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Introduction

WheatTriticum aestivuni.) is a major and important agricultural crop el
spread over the world. Most wheat cultivars cutedatoday are categorized as
common wheat and account for approximately 95% h& world’'s production.
Growing evidence has showed that wheat and whesebproducts may have health
beneficial properties. However, a few researchas Hacused on the potential of
improving the nutritional or health promoting profes of wheat cultivars.

The goal of this research was to pronttaeéepotential use of selected wheat and
wheat-based product to improve human health whileaecing food and agriculture
economy. The specific objectives were:

1) To compare bran samples of differenft svheat cultivars for their
phytochemical compositions, antioxidant properteg] antiproliferation activities.

2) To investigate the effect of genotymgowing environment and their
interaction on the phytochemical compositions antioaidant properties of soft
wheat bran samples

3) To examine the differences in phytouloal contents, and antioxidant and
antiproliferation properties in wheat bread prooegdractions (upper crust, crumb,

and dough).



Chapter 1: Literature Review
1.1 Introduction of Wheat

Common wheaf(iticum aestivumL.) is a major cereal crop consumed in
many parts of the world, accounting for 30% of tb&l grain consumption with an
annual production of over 660 million tons world&i@FAO, 2010). The origins of
wheat are thought to date back more than ten tinougaars to the Levant region of
the near east and Ethiopian highlands where renaditiee wild progenitors of wheat
have been discovered (Feldman & Kislev, 2007). Vpddeat is grown on the most
land area of any commercial crop countries curyeptioducing the most wheat
include China, India, European countries, and thiégdd States (Curtis, 2002; USDA,
2006).

Wheat contributes more calories than ather cereal crops (Adom & Liu,
2002; Shewry, 2009). It is nutritious, easy fomsportation and storage, and can be
processed into different types of food products.e¥ths considered as a good source
of protein, minerals, B vitamins and dietary fibalthough the environmental
conditions can affect nutritional composition ofes grains with its essential coating
of bran, indicating that it is a great health-bimtd food (Shewry, 2007). However,
due to increased global competition, the US shateeowheat trade decreased and is
estimated to increase slightly from 2006 to 20154, 2006). The challenging
situation for wheat in the US as of 2005 has gdedra@onsiderable interests in
research to improve the competitiveness and fan®-(eet) value of wheat (USDA,
2006).

Wheat is used in the production of mamgydf products and mainly categorized
into two quality classes: hard and soft accordingits agronomic and end-use

attributes which is based on its applicability bakery type products. Gluten is the



main factor, determining the specific applicati@isvheat products due to its unique
viscoelastic property (Pena, 2002). Hard wheah@akn for their high gluten content,
which is important in making breads and some tygfesheat noodles. Soft wheat has
low gluten protein content and is used for productof cookies, cakes, crackers,
biscuits, pretzels, soup thickeners and battersggBr & Curtis, 1994;Hoseney,
Wade, & Finley, 1988). In the US, common wheataseayally categorized into five
classes: hard red winter wheat, hard red springatyteoft red winter wheat, soft
white wheat, and hard white wheat - the newestscté#swheat grown in the US
according to their grain color, protein contentyadl as growing season (Curtis, 2002;
USDA, 2005). In addition, durum whedtr{ticum durum which comprises less than
five percent of global wheat production is alsotigated in the US because of its
predominant uses in the pasta production (Cur@i@2p

Conventional milling of wheat grainshased on separating the endosperm
(which produces white flour when milled) from theab layers and germ. Thus, the
three main milling fractions of wheat kernel aredesperm, germ and bran. The
endosperm is the largest part (83% by weight) ef kiernel, and specialized for
storing starch and proteins. Germ is the smalledt @f wheat grain (3% by weight),
which contains lipids, proteins and some bioactreenponents such as vitamins,
phenolic acids, carotenoids, tocopherols, and pietols (Fulcher & Duke, 2002;
Izydorzyk, Symons, & Dexter, 2002). Wheat branhis buter layer of wheat kernel
which consists of combined aleurone and pericagmpeising around 15% of the
kernel by weight. Aleurone is the most inner pdrbr@n, consisting of a single layer
of cells attached to the endosperm. Moving outwdahds periphery of the wheat
kernel are the nucellar, epidermis, testa, inneica@s, and outer pericarp. Among all

the layers of wheat kernel, aleurone might havenhtgbeest concentration of vitamins,



minerals, and bioactive phytochemicals such as pieewls and phenolic acids
(Fulcher & Duke, 2002). The high levels of bioaetmompounds found in wheat bran
and germ fractions have promoted the consumptionhafie-wheat food products as
opposed to refined wheat products which do notaiorthese bioactive rich wheat

fractions.

1.2 Bioactive Compounds in Wheat Grain

It is known today that wheat naturallyntains various classes of bioactive
compounds, including phenolic acids, carotenoidsppherols, phytosterols, steryl
ferulates, phytic acid, alkylresorcinols, plantiégns, and others (Adom & Liu, 2002;
Adom, Sorrells, & Liu, 2003; Adom, Sorrells, & Li2005; Crosby, 2005; Graf &
Eaton, 1990; Kim, Tsao, Yang, & Cui, 2006; Li et, &005; Moore et al., 2005;
Mattila, Pihlava, & Hellstrom, 2005; Panfili, Alemsdra, & Irano, 2003; Zhou, Su, &
Yu, 2004a; Zhou, Laux, & Yu, 2004b; Zhou, Yin, & YR005; Zhou & Yu, 2004c).

Many of these bioactive compounds provide potemigalth-beneficial effects.

1.2.1. Phenolic Acids

Phenolic acids can be divided into twougs (Kim, Tsao, Yang, & Cui, 2006;
Li, Shewry, & Ward, 2008; Ward et al., 2008), witlidroxybenzoic acid derivatives
including vanillic, syringicp-hydroxybenzoic, and gallic acids, and hydroxycmia
acid derivatives including ferulip-coumaric, caffeic, and sinapic acids (Verma, Hucl,
& Chibbar, 2009). They are thought to be one of ghenary groups of compounds
responsible for the total antioxidant and healtlonpoting properties of wheat
(Truswell, 2002; Slavin, Jacobs, & Marquart, 20dD)e to their varied roles in cell

physiology, the quantity and quality of phenoliddscare different in grain tissues.



Phenolic acids are known to be concentrated priynarithe bran fraction of wheat,
especially the aleurone layer. The content of phenacids in wheat flour is
significantly lower than that in whole-grain flo@Beta, Nam, Dexter, & Sapirstein,
2005; Mattila, Pihlava, &, Hellstrom, 2005). Fewulacid is the primary and most
abundant phenolic acid in wheat grain. Smaller eatrations ofp-hydroxybenzoic,
vanillic, syringic,0-coumaric,p-coumaric, salicylic, sinapic acids are also obsdmn
wheat (Kim, Tsao, Yang, & Cui, 2006; Liyana-Path&a Dexter, Shahidi, 2006a;
Moore et al., 2005; Mpofu, Sapirstein, & Beta, 20ABou, Laux, & Yu, 2004b).

The majority of wheat phenolic acids present mainly in the bound forms,
linked to cell wall structural components such a&lubose, lignin, and proteins
through ester bonds (Parker, Hunter, & Spiegelr2805). The phenolic acids exist
in wheat have three primary states, soluble frejbte conjugated, and insoluble
bound. A previous study by Moore et al. (2005) r&ggmb that the total phenolic
content of soft wheat grains including soluble fre@luble conjugated, and insoluble
bound fractions, ranged from 455 to 62§/g in wheat grain. This study also found
the insoluble bound fraction to comprise the majof®1%) of wheat phenolics, with
soluble conjugated and soluble free fractions cosimy 8.7% and 0.58%,

respectively (Moore et al., 2005).

1.2.2. Carotenoids

In cereals, color has been the most gualdicator provided by carotenoids.
The yellow or brown pigments of wheat mainly derivem these carotenoids and
their esters. On the other hand, carotenoids may gignificant roles in the
antioxidant capacities of wheat and wheat bran ({daz al., 2005; Zhou, Laux, &

Yu, 2004b). The most predominant carotenoids ptesewheat grain are lutein and
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zeaxanthin with concentrations of 0.5-14g/g and 0.2-0.39g/g grain respectively
(Adom, Sorrells, & Liu, 2003; Humphries & KhachiRD03; Moore et al., 2005). In
addition, small contents of carotenoids includpgryptoxanthin at 0.01-0.13g/g,
andp-carotene at 0.09-0.21g/g were also detected in wheat grain. A repordtdgm,
Sorrells, & Liu (2003) evaluated carotenoid concatiins in different wheat
fractions. They found 12-, 4-, and 2-fold highencentrations of zeaxanthin, lutein,
and p-cryptoxanthin respectively in the bran/germ fractiof wheat compared to
endosperm, indicating that endosperm contain adowunts of carotenoids, mostly
concentrated in the germ and bran fractions. Intadd the same research group
found that the bran/germ fractions contained foomes more lutein, twelve times
more zeaxanthin, and twice mdsecryptoxanthin than endosperm fractions (Adom,

Sorrells, & Liu, 2005).

1.2.3. Tocopherols

The vitamin E includes four tocopheroigl aocotrienols. Tocopherols have
saturated phytyl side chains, while tocotrienolsehasoprenyl side chain with three
double bonds (Stone & Papas, 2003). Cereals asidmrd to be moderate sources
of Vitamin E, total tocopherols and tocotrienolswitieat are in the range of 49-58
png/g dry weight (Bock, 2000; Chung & Ohm, 2000;r&t& Papas, 2003). Previous
studies have confirmed the presence-0f-, 6-, andy-tocopherols in soft and hard
wheat grain (Moore et al., 2005; Panfili et al.03]) and previous studies reported
that total tocopherols in wheat bran samples rariged 3.96 to 12.71 pg/g (Zhou,
Laux, & Yu, 2004b; Zhou, Yin, & Yu, 2005). In addih, soft and hard wheat
samples contained approximately 10.0 pg/gi-0dbcopherol which was the primary

tocopherol in wheat grains according to the dawkfeem USDA (USDA, 2005).



Furthermore, theu-tocopherol concentration ranged from 1.28-21.2%gpig the
eleven bran samples (Zhou, Laux, & Yu, 2004b; ZhGn, & Yu, 2005).

Tocopherols are localized and concerdratesome parts of the kernel, either
the germ or bran fraction. Thus, the content inghdosperm fraction is much lower
than in the bran fraction. In addition, tocophearohcentrations of commercial wheat
bran products were nearly two-fold higher than ¢has whole grains and four- or

five-fold higher than those in refined flours (Hedava, 1997; Piironen et al., 1986).

1.2.4. Other Compounds

Wheat is generally recognized as a goodcg of several B vitamins (thiamine,
niacin, Vitamin B and folate). Endosperm provides only a small priogo of the
thiamin and vitamin Bof the kernel, while wheat bran contains the nigjoof B
vitamins (80% of the niacin, 32% of the thiamind&0% of the vitamin B, and a
significant proportion of other vitamins (Pomerarif88). Phytosterols are also
highly retained in wheat kernel, especially in bpant, the total sterol contents of two
wheat brans were 1.68 and 1.77 mg/g weight of laréim 4% ash content (Piironen,
Toivo, & Lampi, 2002). The same research group aislicated that the higher the
ash content, the higher was the sterol contentylStrulates, the ferulic acid esters
of plant sterols, and they have been detected gatvhran in concentrations ranging
from 0.3-0.4 mg/g (Hakala et al., 2002). In additiphytic acid has been reported in
wheat bran at 47.9 mg/g (Noort et al., 2010). Algbrcinols are compounds with
long nonisoprenoid side chains attached to phemamiids, which have been detected
in wheat bran with total concentrations of 3.2 m{¥nttila, Pihlava, & Hellstrom,
2005). Lignans are one of the main groups of plsttogens in plant foods, which are

localized in the fiber-containing aleurone and gamp-testa cell walls, resulting in a

7



much higher levels of lignans in the bran fractiban in the wheat flour (Buri, Von
Reding, & Gavin, 2004). Buri, Von Reding, & Gavig004) also reported that the
aleurone layer of wheat has been shown to contaound 3-folds more
secoisolariciresinol and matairesinol than wheanbsnd about 10 times more than
wheat grains. Furthermore, flavonoids, and espgcabthocyanins, are the most
important plant pigments for flower coloration poathg bright colors, but only small
amounts have been reported in hard spring wheat ®fang, McDonald, & Vick,
1988). Although present in wheat, these micronatsieand phytochemicals are not

thought to be the predominant compounds responfibleir antioxidant properties.

1.2.5. Total Phenolic Contents (TPC)

Although direct methods of quantificatioithe individual antioxidant in wheat
are commonly used, indirect methods could alsodrged out to determine the total
concentration of certain antioxidant classes inathsuch as total phenolic contents
(TPC). Several studies have evaluated the TPC efatvand its fractions using the
Folin-Ciocalteu method. The TPC content of wheairgr was between 0.3 to 9.3 mg
gallic acid equivalents (GAE)/g, while TPC conteotsvheat bran, germ, and wheat-
based products ranged from 0.2 to 6.1 mg GAE/g (dwikz & Maramac, 2002;
Mpofu, Sapirstein, & Beta, 2006; Zhou, Su, & Yu02@; Zhou & Yu, 2004c; Zhou,
Yin, & Yu, 2005). Ferulic acid can also be usedaastandard. The TPC values of
wheat grain, endosperm, bran, and germ ranged @@mno 12.2 mg ferulic acid
equivalents (FAE)/g (Liyana-Pathirana & Shahidip@b & 2006c; Velioglu, Mazza,

Gao, & Oomah, 1998).



1.3 Health Benefits of Whole-Grain Consumption

Numerous epidemiological evidence hasil@eumulated to show that whole-
grain intake may reduce the risk of certain chromiseases, in particular
cardiovascular disease (CVD), type 2 diabetes @anthio cancers (de Munter et al.,
2007; Fung, 2002; Koh-Banerjee et al., 2004; MelMfalsh, & Herrington, 2009;
Sayhoun et al., 2006; Schatzkin et al., 2007; S¥206). Although it might be the
complex combination of components in the wholewgraiatrix that may work
together to give health benefits (Slavin, 2000;degr2010), tremendous animal and
cohort studies have suggested that wheat brareigei factor of wheat grain, may
have a beneficial effect on the prevention of diesa such as CVD and colorectal
cancer (Alabaster, Tang, Frost, & Shivapurkar, 19&rbolt & Abraham, 1978;
Barbolt & Abraham, 1980; Fardet, 2010; Jenab & Theom, 1998; Jensen et al.,
2004; Reddy et al., 1981; Reddy et al., 2000; XNejsch, & Welsch, 1998).

Recent studies have disproved the rokt thetary fiber only plays in
prevention of chronic disease, indicating that othileeat bran components except for
fiber might be responsible (Anderson, 2004; Parkntdr, & Spiegelman, 2005).
Since dietary antioxidants such as phenolic acids tacopherols are known to be
concentrated in bran fractions as compared to malog they might be possible
explanations for this relationship (Anderson, 20Bd¢chs et al., 1999; Slavin, 2004;
Slavin, Jacobs, & Marquart, 2000). Saura-Calix@l@® pointed out that dietary fiber
and bound antioxidants (including phenolic acidsd acarotenoids) might be
approached jointly in nutrition and health studeEsause antioxidants traverse the
small intestine associated with dietary fiber asaaier. A recent animal study by
Carter, Madl, & Padula (2006) showed that theitns antioxidant potential of wheat

bran samples was correlated with theivime anti-tumor activities. In addition, Zhou,



Laux, & Yu (2004b) reported that the antioxidanyfgithemicals found in wheat bran
fractions may modulate cellular oxidative statusl @mevent biologically important
molecules such as DNA, proteins and membrane lijo® oxidative damage not
only by reducing the availability of transition rakt including C&" that may act as
catalyst to generate the first few free radical start the oxidative chain reaction,
but also by reacting with and converting the petegito less reactive compounds,
and consequently plays a role in reducing the ofskhronic diseases such as CVD
and cancer. The phenolic antioxidants present ieattbran have been shown to
inhibit low-density lipoprotein (LDL) oxidation, psibly by binding with
apolipoprotein-B and preventing the copper catalg@in binding to LDL (Liyana-
Pathirana & Shahidi, 2007; Yu, Zhou, & Parry, 2005yerall, the hypothesis is that
antioxidants in wheat might be responsible forhezalth promoting properties has

promoted further research in this area.

1.4 Reactive Species, Antioxidants, and Humanedlth

Reactive species (RS) include both reaatkygen species (ROS) and reactive
nitrogen species (RNS). The most prevalent ROSudeclperoxyl radicals (ROQ
superoxide anion radical 0, and hydroxyl radical’QH)), while RNS generally
include peroxynitrite ONOO), nitric oxide INO) and nitrogen dioxide’NO,). The
term free radical is often used, and normally meansired electrons in a molecule.
However, RS also include highly reactive moleculesch as hydrogen peroxide
(H20,) and singlet oxygen'@,), which are also considerably reactive and pcadipti
detrimental to biological molecules, even thoughtaohnically free radicals.

RS not only can be generated as sideuptedof general normal cellular

metabolism, but also induced by the external saurSeme external sources of free
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radicals are cigarette smoke, environmental poilutaadiations, ultraviolet light,
ozone, certain drugs, pesticides, anestheticsrausirial solvents (Kumar, 2011).

In human body, the oxidative status istaaled by an oxidative control system
(Fridovich, 1998), which includes enzymes and cwfi@c The major enzymes
including superoxide dismutase (SOD), catalasetatilione peroxidase (GPx) are
involved in the control of reactive species, anayphn important role in detoxifying
superoxide, hydrogen peroxide, and other lipid bgdroxides. Be specifically, the
SOD catalyzes the dismutation of reactive ®to oxygen and hydrogen peroxide.
The catalase and GPx are responsible for convetimé@pyydrogen peroxide into water.
On the other hand, the cofactors for these enzymeliding coenzyme ¢,
glutathione, ascorbic acid;tocopherol, as well as some metal ions such &nisgh
or copper ions may be also affecting the oxidasitagus (Diplock et al., 1998). These
cofactors are tightly regulated in normal organism.

The oxidative stress reflects an imbatabetween the production of RS and a
biological system's ability to readily detoxify tiheactive intermediates or to repair
the resulting damage. Valko et al. (2007) alsordefioxidative stress as “the harmful
effect of free radicals causing potential biologjdamage”. The oxidative stress could
result from low levels of antioxidants or overpratan of RS (Halliwell &
Whiteman, 2004). RS are responsible for the oxatdamage of biological
macromolecules such as DNA, lipids and proteinscelSgive amount of reactive
species is thought to be involved in developmemtuwherous diseases such as cancer,
CVD, neurodegenerative disease, arthritis, andrsttiziplock et al., 1998).

Antioxidants could be defined as substartbat may protect your cells against
the effects of free radicals which are moleculesdpced when your body breaks

down food, or by environmental exposures like taoasmoke and radiation. Free
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radicals can damage cells, and may play a roleweldpment of heart disease, cancer
and other diseases.

Given the tremendous evidences linkinglatkwe stress and ROS to chronic
conditions, there have been numerous researchestterin the role of dietary
antioxidants in preventing chronic diseases sucheast disease, CVD, and certain
cancer (Barbastet al., 2002; Temple, 2000; Willcox, Ash, & Catigna2004). One
of the main forms of CVD is coronary heart dised€#D), which has been
associated with ROS and oxidative damage to aremidothelial cells and circulating
lipids. Oxidized LDL plays a key role in the devetoent of atherosclerosis (Temple,
2000). Ingesting antioxidants and minimizing fresdicals exposure may reduce
LDL’s contribution to atherosclerosis. Polyphenaldich are found in abundance in
edible plants, are powerful iitro antioxidants, and their consumption was shown to
be inversely associated with morbidity and monaliom CHD (Virgili & Marino,
2008). Oxidized LDL cholesterol is preferentialgkeén up by macrophages to create
the foam cells characteristic of fatty streaks,clhare precursors of atherosclerotic
plaques. Vitamin E and its combination with caroigs or flavonoids can maintain
oxidant/antioxidants balance and significantly pobt LDL against oxidation,
therefore reducing the risk of CVD (Barbasteal., 2002; Willcox, Ash, & Catignani,
2004). In addition, a study of Khaw et al. (200dyrid that an increase of génol/L
in plasma ascorbic acid level was associated wah% reduction in cancer risk.

Nowadays, consumer’s attentions have beae attracted by whole-wheat and
wheat bran products for their potential health psbon and benefits. Ferulic acid, a
predominant antioxidant found in wheat grain, hagwa antiproliferative effect on
HT-29 colon cancer cells (Ferguson, Zhu, & Har2@05). In addition, Yu, Zhou, &

Parry (2005) found that the wheat bran extractsvslkogreat inhibitory activities
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against lipid oxidation in human LDL and free radiscavenging properties. US
Dietary Guidelines also claimed that 3 to 10 segsinf whole-grains intake per day
should be recommended (USDA, 2005). So, it is resngsto generate renewed
research interest in the development wheat-based pooducts which may include

the bran fraction

1.5 Natural Antioxidants and Food Quality

Oxidation is responsible for a multitusfeadverse effects and implications not
only in human health, but as well as in food preséon and stability. Antioxidants
can significantly prevent unwanted changes in fiaasod nutritional quality of foods
and have attracted much attention as food statslizBoth synthetic and natural
antioxidants are widely used in food products. iRstance, the addition of synthetic
oxidation inhibitors into refined edible oils to pmove their stability-related properties
is a common practice. However, the reported deteisreffects on human health of
these synthetic antioxidants such as butylated dxy@mnisole, or butylated
hydroxytoluene have decreased their use and praimtite general consumers’
acceptance of synthetic food additives (Kalantza&ki8lekas, 2006; Giron, Ruiz-
Jimenez, & Luque de Castro, 2009). As a resulicknrent of edible oils with natural
antioxidants to inhibit or suppress lipid oxidatibecomes of great interest. These
substances are relatively cheaper and do not peodny deleterious compounds
under oxidation conditions (Veronica, Feliciano,rl6s, & Mara, 2011). Previous
studies have appeared in the recent literaturehendiscovery and application of

natural antioxidants (Shahidi & Zhong, 2010).
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Some natural antioxidants, including witla E, soy protein isolates, cherry
tissue, and olive extracts were reported to becgke against lipid oxidation, such as
in meat products (Guntensperger, Hammerli-MeierEgcher, 1998). Furthermore,
previous studies showed that the extracts of wheations and wheat-based food
products suppressed lipid oxidation in olive ang aits (Martinez-Tome et al., 2004).
Be specifically, these natural antioxidants canhittand reduce lipid oxidation by
scavenging free radicals including peroxyl and byglt radicals, chelating metal ions,
and quenching singlet oxygen, therefore reducindation and extending shelf life of
food products (Veronica, Feliciano, Carlos, & Ma2#11). Some previous studies
showed that wheat bran extract and wheat-based d&bibited radical scavenging
capacities, and showed chelating activity agaimst FYu, Haley, Perret, & Harris,
2002). These studies suggested the potential dsefeat antioxidants as a value-
adding ingredient to prevent quality deterioratminfood products and to maintain
their nutritional value by food manufacturers (clie & Johnston, 1998; Shahidi,

1997).

1.6 Bioaccessibility and Bioavailability of Digary Antioxidants

Epidemiological studies have shown thaiattive compounds as dietary
antioxidants in whole-wheat associated with redgcine risk of various chronic
diseases (Mellen, Walsh, & Herrington, 2009; Sdkiatzt al. 2007; Whent et al.,
2012). Thus, a better understanding of the bioaldity of these dietary antioxidants
of wheat becomes significantly important to us.&ailability can be defined as the
extent to which a component in a food matrix carabsorbed and used by the body
after ingestion (Anson et al., 2009&umerous studies involving phenolics and

phenolic acids in wheat have investigated aspddtsea bioavailability within-vitro,
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animal, and human studies. For example, Nystroraséten, Lampi, & Pirronen,
(2007) found that the bound phenolic acids havey vew bioavailability because
wheat bran matrix extremely retards their accestheéonecessary enzymes (ferulate
esterases and xylanases) in the human Gl tracddiition, the previous reported
urinary recovery level of ferulic acid was as losvZ1% in humans (Kern et al., 2003)
and 3.9% in rats (Adom & Liu, 2002).

Various factors can influence the bioavailability a compound, such as 1)
bioaccessibility, 2) physical absorption, 3) tissligribution, and 4) bioactivity (Stahl
et al., 2002). Much is known about the absorptiod tssue distribution, but only the
studies relative to bioaccessibility work are dgsad here due to this project. In a
previous study, Anson et al. (2009a) pointed oat limited bioavailability of ferulic
acid in cereal grain is influenced by its low bicassibility in the small intestine. This
is because ferulic acid represents up to 90% af pitenolic acids in wheat and 99%
of which in the insoluble bound form (Moore et &005). In addition, Reboul et al.
(2006) pointed out that there was a significanatiehship between bioaccessibility
ratios measureth vitro and the average bioavailability ratios measuregroups of
healthy human. Furthermore, in another study ofofirst al. (2009b) showed that the
bioaccessibility of ferulic,p-courmaric, and sinapic acids from the wheat ban i
extremely low. They found that the most effectiveatment was the combination of
enzyme and fermentation that increased the biositxkty of ferulic acid from 1.1%
to 5.5%. Due to cereal matrix, most of the insaubbund phenolic compounds can’t
be attacked by enzymes in Gl tract because themcbessibility, leading to low
bioavailability (Wang, He, & Chen, 2014). Therefot®oavailability of the bound

phenolic compounds could be enhanced by incredhigig bioaccessibility through

15



particle size reduction and suitable processingrielogies, such as fermentation and

thermal treatment.

1.7 Influences of Processing on Dietary Antiodants in Wheat-Based Products

Wheat is the most important crop for dre@aking because of its supreme
baking performance in comparison with all othereads. Due to tremendous use of
wheat in bakery products, the potential processiteps of interest involved for
wheat-based food products can include three mé&ges: mixing, fermentation and
baking. It might be interesting to understand hdw processing of wheat-based
product could increase or decrease antioxidant eutis and nutritious
phytochemicals.

Generally, people have a common conseabust the degradation of dietary
antioxidants when exposed to these processingekample, Rodgers, et al. (1993)
evaluated the stability df-carotene during baking and pre-baking processiagss
for yellow cake, sugar cookie, and bagels. Thidstiound that baking caused
significant reductions in the altans p-carotene isomer contents ranging from 74-
85%. Ranhotra, Gelroth, Langemeier, & Rodgers (198&nd that baking of3-
carotene fortified bread and cracker decreasedl ¢catatenoids from 4-23% with up
to 20% of remaining carotenoids isomerized to ¥3-cisisomers. A recent study by
Leenhardt et al. (2006) found the most significdedtreases (66%) in total carotenoid
contents occur during kneading with a high correfatof these losses to the
lipoxygenase activity of wheat variety. This sarhelg found less than 10% of losses
in total carotenoids as a result of dough fermémntaat 30 °C, and losses during

baking of 36-45%. In addition, the same group fownghificant decreases in the
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tocopherol contents during bread making with 10-18%ses attributed to kneading,
and 15-20% losses attributed to baking (Leehardt e2006).

However, some other studies also repottetl the fermentation and baking
treatments did not cause any changes or even sextdhe dietary antioxidants such
as phenolic acids in wheat-based food products éABdl et al., 2013; Mattila,
Pihlava, & Hellstrom, 2005). For example, MattiRihlava, & Hellstrom (2005)
reported that baking did not reduce the conceptmatif phenolic acids. A study by
Moore, Luther, Cheng, & Yu (2009), indicated thangrally, bran particle size and
dough fermentation time had no effect on the aidemxt properties, however,
increasing either baking temperature or heating tior the whole-wheat pizza crust
may increase antioxidant activities. In additiomdal-Aal et al. (2013) studied on the
effect of baking on free and bound phenolic aaid#/iholegrain bakery products. The
results showed that baking increased the free piceacids, while bound phenolic
acids decreased in bread products.

From these studies, it showed that wigeain need to be processed for the
production of bread and it is known that processiagecially baking may influence
the nutritional quality of bread by decreasingramreasing the levels of the bioactive

compounds, and modify their bioavailability as well

1.8 Chemical and Bioactive Analysis of Wheat

1.8.1. Identification and Quantification of Phgt@micals
The analytical methods used for deteatiam of the phytochemicals in plant
materials mostly depend on the resources avaikaidethe research objectives. They

are usually classified as either measuring thel tataounts of certain group of
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compound, such as total phenolic content (TPC)tatadl anthocyanin content (TAC),

or quantifying a specific phytochemical antioxidagtusing HPLC or GC.

1.8.1.1 Total Phenolic Content

Folin-Ciocalteu method (FC) is an easpid and economical method, which
has been recognized as the most commonly appli¢dochdor TPC determination
Singleton et al., 1999). The redox reagent (FC eregigcan react with phenolic
compounds in plant extracts to form a blue compihext can be measured by visible
spectrophotometer at 765 nm. The reducing powesamfple solutions are thus
compared against a standard phenolic acid, norngdllic acid, and results are
expressed as mg gallic acid equivalents per unisashple. However, some of
previous studies showed that there was no significarrelation between TPC and
phenolic compounds in plant materials analyzed hyomatographic methods

(Atanackovic et al., 2012; Farvin and Jacobsen3201

1.8.1.2 High Performance Liquid Chrongasgphy (HPLC)

HPLC currently is the most popular aetiable technique for separation and
guantification of individual compounds from the iises. The disadvantages of
using HPLC as compared to other colorimetric teghaiinclude 1) high-purity
solvents, 2) expensive operation system along ditferent types of detectors, 3)
skilled persons needed for operating the systenmjgf)-cost of columns. However,
no other method is capable of providing more detiout samples, particularly with
the more advanced methods of detection, includiragsmspectrometry (MS) or

nuclear magnetic resonance (NMR) detection. Thalsani studies utilized HPLC
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for determination of phenolic compound from varigoignt materials have been

reported in peer-reviewed publications (Ignat gt2011).

1.8.2. Antioxidant Property Assays
A number ofn vitro methods have been developed and modified to measur
the antioxidant activity through chemical assays agueous systems. These
approaches have been applied to the estimationtafxédant capacity by using free
radical scavenging capacities. These assays amdyndivided into two categories:
hydrogen atom transfer (HAT) reaction based andjlsirelectron transfer (ET)
reaction based assays. In addition, it is suggdsterde multiple antioxidant activity
assays to evaluate a sample not only because watidxactivity should not be
concluded based on only one antioxidant assayalsot antioxidant assays vary in
different mechanism so that it is difficult to coamp one method with others

(Badarinath et al., 2010).

1.8.2.1 Hydrogen atom transfer (HAT)atean based assay

HAT-based assays apply a competitivetr@a scheme, in which antioxidant
and free radical generator compete for protectingamaging fluorescent molecule
thermally. The oxygen radical absorbance capactRAC) and hydroxyl radical
scavenging capacity (HOSC) are good examples of-HAJed assay.

The ORAC assay provides an indicatoraosample’s ability to scavenge
peroxyl radicals, and measures the oxidative dediaa of the fluorescein (a
fluorescent substance) after being mixed with faical generators such as AAPH.
AAPH is considered to produce the peroxyl radigaheating, which damages the

fluorescent molecule, resulting in the loss of fescence. Antioxidants are
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considered to prevent the fluorescent molecule fibe oxidative degeneration.
Decay curves (fluorescence intensity vs. time)racerded and the areas between the
two decays are calculated using Trolox as standdoaiever, some barriers are also
subjected to this assay, such as 1) expensive regquip 2) time-consuming, 3) only
measure peroxyl radical.

HOSC assay is also a HAT-based assay to measinengntioxidant capacities.
The method is similar to ORAC by using competitikieetics, but it varies in using
different radical generator: ORAC uses AAPH to gate peroxyl radicals while
HOSC assay uses a Fenton-like*'r¢,0, reaction to generate hydroxyl radicals
(Moore et al, 2006). Like ORAC, HOSC only meastme pure hydroxyl radicals, and
is performed on commonly available equipment, asesunexpensive chemicals. An
additional benefit is that HOSC is performed athggmwlogical pH. Meanwhile, the
disadvantages of using HOSC include 1) can't measpophilic compounds, 2)
carbon-center radicals can be formed to interfath this assay. However, Cheng et
al. (2007) has developed a method using ESR saapitng detection and acetonitrile

as the solvent for analysis of hydroxyl scavengihijties on lipophilic antioxidants.

1.8.2.2 Single electron transfer (Edgation based assays

ET-based assays measure the capdaity antioxidant to reduce an oxidant,
which changes color when reduced. The degree of cblange is correlated with the
sample’s antioxidant concentrations and activitidest commonly used ET-based
assay for antioxidant capacity evaluation is DPRHZ-Diphenyl-1-picrylhydrazyl)
radical scavenging assay.

The DPPH is a very stable radical wathple color and absorbance at 515

nm (Prior et al, 2005). The end point of this agsdies on the decreasing absorbance
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when DPPH radical react with antioxidants through edectron transfer reaction,
changing the color from purple into yellow (Magatkeet al., 2008). The assay is easy
to perform, partially because of the low-cost a¢ DPPH radical. However, the use
of DPPHe scavenging assays has been questionazhlyobecause the DPPH radical
is sensitive to pH, but also the reaction wasyastbw and difficult to obtain absolute
antioxidant values. An additional disadvantagehiat tDPPH radical is foreign to
biological systems which make it difficult invo estimation.

The ABTS (2, 2’-azinobis-(3-ethylbenziaizoline-6-sulphonate)) radical
cation scavenging assay has also been called th&CTElrolox equivalent
antioxidant capacity) assay, is another commonbdusT-based assay. The radical
cation is an intense blue color, which disappealenwthe radical react with
antioxidants. Absorbance is monitored at 734 nmdgdllaaes et al, 2008). ABTS
radical could be generated in both chemical angreasic pathway. The assay is not
only commonly used for hydrophilic antioxidants lalso very rapid and pH stable
(Prior et al, 2005). However, like ABTS, its biologl relevance is still unknown and
guestioned. Furthermore, there are a multitudeTob&sed assays for measuring the
reducing capacity of antioxidants. The assays anged! out at acidic (FRAP), neutral
(TEAC), or basic (total phenols assay by FC reggeoniditions. The pH values have

an important effect on the reducing capacity ofcdants.

1.8.3. Cell-based Assays

It is very important to carry out cblksed assays after screening antioxidant
capacity usingn vitro chemical methods in order to approach some aspédtse
bioavailability of the potential antioxidant suchs auptake or partitioning in

membranes, that are crucial to the effectivenesth@fantioxidanin vivo (Lopez-
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Alarcon & Denicola, 2013). The cell-based methodsv/ige a quick measurement of
bioactivity and are relatively cheaper thianvivo tests. However, cell-based assays
are sometimes restricted by short of some importiaps such as absorption,
digestion, and metabolism of tested compounds befelivery to the cells. Therefore,
cell-based assay may not provide a comprehensiderstanding of the influences of

exogenous antioxidants on oxidative sties&vo.

1.8.3.1 Antiproliferative Assay

Antiproliferative assay is a simple atcightforward assay by exposing a cell
culture to a treatment and then comparing cell ¢note a control. It is a very
commonly usedn vitro assays for screening the antiproliferative actiwtytested
samples and their compounds. However, some batadrss assay include long-time
period for monitoring cell growth and limitationrfaumbers of samples that can be
tested. Additional disadvantage is that the medmarof antiproliferative activity is
likely to depend on one component to the other thistassay only focuses on which
component is active but not to investigate its ra@idm. This assay has received
tremendous uses in previous studies, and theittsesare somehow comparedito

vivo activity as reference (Wang et al., 2007).

1.8.3.2 Cellular Antioxidant Assay

Many intracellular radical probes hawe=ib reported in previous studies, and
one of the most popular is the dichlorofluoresciacdtate (DCFH-DA) (Girard-
Lalancette et al, 2009). Cellular antioxidant as@@pA) is a cell-based assay for
antioxidant activity evaluation in which DCFH-DAgqire is used for the ROS level

deduction. The non-polar probe DCFH-DA crossesclemembrane and enters the
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cell, where its two acetates are cleaved down ter&ses. The produced polar DCFH
is trapped inside of the cell. Then, RS oxidizesHBIGnto dichlorofluorescein (DCF),
which fluoresces in response to the ROS level. félsmence is monitored to
determine the levels of RS in cells (excitation alamgth = 485 nm; emission
wavelength =530 nm).

Furthermore, there are some disadvasttgd influence the uses of the CAA.
Firstly, except for common reactive specie2-Gnd HO,, other reactive species
might be capable for oxidizing DCFH into DCF (Wamm 2008). Secondly,
different concentrations of antioxidant or probesdifor CAA might affect the
accuracy of final result. Additionally, natural tigmay induce photo-oxidation to
interfere with results by increasing backgroundoffescence so that experiments
should be strictly conducted in the dark or unddtoyv light (Soh, 2006; Wardman,

2008).
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Chapter 2: Phytochemical compositions and antiproferative
activities of bran fraction of ten Maryland-grown soft winter wheat

cultivars

2.1 Abstract

Phytochemical (ferulic acid, tocopheradgd carotenoids) composition and
antiproliferative activities of bran samples of tha soft winter wheat cultivars grown
in Maryland were investigated. All extracts werasagd for total phenolic content
and free radical scavenging capacities by multgaéorimetric assays along with
cellular antioxidant activity (CAA) and antiprolifative activity. Ferulic acid was the
predominant phenolic acid in all ten wheat bran g@amwith concentration ranging
between 1.1 to 1.7 mg/g. The concentrations ofiluteeaxanthin, ang-carotene
ranged between 1.0-1.4, 0.2-0.3, and 0.1-0.2 pg#pectively. Significant amount of
a-tocopherol (2.3 to 5.3 pg/g) was quantified in lahn samples along with minor
guantity ofo-tocopherol (~ 0.1 pg/g). No significant correlatioetween ferulic acid,
tocopherol and carotenoid content and in vitroaidiant radical scavenging capacity
or total phenolic content was observed. The Jamestoheat bran demonstrated
significant antiproliferative activities againsttboHT-29 and Caco-2 colon cancer
cells at concentration of 50 mg bran equivalent )(BIEE. The present research
necessitates further careful investigation regardwealth beneficial effects claims

using just different antioxidant assays.
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2.2 Introduction

Wheat and its products are important parhuman diet. Wheat is the third
important field crops in both planted acreage adgfarm receipts, behind corn and
soybeans in US (USDA, 2012). It is one of most inguat commodity agricultural
product consumed globally. Wheat bran, a byprodf@idtour milling industry is an
important, cheap, and readily available sourceiefady fiber. It was primarily used
as animal feed, however, in recent years; wheatadiner cereals bran have gained
importance in various food product formulations tfée 1988). This has been
attributed to the recent epidemiological studiethwihole grain foods which suggest
that whole grains provide health promoting proteceffects against certain types of
cancers, cardiovascular diseases and type-2-dsalfattorg et al., 2002; Willcox,
Ash, & Catignani, 2004; Zhou, Su, & Yu, 2004a). M@ the health beneficial
effects of the whole grains have been due to biaghytochemicals, vitamins,

minerals, and fiber present in high concentratiohran fraction of the grain.

The bran fraction constitutes approxiryate5-20% of dry grain weight. It
usually comprises of outermost portion of the graomposed of several layers
(pericarp, testa, and hyaline) that are charaadriby distinct structures and
composition. The inner layer is composed of aleeraells and it constitutes
approximately 6-7% of the bran. The percent vafoedran fractions vary with the

type of wheat cultivar (Hemery et al., 2010).

There have been large numbers of peeewed publications on antioxidant
activity of wheat bran fraction in recent yearsgriflicant antioxidant activity and
phenolic compounds have been detected in wheatatwtian and wheat based

products (Liyana-Pathirana & Shahidi, 2007; Modralg 2005; Moore, Liu, Zhou, &
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Yu, 2006a; Zhou, Laux, & Yu, 2004b; Zhou, Su, & Y2004a; Zhou, Yin, & Yu,
2005). The wide variations in the reported antiaeridactivity values stems from the
differences in procedures used for the assay obxadants and the methodologies
used for extraction of antioxidants (Luthria, 2006)

In previous publications by Zhou, Su, & Y2004a), the authors described
phytochemicals and antioxidant properties of sewvereat cultivars from four
countries. In other study the same group carrietl antioxidant activity and
phytochemical analysis of hard red winter wheatiwails (Zhou, Laux, & Yu, 2004b).
In a very recently published study, authors repbgpytochemicals composition,
antioxidant activities, and antipoliferative acties of ten wheat flour samples (Lv et
al., 2012). In continuation of our research on vithes report here a systematic
comparison of three classes of phytochemicals (@leracids, tocopherols, and
carotenoids from bran fraction of ten soft red wintvheat cultivars commonly
cultivated in the mid-Atlantic region of the Unitegtates. In this study, we also
examined the scavenging activities against hydrogtlO’), 2, 2-diphenyl-1-
picrylhydrazyl (DPPH, 2, 2'azinobi-3-ethylbenzothiazoline-6-sulfonic cig
(ABTS™), and peroxyl radicals along with total phenolantent by commonly used
Folin-Ciocalteu assay. In addition, reduction xidative stress in human liver cancer
Hep G2/C3A cells, and antiproliferative activitiesHT-29 and Caco-2 human colon
cancer cells of soft winter wheat bran samples ve¢se investigated. Results from
this study warrant further research into the indaisutilization of bran fractions of
Maryland-grown soft winter wheat cultivars and ¢arévestigation regarding health
beneficial effects claims using different radicahgenging activities assays is also

needed.
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2.3 Materials and Methods

2.3.1. Wheat Samples

Ten soft red winter whediriticum aestivuni.) cultivars, SS520, SSMPV57,
SS5205, USG3555, USG3665, USG3315, Branson, Shirlamestown and
Chesapeake, representing a sample of elite commhexdtivars currently grown in
the mid-Atlantic, were grown in the field at Clavikke (MD) in yield trial plots 4 m
long by 1m wide at a density of approximately 3B0,@lants/ha. Plots were planted
following a crop of corn on October 2010. Plots evéartilized with a fall application
of 16 kg/ha of nitrogen, 40 kg/ha of phosphorus &td kg/ha of potassium.
Additionally 30-80 kg/ha of nitrogen was applied\iarch or April 2011. Grain from
the field plots was mechanically harvested, thrdstled cleaned of debris prior to

laboratory testing.

2.3.2. Chemicals and Reagents

Disodium ethylenediaminetetraacetate (EPT2,2-diphenyl-1-picrylhydrazyl
radical (DPPH), fluorescein (FL), lauryl sulfate sodium saltdaom hydroxide, ethyl
ether, ethyl acetate, 6-hydroxy-2,5,7,8- tetramletirpman-2-carboxylic acid
(Trolox), tocopherols o-, -, and y-), ascorbic acid, p-carotene, 2',7'-
dichlorofluorescein diacetate (DCFHDA), fetal bawiserum, hepes (pH 7.4), L-
glutamine, insulin, hydrocortisone, antibiotic-amyicotic and gentamicin were
purchased from Sigma—Aldrich (St. Louis, MO, USApn (lIl) chloride, ABTS™
chromophore, diammonium salt, and thirty percentSAgtade hydrogen peroxide
were obtained from Fisher Scientific (Fair Lawn,, NJSA). 2, 2-azinobis (2-

amidinopropane) dihydrochloride (AAPH) was purclthseom Wako Chemicals
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(Richmond, VA, USA). Ultrapure water was used fdr experiments, which was
prepared by an ELGA Purelab ultra Genetic polistapstem with < 5 ppb TOC and
resistivity of 18.2 m (Lowell, MA, USA). Human hepatoma cell line Hep /IG3A,
human colorectal cell lines HT-29 and Caco-2 webstioed from American Type
Culture Collection (ATCC). All cell culture mediamponents were purchased from
Invitrogen (Grand Island, NY, USA). All other chearals and solvents were of the

analytical grade and were used directly withouthfer purification.

2.3.3. Preparation and Extraction of Wheat Bran

Each wheat sample was ground to a parsize of 40-mesh using a handheld
coffee grinder and separated into flour and braction. The bran yield was about
17.0-22.2 %. The milled bran samples were kept ir2@°C freezer in airtight
containers until analysis. The extraction of antiexts assay was conducted
according to a previously reported laboratory pdure (Moore, Liu, Zhou, & Yu,
2006a).Half gram of ground wheat bran was extracted withl50f 50% acetone for
24 hours under nitrogen at ambient temperature. ade¢one extracts were used for
estimating total phenolic content (TPC), relativie®M scavenging capacity (RDSC),
oxygen radical absorbing capacity (ORAC), hydrorgtlical scavenging capacity
(HOSC), and ABTS scavenging capacity. The extracts were stored umittegen in

dark at low temperature until further analysis.

2.3.4. Total Phenolic Content (TPC) in Wheat Bran
The TPC of wheat bran was determined ratog to a laboratory procedure
described previously (Yu et al., 2002). In genet#d, final reaction mixture contained

50 pL wheat bran extract, 250 uL of the Folin—Citeza reagent, 750 uL of 20%
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sodium carbonate, and 3 mL ultrapure water. Galtici was used as the standard.
After 2 hours of reaction at ambient temperaturdark, absorbance was read at 765
nm. Results were expressed as mg of gallic acid/algumt (GAE) per gram of wheat

bran on a dry weight basis.

2.3.5. Ferulic Acid in Wheat Bran

Each wheat bran sample was analyzedtfoferulic acid soluble free and
conjugated and insoluble bound according to therktory method described by
Moore et al. (2005). Ground wheat bran was extchetiéh acetone/methanol/water
(7:7:6, vivlv) first to obtain the soluble supeirst and residue. The residue was
hydrolyzed with sodium hydroxide, and then extrdcwgth ethyl ether and ethyl
acetate (1:1, v/v) for analysis of insoluble bouedulic acid. Soluble, free, and
conjugated ferulic acid in the supernatant wasrseégd under acidic conditions (pH =
2). Ferulic acid was extracted with ethyl ether atdyl acetate (1:1, v/v). After
evaporating the organic phase under nitrogen, ueswhs re-dissolved in methanol
and filtered through a 0.45 um membrane filter. Tilhered extract was analyzed for
ferulic acid quantification by the HPLC analysigiddly, the elution program was as
follows: mobile phase A consisted of acetic aci@H2:98, v/v) and mobile phase B
consisted of acetic acid/acetonitrile (2:30:68, v/v/v). Elution was programmed
from 10 to 100% B in 42 min with a flow rate of InfL/min. Injection volume was
10 pL. The ferulic acid was identified through caripg to the standard for retention
time. Quantification was based on the area underpiak of external standards.

Results were expressed as pg/g of wheat bran onwaeight basis.
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2.3.6. Carotenoid Composition

Two hundred mg of ground wheat bran vext¢racted with 10 mL of
methanol/tetrahydrofuran (1:1, v/v) for 15 hoursuatbient temperature. The resulting
extraction mixture was centrifuged at 2,000 rpme Bolvent was removed from the
supernatants under ;N The residues were re-dissolved in 2 mL of
methanol/acetonitrile/iso-propanol (54:44:2, viyMjltered through a 0.45um
membrane filter, and analyzed for carotenoids usingPLC. HPLC separation was
accomplished using a Shimadzu LC-20AD with an angder, a Phenomenex C18
column (4.6 mm i.d. x 250 mm,Bn particle size) at 2%C and a UV-VIS detector at
450 nm, according to a previously described lalmoygprotocol (Moore et al., 2005).
Water as solvent A and methanol/acetonitrile/isgppnol (54:44:2, v/viv) as solvent
B. The gradient procedure was as follows: 1) tteelignt was linear from 95% to 99%
of solvent B, and the flow rate was 1 mL/min in thiet 10 min, 2) 99% of solvent B
and a flow rate of 1 mL/min for 10 min, and 3) tp@dient was linear from 99% to
95% of solvent B for the last 5 min. Twenty puL aich standard or sample was
injected. A standard curve was developed from thewk standards, and peak area
was used for quantification. Results were expressefdg/g of wheat bran on a dry

weight basis.

2.3.7. Tocopherol Content

HPLC separation was accomplished using§hanadzu LC-20AD with an
autosampler and an UV-VIS detector, and a Phenox@@8 column (4.6 mm i.d. x
250 mm, 5um particle size) at 25C according to a previously described protocol.

(Zhou, Yin, & Yu, 2005) The tocopherols were sepedausing an isocratic elution
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with a mobile phase 1% solvent A (water) and 99%esd B (acetonitrile). Flow rate
was 1.5 mL/min. Injection volume was 20 pL for eatdndard or sample. A standard
curve was developed from the known standaedso¢, andy-tocopherol), and peak
areas were used for quantification. Results apressed as pg/g of bran on a dry

weight basis.

2.3.8. Measurements of Radicals Scavenging Capacity

The radical scavenging capacity was edrout by four different assays.

2.3.8.1 Relative DPPHRadical Scavenging Capacity (RDSC)

The RDSC values were determined accordimga previously described
laboratory procedure (Cheng, Moore, & Yu, 2006)eiy, the final reaction mixture
contained 100 pL bran extract, Trolox standard avent (positive and negative
controls), and 100 pL of 0.2 mM working DPPkblution. The absorbance was
measured at 515 nm every minute for 40 min, usikceor® multi-label plate reader
(PerkinElmer, Turku, Finland). Trolox was used ke antioxidant standard. The
RDSC was calculated from the area under the curdeeapressed as pmol of Trolox

equivalents (TE)/g of wheat bran sample.

2.3.8.2. Oxygen Radical Absorbance Capacity (ORAC)

The ORAC values were determined followangreviously reported laboratory
protocol (Moore et al., 2005). FL was used as theréscent probe and a Viclor
multilabel plate reader (Perkin-Elmer, Turku, Fmdj was used to measure

fluorescence. Briefly, the initial reaction mixtucentained 225 uL of 8.16 x fav
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FL, and 30 pL bran sample, blank or standard, weebeated in the plate reader at
37 °C for 20 min. Then 25 pL of 0.36 M AAPH was addo each well and the
fluorescent of the mixture was recorded every 2 ovar 2 hours at 37 °C. Trolox
was used as a standard. The results were exprassgthol TE per gram of wheat

bran on a dry weight basis.

2.3.8.3. Hydroxyl Radical (HOe¢) Scavenging Capa¢it{pSC)

The HOSC assay was performed accordirg poeviously reported laboratory
procedure using a Victdmulti-label plate reader (PerkinElmer, Turku, Firdd
(Moore, Yin, & Yu, 2006b). In brief, the reactionxture consisted of 170 uL of 9.28
x 10% M fluorescein (FL), 30 pL bran sample, blank, @pl®x standard, 40 pL of
freshly prepared 0.1990 M,B, and 60 pL of 3.43 mM Feg&lIThe fluorescence was
recorded every 4 min for 4 hours. The HOSC was tfigth using the area under the

curve and expressed as pmol TE/g bran on a dryhivbasis.

2.3.8.4. ABTS Scavenging Capacity

The scavenging ability against ABT®f wheat bran extractvas measured
using a previously reported protocol (Zhou, Laux,Y&, 2004b). ABTS radicals
were generated by oxidizing a 5 mM aqueous sollABmS with manganese dioxide
under ambient temperature for 30 min. The finattiea mixture contained 1.0 mL
ABTS™ solution with an absorbance of 0.700 + 0.005 at @@¥and 80 pL of 50%
acetone for the control or 80 pL of the wheat tsample or standard solution. The

absorbance was read at 734 nm after 90 s of readtiolox was used as a standard.
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Results were calculated using a standard curveegpeessed as pmol TE/g of wheat

bran on a dry weight basis.

2.3.9. Cellular Antioxidant Assay (CAA) of WheataBr Extracts

2.3.9.1.Extract Preparatioand Cell Culture

All ten wheat bran samples were chdse their cellular antioxidant activity
study. Each wheat sample (0.45 g) was extractdd 4& mL 50% acetone overnight
at ambient temperature. The supernatant was cafleend acetone and water in the
supernatant were evaporated using a nitrogen eatoil he solid residues were re-
dissolved in DMSO. Hep G2/C3A cells were plate® at1¢ cells per well of culture
medium in 96-well plates and kept in a 37 °C atrhese with 5% carbon dioxide.
Culture medium for Hep G2/C3A cells consisted @ tomplete Williams’ medium
E growth medium (WME), 5% FBS, 2 mM L-glutamine, &M hepes, 5 pg/mL
insulin, 0.05 pg/mL hydrocortisone, 50 units/mL ibiatic/antimycotic, and 100

pg/mL gentamicin.

2.3.9.2. Determination of Cytotoxicity

Cytotoxicity of the ten wheat brartragts were determined by a luciferase
enzyme method using the ATP lite reagent kit (ReBdmer Life and Analytical
Sciences, Shelton, CT, USA). Luminescence was medaising the Victdrmulti-
well plate reader and relative luminescence vatwesproportionate to the number of
living cells (Perkin-Elmer, Turku, Finland). Hep 3A (6 x 10 cells/well) was

seeded using the culture medium for 24 hours befi@ament. A luminescence
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reading was taken on the cells 24 hours post-rirgatment. Concentrations of bran
extracts that had >10% decrease in luminance cadp#o the control were

considered as cytotoxic. Vehicle medium for Hep@3A contained 1% DMSO.

2.3.9.3. Cellular Antioxidant Assay (CAA) Test

In vivoantioxidant capacities of wheat bran samples vaetermined by
CAA assay owing to previous study (Wolfe & Liu, 2006 x 1@ cells/well of Hep
G2/C3A cells were seeded in 96-well-plate in thikuta medium and kept in a 37 °C
atmosphere with 5% carbon dioxide. Treatment medis added to pretreat the cells
for 24 hours, then, media was removed and celle washed with warm HBSS. Hep
G2/C3A cells were then cultured with antioxidantdiae the Williams’ E medium
with added 10 mM Hepes, 2 mM L-glutamine and bratraets, and 25 uM
DCFHDA for another 1 hour. Then, 100 pL of 600 utNBAP was added into the
cultures and reading was taken immediately. Fluaese was read in 5-minute
intervals for one hour. The plate reader was s87&C with an emission wavelength
of 538 nm and excitation wavelength of 485 nm. iGalicid was used as an
antioxidant standard. The results were expressetiga®f GAE per gram of bran

samples.

2.3.10. Antiproliferative Effects of Different Whie&xtracts on HT-29 and Caco-2
Human Colon Cancer Cells

The wheat bran extracts with strongetioxidant activities were tested for
their antiproliferative effects in HT-29 and Cacdw2man colon adenocarcinoma cells

according to the method described by Slavin, Kethyor& Yu (2009). Culture
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medium consisted of McCoy’s 5A media supplementét W0% fetal bovine serum
and 1% antibiotic/antimycotic.

Cells were plated at 2.5 x*T@lls/well culture medium in 96-well plates. After
a 24-hour incubation time, the culture medium vwegdaced with 100 pL of treatment
media containing 9.0, 22.5, 45.0 mg of bran eqeivia (BE)/mL of treatment media.
All media had a final concentration of 1% DMSO (v/€ell proliferation was studied
using the ATP-Lite 1 step kit (Perkin Elmer LifedaAnalytical Sciences, Shelton,
CT, USA). Luminescence readings were taken on a&ox8cmulti-well plate reader
(Perkin Elmer, Turku, Finland) immediately priortreatment and at 24, 48, 72, and
96 hours of treatment. A separate plate was use@doh reading. Treatment and

control media were replaced every 24 hours urrilaaling was taken on that plate.

2.3.11. Statistical Analysis

Data was reported as mean * standavihiion (n = 3). Differences between
means were determined by analysis of variance (ANDWith Tukey’'s HSD post
hoc test, which were analyzed with SPSS (SPSS foddWs, Version Rel. 10.0.5.,
1999, SPSS Inc., Chicago, IL, USA). Correlationlgses were performed using a

two-tailed Pearson’s correlation test. Statistiwghificant was declared Bt< 0.05.
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2.4. Results and Discussion
2.4.1. Phytochemical Composition of Wheat Bran
2.4.1.1. Ferulic Acid

Table 2.1. Ferulic acid content of bran samples ol0 Maryland-grown soft
winter wheat cultivars ®

Insoluble bound (pg/gyoluble (pg/g) Total (ng/g)

SS 520 1184.29a + 235.58 5.23a+1.34 1189.5a 7234
SS MPV57 1246.25a + 210.81 4.48a £ 0.97 1250.780+2
SS5205 1381.73a + 148.81 6.20ab £1.40 1387.9821
USG 3555 1725.32b + 198.53 5.62ab+1.14 1730.998:0
USG 3665 1577.84ab + 88.60 7.02b +£2.00 1584.98b.6&
USG 3315 1635.11b + 164.68 6.95b +1.75 1642.166:21
Branson 1497.76ab + 99.36 5.07a+0.71 1502.8eh 2 9
Shirley 1402.56a * 249.07 5.04a +1.30 1407.6a8&@4
Jamestown 1279.26a + 126.76 6.15ab +£1.28 12851849
Chesapeake 1531.97ab + 99.81 4.85a+1.18 1536.8ay

4 88520, SSMPV57, SS5205, USG3555, USG3665, USG3BdHmson, Shirley,
Jamestown and Chesapeake are ten soft winter whit@brs. Data are expressed as
the mean + standard deviation (n = 3).

Ferulic acid was the predominant mhieracid identified in all bran fractions.
Similar results were reported in previous studiesveat bran (Mateo Anson et al.,
2008; Zhou, Su, & Yu, 2004a). The concentration tofal soluble (free and
conjugated) ferulic acid ranged from 4.48 ug/g $: 188PV57 wheat bran to 7.02 pg/g
in USG 3665 wheat bran sampieable 2.1). The concentration of total soluble (free
and conjugated) ferulic acid in all samples was tban 1%. Over 99% of the ferulic
acid was identified as insoluble bound form. Inbtdu bound ferulic acid

concentration ranged from 1184.29 pg/g in SS520atvbean to 1725.32 pg/g in

USG 3555 wheat bran sample. Similar high conceotra{89.2 to 94.6%) of
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insoluble bound form of ferulic acid has been régubin previous study by Moore et
al. (2005).

The concentration range of total feracid (1157.8-1730.9 pg/g) in the bran
fraction was 5 times greater than (172.9-29i9/9) for soft winter wheat flour (Lv et
al., 2012) and 98.54-230.50 pg/g for wheat branpéasnof collected from four

countries as reported by Zhou, Su, & Yu (2004a&b{e 2.1).

2.4.1.2. Carotenoid Profile

Lutein was found to be the predomiraamotenoid in all wheat bran samples.
Lutein’s concentration ranged from 0.96 to1.37 pdhis was comparable with the
previously reported (Zhou, Su, & Yu, 2004a) wheomaentration of lutein ranged
from 0.50-1.80 pg/g in bran samples of the seveeawbultivars collected from four
countries. The values reported for lutein in tharbfraction were higher than those
reported in the soft winter wheat flour (0.27-046/g) of the same wheat cultivar
(Lv et al.,, 2012) Table 2.2. Similarly, the zeaxanthin levels in the curretiady
which ranged from 0.21 to 0.31 pg/g were comparabléhe previously reported
values (0.25 to 0.40 pg/g) by Zhou, Su, & Yu (2004&ese values were consistently
higher than those reported in soft winter wheatirfl(Lv et al., 2012). All tested soft
wheat bran samples contain@dcarotene, between 0.09-0.15 pg/Galjle 2.2.
However, no-carotene was detected in soft red wheat bran fiiimois as well as
Burlington wheat bran from Colorado (Zhou, Su, &,Y2004a). Total carotenoids
content in soft winter wheat brans ranged betwe@3 @0 0.32 umol/100 g with
lowest yield in Jamestown cultivar and highest g/ielbtained from USG3315,

respectively Table 2.2. This range was comparable to 0.20-0.33 pmolQ.Quith
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the bran samples of two hard winter wheat cultigamsvn in two Colorado locations
(Zhou, Yin, & Yu, 2005), and the 0.12-0.68 pmol/1@®ran samples of the seven

wheat cultivars collected from four countries (Zh8u, & Yu, 2004a).

2.4.1.3. Contents of Tocopherol

a-Tocopherol was identified as a predominant tocoghim all ten wheat
brans investigated in the present study. The cdret@n of a-tocopherol ranged
from 5.26 to 7.60 pg/¢rable 2.2) Maximum amount ofi-tocopherol was extracted
from Shirley bran sample and minimum quantity wasargified in USG3555. The
concentration ofa-tocopherol varied between 4.10 to 6.51 pg/g. Thase in
agreement with the previously reported values bguZtyin, & Yu (2005) from bran
samples of two hard red winter wheat cultivars graw two Colorado locations.
However, the concentration was 10-fold greater timse recently reported for soft
winter wheat flour (0.30-0.59 pg/g) by Lv et al0{2). In addition, we also
identified 5-tocopherol in all bran samples with concentratimnging from 0.12-0.18
pg/g, agreeing with the levels reported in the jmev study of Zhou, Yin, & Yu
(2005). In addition, the contents of total tocopmiercontent (1.26-1.80 umol/100 g
bran) in our tested bran samples were consistetitegpreviously reported values
(1.87-2.63 umol/100 g) for bran samples of two haidter wheat cultivars (Zhou,
Yin, &Yu, 2005), and 0.92-6.90 umol/100 g bran d&td in the seven wheat bran
samples from four countries (Zhou, Su, & Yu, 2004E)ese results suggest that
selected Maryland-grown soft winter wheat bran reegve dietary source of, and

d-tocopherols.
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Table 2.2.Carotenoid and Tocopherol profiles of bran samplesf 10 Maryland-grown soft winter wheat cultivars®

Lutein Zeaxanthin B -Carotene Total Caros a-Tocopherol d-Tocopherol  Total Tocos

(hg/g) (hg/9) (hg/g) (Hmol/100 g) (hg/g) (ng/g) (Hmol/100 g)
SS520 1.26ab+0.17 0.29ab+0.03 0.12a+0.08 0.29ab+0.04 6.03ab+2.13 0.12a+0.03 1.43ab + 0.50
SSMPV57 1.35b+0.18 0.30ab+£0.05 0.09a+0.06 0.31b+0.05 6.30ab +£1.73  0.16a +0.05 1.50ab + 0.41
SS5205 1.14ab+0.25 0.27abx0.07 0.14a+0.05 0.27ab+0.06 6.32ab+1.29 0.16a+0.06 1.50ab + 0.39
USG3555 1.28ab+0.26 0.30ab+0.07 0.12a+0.08 0.30ab+0.06 5.26a+1.19 0.16a +0.04 1.26a +0.29
USG3665 1.08ab+0.26 0.25ab+0.07 0.11a+0.09 0.25ab+0.07 6.00ab+1.17 0.18a+0.06 1.43ab £ 0.29
USG3315 1.37b £0.37 0.31b £0.07 0.12a+£0.02 0.32b £0.07 7.31ab+£1.90 0.18a+0.07 1.74ab £ 0.46
Branson 1.19ab+0.29 0.26abx0.06 0.15a+0.06 0.28ab+0.06 6.79ab+1.46 0.15a+0.06 1.61ab £ 0.35
Shirley 1.23ab+0.22 0.29ab+0.06 0.10a+0.06 0.29ab+0.05 7.60b £ 1.83 0.14a+0.04 1.80b £ 0.43
Jamestown 0.96a +0.36 0.21a +0.08 0.13a+0.10 0.23a+0.09 6.39ab +1.86 0.14a+0.06 1.52ab = 0.45
Chesapeake 1.19ab+0.34 0.27ab+0.08 0.13a+0.07 0.28ab+0.07 7.29ab+2.11 0.17a+0.06 1.73ab £ 0.50

4SS520, SSMPV57, SS5205, USG3555, USG3665, USGB3dbson, Shirley, Jamestown and Chesapeake asefteninter wheat cultivars.

Total Caros, total carotenoids; Total Tocos, ttiabpherols. Data are expressed as the mean = SI3XrVeans marked with the same letter are

not significantly different® > 0.05).
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2.4.2. TPC

TheSS3555 wheat bran contained the highest total picecmntent (TPC) of
2.43 mg GAE/g bran, whereas the lowest TPC of JiQ2GAE/g bran was observed
in the SS5205 wheat bran. There was no signifid#ference in TPC in different
bran samples of ten soft winter wheat cultivarse Malue for the TPC was higher
than the soft winter wheat flour (1.66 to 2.01 mMigs&\E/g) values reported by Lv et
al. (2012), but lower (2.7-3.5 mg GAE/g) than tharb samples from hard winter
wheat cultivars (Moore, Liu, Zhou, & Yu, 2006a).€rk was no correlation between
the total phenolic content as determined by Folime@lteu and the predominant
ferulic acid content quantified and identified loyall bran samples HPLC analysis (
= 0.125,P > 0.05) (data not shown). The variation betweeQ BHAd HPLC analysis
may either be attributed to other phenolic compauthét were not characterized in
the present study or due to other potential infeesrassociated with the colorimetric
Folin-Ciocalteu assay. Thus, one needs to be asutidien using only total phenolic

content determination by colorimetric Folin-Cioeaitassay.

2.4.3. Radical Scavenging Capacities

2.4.3.1. RDSC

The SS3665 wheat bran had the higRE&3C of 3.20umol TE/g, and the
lowest RDSC of 2.18mol TE/g was observed in the Chesapeake wheat(bebie
2.3). There was no significant differende # 0.05) among RDSC values for ten soft
winter wheat bran fractions investigated in thesprg study. In the previously
reported study by Cheng, Moore, & Yu (2006), DPBEehvenging capacity was
determined on wheat samples, but the methodolodyregorting units were different

from the current study, direct comparison betwelea tesults was not possible.
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Similar limitation associated between differenti@xtant activities with varying

procedures was cited in a recent study (Finleyl.e2@11). In addition, the Pearson
correlation test showed that RDSC values were mallgi correlated with the

tocopherolsi(= -0.597,P < 0.001) and TPCr(= 0.623,P < 0.001) under the current
experimental conditions. The values reported fer EiPPHscavenging activity was
3-fold greater than the soft winter wheat flour (&tval., 2012). This variation in the
values may be attributed to high phytochemicalsuliie acid, tocopherols, and
carotenoids) concentrations in the bran sampleoagpared to the wheat flour. No
distinct correlations between RDSC and other aidant assays namely ABTS,

HOSC and ORAC were observed in the current study.

2.4.3.2. ORAC

The ORAC value of the ten soft wintdreat bran ranged between 39.91 to
61.50umol TE/g with Shirley cultivar showing the lowestdaUSG3555 wheat bran
the maximum ORAC valueT@ble 2.3. Our current results were similar to the values
previously reported for the bran samples from e €olorado locations (Zhou, Yin,
& Yu, 2005). However, the present results were ifitantly greater than the values
reported in a recent study by Lv et al. (2012) doft winter wheat flour (29.90 to
40.20 umol TE/g). There were no correlations between OR#@ other radical

scavenging capacity assays namely, ABTS, HOSC &R

2.4.3.3. HOSC

All tested wheat bran demonstratedrbyyl radical scavenging capacity
(Table 2.3. The USG3665 wheat bran had the highest HOSCevalur6.08umol
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TE/g bran, while the Shirley wheat bran containeel lowest HOSC value of 48.06
umol TE/g bran. The present results were almosti@dceater than those reported for
soft winter wheat flour (Lv et al., 2012). No sificant difference with HOSC was
found among the ten soft winter wheat cultivars.3@value marginally correlated
with TPC ¢ = 0.612,P < 0.001). Whent et al. (2009) also found similagak
correlation between HOSC and TPC in Maryland-grasegbeans. No correlations
between HOSC and other radical scavenging capasggys namely ABTS, RDSC,

and ORAC were observed in this study.

2.4.3.4. ABTS Scavenging Capacity

Table 2.3. Antioxidant activities of bran samples ©10 Maryland-grown soft
winter wheat cultivars @

RDSC ORAC HOSC ABTS
SS520 2.70a+0.38 56.71ab+6.50 58.18ab +8.14 .904H 2.37
SSMPV57  256a+0.43 56.0lab+2.70 63.27ab +9.982.45a + 1.45
SS5205 2.49a+0.52 61.31b+6.34 74.93b + 14.88 .7681+ 3.09

USG3555 2.93a+0.40 61.50b+10.54 75.99b +10.014.06a + 2.14
USG3665 3.20a+£0.13 58.17b +6.25 76.08b £ 12.024.85h + 0.61
USG3315 2.77a+£0.52 48.87ab+2.53 62.53ab + 3.992.55a + 1.55
Branson 2.60a +0.56 52.35ab +3.22 70.18ab +5.88 12.75a +1.33
Shirley 2.37a+0.40 3991a+7.16 48.06a+10.44 11.7la+1.38
Jamestown 2.78a+0.50 47.75ab +11.61 61.73ab881413.14a +1.30
Chesapeake 2.18a+0.35 47.99ab+10.01 58.392061 12.18a +1.15

& 8S520, SSMPV57, SS5205, USG3555, USG3665, USG3Biddmson, Shirley,
Jamestown and Chesapeake are ten soft winter whe@ars. RDSC, relative
DPPH radical scavenging capacity; ORAC, oxygen radiahsorbance capacity;
HOSC, hydroxyl radical scavenging capacity; ABTSBTS " scavenging capacity;
TE, Trolox equivalents. Data are expressed as thennt SD (n = 3). Unit, pumol
TE/g. Means marked with the same letter are naoifsigntly different P > 0.05).
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The ABTS scavenging capacity ranged from 11.71 to 148®| TE/g bran
for ten soft winter wheat bran3gble 2.3. The present data were comparatively
lower than (17.99-18.8amol TE/g) bran samples of the two hard wheat cafsv
grown in two Colorado locations (Zhou, Yin, & YuQ@5). However, ABTS
scavenging capacity was around 5-fold greater (Bd1-2.48umol TE/g) soft winter
wheat flour (Lv et al., 2012). Just like other seaging activity reported in the
present study, no significant differend@ € 0.05) in ABTS' scavenging capacity
among the ten soft winter wheat cultivars at waseoled. In addition, the Pearson
correlation test showed that ABTScavenging capacity was not correlated with any
other antioxidant assays namely, DPPH, HOSC and R@E phytochemicals
quantified in the present study. This was consisten the previous reported
observation by Moore, Liu, Zhou, & Yu (2006a) whéxBTS'* scavenging capacity
was not correlated with ORAC in bran samples of tenty hard winter wheat

cultivars grown in two Colorado locations.
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2.4.4. Cell-Based Antioxidant Capacity against I&}IC3A cells
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Figure.2.1. Cell-based antioxidant capacity of whdabran extracts in Hep
G2/C3A cells.
SS520, SSMPV57, SS5205, USG3555, USG3665, USG3Bi&nson, Shirley,
Jamestown and Chesapeake are ten soft winter whiigars.Cell-based antioxidant
activity of selected bran samples in Hep G2/C3Ascate expressed asnol gallic
acid equivalents/g (mean = SEM, n = 6). Bars wille tsame letters are not
significantly different P > 0.05).

In this study, no cytotoxicity was fouati50 mg bran equivalents (BE)/mL of
all wheat bran extracts. The SS520 wheat bran hadighest CAA value of 418
umol of GAE/g bran, while Chesapeake wheat branksted the lowest value of 51.3
umol of GAE/g bran, respectivelyrigure 2.1). Significant differences of cell-based
antioxidant activities between different wheat bramitivars were observed. In

addition, cellular antioxidant activities of wheatans showed no correlations with

any other radical scavenging capacities.
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2.4.5. Antiproliferative Effects of Different Whekktracts in HT-29 Cells and Caco-
2 Cells

Colon cancer is the third cause of deatlhray men and second cause of death
in women (Jemal et al., 2011). A common way thatldéde used to fight against
cancer involves prevention through dietary intetiers (Brown et al., 2001). Ferulic
acid, the predominant phenolic acid found in whgrain, has shown antiproliferative
effect on HT-29 colon cancer cells (Ferguson, ZalHarris, 2005). All four wheat
bran extracts did not significantly inhibit HT-2@lkline at 10.0 mg BE/mL treatment
concentration. However, the Jamestown wheat brhibigd the highest inhibition of
HT-29 cancer cells by 28.58% at 50 mg bran equntaléBE)/mL compared to the
vehicle control. At the same concentration, the B58&5, USG3665, and Chesapeake
wheat bran samples did not significantly show iittah of HT-29 cells as compared
to Jamestown wheat braRigure 2.2). This was in agreement with our recent study
that soft winter wheat flour could reduce the gtowt HT-29 colon cancer cells at a
concentration of 50 mg flour equivalents (FE)/mtea#8 hours treatment (Lv et al.,
2012). In addition, the extracts of selected whelbeat flour also possessed
antiproliferative activity against HT-29 human o@otal carcinoma cells in vitro
(Whent et al., 2012).The antiproliferation actiegtiagainst HT-29 cells was positively
correlated with ABTSe+r(= 0.668,P < 0.05) and ORACr(= 0.623,P < 0.05), but
showed no correlation with any other antioxidantoparties or individual

phytochemical component.
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Figure 2.2. Antiproliferative activities of wheat kran in HT-29 human colon
cancer cell growth.

USG3555, USG3665, Jamestown and Chesapeake arsefleated soft winter wheat
cultivars. HT-29 cells (2.5 x f0nL) was incubated overnight prior to treatments.
The final DMSO concentration was 1% (v/v) in theatment and vehicle. For the
lower level treatment, the initial concentratiomr &amples was 10 mg wheat bran
equivalents (BE)/mL, whereas the high concentrati@s 50 mg BE/mL of wheat
bran. Data are expressed as the mean of threeatgsi+ SD (n = 3). Column marked
with the same letters are not significantly differé > 0.05).

Caco-2 cells were treated with 10.0 & mg BE/mL concentrations of
various wheat bran extracts. At 10.0 mg BE/mL caotredion, the Jamestown wheat
bran inhibited 31% of cells compared to the vehmbatrol. The USG 3555, USG
3665 and Chesapeake wheat bran did not significartibit Caco-2 cell line at 10.0
mg BE/mL treatment concentration. When treateddaing BE/mL concentration, the
Jamestown wheat bran demonstrated the highesttiohilpotential, 78% cells were
inhibited. In addition, USG3555, USG3665 and Chealip wheat bran samples did
not significantly inhibit cells as compared to Jatogn wheat brarFgure 2.3). The

Pearson correlation test showed that antiproli@nadctivities of wheat bran samples
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against Caco-2 cells was only correlated with ABT8= 0.669,P < 0.05) under the
experimental conditions.

In general, wheat bran extracts of Jaovastand Chesapeake inhibited colon
cancer to some degree. The Jamestown wheat bnaificsigtly inhibited HT-29 and
Caco-2 cell lines. Differences in HT-29 and Cacedl lines may be due to
efficiency of metabolic uptake within the cell. Me&misms behind antiproliferative
activity within the cell are still difficult to imrpret. However, possible reasons
include wheat bran samples interfering with prodifere signal transduction within
protein kinases of the cell. The previous studywsdtbno evidence of a beneficial or
harmful effect for3-carotene in colon cancer in older male smokersgdbas provide
suggestive evidence that-tocopherol supplementation may have had a modest
prevention effect (Albanes et al., 2000). The resswf Pearson correlation test
showed thati-tocopherol ang-carotene was not correlated with inhibition of B9-
and Caco-2 colon cancer cells, respectively (datancluded), which partially agreed

with the observation of Albanes et al. (2000).

47



010 mg BE/mL

140000

be C 050 mg BE/mL

9 120000 } J_ J_ b be

c T T

® 100000 | b b

c

£ 80000 }

E T b J_

3 -

o 60000 |

=

T I

5 40000 a

@

20000 } -"I
0
q) - -/ p— \')
© 18 3 2 ®
s 5 & & ¢
> ) %) £ ©
i @)

Figure 2.3. Antiproliferative activities of wheat kran in Caco-2 human colon
cancer cells.
USG3555, USG3665, Jamestown and Chesapeake arsefeated soft winter wheat
cultivars. Caco-2 cells (2.5 x 4¥fL) was incubated overnight prior to treatments.
The final DMSO concentration was 1% (v/v) in theatment and vehicle. For the
lower level treatment, the initial concentratiomr &amples was 10 mg wheat bran
equivalents (BE)/mL, whereas the high concentrati@s 50 mg BE/mL of wheat
bran. Data are expressed as the mean of threeatgsi+ SD (n = 3). Column marked
with the same letters are not significantly differé > 0.05).
2.5 Conclusion

In summary, bran samples of all ten Mamglgrown soft winter wheat
cultivars contained significant levels of phytocheals namely, ferulic acidy- ands-
tocopherols, lutein, zeaxanthin, apaarotene. All bran extracts showed significant
radical scavenging activity. Both phytochemicalsteat and radical scavenging
activity were higher for bran samples as comparedhe soft winter wheat flour
samples. Insignificant correlations between différeadical scavenging activities

with identified phytochemical content were observEde Jamestown wheat bran had

the strongest antiproliferation activity againsthb®T-29 and Caco-2 cancer cells.
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Results from this study indicate that additionaderch is needed for comparing

radical scavenging activities by different assays is relation to health and nutrition.
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Chapter 3: Influences of genotype, environment, and their
interaction on the phytochemical compositions and rgioxidant

properties of soft winter wheat bran

3.1 Abstract

The nutritional quality of wheaTrfticum aestivunlL.) is dependent on both
genetic and environmental factors. The influencdsgenotype (G), growing
environment (E), and their interaction (G x E) ba phytochemical compositions and
antioxidant properties of ten soft winter wheatrbcaltivars grown in four locations
were investigated. In general, larger variabilitgr fselected health beneficial
components and antioxidant properties of soft winteeat bran were attributed more
by E than among G and G xB € 0.001). E had a strong impact @tocopherol 5-
tocopherol, total tocopherols, total phenolic cant@PC), total soluble ferulic acid,
and ABTS" cation and DPPHradical scavenging capacitie® € 0.001). Our study
also showed that each soft wheat bran componerdntioxidant property may
respond to individual environmental factors diffettg. For the first time, these
results showed that E, G, and G x E could affefferdintly the levels of selected

health components and antioxidant properties dfwgofter wheat bran.

3.2  Introduction

Wheat Triticum aestivurrL.) is mainly categorized into hard and soft osss
according to its agronomic and end-use attribugesd, its consumption is increasing
world-wide (USDA, 2013a). Soft wheat, especialljt sed wheat, accounting for 15-
20 percent of total production in US, is grown ity in States along with

Mississippi river, and is the most important whedath highest consumption in
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eastern states (USDA, 2013b). Growing evidencecatds that wheat and wheat-
based food commodities contain health-beneficialmponents including natural
antioxidants, such as ferulic acid (Liyana-Pathar& Shahidi, 2006b; Mateo Anson
et al., 2008), lutein (Adom, Sorrells, & Liu, 200&)da-tocopherol (Zhou, Su, & Yu,
2004a), which are the predominant phenolic acidyteaoid and tocopherol present
in wheat grain, respectively, as well as potentiablesterol-lowering components
(Cheng et al., 2008). Antioxidant intake has beekeld in epidemiological studies to
a reduced risk of chronic diseases including camioular diseases and cancer
(Wilcox, Ash, & Catignani, 2004).

The phytochemical compositions and amdi@xt properties of wheat as
recognized by the wheat breeder is a product oh lgenetic and environmental
influences (William et al., 2008). Mpofu, Sapirste& Beta (2006) reported that total
phenolic content (TPC), DPPHcavenging capacity, and vanillic, syringic andlie
acids contents of hard spring wheat were moreegltby growing environment (E),
while genotype (G) contributed more to caffeic gndoumaric acid contents. The
genotype x growing environment (G x E) interactioontributed up to 6.71%
influence to the tested health component under ekgerimental conditions. In
addition, our previous study also showed that TIE@Is of individual phenolic acids
and scavenging capacities against ABT&d Q" of hard wheat bran were primarily
controlled by environment, with E being generallgnach greater source of variation
than G and G x E (Moore, Liu, Zhou, & Yu, 2006ajff€ent fracture patterns in soft
and hard wheat may result in different levels ojtpbhemical compositions. Soft
wheat that has less damage during milling becatige smaller particle size may also

have varied levels of health-beneficial componenisipared with hard wheat. These
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suggested that the phytochemical compositions df wheat might be altered
differently by G, E and their interaction as well.

Our recent study investigated the eftdcG, E and G x E on the antioxidant
properties and chemical compositions of soft wimtaeat flour, and found that E had
the largest effect on antioxidant activity agaimstygen, hydroxyl and ABTS
radicals as well as total carotenoids contentsjen@i x E interaction had a larger
effect on the level of total tocopherols (71.6%Y (&t al., 2013). However, natural
antioxidants are condensed mostly in the wheat bation (Moore et al., 2005).
While there is previous literature describing tlmnposition of both hard and soft
wheat, however, the effect of genotype, growingiremment and their interaction on
health properties in soft wheat bran has not beported. As a continuation of our
recent study on soft winter wheat (Lv et al., 2002;et al., 2013), this study was the
first time that conducted to determine whether bod/ G, E, and G x E may alter
phenolic acids, carotenoids, tocopherols, and sidiémt properties of soft winter
wheat bran. The effects of environmental factorsluiging precipitation and
temperature stress on the antioxidant propertielspdnytochemical contents of soft
winter wheat bran were also investigated. The wtdading of the G, E and Gx E
effects on wheat health properties is essential, @an be used for improving the
breeding efforts to produce soft wheat cultivach iin selected health components to

meet market needs.

3.3 Materials and Methods
3.3.1. Materials
Ten soft red winter whealkr{ticum aestivuni.) cultivars, SS520, SSMPV57,

SS5205, USG3555, USG3665, USG3315, Branson, Shirlaymestown, and
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Chesapeake were included in the study. These geemtyhat represent a sample of
elite commercial cultivars currently grown in thedritlantic, were grown in the
field during the 2011 growing season at four tegtilocations (Clarksville,
Keedysville, Poplar Hill (Quantico) and Wye (Quetema)) in Maryland, in yield
trial plots 4 m long by 1 m wide at a density opegximately 350,000 plants/ha. Plots
were planted following a crop of corn in Octobell@0Plots were fertilized with an
autumn application of 16 kg/ha of nitrogen, 40 kgtif phosphorus, and 80 kg/ha of
potassium. Additionally, 30—80 kg/ha of nitrogensvapplied in March or April 2011
(depending on location). Grain from the field plates mechanically harvested,

threshed, and cleaned of debris prior to laboratesting.

3.3.2. Chemicals and Reagents

Disodium ethylenediaminetetraacetate (BERPTR, 2'-bipyridyl, 2, 2-diphenyl-
1-picrylhydrazyl radical (DPPH, fluorescein (FL), lauryl sulfate sodium saltdaon
hydroxide, ethyl ether, ethyl acetate, 6-hydroxy52,7, 8- tetramethylchroman-2-
carboxylic acid (Trolox), tocopherols- 4-, andy-), ascorbic acid, anfl-carotene
were purchased from Sigma—Aldrich (St. Louis, MCSA). Iron (lll) chloride,
ABTS™ chromophore, diammonium salt and thirty percentSAgtade hydrogen
peroxide were obtained from Fisher Scientific (Haawn, NJ, USA). 2, 2azinobis
(2-amidinopropane) dihydrochloride (AAPH) was puséd from Wako Chemicals
(Richmond, VA, USA). Ultrapure water was used fdr experiments, which was
prepared by an ELGA Purelab ultra Genetic polistapstem with < 5 ppb TOC and
resistivity of 18.2 2 (Lowell, MA, USA). All other chemicals and solvenivere of

the highest commercial grade and used without éamlurification.
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3.3.3. Preparation and Extraction of Soft WheanBra

Each wheat sample was ground to a parsize of 40-mesh using a handheld
coffee grinder and separated into flour and braetion. The bran yield was about
17.0-22.2 %. The milled brans were kept in a°Q@reezer in airtight containers until
analysis. Half gram of ground wheat bran sample wdsacted with 5 mL of 50%
acetone for 24 hours under nitrogen at ambient ¢eatpre. The acetone extracts
were used for estimating total phenolic content@),Fhydroxyl radical scavenging
capacity (HOSC), capacity relative DPPBcavenging capacity (RDSC), oxygen
radical absorbing capacity (ORAC), and ABTScavenging capacity. The extracts

were stored under nitrogen in dark at ambient teatpee until further analysis.

3.3.4. Total Phenolic Content (TPC)

The TPC of wheat bran was determined ratog to a laboratory procedure
described previously (Yu et al., 2002). In gendta, final reaction mixture contained
50 puL wheat bran extract, 250 ul of the Folin—Citezareagent, 750 pL of 20%
sodium carbonate, and 3 mL ultrapure water. Galticl was used as the standard.
After 2 hours of reaction at ambient temperaturdark, absorbance was read at 765
nm. The results were expressed as mg of gallicegdvalent (GAE)/g of wheat bran

on a dry weight basis.

3.3.5. Total soluble Ferulic Acid Content of Sofh@at Bran
Each wheat bran sample was analyzeddaotal soluble ferulic acid including
soluble free and conjugated ferulic acids accortinipe laboratory method described

by Moore et al. (2005). Ground wheat bran were astéd with
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acetone/methanol/water (7:7:6, v/v/v) to obtain slouble supernatant. Soluble free
and conjugated ferulic acids in the supernatant® weparated on the basis of their
solubility under acidic condition (pH = 2), and tlenjugated ferulic acid was
released by acidic hydrolysis (Moore et al., 200&ke ferulic acid was extracted
with ethyl ether and ethyl acetate (1:1, v/v). Aiggaporating the organic phase under
nitrogen, each extract was re-dissolved in methandl filtered through a 0.45 pm
membrane filter, and subjected to HPLC analysise obile phase A consisted of
acetic acid/HO (2:98, v/v) and mobile phase B consisted of acatid/acetonitrile
/H0 (2:30:68, v/v/v). Elution was programmed fromtd0L00% B in 42 min with a
flow rate of 1.0 mL/min. Injection volume was 1Q @uantification was based on the
area under the peak of external standards. Thégegere expressed as pg/g of wheat

bran on a dry weight basis.

3.3.6. Carotenoid Composition

Two hundred mg of ground wheat bran wasaeted with 10 mL of
methanol/tetrahydrofuran (1:1, v/v) for 15 hoursatbient temperature. The resulting
extraction mixture was centrifuged at 2,000 rpme Bolvent was removed from the
supernatants under ;N The residues were re-dissolved in 2 mL of
methanol/acetonitrile/iso-propanol (54:44:2, viyMjltered through a 0.45um
membrane filter, and analyzed for carotenoids usitdPLC. HPLC separation was
accomplished using a Shimadzu LC-20AD with an angsder, a Phenomenex C18
column (4.6 mm i.d. x 250 mm,Bn particle size) at 2%C and a UV-VIS detector at
450 nm, according to a previously described lalooygprotocol (Moore et al., 2005).
The carotenoids were eluted using a mobile phasevaier as solvent A and

methanol/acetonitrile/iso-propanol (54:44:2, vivi@s solvent B. The gradient
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procedure was as follows: 1) the gradient was fifreen 95% to 99% of solvent B in
the first 10 min, 2) 99% of solvent B for 10 mimda3) the gradient was linear from
99% to 95% of solvent B for the last 5 min. Thenfloate was 1.0 mL/min and 20 pL
of each standard or sample was injected. A standare¢e was developed from the
known standards, and peak area was used for qaatibh. The results were

expressed as pg/g of wheat bran on a dry weiglg.bas

3.3.7. Tocopherol Content
HPLC analysis was accomplished using am&tizu LC-20AD with an

autosampler and an UV-VIS detector, and a Phenox@t8 column (4.6 mm i.d. x
250 mm, 5um particle size) at 25C according to a previously described protocol
(Zhou, Yin, & Yu, 2005). The tocopherols were sepad using an isocratic elution
with a mobile phase 1% solvent A (water) and 99%esu B (acetonitrile), with a
flow rate of 1.5 mL/min. Injection volume was 20 .uA standard curve was
developed from the known standards, ¢-, andy-tocopherol), and peak areas were
used for quantification. The results were expressegig/g of bran on a dry weight

basis.

3.3.8. Hydroxyl Radical (HO+) Scavenging CapaciyDSC)

The HOSC assay was performed accordirayfgeeviously reported laboratory
procedure using a Victdbmulti-label plate reader (PerkinElmer, Turku, Firdy
(Moore, Yin, & Yu, 2006b). In brief, the reactionxture consisted of 170 pL of 9.28
x 10® M fluorescein (FL), 30 pL bran sample, blank, @ol®x standard, 40 pL of

freshly prepared 0.1990 M,B, and 60 pL of 3.43 mM Feg&lIThe fluorescence was
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recorded every 4 min for 4 hours. The HOSC wasutatied from the area under the
curve and the results were expressed as pmol Tegjawalent (TE)/g of wheat bran

on a dry weight basis.

3.3.9. Relative DPPHRadical Scavenging Capacity (RDSC)

The RDSC values were determined accordimga previously described
laboratory procedure (Cheng, Moore, & Yu, 2006)efy, the final reaction mixture
contained 100 pL bran extract, Trolox standard alvest (positive and negative
controls), and 100 pL of 0.2 mM working DPPHolution. The absorbance was
measured at 515 nm every minute for 40 min, usikceor® multi-label plate reader
(PerkinElmer, Turku, Finland). The RDSC was caldafrom the area under the
curve and the results were expressed as pmol TiEWheat bran on a dry weight

basis.

3.3.10. Oxygen Radical Absorbance Capacity (ORAC)

The ORAC values were determined follmyv a previously reported
laboratory protocol using a Victbmulti-label plate reader (Perkin-Elmer, Turku,
Finland) (Moore et al., 2005), with FL as the flascent probe. Briefly, the initial
reaction mixture containing 225 pL of 8.16 x®1M FL, and 30 pL bran sample,
blank or standard, were preheated in the plateerestd37 °C for 20 min. Then 25 pL
of 0.36 M AAPH was added to each well and the #scent of the mixture was
recorded every 2 min over 2 hours at 37 °C. TroMas used as a standard. The

results were expressed as pmol TE/g of wheat mandyy weight basis.
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3.3.11. ABTS Scavenging Capacity

The scavenging ability against ABTSf wheat bran extraclvas measured
using a previously reported protocol (Zhou, Laux,Y&, 2004b). ABTS radicals
were generated by oxidizing a 5 mM aqueous sollABmS with manganese dioxide
under ambient temperature for 30 min. The finattiea mixture contained 1.0 mL
ABTS"™ solution with an absorbance of 0.700 + 0.005 at @8 and 80 pl of 50%
acetone for the control or 80 pL of the wheat tsample or standard solution. The
absorbance was read at 734 nm after 90 s of readtiolox was used as a standard.
Results were calculated using a standard curveegpeessed as pmol TE/g of wheat

bran on a dry weight basis.

3.3.12. Weather Data

The precipitation and daily temperatinighs, lows and averages at each
location during growing seasamere provided by Dr. Jose Costa. Grain filling time
was calculated from heading date until harvest dateeach wheat genotype and
location. Average high, average low, overall averégmperature, and precipitation
level were recorded for each location during thargfilling period and are presented
in Table 3.1.The Wye Research Center is a coastal locatiomerChesapeake Bay
in Maryland. The Poplar Hill and Keedysville loaatiis 60 and 110 miles northwest
of the Wye Research Center, respectively. The Gldik is 50 miles west of the

Wye Research Center.
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Table 3.1. Environmental conditions during wheat gain filling time 2

Abs.  Abs. Avg. Avg.  Overall Precip
high low high low Avg. (inches)
(F)  (CF) (°F) CF) (P
SS520/PH 97.00 40.01 80.16 57.90 69.03 0.04
SS520/W 92.32 4593 79.08 60.84 69.96 0.10
SS520/CV 95.90 4890 81.47 60.59 71.03 0.08
SS520/KV 94.00 52.00 80.00 61.68 70.84 0.11

SSMPV57/PH 97.00 40.01 80.64 58.43 69.54 0.04
SSMPV57/W 92.32 4593 78.65 60.44 69.55 0.10
SSMPV57/CV 95.90 4890 83.24 60.83 72.04 0.05
SSMPV57/KV 94.00 52.00 81.95 62.56 72.26 0.05

SS5205/PH 97.00 40.01 80.51 58.31 69.41 0.04
SS5205/W 92.32 4593 79.03 60.73 69.88 0.10
SS5205/CV 95.90 48.90 82.30 60.73 7152 0.08
SS5205/KV 94.00 52.00 80.11 61.89 71.00 0.11

USG3555/PH 97.00 40.01 80.62 58.44 69.53 0.04
USG3555/W 92.32 4593 79.03 60.73 69.88 0.10
USG3555/CV 95.90 4890 81.86 60.67 71.27 0.08
USG3555/KV 94.00 52.00 8141 62.20 71.81 0.08
USG3665/PH 97.00 40.01 80.62 58.44 69.53 0.04
USG3665/W 92.32 4593 79.03 60.73 69.88 0.10
USG3665/CV 95.90 48.90 82.30 60.73 7152 0.08
USG3665/KV 94.00 52.00 81.65 62.35 72.00 0.06
USG3315/PH 97.00 40.01 80.64 58.43 69.54 0.04
USG3315/W 92.32 4593 79.03 60.73 69.88 0.10
USG3315/CV 95.90 48.90 82.43 60.76 71.60 0.08
USG3315/KV 94.00 52.00 81.65 62.35 72.00 0.06

Branson/PH 97.00 40.01 80.16 57.90 69.03 0.04
Branson/W 92.32 4593 79.09 60.84 69.96 0.10
Branson/CV 95.90 4890 81.32 60.34 70.83 0.08
Branson/KV 94.00 52.00 80.42 61.93 71.18 0.11
Shirley/PH 97.00 40.01 80.51 58.31 69.41 0.04
Shirley/W 92.32 4593 79.03 60.73 69.88 0.10
Shirley/CV 95.90 4890 82.30 60.73 71.52 0.08
Shirley/KV 94.00 52.00 81.65 62.35 72.00 0.06

Jamestown/PH  97.00 40.01 80.51 58.31 69.41 0.04
Jamestown/W 92.32 4593 79.08 60.84 69.96 0.10
Jamestown/CV  95.90 4890 81.32 60.34 70.83 0.08
Jamestown/KV ~ 94.00 52.00 80.42 6193 71.18 0.11
Chesapeake/PH 97.00 40.01 80.51 58.31 69.41 0.04
Chesapeake/W 92.32 4593 79.12 60.87 70.00 0.10
Chesapeake/CV 95.90 48.90 81.47 60.59 71.03 0.08
Chesapeake/KV 94.00 52.00 80.77 62.00 71.39 0.11

® Temperatures reported for each location and gerotgpresent absolute high and low,
average high and low, and overall averagd&iduring 2011 wheat grain filling time.
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3.3.13. Statistical Analysis
The data was reported as Mean + SD3h Bifferences between means were

determined by analysis of variance (ANOVA) with Byiks HSD post hoc tesP(<

0.05), using SPSS (SPSS for Windows, Version Rel0.5., 1999, SPSS Inc.,
Chicago, IL, USA). Factorial design ANOVA was perfeed using a general linear
model (GLM) to determine the contribution of gemmyand environment to variance,
using genotype and environment as fixed effectsrrelation analyses were
performed using a two-tailed Pearson’s correlatest. Statistical significance was

declared aP < 0.05.

3.4 Results and Discussion

3.4.1. Phytochemical Compositions of Bran Samplésl® Soft Winter Wheat
Cultivars Grown at Four Locations

USG3555 wheat bran grown in Clarksvibeation had the greatest total
phenolic content (TPC) of 2.81 mg GAE/g bran, whsrthe lowest TPC of 1.82 mg
GAE/g bran was observed in the SS520 wheat bran ¥itye location Figure 3.1).
This range was comparable to 2.2-2.9 mg GAE/g éeer wheat bran samples from
four different countrie§Zhou, Su, & Yu, 2004a) and 2.7-3.5 mg GAE/g foarbr
samples of the twenty hard winter wheat cultivarewg in the two Colorado

locations (Moore, Liu, Zhou, & Yu, 2006a).
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Figure 3.1. Total phenolic content (TPC) of bran saples of the ten soft winter wheat cultivars grownn four locations.

SS520, SSMPV57, SS5205, USG3555, USG3665, USGEabson, Shirley, Jamestown, and Chesapeake amotewinter wheat
cultivars. Clarksville, Keedysville, Poplar Hillnd Wye represent the growing locations. TPC stémdiotal phenolic content. Data are
expressed as micrograms gallic acid equivalents5)BAof wheat bran. Vertical bars represent themudahree replicate plots + SD (n
= 3). Values marked by the different letters aatistically different P < 0.05).
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Figure 3.2. Total soluble ferulic acid (TSFA) contet of bran samples of the ten soft winter wheat ctivars grown in four

locations.
SS520, SSMPV57, SS5205, USG3555, USG3665, USGEabson, Shirley, Jamestown, and Chesapeake amotewinter wheat

cultivars. Clarksville, Keedysville, Poplar Hillnd Wye are the growing locations. TSFA stands dtaltsoluble ferulic acid. Data are
expressed as micrograms per gram of wheat branic&lelbars represent the mean of three replicais gl SD (n = 3). Values marked

by the different letters are statistically differéR < 0.05).
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As shown irFigure 3.2 USG3665 wheat bran from Keedysville location had
the greatest total soluble ferulic acid conten®@&0 pg/g bran, whereas the lowest
total soluble ferulic acid content of 3.48 pg/grbmas observed in the SS520 wheat
bran from Poplar Hill locatiorinterestingly, compared to their counterparts gramvn
the other three locations, bran samples of thewteeat cultivars from Poplar Hill
location had lower or the same content of totalisi@ ferulic acid, indicating that
growing environment might affect the total soluliégulic acid content in the soft
wheat brans.

Lutein, zeaxanthin anglcarotene were detected in all wheat bran samples
(Table 3.2).Lutein was the primary carotenoid in all forty tsetheat bran samples
with a concentration ranging from 0.47 to 1.65 paf/@ran. Zeaxanthin concentration
varied from 0.10 to 0.41 pg/g bran, while level of g-carotene ranged from 0.02 to
0.28 pg/g bran. The lutein and zeaxanthin conceotrs detected in this study were
comparable to 1.64-1.92 and 0.19-0.26 pg/g, res@det for the soft wheat bran
samples reported by Adom, Sorrells, & Liu (2005) &82-1.14 pg/g for lutein and
0.20-0.39 pg/g for zeaxanthin in Maryland-growntseheat grains (Moore et al.,
2005).In addition, except for Shirley cultivar, bran sdegpof other nine wheat
cultivars from Wye location had higher or same Is\@# lutein and total carotenoids,
ranging from 1.34-1.75 pg/g and 3.18-4.02 umol/kanb respectively, compared to
their counterparts grown in the other three locetjcsuggesting a potential effect of

growing conditions on wheat carotenoid composition.
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Table 3.2. Carotenoid composition of bran samplesf ¢the ten soft winter wheat
cultivars grown at four locations®

Lutein Zeaxanthin p-Carotene Total Caros
(Ld/g) (Lo/g, (Lo/g, (Lmol/kg,

SS520/PH 1.15+0.019gj 0.29+0.0li-p 0.03+0.00a-c 2.57+0.01f-i
SS520/W 1.44+0.01q 0.32+£0.00n-q 0.25+0.01rs 3.56+0.02n
SS520/CV 1.38+0.03pg 0.31%0.01l-g 0.05+0.00de 3.08+0.06 mn
SS520/KV 1.07+0.01e-h 0.25+0.01fk 0.15+0.00Im 2.61+0.02 ef
SSMPV57/PH  1.19+0.02i-1 0.30+0.02k-p 0.04+0.00bc 2.68%0.05 h-j
SSMPV57/W 163+0.01rs 038x0.01st 0.19+0.010 3.90+x0.03p
SSMPV57/CV  1.33£0.03n-p 0.29+0.01i-0 0.04+£0.00cd 2.92%0.05Kk-m
SSMPV57/KV  1.23+0.03j-m 0.24+0.02e- 0.11+0.01]j 2.80£0.01 h+j
SS5205/PH 1.25+0.04k-n 0.32+0.010-g 0.09%0.00i 2.94 £0.07 j-I
SS5205/W 137+0.020-qg 0.32+0.02m-q 0.22+0.01p 3.37+0.02mn
SS5205/CV 0.74+0.01b 0.17+0.01bc 0.13+0.00k 1.85+0.02bc
SS5205/KV 1.19+0.02i-I 0.26+0.03f-k 0.11+0.00j 2.75 £0.06 g-i
USG3555/PH  0.93+0.03d 0.22+0.02e-f 0.06+0.00e-g 2.14+0.02d
USG3555/W 1.61+0.09rs 0.41+0.04t 0.07+£0.00gh 3.69+0.23p
USG3555/CVY  1.36+0.01n-p 0.30+0.00k-p 0.08+0.00hi 3.07+0.021I-n
USG3555/KV  1.23+0.02jm 0.28+0.01h-n 0.25+0.00s 3.12+0.05h-k
USG3665/PH  0.69+0.00b 0.14+0.00 b 0.02+0.00a 1.50+0.01b
USG3665/W 1.34+0.03n-p 033x0.01pr 0.13+x0.00k 3.18+0.05I-n
USG3665/CY  1.05+0.0le-g 0.23+0.02e-h 0.05+0.00de 2.35+0.05e
USG3665/KV  1.25+0.04k-n 0.27+£0.01g-m 0.25+0.01s 3.16+0.10i-k
USG3315/PH  0.88+£0.05d 0.22+0.01d-f 0.13+x0.00k 2.18+0.10d
USG3315/W 1.75+0.04 t 0.38+0.02st 0.09+0.00i 3.91+0.10¢
USG3315/CVY  1.19+0.02i-1 0.28+0.02h-0 0.11+0.00]j 2.78 £ 0.05 h+j
USG3315/KV  1.65+0.10s 0.38+0.02st 0.13+x0.00k 3.81+0.14pq
Branson/PH 1.28+0.031-0 0.29+0.01i-p 0.14+0.00kl 3.01+0.06 j-I
Branson/W 1.54+0.02r 0.35+0.01g-s 0.24+£0.00qgr 3.77x0.040
Branson/CV 0.77+0.02b 0.17+£0.01bc 0.07x0.00fh 1.79+0.06c
Branson/KV 1.18+0.03iIl 0.24+0.0l1e-h 0.17+0.00n 2.81+0.03f-i
Shirley/PH 1.14+0.01fj 0.26+0.01fk 0.05+0.01cd 2.54+0.01f-h
Shirley/W 1.15+0.02h-k 0.29%+0.01i-p 0.15+0.00Im 2.82+0.06 g-i
Shirley/CV 1.04+0.05ef 0.23x£0.01e.g 0.05+0.00de 2.33+0.08e
Shirley/KV 159+0.03rs 0.37+0.01rt 0.17+0.01ln 3.76+0.040p
Jamestown/PH 0.47 +£0.02 a 0.10+0.00 a 0.03+0.00ab 1.04+0.04a
Jamestown/W  1.40+0.03pq 0.31+0.01l-q 0.12+0.00jk 3.23+0.04 m-n
Jamestown/CV 1.10+0.03e-i 0.24+0.00e-i 0.08+0.00hi 2.51+0.05e-g
Jamestown/KV 0.86+0.03cd 0.21+0.0l1c-e 0.28+0.01t 2.40+0.04d
Chesapeake/PH 1.30 £0.04 m-p 0.27 £0.02g-l 0.06 +0.00 ef 2.89 +0.06 j-I
Chesapeake/W 1.66+0.04n-p 0.38+0.02st 0.24+0.00pg 4.02+0.07 pq
Chesapeake/CV 1.02+0.01e 0.25+0.04fk 0.16+0.00mn 2.54+0.05e
Chesapeake/KV 0.78 £ 0.02bc 0.18+0.02b-d 0.08+0.01f-h 1.82+0.09c

@ Values marked by the different letters are siatilly different < 0.05).
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a-Tocopherol concentration ranged from 2.58 to 1Qug6fg bran in the tested
wheat bran samples, which was comparable to 43D{6g/g for bran samples of the
two hard winter wheat cultivars grown in two Coldoalocations (Zhou, Yin, & Yu,
2005). In addition, Shirley wheat bran from Wyedton contained the highest
tocopherol content among all tested wheat bran Em@pTocopherol was presented
in all tested wheat bran samples except that oR83#eat from Poplar Hill location,
ranging from 0.05 to 0.24 ug/g bran. This was camiple to that of 0.16-0.38 pg/g
for Colorado hard red winter wheat bran grown im ti@cations (Zhou, Yin, & Yu,
2005). The content of total tocopherols in wheatnbsamples varied from 6.00 to
24.82 pmol/kg bran, comparable to that of 18.7-29n%0l/kg bran in the hard red
wheat brans. Interestingly, all ten wheat cultivgrewn in Poplar Hill location had
lower or same concentration af, 6- and total tocopherols than their counterparts
grown in the other three locations, while bran sespf all ten soft wheat cultivars
from Wye location had higher or same levelsugbcopherol and total tocopherols,
compared to their counterparts grown in the othezet locations. This indicated that
growing environment might contribute major effech a-tocopherol and total
tocopherol levels of soft winter wheat bra(&ble 3.3). Taking together, these
results indicated that both wheat cultivar and gngwenvironment, especially the
later factor might have significant effects on gitg/tochemical compositions of soft

winter wheat bran.
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Table 3.3. Tocopherol composition of bran sampled the ten soft winter wheat

cultivars grown at four locations®

a-Tocopherol d-Tocopherol Total Tocos
(La/g, (Lo/g, (Lmol/kg,

SS520/PH 2.58+0.04 a nd 6.00 £ 0.09 a
SS520/W 6.97 £ 0.30 f-j 0.07+0.00b 16.36 + 0.70 e-h
SS520/CV 6.78 £ 0.36 f-h 0.22 £ 0.01 jk 16.08 + 0.85 e-g
SS520/KV 7.78 £0.21i-m 0.12+0.00 g-s 18.61 + 0.49 h-l
SSMPV57/PH 3.64 £ 0.04 bc 0.09 £ 0.00 c-e 8.68+£0.09b
SSMPV57/W 8.18 £ 0.14Im 0.17 £0.02 Im 19.38 + 0.34 ki
SSMPV57/CV 6.44 £ 0.07 e-g 0.15+0.01i-k 15.30 £ 0.16 d-f
SSMPV57/KV 6.92 £ 0.21 f] 0.23+0.01 pq 16.58 + 0.47 e-i
SS5205/PH 4.27 £0.03 cd 0.09 £ 0.00 b-d 10.11 £ 0.07 bc
SS5205/W 7.44 £ 0.15 g-l 0.11+£0.01 no 17.72 + 0.37 g-k
SS5205/CV 6.55 £ 0.05 e-g 0.14 £0.01f-h 15.50 £+ 0.13 d-g
SS5205/KV 7.02 £0.19f-k 0.22 £0.01 p-r 16.81 £ 0.44 f+
USG3555/PH 3.35x0.32ab 0.10 £ 0.00 de 8.01£0.73b
USG3555/W 6.00 £ 0.34 ef 0.20 £ 0.01 op 14.40 £ 0.81 de
USG3555/CV 5.66 £0.33 e 0.12+£0.01 h-k 13.46 £0.78d
USG3555/KV 6.04 £ 0.25 ef 0.22 £0.01 mn 14.45 = 0.60 d-f
USG3665/PH 4.27 +0.30 cd 0.10 £ 0.00 de 10.15+0.70 bc
USG3665/W 6.84 £ 0.39 f-i 0.20+0.00 s 16.46 + 0.91 e-i
USG3665/CV 6.40 £ 0.01 ef 0.14 £0.01 ki 14.28 + 1.60 de
USG3665/KV 6.88 £ 0.31 f-] 0.22 £ 0.00 p-r 16.48 £ 0.70 e-i
USG3315/PH 481+0.11d 0.11 £0.00 d-f 11.42+0.28¢c
USG3315/W 8.69 £0.23 mn 0.24 £0.01 mn 20.59 £ 0.54 Im
USG3315/CV 6.40 £ 0.28 ef 0.16 = 0.00 g-j 15.15 + 0.65 d-f
USG3315/KV 9.35+0.30 no 0.29+0.00t 22.38+0.71 mn
Branson/PH 461 +0.62d 0.08 £ 0.00 bc 10.87+1.45c
Branson/W 7.84+£0.17 j-m 0.18 £ 0.00 jk 18.53 + 0.40 h-l
Branson/CV 6.79 £ 0.70 f-h 0.13+0.01 h+j 16.07 £ 1.63 e-g
Branson/KV 7.94+£0.23k-m 0.24£0.00 g-s 18.99 + 0.53 j-I
Shirley/PH 6.11 +0.16 ef 0.09 £ 0.00 c-e 14.41 £ 0.38 de
Shirley/W 10.56 +0.32p 0.14 £ 0.01 g-i 24.82+0.720
Shirley/CV 6.76 £ 0.32f-h 0.13+0.01 h-j 16.01 +0.77 e-g
Shirley/KV 6.96 £ 0.31 f-] 0.20 £ 0.00 no 16.60 + 0.72 e-i
Jamestown/PH 3.50 +0.33 bc 0.05+0.00 a 8.26+0.76 b
Jamestown/W 7.74+045h-m 0.13+0.02 m-0 18.40 £ 1.06 h-l
Jamestown/CV 6.48 £ 0.33 e-g 0.14 £0.01 h-k 15.36 £ 0.78 d-f
Jamestown/KV 7.86 +0.28 ]-m 0.20+£0.01 no 18.70 £ 0.68 i-I
Chesapeake/PH 4.68+0.14d 0.11+£0.01 e-g 11.13+0.35¢c
Chesapeake/W 10.09 £ 0.78 op 0.19 £ 0.00 p-r 23.94+£1.81no
Chesapeake/CV 6.37 £ 0.06 ef 0.14 £ 0.01f-h 15.08 + 0.15 d-f
Chesapeake/KV 8.01£0.30Im 0.24+0.01rs 19.15+0.72 ki

#Values marked by the different letters are statifly different < 0.05).
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3.4.2. Antioxidant Properties of Soft Wheat BramBées

HOSC values varied from 38.Qfhol TE/gfor the Shirley wheat bran from
Wye location to 91.2umol TE/g for the USG3665 bran from Poplar Hill ltoa
under the experimental conditions usé&iygre 3.3). USG3665 wheat bran cultivar
had higher HOSC than its nine counterparts growAdplar Hill and Wye locations,
indicating that wheat genotype might alter hydrasadical scavenging capacity.

The relative DPPHadical scavenging capacity (RDSC) ranged fron8 &iTd
3.50umol TE/g bran among the genotypes grown at the lflmeations Figure 3.4).
Additionally, bran samples of the ten wheat culttvérom Clarksville location had
higher or the same RDSC, compared to their couatesmrown in the other three
locations. It indicated that growing location maifeat the DPPH scavenging
capacity of soft wheat bran samples.

The highest ORAC value in the tested atH®man samples was 72.74nol
TE/g for USG3555 bran from Keedysville location, ilwhthe lowest ORAC value
was 31.47umol TE/g observed in the Shirley wheat bran fromeAkcation (Figure
3.5). These results were in agreement to the oatens for Maryland-grown soft
winter wheat and bran samples of the two hard wimieeat cultivars grown in the
two Colorado locations (Moore et al., 2005; Zhoin,¥ Yu, 2005). In addition, the
USG3555 wheat bran had higher or same ORAC thamirits counterparts grown in
Clarksville and Keedysville locations. These resultemonstrated that wheat

genotype may have possible effect on oxygen radwalenging ability of soft wheat.
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Figure 3.3. Hydroxyl radical (HOe) scavenging capaty (HOSC) of bran samples of soft winter wheat exacts.

SS520, SSMPV57, SS5205, USG3555, USG3665, USGB3aBson, Shirley, Jamestown, and Chesapeake asefteminter wheat
cultivars. Clarksville, Keedysville, Poplar Hillnd Wye represent the growing locations. HOSC stémdsydroxyl radical scavenging
capacity. Data are expressedwa®l Trolox equivalent (TE)/g of wheat bran. Vertibars represent the mean of three replicate plots

SD (n = 3). Values marked by the different lettmms statistically different{ < 0.05).
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Figure 3.4. Relative DPPHradical scavenging capacity (RDSC) of bran samplesf soft winter wheat extracts.

SS520, SSMPV57, SS5205, USG3555, USG3665, USGEabson, Shirley, Jamestown, and Chesapeake amotewinter wheat
cultivars. Clarksville, Keedysville, Poplar Hillnd Wye represent the growing locations. RDSC stémdBPPH scavenging capacity.
Data are expressed @sol Trolox equivalent (TE)/g of wheat bran. Vertibars represent the mean of three replicate pl&B (n = 3).

Values marked by the different letters are statdiy different P < 0.05).
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Figure 3.5. Oxygen radical absorbance capacity (OR®) of bran samples of soft winter wheat extracts.

SS520, SSMPV57, SS5205, USG3555, USG3665, USGB3aBson, Shirley, Jamestown, and Chesapeake asefteminter wheat
cultivars. Clarksville, Keedysville, Poplar Hillnd Wye indicate growing location. Abbreviations: ®R oxygen radical absorbance
capacity. Data are expressedwa®l Trolox equivalent (TE)/gf wheat bran. Vertical bars represent the meahret replicate plots +
SD (n = 3). Values marked by the different lettmms statistically differentR < 0.05).
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Figure 3.6. ABTS" scavenging capacity of bran samples of soft wintavheat extracts.

SS520, SSMPV57, SS5205, USG3555, USG3665, USGEABson, Shirley, Jamestown, and Chesapeake aotewinter wheat
cultivars. Clarksville, Keedysville, Poplar Hillnd Wye indicate growing location. Abbreviation: ABT, ABTS" scavenging capacity.
Data are expressed @sol Trolox equivalent (TE)/gf wheat bran. Vertical bars represent the meahreg replicate plots £ SD (n = 3).
Values marked by the different letters are statidiiy different P < 0.05).
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The ABTS scavenging capacity ranged from 7.37 and 1@r@6l TE/gbran
among the soft wheat cultivars grown at all fouraltons Figure 3.6). These data
were lower than 17.99-18.88nol TE/g for the Colorado hard wheat bran grown in
two locations (Zhou, Yin, & Yu, 2005). In additioa,trend in environment effect was
shown that all ten wheat cultivars from Clarksvillecation had higher or same
ABTS"™ scavenging capacity, compared to the rest sangptesn in the other three
locations. This suggested that growing environmemy affect the ABTS
scavenging capacity of forty wheat bran samples.

Taken together, this study confirmedghevious findings that soft wheat brans
have significant antioxidant properties. These datp indicated that both wheat
cultivar and growing environment might have sigrafit influence on the antioxidant
properties of soft winter wheat bran (Beta, Namxt®e & Sapirstein, 2005; Zhou, Su,

& Yu, 2004a; Zhou & Yu, 2004c).

3.4.3. Effects of Genotype (G), Environment (E) dieir Interaction (G % E) on
Soft Wheat Bran Phytochemical Composition and Addiant Property

The largest proportion of variation for ORAC wasihtited to G (51.509® <
0.001) Table 3.4. This is in contrast to the observation that Eoamted for the most
variation for ORAC in three hard winter wheat bsamples grown in five locations
(P < 0.001) (Moore, Liu, Zhou, & Yu, 2006a) and irftseinter wheat flours (Lv et
al., 2013). HOSC of the soft wheat bran was maoiectégd by G (46.909R < 0.001)
(Table 3.4, which was different to the study of Lv et al {3&) that E contributed the
highest proportion of total variance for HOSC irftseheat flours (75.78%P <

0.001).
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The effect of E accounted for the majowf variance ina-tocopherol,s-
tocopherol, and total tocopherols, at 71.02%, ®b,3&nd 71.87%, respectivell €
0.001) Table 3.4. The results from the present study differed frib@ findings of
Lv et al. (2013) that G x E contributed to the ghproportion of variation fou-
tocopherol and total tocopherols in soft winter ath@our samples (71.53%; <
0.001; 71.55%P < 0.001, respectively). The largest proportiorvafiation in RDSC
was attributed to E (45.55%, < 0.001) Table 3.4. This differed from the findings
of Moore, Liu, Zhou and Yu (2006a) that G contrduito the highest proportion of
variance for DPPHscavenging capacity in bran samples of the twéatg winter
wheat cultivars grown in two Colorado locations.@36,P < 0.001) as well as in
three hard winter bran samples from five Coloraatmations (88.58%P < 0.001. In
addition, E contributed the highest proportion @friance in ABTS scavenging
capacity (50.54%P < 0.001) Table 3.4. This agreed with a previous study that
showed E might play the most important role in dateing ABTS™ scavenging
capacity for hard winter wheat bran samples graw@alorado (60.07% < 0.001)
and Maryland-grown soft winter wheat flours (91.09%< 0.001) (Moore, Liu, Zhou,
& Yu, 2006a; Lv et al., 2013). E contributed thghwest proportion of total variance
(43.07%,P < 0.001) for TPCTable 3.4. This was consistent to the observation of
Moore, Liu, Zhou, & Yu (2006a) that E accounted foost of the variation in TPC
(79.54%,P < 0.001) for three hard winter wheat brans frowe fColorado growing
locations and for bran samples of the twenty hardexr wheat cultivars grown in two
Colorado locations (68.329%; < 0.001). In addition, Mopfu, Sapirstein, & Beta
(2006) reported significant variation in TPC of g wheat cultivars grown in four
Canadian locations by environment (57.8@%0< 0.001), which was in agreement

with our findings. The largest proportion of vaitet in total soluble ferulic acid
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content was attributed to E (40.44%,< 0.001) Table 3.4, agreeing to that E
accounted for most of the variation in ferulic acwhtent (56.99%P < 0.001) for
bran samples of the twenty hard winter wheat catévin two locations (Moore, Liu,
Zhou, & Yu, 2006a). The observation of Mopfu, Safgin, & Beta (2006) also
showed that E accounted for the majority of varaimcferulic acid content (56.57%,
P < 0.001) for six hard spring wheat cultivars growriour Canadian locations.

G x E showed the strongest influence46ot 3, 45.42, 49.11 and 46.17 %<
0.001), respectively, on lutein, zeaxanttfircarotene and total carotenoid contents
(Table 3.4. Our study differs from the findings of Lv et §2013) that E contributed
to the highest proportion of variance for luteigazanthin,f—carotene and total
carotenoid contents in soft winter wheat flour skapTo our knowledge, this is the
first report on how genotype and environment magratarotenoid profile in soft

wheat bran samples.
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Table 3.4. Effect of genotype (G), environment (E)and G x E interaction on
wheat bran composition and antioxidant properties ér bran samples of the ten

soft winter wheat cultivars grown at four locations®

G (%) E (%) G x E (%)
Lutein 16.42" 36.85 46.73"
Zeaxanthin 17.43 37.15° 45.47"
p-Carotene 5.37 4552”7 49.11”
Total Caros 16.65 37.18" 46.17"
a-Tocopherol 15.24 71.02"7 13.74”
8-Tocopherol 9.7T 71.357 18.94”
Total Tocos 14.63 71.877 13.50”
TSFA 32.88" 40.44~ 26.68"
TPC 36.97 43.07" 19.96°
ORAC 51.50" 13.30" 35.20"
HOSC 46.90" 20.07" 33.037
ABTS™ 28.79" 50.54" 20.67"
RDSC 36.55 45.55" 17.90”

@ Abbreviations: TSFA, total soluble ferulic acid®T, total phenolic content; ORAC,
oxygen radical absorbance capacity; HOSC, hydreaglical scavenging capacity;
ABTS™, ABTS" scavenging capacity; RDSC, DPPkcavenging capacity; Total
Caros, total carotenoids; Total Tocos, total to@spls;” , P < 0.001. Values without
asterisks are not significant & < 0.05. Effects of genotype, environment, and
genotype x environment on wheat bran compositicth amtioxidant properties are
expressed as percent of total mean square.

3.4.4. Effect of Individual Environmental Factora &hytochemical Compositions
and Antioxidant Properties of Soft Wheat Bran

As the present results indicate that E may be aifgignt factor affecting
individual antioxidant properties and phytochemicaimpositions for the ten soft
winter wheat brans grown in four Maryland locatipitswould be interesting to
determine which individual environmental factordegicas the major contributors to

the environmental variation. Precipitation, andrage low, average high and overall
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average temperatures were tested as the possiliéestaHowever, soil compositions
were not studied in this research.

To date, there was no report on corm@fatiof the environmental factors with
total soluble ferulic acid, zeaxanthifi;carotene and total carotenoids contents in
wheat bran. In the current study, total solubleulferacid, p-carotene and total
carotenoid contents of soft wheat bran samples vpmstively correlated with
precipitation, average low and high, overall avertemperaturesP(< 0.01) Table
3.5. In addition, zeaxanthin content was positivetyrelated with the average low
temperaturer(= 0.491,P < 0.05) and overall average temperature: (0.437,P <
0.01) (Table 3.5.

The TPC of soft winter wheat bran had negativeatations with average low
temperaturer(= -0.519,P < 0.01) and overall average temperature ¢0.427,P <
0.01) (Table 3.5. Lutein content was positively correlated witheg@pitation ¢ =
0.318,P < 0.05), average low temperature=0.510,P < 0.01), and overall average
temperaturer(= 0.481,P < 0.01). In additiong-tocopherol,5-tocopherol, and total
tocopherols were positively correlated with pret@fon P < 0.05) and strong
positive correlations with all individual temperegufactors P < 0.01) Table 3.5.
This might be partially supported by the observatad Shewry et al. (2010) that
tocopherols of 26 wheat cultivars grown in six skeyear combinations showed
strong positive correlations with the average tenafpee between heading and harvest.
There were negative correlations between HOSC Hridséed environmental factors
(P < 0.05). In addition, ORAC had negative correlasiovith precipitationr(= -0.313,
P < 0.05) and average high temperature ¢0.322,P < 0.05), which was consistent

to the results from our recent study for soft winiheat flour samples (Lv et al.,
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2013). FurthermordeRDSCwas negatively correlated with average low tempeeat
=-0.512,P < 0.01) and overall average temperature {0.341,P < 0.05) Table 3.5)
ABTS" scavenging capacity was not correlated with angrenmental factor.
This was not in agreement with the previous obsmmwaf Lv et al. (2013) that there
were correlations between ABTSscavenging capacity and temperature stress in

flour samples of the ten soft winter wheat cultsvgrown in four Maryland locations.

Table 3.5. Correlation between antioxidant propertes, phytochemical
compositions, and weather condition8
& Abbreviations: Ave. low temp, average low tempemt Ave. high temp, average

Precipitation  Ave. low tempAve. high temp Overall ave. temp

ABTS™ -0.168 0.205 -0.220 0.009
HOSC -0.377 -0.378 -0.372 -0.417
ORAC -0.313 -0.125 -0.322 -0.211
RDSC -0.096 -0.512 -0.040 -0.341
Lutein 0.318 0.510 0.297 0.481
Zeaxanthi 0.24¢ 04917 0.22¢ 0.437"
B-Caroten 0.607 0.645 0.587" 0.674"
Total Caro 0595 0537 0.5747 05727
o-Tocopherol  0.710” 0.640" 0.710 0.747
3-Tocopherol  0.846 0.649" 0.845 0.78%"
Total Tocos 0.498 0.746" 0.447 0.646"
TSFA 0.637 0.527 0.63%3" 0.610"
TPC -0.194 -0.519 -0.160 -0.427

high temperature; Overall ave. temp, overall aversgnperature; ABTS, ABTS™
scavenging capacity; HOSC, hydroxyl radical scauengapacity; ORAC, oxygen
radical absorbance capacity; RDSC, DPBEavenging capacity; Total Caros, total
carotenoids; Total Tocos, total tocopherols; TSE#al soluble ferulic acid; TPC,
total phenolic content; *P < 0.05; **, P < 0.01;** , P < 0.001. Values without
asterisks are not significant Bt< 0.05. Data are expressed as Pearson correlation
coefficients ¢ value).

3.4.5. Intercorrelations between Antioxidant Preéiper and Phytochemical
Compositions

Pearson correlation coefficients betweeividual wheat bran composition and
antioxidant property were shown irable 3.6 The total soluble ferulic acid content

was positively correlated witlff-carotene, total carotenoids;tocopherol ands-
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tocopherol, respectivelyP(< 0.05), but not correlated with any antioxidarmperty.
However, Moore, Liu, Zhou, & Yu (2006a) reportedhttterulic acids had positive
correlations with TPC and ABTSscavenging capacity for the twenty wheat bran
samples from two location$®(< 0.01). Total tocopherols had negative corretetio
with ORAC and RDSCR < 0.05), whereas-tocopherol was negatively correlated
with all antioxidant properties except DPPstavenging capacity and positively
correlated with all individual bran compositions. addition, lutein was negatively
correlated with RDSCr(= -0.329,P < 0.05). These data might indicate that
tocopherol and lutein as major components in wheat may be highly heritable in
soft winter wheat bran and wheat that containedéridevels of these beneficial
components might be produced through genetic métipo.

Correlation analysis also detected pasiterrelation between TPC and RDSC
(r = 0.623,P < 0.001). This was consistent to the previous oagi®on by Zhou, Su,
& Yu (2004a) for the seven wheat bran samples fiaun different countries. Among
antioxidant properties, ORAC was positively corteth with ABTS" scavenging
capacity = 0.329,P < 0.05) and HOSCr (= 0.500,P < 0.01). This was consistent to
the observation of Lv et al. (2013) for soft wintgheat flour samples. In addition,
Moore, Liu, Zhou, & Yu (2006a) found that ORAC wpssitively correlated with
ABTS" scavenging capacity in three hard wheat bran sangpévn in five Colorado
locations. The data indicated that ORAC of softteinvheat bran might be a good

indicator for both ABTS and hydroxyl radical scavenging capacities.
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Table 3.6. Correlation between phytochemical comp@gns and antioxidant properties of bran samples bthe ten soft winter
wheat cultivars grown at four locations?

ORAC ABTS" RDSC HOSC Lutein Zeaxanth p-Carotene Total a-Toco  6-Toco Total TSFA

in Caros Tocos
ABTS™ 0.329
RDSC 0.065 -0.186
HOSC 0.500° 0.322 0.287
Lutein 0.005 -0.033 -0.329  -0.176

Zeaxanthin 0.065 0.019 -0.326 -0.191 0.966"
B-Carotene -0.178 -0.032 -0.231  -0.352  0.327 0.312
Total Caros -0.040 -0.004 -0.252  -0.215  0.029 0.019 0.201

0-Toco -0.458" -0.371 -0.256  -0.597" 0.433 0373  0.528" 0.332

3-Toco -0.213  -0.102 -0.029  -0.244  0.372 0.308  0.396 0.458  0.7037

Total Tocos -0.369 0.281 -0.597" -0.311  0.285 0.270  0.361 0.488" 0.355 0.387

TSFA -0.048 0.032 0.161 -0.091  0.268 0.236  0.451 0.329  0.414 0.6327 0.312

TPC -0.058 0.060 0.623" 0.612° -0536  -0.555 -0.250 -0.210 -0.445 -0.130 -0.360 -0.042

 Abbreviations: ABTS, ABTS™ scavenging capacity; HOSC, hydroxyl radical scairm capacity; ORAC, oxygen radical absorbance dapa
RDSC, DPPH scavenging capacity; Total Caros, total carotesjoltbtal Tocos, total tocopherols:Toco, a-tocopherol;3-Toco, 8-tocopherol;
TSFA, total soluble ferulic acid; TPC, total phdnalontent; *,P < 0.05; **, P < 0.01; ***, P < 0.001. Values without asterisks are not sigaificat
P < 0.05.
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3.5 Conclusions

In summary, high levels of variabilityrfeelected health beneficial components
and antioxidant properties of soft winter wheatnisraontrolled by E, G and G xE
were observed. E had a strong impactidncopherolg-tocopherol, total tocopherols,
total phenolic content (TPC), total soluble ferwitid, and ABTS cation and DPPH
radical scavenging capacitieB € 0.001), while lutein, zeaxanthifi;carotene, and
total carotenoid contents of soft wheat brans weoee affected by G x E interaction
(P < 0.001). Peroxyl (ORAC) and hydroxyl (HOSC) radiscavenging capacities
were more affected by @(< 0.001). In general, E played a larger role inatans
of individual phytochemical component and antioxidproperty of soft wheat bran
than did G and G xE, agreeing with the previousisti(Lv et al., 2013; Moore, Liu,
Zhou, & Yu, 2006a). Each soft wheat bran compomerantioxidant property might
respond to individual environmental factors diffetg. Among the soft wheat bran
studied, there was not one particular genotype mrirenment that produced
outstanding levels of all health components. Howeltemay be possible to choose
the ideal wheat cultivars and growing locations dor enhanced level of a specific
component. In addition, this study along with oueyious studies showed that
different wheat classes (soft and hard) and diffeveheat fractions (bran and flour)
may respond to the effects of G, E, and G x E diffdy. Based on the results of this
study, it might be possible for wheat breedersygrs, and grain traders to select
optimal environment and genotype to improve theelevof selected health

components and antioxidant properties of soft winteeat.
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Chapter 4: Effect of processing on phytochemical mfile and
antiproliferative activity of dough and bread fractions made from

refined and whole wheat flours

4.1 Abstract

Phytochemicals profile (phenolic acidsaratenoids, and tocopherols) and
antiproliferative properties of bread processingcfions, including the dough, crumb,
and upper crust made from refined wheat and whdleatvflours were analyzed using
two wheat cultivars, ‘Louise’ (soft white) and ‘Ma (hard white). Ferulic acid, lutein
and a-tocopherol were the predominant phenolic acid,otesroid, and tocopherol,
respectively, extracted from all fractions. The mfitees of phenolic acids, carotenoids,
and tocopherols were significantly higher in alldtions made from whole wheat flour
than their corresponding refined wheat flour fraet. The concentrations of phenolic
acids (soluble and insoluble bound) in the uppastcof refined and whole wheat breads
made from both wheat cultivars (Louise and Maco®@rewvhigher than their dough
fractions, respectively. In addition, the dough wihole wheat had higher levels of
tocopherols and carotenoids as compared to crurdbugper crust, suggesting some
possible degradation of tocopherols and caroterduidisig baking. The antiproliferative
activity of whole wheat bread extracts against HT-@ancer cells was positively
correlated with total phenolic acids, but showedaoelations with total carotenoids and
total tocopherols content. The results indicaté Haking reduces the concentrations of

carotenoids and tocopherols, however, the uppest draction had significant higher
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levels of phenolic acids than in the dough and ¢rumactions, suggesting that total

phenolic acids content might not decrease durikiniga

4.2 Introduction

There is growing consumer awareness oh#ath consequences of dietary choices.
This awareness is based, in part, on a growing bafdynformation on bioactive
phytochemicals such as carotenoids, tocopherolgngit compounds, and other
secondary metabolites that are commonly presefntiits, vegetables, and grains. Wheat
accounts for approximately 71% of total grain conption in the USA in 2005 (USDA,
2005). In addition to being an important sourcecafbohydrates, wheat also provides
dietary fiber, protein, minerals, vitamins, andesttioactive compounds (Slavin, 2004;
Piironen et al., 2009).

In recent years, there has been renemtecksts in whole grain foods as numerous
epidemiological and clinical studies have indicatedt consumption of whole grain
foods can significantly reduce the risk of numeratisonic health conditions such as
type 2 diabetes, cardiovascular disease, and a@oaocer (Slavin, 2004; Jones, 2006).
Initially, it was hypothesized that the health bemal effect of whole grain was
primarily due to its high fiber content (Trowell942). However, recent epidemiological
studies suggests that the beneficial effect of wigyhin may arise from the combined
action of several components such as fiber, vitamand phenolic phytochemicals
(Anderson, 2004; Slavin, 2004; Slavin, Marquart)&obs, 2000; Piironen et al., 2009).

There have been few studies reportethaenliterature on changes in the fiber and

phytochemicals during bread making. Hensen et28l0Z) investigated changes in the
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dietary fiber, phenolic acids, and activity of egdoous enzymes during making of rye
bread. The authors analyzed monomeric and diméwnglic acids in rye whole meal
flour, dough, and bread. The results showed treattmtent of total ester-bound phenolic
acids and ferulic acid dehydrodimers decreased tbib pg/g in the wholemeal to 1472
Hg/g in rye bread. The antioxidant activity of dfyeead fractions was analyzed by three
different procedures namely, Folin-Ciocalteu, oxygeadical antioxidant capacity
(ORAC), and Trolox equivalent antioxidant capadfyeAC) by Mickalska, Amigo-
Benavent, Zielinski, & Del Castillo (2008). The hats observed an increase in
antioxidant activity during baking. In another retstudy, Moore, Luther, Cheng, & Yu
(2009), investigated the effect of baking condisioftime and temperature), dough
fermentation, and bran particle size on antioxidaoperties of pizza crusts made from
two whole wheat cultivars (Trego and Lakin).The haus observed that increasing
baking time and temperature improved the antioxidagtivity while no significant
change in antioxidant activity was observed withiateons in bran particle size and
fermentation time. The changes in the tocopherot @rotenoids content during the
production of bread, water biscuits, and pasta framneat flours were recently
investigated (Hidalgo & Brandolini, 2010a; Hidald#andolini, & Pompei, 2010b). The
total carotenoids and tocopherols content decredsgdg processing. In a recent study,
Abdel-Aal and Rabalski (2013) investigated the @ffef baking on free and bound
phenolic acids in whole grain bakery products. @bthors observed that baking resulted
in increased free phenolic acids in all three potslfbread, cookies, and muffins) while

the bound phenolic acids decreased in bread agiatlglichanged in cookies and muffins.
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In the present study, we investigatedetfiect of bread-making on three classes of
phytochemicals, namely, phenolic acids, tocopheralsd carotenoids. Two wheat
cultivars, ‘Louise’ (soft white spring wheat) arddacon’ (hard white spring wheat) were
selected for comparison in this study. Both refimgteat (RF) and whole wheat (WW)
flours were separately used for bread-making. Ringmicals were analyzed in dough,
crumb, and upper crust fractions. In addition, #mgiproliferative activity of extracts

from all three fractions was also investigated gs$#T-29 human colon cancer cells.

4.3 Materials and Methods
4.3.1. Wheat and Bread Samples

Spring wheat cultivars, ‘Louise’ (softhite) and ‘Macon’ (hard white) were
grown as previously described (Whent et al., 20@&2pain was tempered and milled to
approximately 70% extraction (refined wheat floor) a Buhler MLU-202 flour mill.
Particle size of bran and shorts mill streams wedeiced with a pin mill so that 70%
passed through a 180 um sieve; reduced fractioms When blended with the refined
wheat flour to produce whole wheat flour. Flour gées were stored at -2 prior to
processing.

Bread was prepared following the 100sgsaraight-dough bread-making method
(AACCI Approved Method 10-10B). A dough sample waszen immediately after
mixing. After baking, the loaves were divided inttee following three components:
‘upper crust’, which represented that part of tloafl exposed directly to oven
temperatures, ‘bottom crust’ (not analyzed herepresenting that part of the crust in

contact with the loaf pan, and ‘crumb’, which wagmything except both crust fractions.
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The crust components were scraped to remove theriaghcrumb component. Dough,
crumb, and upper crust components were lyophilaedi stored at -28C. Dried samples

were broken up with a mortar and pestle and gron@dTecator Cemotec 1090 burr mill
set to the finest setting. Dough, crumb, and uppest fractions were ground to a particle
size of 40-mesh using a Micromill manufactured sl Brt Products (Pequannock, NJ,

USA).

4.3.2. Chemicals

Tocopherolsaf, 8-, andy-), ascorbic acid, anfl-carotene were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Lutein and zeathin were obtained from
Indofine Chemical Co. Inc. (Hillsborough, NJ, USAI other chemicals and solvents
were of the analytical reagent grade and used withather purificationHuman colon
cell line HT-29 was purchased from American Typelt@e Collection (ATCC)
(Manassas, VA, USA). McCoy’s 5A medium was obtaifredn Gibco Life Technology
(Grand Island, NY, USA) and antibiotic/antimycosiclution was purchased from Gibco

Invitrogen Corporation (Carlsbad, CA, USA).

4.3.3. Phenolic Acid Composition

Soluble free, soluble conjugated andlinde bound phenolic acids were extracted
according to the method described previously (Maral., 2005). Ground dough, crumb,
or upper crust fractions were extracted with acetmethanol/water (7:7:6, v/viv) first to
obtain two fractions, the soluble supernatant &ledrésidue. The residue was hydrolyzed

with sodium hydroxide, and then extracted with e#tiier and ethyl acetate (1:1, v/v) for
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analysis of insoluble bound phenolic acids. Soldt#e and conjugated phenolics in the
supernatants were separated under acidic condifiis= 2) and extracted with ethyl
ether and ethyl acetate (1:1, v/v). After evapamatihne organic phase under nitrogen,
each extract was re-dissolved in methanol andditehrough a 0.45 pm membrane filter,
then analyzed by the HPLC. HPLC separation of phemacids was accomplished using
a Shimadzu LC-20AD with an autosampler, a Phenom€&ie3 column (4.6 mm i.d. x
250 mm, 5um particle size) at 28C and a UV-VIS detector. Briefly, the HPLC elution
program was as follows: mobile phase A consistedaeftic acid: HO (2:98, v/v) and
mobile phase B consisted of acetic acid: acetéitH,O (2:30:68, v/v/v). Elution was
programmed from 10 to 100% B in 42 min with a floate of 1.0 mL/min. Injection
volume was 10 pL. The individual phenolic acids evadentified by comparing UV
spectral data and retention time with authentic ro@ntial standards. Quantification was
achieved by measuring the area under the peak tefret standards. Results were
expressed as pg/g or umol/100 g of dough, crumithempper crust on a dry weight

basis.

4.3.4. Carotenoid Composition

Two hundred mg of each ground dough, trumr upper crust sample was
extracted with 10 mL of methanol: tetrahydrofurdnl( v/v) for 15 hours at ambient
temperature. The resulting extraction mixture wasticfuged at 2,000 rpm. The solvent
was decanted and then dried underThe residue was re-dissolved in 2 mL of methanol:
acetonitrile: iso-propanol (54:44:2, viviv), anltered through a 0.4bm membrane filter.

HPLC separation of carotenoids was accomplishedrdowy to a previously described
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laboratory protocol using water as solvent A andhawol: acetonitrile: iso-propanol
(54:44:2, viviv) as solvent B. The gradient progeduas as follows: 1) the gradient was
linear from 95% to 99% of solvent B, and the flaaterwas 1 mL/min in the first 10 min,
2) 99% of solvent B and a flow rate of 1 mL/min fo® min, and 3) the gradient was
linear from 99% to 95% of solvent B for the lasintn (Moore et al., 2005). Twenty uL
of each standard or sample was injected. Deteatiamelength was at 450 nm. A
standard curve was developed using authentic stdsdand the area under the peak was
used for quantification. Results were expressedgdg or umol/100 g of dough, crumb,

or the upper crust on a dry weight basis.

4.3.5. Tocopherol Composition

HPLC separation was accomplished usireg dame HPLC system and column
previously mentioned according to a previously désd protocol (Zhou, Yin, & Yu,
2005). The tocopherols were separated using amaiso@lution with a a mobile phase
1% solvent A (water) and 99% solvent B (acetomjrilThe flow rate was 1.5 mL/min.
Injection volume was 20 pL for each standard or gamA standard curve was
developed from the known standards, ¢-, andy-tocopherol), and peak areas were used
for quantification. Results were expressed as pgigmol/100 g of dough, crumb, or the

upper crust on a dry weight basis.
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4.3.6. Antiproliferative Effects of Selected Breadd Dough Extracts in HT-29 Human
Colon Cancer Cells

The antiproliferative effects of whole @dt dough, crumb, and upper crust extracts
were tested in HT-29 human colon adenocarcinomés @cording to the method
described by Slavin and others (Slavin, Kenworay,u, 2009). Refined wheat samples
were not evaluated for the antiproliferative ad¢yivilue to their low concentrations of
phytochemicals. Each sample (dough, crumb, or uppest, 0.45 g) was extracted with
4.5 mL 50% acetone overnight at ambient temperafline supernatant was collected,
and the solvent was evaporated using a nitrogepoeator. The solid residues were re-
dissolved in DMSO. Culture medium consisted of MgE€&®A media supplemented with
10% fetal bovine serum and 1% antibiotic/antimycatlution.

Cells were plated at 2.5 x*X@lls/well culture medium in 96-well plates. After
24-hour incubation time, the culture medium waslaegd with 100 pL of treatment
media containing 0.0 (vehicle), 9.0, 22.5, 45.0 ofiggample (dough, crumb, or upper
crust) equivalents/mL of treatment media. All meted a final concentration of 1%
Dimethyl sulfoxide (DMSO) (v/v). A culture mediumitivout 1% DMSO (v/v) was also
included as a control. Each dough, crumb or uppestcsample was extracted three
separate times, and three replicate assays wedricterd. Cell proliferation was studied
using the ATP-Lite 1 step kit (Perkin Elmer LifedaAnalytical Sciences, Shelton, CT,
USA). Luminescence readings were taken on a Victou®ti-well plate reader (Perkin
Elmer, Turku, Finland) immediately prior to treatmheand at 0, 24, 48, 96 hours of
treatment. A separate plate was used for eachnga@ireatment and control media were

replaced every 24 hours until a reading was takethat plate.
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4.3.7. Statistical Analysis

Data were reported as means + standanattms (SD) for triplicate treatments.
One-way analysis of variance (ANOVA) and Tukey’stsewere performed using SPSS
(SPSS for Windows, version 10.0.5, SPSS Inc., @oicd., USA). Correlation analyses
were performed using a two-tailed Pearson’s cdimelaest. Statistical significance was

declared aP < 0.05.

4.4 Results and Discussion
4.4.1. Phenolic Acid Composition
Three categories of phenolic acids veera@yzed: soluble free, soluble conjugated,

and insoluble bound phenolic acideable 4.1 shows the amount of insoluble bound
phenolic acids. All three fractions (dough, crurabd upper crust) of bread made from
whole wheat (WW) flour had around tenfold highesdluble bound total phenolic acids
compared to the respective refined (RF) countespBubbles, Lu, Clydesdale, & Decker
(2000) found that whole grain cereal containeddfuiel higher total phenolic acids than
refined wheat cereal. Similar higher antioxidartiay was observed with extracts from
wheat-based ready-to-eat breakfast cereals manufactvith high bran or whole grains
as compared to the cereals produced from refinezhiBaublis, Decker, & Clydesdale,
2000). Ferulic acid was the most abundant insolbblend phenolic acid accounting for
about 90% in all three fractions from both whedticars. This was consistent with the
previous study by Moore et al. (2005) where insduiound ferulic acid accounted for

85% of the total identified insoluble phenolic acidr soft wheat.
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In Louise whole wheat bread, the upperstrfraction had the highest total
insoluble phenolic acid quantities among all tHyezad processing fractions, followed by
dough and crumb fraction§gble 4.1). This was consistent with the findings of Moore,
Luther, Cheng, & Yu (2009) where higher levels i$aluble bound ferulic acid were
found in baked pizza crust than dough. Mattila, |&®id, & Hellstrom (2005) also
reported that baking did not reduce the conceptmatf phenolic acids, similar to the
results obtained in our current study. Similarhg tlough of the refined wheat bread had
comparable or lower levels of insoluble bound feraicid and total phenolic acids as
compared to their crumb and upper crust countespandicating that baking may
increase the levels of insoluble bound ferulic ad total phenolic acids in crumb and
upper crust parts of refined wheat bread. The amoifirtotal insoluble bound total
phenolic acids in all three fractions (dough, crumbd upper crust) investigated in the
present study were lower than the total insoluldana phenolic acids extracted from
their respective flour samples reported previo@@inent et al., 2012).

The amounts of two prominent soluble fa@e conjugated phenolic acids namely,
ferulic andp-coumaric acids in dough, crumb, and upper crustshown inTable 4.2.
As expected, whole wheat dough, crumb, and uppet samples of both wheat cultivars
(Louise and Macon) had higher soluble free feraitd p-coumaric acids than their
refined counterpart¢Table 4.2). The whole wheat dough from Louise and Macon
cultivars contained soluble free ferulic acid (22841 pg/g) ang-coumaric acid (0.34
pna/g), which was consistent with the results désctiin a previously reported study
(soluble free ferulic acid (1.88-1.91 ug/g) apagtoumaric acid (0.25-0.27 ug/g)) for

Louise and Macon whole wheat flour (Whent et @12). The amount of soluble ferulic,
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p-coumaric, and total phenolic acids were highearumb and upper crust fractions (only
expect for RF Louise crumb fraction) as comparethéodough fraction, indicating that
heating influences the release of bound phenolidsa®A similar increase in soluble
phenolic acids during processing was reported pusly (Piironen, Lampi, Ekholm,
Salmenkallio-Marttila, & Liukkonen, 2009; ZielinskKozlowska, & Lewczuk, 2001) as
well as in a recent study by Abdel-Aal & RabalsRD{3) during baking in all three

products (bread, cookies, and muffins).
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Table 4.1. Insoluble bound phenolic acids of the ast and crumb parts of breads and their four correponding dough

samples?
Type  Variety Fraction Vanillic Syringic Caffeic p-Coumaric Ferulic Total PAs
(CLelle) (CLelle) (CLelle) (ho/g) (CLelle) (Lmol/100 g)
RF Louise Mixed Dough 1.25cd+ 0.29 0.55d+0.09 07601 0.38bc+0.02 29.7d+2.59 16.7d+1.57
RF Louise Crumb 1.13d+0.28 0.60cd+0.06 0.18c+0.01 .37@0.02 41.1bc+1.91 22.5bc+1.20
RF Louise Upper Crust 1.95ab+0.29 0.68bc+0.15 (65¢1::) 0.48b+0.05 52.9a+6.61 29.2a+3.71
RF Macon  Mixed Dough 2.20ab+0.38 0.81bc+0.05 0.2602 0.38bc+0.01 36.0cd+3.45 20.6¢cd+2.05
RF Macon Crumb 1.79bc+0.25 0.85b+0.06 0.23bc+0.01 .37c¢*0.02 37.6bc+4.21 21.2bc+2.36
RF Macon Upper Crust 2.45a+0.12 1.18a+0.08 0.2@11+0. 0.60a+0.05 43.9b+6.81 25.2b+3.65
Ww Louise  Mixed Dough 9.74a+2.29 6.30c+1.45 1.35bt8 3.16b+0.10 587.0b+52.9 313.9b+29.5
WW Louise Crumb 5.43b+1.05 4.21d+0.78 0.73d+0.25 408+0.08 322.0d+5.82 173.0d+4.2
WW Louise Upper Crust 9.98a+1.75 6.57c+0.42 3.88410 4.54a+0.60 654.5a+27.2 351.2a+15.9
WW Macon  Mixed Dough 9.14a+0.86 8.86a+0.75 1.63b20. 2.75bc+0.11 472.9c+48.6 256.0c+26.1
WW Macon Crumb 8.11a+1.27 7.14bc+0.66 1.07cd+0.18 .80d+0.13 433.5c+14.9 233.4c+8.9
WW Macon Upper Crust 8.99a+0.85 8.52ab+0.82 1.36kcA 4.23a+0.36 623.8ab+25.7 334.2ab+14.5

# Louise (asoft white springvheat)and Macon (énard white springvheat) are two wheat cultivars. RF - refined wh&dy - whole wheat.

Vanillic, Syringic, Caffeicp-Coumaric, Ferulic and Total PAs stand for vanilBgringic, caffeicp-coumaric, ferulic and total phenolic acids,
respectively. Results expressed as pg/g or umolfl@0bread (dough, crumb, or upper crust) on asdmple weight basis. The results were
expressed as Mean followed by a letter. Same leitans no statistical significant differen&0.05).
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Table 4.2. Soluble phenolic acids content of the dgh, crumb and crust parts of breads made from refied and whole
wheat bread of two wheat cultivars (Louise and Macw).?

gCoumaric (Lg/g) Feruliog(g) p-Coumaric+ Ferulic (umol/100 g)

T+V+F Free Conjugated Total Free Conjugated Total Free Conjugated  Total

RF L MD 0.13c+0.00 0.61b+0.03 0.74b+0.03 1.47e+0.2825.62c+2.81 27.09c+3.09 0.84ex0.14 13.57c+1.47 40G%1.61
RFLC 0.26b+0.01 0.71b+0.04 0.97bx0.04 1.91d+0.197.04d+1.09 18.95d+1.27 1.14d+0.10 9.21d+0.59 1858
RFLUCT 0.38a+0.02 1.68a+0.23 2.05a+0.25 3.67H%0.233.32b+2.65  36.99b+2.89 2.12b+0.14  18.18b+1.50.3(H*1.64
RFMMD  0.14c+0.00 0.72b+0.05 0.86b+0.05 1.00f+0.2014.72d+3.01  15.72d+3.20 0.60f+0.10 8.02d+1.58  &3268
RFMC 0.37ab+0.0 1.72a+0.24 2.09a+0.21 2.82c+0.424.83c+2.54  27.65c+2.97 1.68c+0.24  13.83c+1.45 1U55.66
RFMUCT 0.46a+0.03 1.80a+0.19 2.25a+0.19 5.58&0.450.04a+3.11 55.62a+3.60 3.15a+0.27 26.87a+1.71.01381.97
WW LMD 0.34b+0.02 1.96c+0.21 2.30d+0.21 2.31d+0.1933.75d+3.20 36.07d+3.39 1.40d+0.11 18.57d+1.76 98®+1.87
WWLC 0.39b+0.01 2.18b+0.23 2.58c+0.19 11.50a+0.5201.98a+11.3 113.5a+11.1 6.16a+0.27  53.85a+5.96.016@86.09
WW LUCT 0.60a+0.02 2.27b+0.24 2.88b+0.28 7.31c+0.4964.83c+6.02  72.14c+6.52 4.13c+0.26  34.77c+3.25 9B&3.53
WW MMD  0.34b+0.01 1.56d+0.18 1.90e+0.16 2.41d+0.2233.16d+4.29 35.57d+4.51 1.45d+0.12 18.03d+2.32 &®-2.42
WW M C 0.60a+0.02 2.52a+0.31 3.13a+0.25 10.32b#0.90.13ab+3.19 100.45b+4.0 5.68b+0.48 47.9ab+1.83.64H+2.26
WWMUCT 0.57a+0.02 2.51a+0.30 3.10ab+0.3 9.43b+0.8282.98b+7.01 92.41b+7.83 5.20b%0.43 44.26b+3.79 81%4.21

4T — Type; V — Variety, F — Fraction; L - Louisegaft white springvheat)and M - Macon (dard white springvheat) are two wheat cultivars;
MD - Mixed dough; C — Crumb; UCT — Upper crust; Riefined wheat; WW - whole wheat; Total — Totaludde p-coumaric or ferulic acids.
p-Coumaric and Ferulic stand fprcoumaric and ferulic acids, respectively. Resakpressed as pg/g or pmol/100 g of bread (uppet,cru
crumb or mixed dough) on a dry sample weight badi® results were expressed as Mean followed bysdinge letter are not significantly
different @ > 0.05).
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4.4.2. Carotenoid Composition

Lutein was the predominant carotenoidlinthree fractions (dough, crumb, and
upper crust) regardless of wheat cultivar (Louisd Blacon) and flour type (refined and
whole wheat), agreeing with the previously repoxédervation by Hidalgo, Brandolini,
& Pompei (2010b). The lutein concentration of theole wheat upper crust and dough
fractions were around tenfold higher than the @poading bread fraction made from
refined bread. However, only 3 fold increase ireilutconcentration was observed in

crumb fraction made from the whole wheat as conptoéhe refined counterparts.

The lutein concentration (2.37-2.49 pughga dough fraction of whole wheat bread
from two cultivars were similar to those reportgdWhent et al. (2012) for whole wheat
flour (2.07-2.70 pg/g). However, the lutein concatibn (0.12-0.13 pg/g) in the upper
crust of refined bread in the present study wasefo(@.20-0.30 pg/g) than previously
reported by Hidalgo, Brandolini, & Pompei (201@bable 4.3) The lutein concentration
(1.92-2.00 pg/g) in the upper crust of bread mad fwhole wheat was higher than that
for Finnish durum wheat bread made from whole whkmatr (0.71 pg/g) (Heinonen,

Ollilainen, Linkola, Varo, & Koivistoinen, 1989).
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Table 4.3. Carotenoid and tocopherol profile of thedough, crumb and crust parts of breads made from efined and

whole wheat bread of two wheat cultivars (Louise ashMacon)?

Type Variety Fraction Lutein Zeaxanthin Total a- o-tocopherol Total
(ng/9) (ng/g) Carotenoids tocopherol  (ug/g) Tocopherols
(umol/100 g) (Mno/g) (umol/100 g)
RF Louise  Mixed Dough0.12a+0.00 0.11a+0.00 0.04a+0.00 0.79b+0.02 0.138K+ 0.21b+0.01
RF Louise Crumb 0.12a+0.00 0.11a+0.00 0.04a+0.00 48630.01 0.09c+0.00 0.13e+0.00
RF Louise Upper Crust  0.12a+0.00 0.11a+0.00 0.048#0 0.58d+0.01 0.09c+0.00 0.16d+0.00
RF Macon Mixed Dough 0.13a+0.00 0.12a+0.00 0.0423:0. 0.95a+0.02 0.14a+0.00 0.25a+0.01
RF Macon Crumb 0.13a+0.00 0.12a+0.00 0.04a+0.00 9e3@.01 0.11c+0.00 0.14dex0.00
RF Macon Upper Crust  0.13a+0.00 0.12a+0.00 0.04&*0. 0.67c¢+0.01  0.11bc+0.00 0.18c+0.00
ww Louise Mixed Dough 2.37b+0.20 0.51a+0.02 0.51b6#0 18.99b+0.55 1.34b+0.09 4.72b+0.14
ww Louise Crumb 0.48e+0.02 0.24c+0.01 0.12e+0.01 45&t0.21 0.54f+0.00  0.93f+0.05
wWw Louise Upper Crust  0.92d+0.09 0.36b+0.01 0.40030 12.62d+0.22 0.78d+0.02 3.11d+0.05
Www Macon Mixed Dough 2.84a+0.11 0.51a+0.03 0.59830. 21.39a+1.11 1.37a+0.11 5.28a+0.28
ww Macon Crumb 0.49e+0.01 0.25c+0.02 0.13e+0.00 7&t0.29 0.69e+0.02 1.04ex0.07
ww Macon Upper Crust  2.00c+0.11 0.37b+0.02 0.42020. 14.73c+0.18 1.08c+0.03  3.67c+0.05

% Louise (asoft white springvheat)and Macon (éard white springvheat) are two wheat cultivars. RF - refined wh#aty - whole wheat.
Results expressed as pg/g or umol/100 g of brggzeficrust, crumb or dough) on a dry sample weighis. The results were expressed as
Mean followed by the same letter are not signifiadifferent ( > 0.05).
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In the present study, zeaxanthin wascatletein all fractions. These results are
different from the observation of Hidalgo, Brandali& Pompei (2010b) where no
detectable levels of zeaxanthin were observedfidteat bread. As shown Fable 4.3
the upper crust of whole wheat bread had lower eotmations of lutein, zeaxanthin and
total carotenoids than their corresponding dough, Higher than those in the crumb,
indicating that carotenoids may be partially degrhdduring baking. Around 25%
decrease in total carotenoids concentration wasrebd in upper crust as compared to
the dough fraction for both wheat cultivars. Thesim agreement with the previously
reported study where 5-43% decrease in the carnoteihevel was observed during pasta

processing (Piironen et al., 2009).

4.4.3. Tocopherol Composition

In the present studystocopherol was the predominant tocopherol in r@ttions
regardless of wheat variety and flour type, agmgewth the observation of Moore et al.
(2005). Minor quantity ofo-tocopherol was also detected in all fractions &b -
tocopherol was analyzed in the study of Moore e{28l05) for soft wheat. The-
tocopherol concentration in whole wheat mixed dotmhLouise and Macon cultivars
ranged between 18.99-21.39 ug/g. This is in agreemith the previously reported
values by Whent et al. (2012) for Louise and Mawdrole wheat flour (17.32-20.89
Ka/g), respectively. In general, the dough had dnidévels ofa- andé-tocopherols than
crumb and upper crust regardless of wheat variaty feour type(Table 4.3) These

results suggest possible degradation of tocophergisg baking. Around 30% decrease
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in total tocopherols concentration was observedpiper crust as compared to the dough
fraction for both wheat cultivars. This agreed wikie study of Leehardt et al. (2006)
where around 30% decrease in total tocopherols ertrations was observed during
bread-making. However, these results are diffefemih the findings by Hidalgo &
Brandolini (2010a) where no alteration in the tduveywl levels was observed during
bread making for einkorn wheat made from refinedufl The total tocopherol
concentration of the whole wheat upper crust anagddractions were around twenty-
folds higher than the corresponding bread fractimade from refined bread. However,
only six to sevenfold increase umtocopherol concentration was observed in crumb
fraction made from the whole wheat as comparedhto refined counterparts. Total
tocopherols were positively correlated with totatatenoids (= 0.995,P < 0.001), and

total insoluble bound phenolic acids<0.903,P < 0.001).
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4.4.4. Antiproliferative Activity in HT-29 Human @Qan Cancer Cells
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Figure 4.1. Antiproliferative effects of extracts fom dough, crumb, and crust made
from Louise (soft white wheat cultivar) whole wheatflour, in cultured HT-29
human colon cancer cells.

HT-29 cells (2.5 x 1dcells/well) were incubated overnight prior to traents. Control,
Culture medium only; Vehicle, Culture medium wit¥h DMSO. Culture media was then
removed and treatment media containing the extraictdough, crumb, and crust were
then added at the indicated concentrations andbated for 96 hrs. Relative
luminescence is proportional to the number of \wabeklls. Values were based on
triplicate tests, with mean + SD shown (n = 3). Bhatistical significance of samples is
indicated using letters and results labeled bystrae letter are not significantly different
(P> 0.05).

Colon cancer is the third leading causgeath among men and the second leading
cause of death in women (Jemal et al., 2011). ieeawald, the predominant phenolic acid
found in wheat grain, has shown antiproliferatifee@s on HT-29 colon cancer cells
(Ferguson, Zhu, & Harris, 2005). The upper crugtaex of Louise whole wheat bread
exhibited the highest inhibition of HT-29 cancelixcby 26.82% at 9.0 mg BE/mL, and

46.67% at 45.0 mg BE/mL at 96 hours of treatm(@ngure 4.1), while the upper crust

extracts of Macon whole wheat bread inhibited HTe2@cer cell by 23.53% at 9.0 mg
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BE/mL, and 55.93% at 45.0 mg BE/mL at 96 hours reatiment(Figure 4.2) The
extracts of Louise and Macon whole wheat uppertcextibited stronger inhibitory
effects against HT-29 cancer cells than their cruamd dough at all three tested

concentration, especially at the concentrationso® 4ng BE/mL(Figure 4.1 and 4.2)
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Figure 4.2. Antiproliferative effects of extracts fom dough, crumb, and crust made
from Macon (hard white wheat cultivar) whole wheat flour, in cultured HT-29
human colon cancer cells.

HT-29 cells (2.5 x 1Dcells/well) were incubated overnight prior to treents. Control,
Culture medium only; Vehicle, Culture medium witth DMSO. Culture media was then
removed and treatment media containing the extmafctdbough, crumb, and crust were
then added at the indicated concentrations andbated for 96 hrs. Relative
luminescence is proportional to the number of wabklls. Values were based on
triplicate tests, with mean £ SD shown (n = 3). Batistical significance of samples is
indicated using letters and results labeled bystrae letter are not significantly different
(P> 0.05).

Together, these data demonstrated thkindpamight enhance antiproliferative
activities in bread, and increased thermal treatm&y result in a greater availability of
wheat antiproliferative components. These resultsraagreement with the recent study
with soft winter wheat flour by Lv et al. (2012)h& authors observed reduced growth of

HT-29 colon cancer cells at a concentration of 0flour equivalent/mL after 48 hours
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treatment. In addition, antiproliferative activigainst HT-29 positively was somehow
correlated with total insoluble bound phenolic aci{d = 0.515,P < 0.05) and total
soluble phenolic acids € 0.641,P < 0.001). There were low positive correlationshwit
the other two phytochemical components, total esroids ( =0.29,P < 0.05) and total

tocopherolsr(=0.23,P < 0.05) investigated in the present stulgtile.4.4).

Table 4.4. Correlations between phytochemicals anahtiproliferative activity @

Lutein Zeax TC o-Toco o6-Toco TT TIPA TSPA

£3

Zeax 0.99
Total Caros 1.00  1.00”

a-Toco 0.99° 099" 0.99"
8-Toco 0.96° 096 096 095"

Total Tocos 0.99 0.99" 099" 1.00° 0.958"

TIPA 092" 097" 097 0.96" 0.968" 0.903
TSPA 0.15 0.15 0.15 0.10 0.371 0.117 01451
HT-29 0.29 0.30 0.29 0.22 0.387 0.225 051%.641

 Data represents Pearson Correlation CoefficienfeRx — Zeaxanthing-Toco - o-
tocopherols-Toco -4-tocopherol; TC - total carotenoids; TT - Totaldpberols; TIPA -
Total insoluble phenolic acids; TSPA - Total sokibphenolic acids; HT29,
antiproliferation test against HT-29 colon cancells;”, p < 0.05;",p < 0.01;”, p <
0.001.
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4.5  Conclusions

In summary, ferulic acid was the mostratant phenolic acid in the dough, crumb
and upper crust made with refined and whole-whieat in two wheat cultivars (Macon
and Louise). Significantly higher amounts (aroumd-told) of phenolic acids were
extracted from whole wheat as compared to refinbe@aw fractions. The quantity of
phenolic acids in the upper crust fraction was @igthan in the dough and crumb
fractions, suggesting that total phenolic acidsteot) especially ferulic anp-coumaric
acids were not lowered during baking. Lutein antbcopherol were the predominant
carotenoid and tocopherol, respectively, extrafiea all fractions. Overall, the contents
of both carotenoids and tocopherols were at |datetfold higher in whole wheat
fractions as compared to their counterparts made refined wheat fraction. The dough
had the highest levels of tocopherols and carotisnedmpared to crumb and upper crust
of bread, suggesting that possible degradationocbpherols and carotenoids during
baking. Antiproliferative activity against HT-29 waomewhat positively correlated with
total insoluble phenolic acids and total solublejugated phenolic acids, but had lower
positive correlations with other phytochemical caments such as total carotenoids and
total tocopherols. The results presented in thislystwill be of significant interest to

bread manufacturers and nutrition professionals.
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Summary and Future Research

The goal of this research was to prontla¢éeuse of selected soft wheat cultivars to
improve human health while enhancing food and aftice economy. The current
investigation discovered that soft wheat samplegedan their chemical composition,
and antioxidant and antiproliferative propertiesheT genotypes and growing
environments may as well alter biological propertief soft wheat bran samples.
Furthermore, our results indicated that baking may decrease total phenolic acids
content in upper crust fraction of bread, but redlihe concentrations of carotenoids and
tocopherols of breads.

Future research of soft wheat shoulduohe a more detailed investigation about
the bioactive components. Bioaccessibility, biokklity, and metabolic effect of
bioactive components wivo will be carried out to better understand soft wiselaealth-
beneficial effects. In addition, the bioactivity wfheat-based product is of significant

interest and might be conducted in our future plan.

102



References

AACC. Methods 10-10B and 46-30. In Approved Methofishe American Association
of Cereal Chemists, 10th Ed. The Association: &ul,AVIN, 2000.

Abdel-Aal, E. S. M., & Rabalski, I. (2013). Effeot baking on free and bound phenolic
acids in whole grain bakery producisurnal of Cereal Scien¢g&7, 312-318.

Adom, K. K., Sorrells, M. E., & Liu, R. H. (2005Phytochemicals and antioxidant
activity of milled fractions of different wheat vaties. Journal of
Agricultural and Food Chemistnp3, 2297-2306.

Adom, K. K., & Liu R. H. (2002). Antioxidant actity of grains.Journal of Agricultural
and Food Chemistnb0, 6182-6187.

Adom, K. F., Sorrells, M. E., & Liu, R. H. (2003Phytochemical profiles and
antioxidant activity of wheat varietiedournal of Agricultural and Food
Chemistry 51, 7825-7834.

Alabaster, O., Tang, Z. C., Frost, A., & Shivapurksdl. (1993). Potential synergism
between wheat bran and psyllium: enhanced inhibitocd colon cancer.
Cancer Letters75, 53-58.

Albanes, D., Malila, N., Taylor, P., Kuttunen, \Jistamo, J., Edwards, B., Rautalahti, M.,
Hartman, A., Barrett, M., & Pietinen, P. (2000).féet of supplementad-
tocopherol ang-carotene on colorectal cancer: results from arobeat trial
(Finland).Cancer Causes and Contrdll, 197-205.

Amarowicz, R., & Maramg M. (2002). Antioxidant activity of wheat caryopgsand
embryo extractslournal of Food Lipids9, 201-210.

Anderson, J. W. (2004). Whole grains and coronaarihdisease: the whole kernel of
truth. Proceedings of the Nutrition Socig62, 135-142.

Anson, N. M., Berg, R., Havenaar, R., Bast, A., &dden, G. R. M. M. (2009a).
Bioavailability of ferulic acid is determined bysibioaccessibilityJournal of
Cereal Science, 4296-300.

Anson, N. M., Selinheimo, E., Havenaar, R., AuraMp, Mattila, ., Lehtinen, P., Bast,
A., Poutanen, K., & Haenen, G. R. M. M. (2009b)of@ocessing of wheat

103



bran improves in vitro bioaccessibility and colometabolism of phenolic
compoundsJournal of Agricultural and Food Chemistry, ,557148-6155.

Astorg, P., Boutron-Ruoult, M.C., Andrieux, C., Asgy, P., Blachier, F., Blottiere, H.,
Bonithon-Kopp, C., Boutron-Ruault, M.C., Cassand, €haumontet, C.,
Cherbut, C., Clavel-Chapelon, F., Corpet, D., Dieéel., Gerber, M., Meflah,
K., Menanteau, J., & Siess, M. H. (2002). Dietabefs and colorectal cancer.
Experimental studies, epidemiology, mechanisBastroenterologie Clinique
Et Biologique 26, 893-912.

Atanackovic, M., Aleksandar P., Jovic, S., GojkeBigkarica, L., Bursac, M., & Cvejic,
J. (2012). Influence of winemaking techniques anrénsveratrol content, total
phenolic content and antioxidant potential of redes.Food Chemistry, 131
518-531.

Bardarinath, A. V., Rao, K. M., Chetty, C. M. S.amRkanth, V., Rajan, T. V. S.,
Gnanaprakash, K. (2010). A review on in-vitro arii@nt methods:
comparisons, correlations and consideratiohsternational Journal of
PharmTech Research, 1276-1285.

Barbaste, M., Berke, B., Dumas, M., Soulet, S., aDedy, J., Castagnino, C.,
Arnaudinaud, V., & Vercauteren, J. (2002). Dietangioxidants, peroxidation
and cardiovascular risk3ournal of Nutrition Health and Agin®, 209-223.

Barbolt, T.A., & Abraham, R. (1978). The effectlmfan on dimethylhydrazine induced
colon carcinogenesis in the r&roceedings of the Society of Experimental
Biology and Medicingl57, 656—659.

Barbolt, T.A., & Abraham, R. (1980). Dose resporsex difference and the effect of
bran in dimethylhydrazine induced intestinal tumgenesis in rats.
Toxicology and Applied Pharmacolq®p, 417-422.

Baublis, A., Decker, E. A., & Clydesdale, F. M. (). Antioxidant effect of agueous
extracts from wheat based read-to-eat breakfasalseFood Chemistry68,
1-6.

Beta, T., Nam, S., Dexter, J. E., & Sapirstein, 4. (2005). Phenolic content and
antioxidant activity of pearled wheat and rolleMed fractions. Cereal
Chemistry 82, 390-393.

104



Bock, M. A. 2000. Minor constituents of cerealsg@a79-504 in: Handbook of Cereal
Science and Technology, 2nd ed. K. Kulp and J..QRahte, Eds. Marcel
Dekker, New York.

Borrelli, G. M., Troccoli, A., Di Fonzo, N., & Fase C. (1999). Durum wheat
lipoxygenase activity and other quality parametérst affect pasta color.
Cereal Chemistry76, 335-340.

Briggle, L. W., Curtis, B. C. Wheat worldwide. IWheat and wheat improvement;
Heyne, E.G. Eds. 1994; pp 1-31.

Brown, J., Byers, T., Thompson, K., Eldridge, Boyiz, C., & Williams, A.M. (2001).
Nutrition during and after cancer treatment: A gufdr informed choices by
cancer survivorsCA: A Cancer Journal for Clinician$1, 153-181.

Buri, R. C., Von Reding, W., & Gavin, M. H. (2004escription and characterization of
wheat aleuroneCereal Foods World49, 274-278.

Carter, J.W., Madl, R., & Padula, F. (2006). Whematioxidants suppress intestinal tumor
activity in Min mice.Nutrition Research26, 33-38.

Cheng, Z. H., Moore, J., & Yu, L. L. (2006). Highroughput relative DPPH radical
scavenging capacity assajournal of Agricultural and Food Chemistry4,
7429-7436.

Cheng, Z., Zhou, H., Yin, J.-J., & Yu, L. (2007)leEtron spin resonance estimation of
hydroxyl radical scavenging capacity for lipophikntioxidants.Journal of
Agricultural and Food Chemistng5, 3325-3333.

Cheng, Z., Zhou, H., Luther, M., Yin, J., & Yu, (2008). Effects of wheat antioxidants
on oxygen diffusion-concentration products in lipoes and mRNA levels of
HMG-CoA reductase and cholesterolo-iydroxylase in primary rat
hepatocytesJournal of Agricultural and Food Chemistry6, 5033-5042.

Chung, O. K., & Ohm, J. 2000. Cereal lipids. Pag&%-477 in: Handbook of Cereal
Science and Technology, 2nd ed. K. Kulp and J..Qahte, Eds. Marcel
Dekker, New York.

Croshy, G. (2005). Lignans in food and nutritibmod Technologys9, 32-36.

105



Curtis, B.C. Wheat in the world. In: Bread wheapmwvement and production; Curtis, B.
C.; Rajaram, S.; Macpherson, H.G. Eds. Plant pricailu@nd protection series.
FAO (Rome, ltaly), 2002; pp 1-19.

de Munter, J. S., Hu, F., Spiegelman, D., Franz, &.van Dam, R.M. (2007).
Wholegrain, bran and germ intake and risk of typdigbetes: a prospective
cohort study and systematic revigN.0S Medicing4, 1389-1395.

Diplock, A. T., Charleux, J. L., Crozier-Willi, GKok, F. J., Rice-Evans, C., Roberfroid,
M., Stahl, W., & Vina-Ribes, J. (1998). Functiorfabd science and defense
against reactive oxidative speci8sitish Journal of Nutrition80, 77-112.

FAO. 2010. Cereal Supply and Demand Brief. In Fanod Agriculture Organization of
the United States.

Farvin, K. H. S., & Jacobsen, C. (2013). Phenotimpounds and antioxidant activities

of selected species of seaweeds from Danish cbastl Chemistry138 1670-
1681.

Feldman, M., & Kislev, M. E. (2007). Domesticatiohemmer wheat and evolution of
free-threshing tetraploid wheat in "A Century of ¥éh Research-From Wild
Emmer Discovery to Genome Analysi$srael Journal of Plant Sciences5,
207-221.

Ferguson, L. R., Zhu, S. T., & Harris, P. J. (200%)tioxidant and antigenotoxic effects
of plant cell wall hydroxycinnamic acids in cultdréiT-29 cells.Molecular
Nutrition & Food Research9, 585-593.

Finley, J. W., Kong, A., Hintze, K. J., Jeffery, H., Ji, L. L., & Lei, X. G. (2011).
Antioxidants in Foods: State of the science impurta the food industry.
Journal of Agricultural and Food Chemistry9, 6837-6846.

Fridovich, 1. (1998). Oxygen toxicity: A radical pbanation.Journal of Experimental
Biology, 201, 1203-1209.

Fritsche, K. L., & Johnston, P. V. (1998). Rapidaxidation of fish oil in diets without
added antioxidantgournal of Nutrition 118 425-426.

106



Fuchs, C. S., Giovannucci, E. L., & Colditz, G. A999). Dietary fiber and the risk of
colorectal cancer and adenoma in wonmidew England Journal of Medicine
340, 169-176.

Fulcher, R, G., & Duke, T, K. Whole-grain structiaed organization: Implications for
nutritionists and processors. In Whole-grain foadshealth and disease,
Marquart, L; Slavin, L; Fulcher, R, G., Eds.; Antam Association of Cereal
Chemists: St. Paul, Minnesota, 2002; pp 9-45.

Fung, T. (2002). Whole-grain intake and the riskypfe 2 diabetes: a prospective study
in men.American Journal of Clinical Nutritior/6, 535-540.

Giron, M. V., Ruiz-Jimenez, J., & Luque de Casivb,D. (2009). Dependence of fatty-
acids composition of edible oils on their enrichinenolive phenolsJournal
of Agricultural and Food Chemistrg7, 2797-2802.

Graf, E., & Eaton, J. W. (1990). Antioxidant furasis of phytic acidFree Radical
Biology and Medicing8, 61-69.

Guntensperger, B., Hammerli-Meier, D. E., & Esclierz. (1998). Rosemary extract and
precooking effects on lipid oxidation in heat dieed meatJournal of Food
Science63, 955-957.

Hakala, P., Lampi, A., Ollilainen, V., Werner, Wurkovic, M., Wahala, K., Karkola, S.,
& Piironen, V. (2002). Steryl phenolic acid estercereals and their milling
fractions.Journal of Agricultural and Food Chemistry0, 5300-5307.

Halliwell, B., & Whiteman, M. (2004). Measuring i&&ve species and oxidative damage
in vivo and in cell culture: How should you do itchwhat do the results mean?
British Journal of Pharmacologyl 42 231-255.

Hansen, H. B., Andreasen, M. F., Nielsen, M. M.rsea, L. M., Knudsen, K. E. B.,
Meyer, A. S., Christensen, L. P., & Hansen, A. @0@Changes in dietary
fiber, phenolic acids and activity of endogenougyemes during rye bread-
making.European Food Research and Techno)@jy, 33-42.

Heinonen, M., Ollilainen, V., Linkola, E., Varo, ,P& Koivistoinen, P. (1989).
Carotenoids and retinoids in Finnish foods: ceraatl bakery products.
Cereal Chemistry66, 270-273.

107



Hemery, Y. M., Anson, N. M., Havenaar, R., Haen@nR. M. M., Noort, M. W. J., &
Rouau, X. (2012). Dry-fractionation of wheat bramcreases the
bioaccessibility of phenolic acids in breads mademf processed bran
fractions.Food Research International3, 1429-1438.

Hidalgo, A., & Brandolini, A. (2010a). Tocols stéty during bread, water biscuit and
pasta processing from wheat floutsurnal of Cereal Sciencg2, 254-2509.

Hidalgo, A., Brandolini, A., & Pompei, C. (2010Cjarotenoids evolution during pasta,
bread and water biscuit preparation from wheatrfiodood Chemistry121,
746-751.

Holasova, M. (1997). Distribution of tocopherolslancotrienols in the main products of
wheat and rye millingCzech Journal of Food Scien¢é$, 343-350.

Hoseney, R. C., Wade, P., & Finley, J. W. (198®&)t heat products. In Y. Pomeranz.
(Eds), Wheat: Chemistry and Technology (pp. 407)458&. Paul, MN:
American Association of Cereal Chemists.

Huang, D., Ou, B., Hampsh-Woodill, Flanagan, J. &.Prior, R. L. (2001). High-
throughput assay of oxygen radical absorbance agip&@RAC) using a
multichannel liquid handling system coupled wittméroplate fluorescence
reader in 96-Well formatJournal of Agricultural and Food Chemistr$0,
4437-4444.

Humphries, J. M., & Khachik, F. (2003). Distributiof lutein, zeaxanthin, and related
geometrical isomers in fruit, vegetables, wheatl pasta productdournal of
Agricultural and Food Chemistnpl, 1322-1327.

lzydorczyk, M. S., Symons, S. J., & Dexter, J. Eadtionation of wheat and barley. In
Whole-grain foods in health and disease, Marquar§lavin, L; Fulcher, R,
G., Eds.; American Association of Cereal ChemiStsPaul, Minnesota, 2002;
pp 47-82.

Jemal, A., Bray, F., Center, M. M., Ferlay, J., WaE., & Forman, D. (2011). Global
cancer statistic€CA: A Cancer Journal for Clinician$1, 69-90.

Jenab, M., & Thompson, L. U. (1998). The influerafephytic acid in wheat bran on
early biomarkers of colon carcinogenes§larcinogenesisl9, 1087-1092.

108



Jensen, M. K., Koh-Banerjee, P., Hu, F. B., Fraviz, Sampson, L., Gronbaek, M.,
Rimm, E. B. (2004). Intakes of whole-grains, brand germ and the risk of
coronary heart disease in mekmerican Journal of Clinical Nutrition80,
1492-1499.

Jones, J. M. (2006). Grain-based foods and he@d#tfeal Food Worlg51, 108-113.

Kalantzakis, G., Blekas, G. (2006). Effect of Gresaige and summer savory extracts on
vegetable oil thermal stabilityEuropean Journal of Lipid Science and
Technology108 842-847.

Kern, S. M., Bennett, R. N., Mellon, F. A., Krod?, A., & Garcia-Conesa, M. T. (2003).
Absorption of hydroxycinnamates in humans after hkigan cereal
consumptionJournal of Agricultural and Food Chemistry, 33050-6055.

Khaw, K.T., Bingham, S., Welch, A., Luben, R., Waae, N., & Oakes, S. (2001).
Relation between plasma ascorbic acid and mortalitnen and women in
EPIC-Norfolk prospective study: a prospective patioh study.EPIC, 357,
657-663.

Kim, K., Tsao, R., Yang, R., & Cui, S. W. (2006hdnolic acid profiles and antioxidant
activities of wheat bran extracts and the effe€tsydrolysis conditionsfFood
Chemistry 95, 466-473.

Koh-Banerjee, P., Franz, M., Sampson, L., Liu, Jagobs, D. R., & Spiegelman, D.
(2004). Changes in wholegrain, bran and cereat filbesumption in relation
to 8 year weight gain among mexmerican Journal of Clinical Nutritior80,
1237-1245.

Kumar, S. (2011). Free radicals and antioxidanisndn and food systemdvanced in
Applied Science Researd) 129-135.

Leehardt, F., Lyan, B., Rock, E., Boussard, A.,uBptl., Chanliaud, E., & Remesy, C.
(2006). Wheat lipoxygenase activity induces gre#dss of carotenoids than
vitamin E during breadmakingournal of Agricultural and Food Chemistry
54, 1710-1715.

Li, W., Shan, F., Sun, S., Corke, H., & Beta, TO@8). Free radical scavenging
properties and phenolic content of Chinese blackngd wheatJournal of
Agricultural and Food Chemistnp3, 8533-8536.

109



Li, L., Shewry, P., & Ward, J. L. (2008). Phenobcids in wheat varieties in the
HEALTHGRAIN diversity screen.Journal of Agricultural and Food
Chemistry 56, 9732-9739.

Liyana-Pathirana, C. M., Dexter, J., & Shahidi, (E006a). Antioxidant properties of
wheat as affected by pearlingpurnal of Agricultural and Food Chemistry
54, 6177-6184.

Liyana-Pathirana, C. M., & Shahidi, F. (2006b). briance of insoluble-bound phenolics
to antioxidant properties of wheaflournal of Agricultural and Food
Chemistry 54, 1256-1264.

Liyana-Pathirana, C. M., & Shahidi, F. (2006c). iartidant properties of commercial
soft and hard wheatsTijticum aestivumL.) and their milling fractions.
Journal of the Science and Food AgricultuBé, 477-485.

Liyana-Pathirana, C. M., & Shahidi, F. (2007). Axidant and free radical scavenging
activities of whole wheat and milling fractionSood Chemistry101, 1151-
1157.

Liyana-Pathirana, C. M., & Shahidi, F. (2008). Tastioxidant potential of milling
fractions from bread, wheat and duruiournal of Cereal Sciencd5, 238—
247.

Lopez-Alarcon, C, & Denicola, A. (2013). Evaluatitige antioxidant capacity of natural
products: A review on chemical and cellular-baseshgs Analytica Chimica
Acta 763 1-10.

Luthria, D.L. (2006). Significance of sample preggan in developing analytical
methodologies for accurate estimation of bioacteenpounds in functional
foods.Journal of the Science and Food Agricultusé, 2266-2272.

Lv, J., Yu, L., Lu, Y., Niu, Y., Liu, L., Costa, ,J& Yu, L. (2012). Phytochemical
compositions, and antioxidant properties, and anliferative activities of
wheat flour.Food Chemistryl135 325-331.

Lv, J., Lu, Y., Niu, Y., Whent, M., Ramadan, M. Epsta, J., Luthria, D., & Yu, L.
(2013). Effect of genotype, environment, and themnteraction on
phytochemical compositions and antioxidant propsriof soft winter wheat
flour. Food Chemistryl38 454-462.

110



Magalhaes, L. M., Segundo, M. A,, Reis, S., & LildalL. F. C. (2008). Methodological
aspects about in vitro evaluation of antioxidartparties.Analytica Chimica
Acta 613 1-19.

Martinez-Tome, M., Murcia, M. A., Frega, N., RuggieS., Jimenez, M., Roses, F., &
Parras, R. (2004). Evaluation of antioxidant cayaof cereal branslournal
of Agricultural and Food Chemistr$2, 4690-4699.

Mateo Anson, N., Van den Berg, R., Havenaar, RstBa., & Haenen, G.R. (2008).
Ferulic acid from aleurone determines the antiaxigaotency of wheat grain
(Triticum aestivum L.).Journal of Agricultural and Food Chemistrp6,
5589-5594.

Mattila, P., Pihlava, J., & Hellstrom, J. (2005)orents of phenolic acids, alkyl-and
alkenylresorcinols, and avenanthramides in comrakrgrain products.
Journal of Agricultural and Food Chemisiry3, 8290-8295.

Mellen, B. P., Walsh, T. F., & Herrington, D. M.Q@9). Whole-grains intake and
cardiovascular disease: a meta-analysNutrition, Metabolism and
Cardiovascular Disease48, 283-290.

Michalska, A., Amigo-Benavent, M., Zielinski, H., Rel Castillo, M. D. (2008). Effect
of bread making on the formation of Maillard reaantiproducts contributing
to the overall antioxidant activity of rye breakburnal of Cereal Sciencé8,
123-132.

Moore, J., Hao, Z., Zhou, K., Luther, M., Costa, &. Yu, L. (2005). Carotenoid,
tocopherol, phenolic acid, and antioxidant progsrof Maryland-grown soft
wheat.Journal of Agricultural and Food Chemisiry3, 6649-6657.

Moore, J., Liu, J. G., Zhou, K., & Yu, L. (2006&8ffects of genotype and environment
on the antioxidant properties of hard winter whdatn. Journal of
Agricultural and Food Chemistrp4, 5313-5322.

Moore, J., Luther, M., Cheng, Z., & Yu, L. (2008ffects of baking conditions, dough
fermentation and bran particles size on antioxislgnbperties of whole-wheat

pizza crustsJournal of Agricultural and Food Chemistry7, 832-839.

111



Moore, J., Yin, J. J., & Yu, L. (2006b). Novel fiwmnetric assay for hydroxyl radical
scavenging capacity (HOSC) estimatidaurnal of Agricultural and Food
Chemistry 54, 617-626.

Morris, C. F., Campbell, K. G., & King, G. E. (200Kernel texture differences among
US soft wheat cultivarslournal of the Science of Food and Agricul{uss,
1959-1965.

Mpofu, A., Sapirstein, H. D., & Beta, T. (2006). i&type and environmental variation in
phenolic content, phenolic acid composition, antioaidant activity of hard
spring wheatJournal of Agricultural and Food Chemistriy4, 1265-1270.

Noort, M. W. J., Haaster, D. V., Hemery, Y., Schdis A., & Hamer, R. J. (2010). The
effect of particle size of wheat bran fractionslwoead quality- Evidence for
fibre-protein interactionslournal of Cereal Sciengg2, 59-64.

Nystrom, L., Paasonen, A., Lampi, A. M., & Piironev. (2007). Total plant sterols,
steryl ferulates and steryl glycosides in millimgdtions of wheat and rye.
Journal of Cereal Science, 4506-115.

Panfili, G., Alessandra, F., & Irano, M. (2003). id@l phase high-performance liquid
chromatography method for the determination of pbesols and tocotrienols
in cerealsJournal of Agricultural and Food Chemistryl, 3940-3944.

Park, Y., Hunter, D. J., & Spiegelman, D. (2005)etBry fiber intake and risk of
colorectal cancer - A pooled analysis of prospectiwhort studieslournal of
the American Medical Associatig294, 2849-2857.

Parker, M. L., Ng, A., Waldron, K. W. (2005). Théagnolic acid and polysaccharide
composition of cell walls bran layers of mature ahgrriticum aestivum L.
cv. Avalon) grainsJournal of Agricultural and Food Chemisir@s, 2539-
2547.

Pefia, R. J. Wheat for bread and other foods. Ira@rwheat improvement and
production; Curtis, B. C.; Rajaram, S.; MacpherséhG. Eds. Plant
production and protection series. FAO (Rome, It&g)02.

Piironen, V., Lampi, A. M., Ekholm, P., SalmenkaiMarttila, M., & Liukkonen, K. H.
(2009). Micronutrients and phytochemicals in whgratin. Pages: 179-222 in:

112



Wheat, Chemistry and Technology, 4th edition. Khtdnand Shewry, P. R.,
eds. AACC International: St. Paul, MN, USA.

Piironen, V., Syvaoja, E., Varo, P., Salminen,&Koivistoinen, P. (1986). Tocopherols
and tocotrienols in cereal products from Finla@dreal Chemistry63, 78-81.

Piironen, V., Toivo, J., Lampi, A. M. (2002). Plasterols in cereals and cereal products.
Cereal Chemistry79, 148-154.

Pomeranz, Y. Chemical composition of kernel strresu(1988). Pages 97-185 in Wheat:
Chemistry and Technology, 3rd ed., Vol.1 Y. PomeraBd. American
Association of Cereal Chemistry, St. Paul, MN.

Prior, R. L., Wu, X., & Schaich, K. (2005). Standized methods for determination of
antioxidant capacity and phenolics in foods andagyesupplementslournal
of Agricultural and Food Chemistr$3,4290-4302.

Ranhotra, G. S., Gelroth, J. A., Langemeier, JRd&dlgers, D. E. (1995). Stability and
contribution of beta carotene added to whole whesad and cracker€ereal
Chemistry 72, 139-141.

Reboul, E., Richelle, M., Perrot, E., Desmoulinsi®dzet, C., Pirisi, V., & Borel, P.
(2006). Bioaccessibility of carotenoids and vitarrirom their main dietary
sourcesJournal of Agricultural and Food Chemistry, 38 49-8755.

Reddy, B. S., Hirose, Y., Cohen, L. A., Simi, Bqdlna, I., & Rao, C. (2000). Preventive
potential of wheat bran fractions against experitaleaolon carcinogenesis:
implications for human colon cancer preventi@ancer Researcgl60, 4792-
4797.

Reddy, B. S., & Mori, H. (1981). Effect of dietawyheat bran and dehydrated citrus fiber
on 3, 2-dimethyl-4-aminobiphenyl induced intesticarcinogenesis in F344
rats.Carcinogenesi?, 21-25.

Rodgers, D. E., Malouf, R. B., Langemeier, J., GélrJ. A., & Ranhotra, G. S. (1993).
Stabililty and nutrient contribution of beta-cameadded to selected bakery
productsCereal Chemistry70, 558-561.

Saura-Calixto, F. (2011). Dietary fiber as a caroé dietary antioxidants: an essential
physiological functionJournal of Agricultural and Food Chemistrg9, 43-
49.

113



Sayhoun, N. R., Jacques, P. F., Zhang, X. L., JWan,& McKeown, N. M. (2006).
Whole grain is inversely associated with the meiiabsyndrome and
mortality in older adultsAmerican Journal of Clinical Nutritior83, 124-131.

Schatzkin, A., Mouw, T., Park, Y., Subar, A.F., Kip, V., Hollenbeck, A., Leitzmann,
M. F., & Thompson, F. E. (2007). Dietary fibre antlolegrain consumption
in relation to colorectal cancer in the NIH AARPediand health study.
American Journal of Clinical Nutritiar85, 1353—-1360.

Seal, C. J. (2006). Whole-grains and CVD riBkoceedings of the Nutrition Socig6pb,
24-34.

Shahidi, F. In: Natural Antioxidant: Chemistry, HibaEffects and Applications. Shahidi,
F. Eds. AOCS Press. Champaign. IL, 1997; pp 1-11.

Shahidi. F., & Zhong, Y. (2010). Novel antioxidantsfood quality preservation and
health promotionEuropean Journal of Lipid Science and Technoldgh?2,
930-940.

Shewry, P. R. (2007). Improving the protein contantl composition of cereal grain.
Journal of Cereal Sciencd6, 239-250.

Shewry, P. R. (2009). The health-grain program spsw opportunities for improving
wheat for nutrition and healtMutrition Bulletin 34, 225-231.

Shewry, P., Piironen, V., Lampi, A., Edelmann, Mariluoto, S., & Nurmi, T. (2010).
The healthgrain wheat diversity screen: effectgaiotype and environment
on phytochemicals and dietary fiber componeddsirnal of Agricultural and
Food Chemistry58, 9291-9298.

Singleton, V.L., Orthofer, R., & Lamuela-Raventd3,M. (1999). Analysis of total

phenols and other oxidation substrates and anaoxsd by means of Folin-
Ciocalteu reagenMethods Enzymolog299 152-178.

Slavin, J. (2004). Whole grains and human hedihirition Research Review&7, 99-
110.

Slavin, J. L., Jacobs, D., & Marquart, L. (2000)afd processing and nutritioQritical
Reviews in Food Science and Nutritid, 309-326.

114



Slavin, M., Kenworthy, W., & Yu, L. (2009). Antiodant properties, phytochemical
composition, and antiproliferative activity of M#&aynd-grown soybeans with
colored seed coatdournal of Agricultural and Food Chemistrg7, 11174-
11185.

Slavin, J., Marquart, L., & Jacobs, D. (2000). GQanption of whole-grain foods and
decreased risk of cancer: proposed mechani®@a®al Food World45, 54-
58.

Soh, N. (2006). Recent advances in fluorescentgwdbr the detection of reactive
oxygen specieddnalytical and Bioanalytical Chemistr$86 532-543.

Stahl, W., Van den Berg, H., Arthur, J., Bast, Baninty, J., Faulks, R. M. et al. (2002).
Bioavailability and metabolisnMolecular Aspects of Medicine, ,239-100.

Stone, W. L., Papas, A. (2003). Tocopherols, toeotds and Vitamin E. Pages 53-72 in :
Lipids for functional foods and nutraceuticals.x. Gunstone, Ed. The oily
Pres, Bridgewater, England.

Temple, N. J. (2000). Antioxidants and disease:eMaguestions than answelutrition
Research20, 449-459.

Trowell, H. (1972). Ischemic heart disease andagyetfiber. American Journal of
Clinical Nutrition, 25, 926-932.

Truswell, A. S. (2002). Cereal grains and coronaegprt diseasezuropean Journal of
Clinical Nutrition, 56, 1-14.

USDA. (2005). Will 2005 the year of the whole-grailimber Waves, 3, 12-17.
Available
online:http://www.ers.usda.gov/AmberWaves/JuneG&ities?Will2005Who
leGrain.htm.

USDA. (2006). Agricultural Baseline Projections @015, February, OCE-2006.
Accessed November
2006.http://www.ers.usda.gov/publications/oce06420061. pdf

USDA. (2012). http://lwww.ers.usda.gov/topics/cregsat.aspx. Accessed, 17.11.2012.

USDA. Grain: World Market and Trade. (2013a). URttph/fas.usda.gov/grain/current
[#wheat. Accessed 10.05.2013

115



USDA. Wheat Background. (2013b). URL
http://ers.usda.gov/topics/crops/wheat/backgroasgdx#. Accessed.
25.01.2013

Valko, M., Leibfritz, D., Moncol, J., Cronin, M. TD., Mazur, M., & Telser, J. (2007).
Free radicals and antioxidants in normal physi@agfunctions and human
diseaselnternational Journal of Biochemistry and Cell Rigly, 39, 44-84.

Velioglu, Y. S., Mazza, G., Gao, L., & Oomah, B. (2998). Antioxidant activity and
total phenolics in selected fruits, vegetables, grain productsJournal of
Agricultural and Food Chemistry6, 4113-4117.

Verma, B., Hucl, P., & Chibbar, R. N. (2009). Phiemacid composition and antioxidant
capacity of acid and alkali hydrolysed wheat bnattions.Food Chemistry
116 947-954.

Veronica, S. M., Feliciano, P. C., Carlos, J., &riaD. L. C. (2011). Quality and
stability of edible oils enriched with hydrophilantioxidants from the olive
tree: the role of enrichment extracts and lipid position. Journal of
Agricultural and Food Chemistng9, 11432-11441.

Vetter, J. L. (1988). Commercially available fibergredients and bulking agents.
American Institute of Baking Research Departmeghmieal Bulletin 10, 5-8.

Virgili, F. & Marino, M. (2008). Regulation of ceilar signals from nutritional molecules:
A specific role for phytochemicals, beyond anti@dqdtl activity.Free Radical
Biology and Medicine45,1205-1216.

Wang, C. Y., Wang, S. Y., Yin, J. J., Parry, JY&, L. L. (2007). Enhancing antioxidant,
antiproliferation, and free radical scavenging \atiéis in strawberries with
essential oilsJournal of Agricultural and Food Chemistrys, 6527- 6532.

Wang, T., He, F., & Chen, G. (2014). Improving lwoassibility and bioavailability of
phenolic compounds in cereal grains through pracgsgechnologies: A
concise reviewJournal of Functional Foodgff.2014.01.033

Ward, J. L., Poutanen, K., Gebruers, K., Piiron¥n, Lampi, A. M., Nystrém, L.,
Andersson, A. A. M., Aman, P., Boros, D., Rakszedwe, Bedd, Z., &
Shewry, P. R. (2008). The HEALTHGRAIN cereal divgrscreen: concept,

116



results and prospectdournal of Agricultural and Food Chemisiry6, 9699-
9709.

Wardman, P. (2008). Use of Dichlorofluoescein assaymeasure “reactive oxygen
species”Radiation Research, Letter to the Edjtb70 406-407.

Whent, M., Huang, H., Xie, Z., Lutterodt, H., Yu,, l[Fuerst, E., Morris, C., Yu, L., &
Luthria, D. (2012). Phytochemical composition, anflammatory, and
antiproliferative activity of whole wheat floudournal of Agricultural and
Food Chemistry60, 2129-2135.

Willcox, J. K., Ash, S. L., & Catignani, G. L. (280 Antioxidants and prevention of
chronic diseaseCritical Reviews in Food Science and Nutritidd, 275-295.

William, R. M., O’'Brien, L., Eagles, H. A., SolaN.. A., & Jayasena, V. (2008). The
influences of genotype, enviroment, and genotyp@wroment interaction on
wheat quality Australian Journal of Agricultural Researcho, 95-111.

Wolfe, K. L., & Liu, R. H. (2007). Cellular antiodant activity (CAA) assay for
assessing antioxidants, foods, and dietary supplemelournal of
Agricultural and Food Chemistnp5, 8896-8907.

Yeng, Y., McDonald, C. E., & Vick, B. A. (1988). @ycosylflavones from hard red
spring wheat brarCereal Chemistry65, 452-456.

Yu, L., Haley, S., Perret, J., Harris, M., Wilsah, & Qian, M. (2002). Free radical
scavenging properties of wheat extracksurnal of Agricultural and Food
Chemistry 50, 1619-1624.

Yu, L., Perret, J., Harris, M., Wilson, J., & Hales. (2003). Antioxidant properties of
bran extracts from “Akron” wheat grown at differelotcations.Journal of
Agricultural and Food Chemistnpl, 1566-1570.

Yu, L., & Zhou, K. (2004). Antioxidant properties bran extracts from 'Platte’ wheat
grown at different locations:0od Chemistry90, 311-316.

Yu, L., Zhou, K., & Parry, J. W. (2005). Inhibitomgffects of wheat bran extracts on
human LDL oxidation and free radicalSNT — Food Science and Technology
38, 463-470.

Yu, L. L., Haley, S., Perret, J., & Harris, M. (ZD0Antioxidant properties of hard winter
wheat extractd-ood Chemistry78, 457-461.

117



Zile, M. H., Welsch, C. W., Welsch, M. A. (1998)fféct of wheat bran fiber on the
development of mammary tumors in female intact amdriectomized rats
treated with 7, 12-dimethylbenz(a)anthracene anuige with spontaneously
developing mammary tumorsternational Journal of Cancei’5, 439-443.

Zhou, K., Su, L., & Yu, L. (2004a). Phytochemicalsd antioxidant properties in wheat
bran.Journal of Agricultural and Food Chemistry2, 6108-6114.

Zhou, K., Laux, J. J., & Yu, L. (2004b). Comparisoh Swiss red wheat grain, and
fractions for their antioxidant propertie3ournal of Agricultural and Food
Chemistry52, 1118-1123.

Zhou, K., Yin, J. J.,, & Yu, L. (2005). Phenolic dcitocopherol and carotenoid
compositions, and antioxidant functions of hard meohter wheat bran.
Journal of Agricultural and Food Chemisiry3, 3916-3922.

Zhou, K., & Yu, L. (2004c). Antioxidant propertie$ bran extracts from Trego wheat
grown at different locationslournal of Agricultural and Food Chemisiry2,
1112-1117.

Zielinski, H., Kozlowska, H., & Lewczuk, B. (2001Bioactive compounds in the cereal
grains before and after hydrothermal procesdmgpvative Food Science and
Emerging Technologieg, 159-169.

118



