0001
Stressor 1 0.00086 0.00086 83.63 <.0001
(AAPH & H,0,)

conc*stressor 4 0.00139 0.00035 34.04 <.0001

Appendix Q. ANOVA table for cytoprotectivity of digested bread extracts at different

concentrations against AAPH induced oxidation in different cell lines
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HT-29 cell line

Source DF Type I SS Mean Square F Value Pr>F
conc 4 0.43145 0.10786 305.14 <.0001
breadtype 2 0.00723 0.00362 10.23 0.0001
conc*breadtype 8 0.00266 0.00033 0.94 0.4899
Caco-2 cell line

DF Type I SS Mean Square F Value Pr>F
conc 4 0.00237 0.00059 21.72 <.0001
breadtype 2 0.00133 0.00067 24.43 <.0001
conc*breadtype 8 0.00039 4.8E-05 1.77 0.1006

FHs cell line

Source DF Type I SS Mean Square F Value Pr>F
conc 4 0.01393 0.00348 213.59 <.0001
breadtype 2 0.00071 0.00036 21.84 <.0001
conc*breadtype 8 0.00122 0.00015 9.39 <.0001

Appendix R. ANOVA table for cytoprotectivity of digested bread extracts at different

concentrations against H,O, induced oxidation in different cell lines

HT-29 cell line

Source DF Type I SS Mean Square F Value Pr>F
conc 4 1.28919 0.3223 197.33 <.0001
breadtype 2 0.03661 0.01831 11.21 <.0001
conc*breadtype 8 0.11179 0.01397 8.56 <.0001
Caco-2 cell line
Source DF Type I SS Mean Square F Value Pr>F
conc 4 0.06576 0.01644 133.83 <.0001
breadtype 2 0.0002 1E-04 0.81 0.4485
conc*breadtype 8 0.00037 4.6E-05 0.38 0.9291
FHs cell line
Source DF Type I SS Mean Square F Value Pr>F
conc 4 0.076 0.019 483.93 <.0001
breadtype 2 0.00045 0.00022 5.73 0.0052
conc*breadtype 8 0.00066 8.3E-05 2.11 0.0477

114



