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ABSTRACT

The purpos of the research was to investigatee potential for converting
agricultural byproducts,barley hull and flaxseedhull as well as their cextract, into
valueadded functional food ingrediexnt

Four varieties ofbarley hull and3 types offlaxseed hullwere hydrolyzed in
calcium hydroxide solution in a water bath at 70€C for 4 hrs with shakifibe major
phenolic ompounds in barley hull, flaxseed hull and theirestracs were identified by
reversed phase high performance liquid chromatography (HPLC) coupled with
photodiode array detection (PAD) and quadrupoléime of flight (QTOF) mass
spectrometry (LEMS). Ferulic acid,p-coumaric acid, vanillic acid and vanilliandfour
ferulate dehydrodimersere detected inbarley hull and the co-extrack. Quantitative
analysiswas conducted on the phenolic acidsing the available standards. However,
the phenolic compounds in flaxseed were found to be distinct from that of barley hull.
Large amourt of secoisolariciresinol diglucosid&DG), ferulic acid glucosideKeAG),
p-coumaric acid glucosideCOuAG) were found in flaxseed hull with minor content of
caffeic acidglucoside CAG) and flavonoids herbacitin glucosideHDG), whereas the
phytochemical profile of the eextract was enriched by combining major phenolic
compounds from both barley hull and flaxseed hull.

The antioxidant activity of barley hull, flaxseedillhas well as their c@xtract
was evaluated using DPPH radical scavenging assay while total phenolic content was
measuredising the FolirCiocalteau method After screening usinghemical assaythe

representative barley hull extract, flaxseed hulramtt as well as their eextract were

Vi



testedfor their intracellular antioxidant activity and the antiproliferative activity in3C
human prostate cancer celBoth chemical assays and the cell culture assays indicated
that barley and flaxseed hull hattag antioxidant activity andnéiproliferative activity.
Althoughthe coeextract exhibitedhe strong antioxidant activity in the cheérals assayit
behaved differently in the cell culture assasich may be attributed to the chemical and
biological poperties of the major phenddio the ceextract.

Following evaluation othe antioxidantactivity and amicancer effect of barley
hull extract, flaxseed hull extract as well as theiregtract each type of extract was
incorporded into Chinese steaohdoread(CSB). The phytochemical nofile of CSBwas
enrichedby incorporating barley hull extract, flaxseed hull extract as well as their co
extract which resulted in a significant enhancement in the antioxidant activity evaluated
by DPPHandORAC.

Therefore, barley hull, flaxseed hull and their -egtract are suggested as

promising sourceof functional food ingrediest

Vi
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Chapter 1: Introduction

Today, thefunctions of foods arenot intended to only satisfy hunger and to
provide basic nutrients for humans but alsoptevent nutritiorrelated diseases and
improve the statef well-being of the consumers. Functional foods and nutraceuticals fit
into this niche marketsthey are regarded as nutrients that provide unique beneficial
effects through reducing the risk ohronic disease, above and beyond their basic

nutritionalfunctions Ho et al, 2009.

In the 1980s, Japanese researchers, who studied the relationships between
nutrition, sensory satisfaction, fortification and modulation of physiological systems, first
promoted the concept of functional food for food products fortified with special
constituents that possess advantageous physiological effcist(al., 2008) Although
Afunctional foodo is used commonly around
this group of foods. According to the Bureau of Nutritional Sciences, of the Food
Directorate of Health Canada, a functional food is similar in appearance to a conventional
food, is consumed as part of a usual diet, and it is demonstrated to haveogigyaiol
benefits or reduce the risk of chronic disease beyong basic nutritional functions (Health

Canada, 1998).

Given the advances in understanding the rerlatipnsbetween food,
physiological function and disease, consumers d@ginning to accepthat, to a
significant partfoodhascontrolover their health (Mollet and Rowlang002). Therefore
the demand for functional food developrhand marketing wasoosted ovethe decades.

In order to meet this growing demand, government, industries, and tessdrave to
1



look for new sources of functional foods with potentisdedse prevention attributes.
Flaxseed incorporation into the diet is particularly attractive from the perspective of

development of foods with specific health advantages.

Multiple-beneft products in the functional food industry are becoming more
common. Conversion of barley hull from a low profit waste into a vatiseed functional
food ingredient is a big challenge and the possibility eexwaction of barley hull and
flax hull to poduce a better functional food ingredient needs further investigation.

The rationa¢ and justification of this study has been established on the above
literature review. The biological effect of phenolic compounds from barley hull has never
been studiedAn extract from brley hull fiber extract has beetudiedin a cell culture
model with referenceto phytate but not the phenolic compound&ennefick and
Cashman, 2000 Unlike wheat and oat, barley and its fractioaspecially the hyllare
less studiedor their antioxidant potential. Although the volume of studies on antioxidant
capacity of barley graiim vitro is growing, there is lack of information on barley hull
antioxidant capacity bothn vitro andin vivo. In the literature, phenolic compoundee
concentrated in théull which providesantioxidantdefensesystem to protect the seed
from oxidative stress (Lee et al., 2003); however, dbtailedphytochemical profileof
barley hullis yet to be completedMoreover, the antioxidant capacity oérkey hull
extract has never been studied in cell culturer@nimalmodels On the other hand, flax
hull is the only type of hull which can be directly added into the foods (Hall et al., 2005)
and is available on the market. However, studies have beereported involvingthe
combination of flax hull with other type of hulls or-pyoducts, such as cereal bran or

hull. Human and animal models can be expensive andcdimsuming, whereas a cell

2



culture model allows for rapid, inexpensive screenings @nd Finley 2005). Therefore,

the proposed study will extract the phenolic compounds from barley hull, flax hull, and
their co-extract as potentialfunctional food ingrediest identify theindividual phenolic
compounds and evaluate their antioxidant @gtirsing chemical assays and cell culture

models.

Hypothesis: The combination of barley hull and flax hull might produce a new
functional food ingredient with higrantioxidant and antiproliferative effe¢hrough

interaction

Objectives:
The main objetive of the study is to investigate the potential of barley éxtfact flax
hull extract and their cextracts as functional food ingredients. The specific objectives of

the study include:

1. To investigate the phytochemical profile as well as their aidthok capacityin
vitro in barley hullextract flax hull extract and theirco-extract
2. To investigate the effect of incorporating @igoveextracts intaa food system
3. To investigate the antioxidant and anticancer effects of the extracts using cell

culture model.



Chapter 2: Literature Review

2.1 Barley Production & Utilization

Barley Hordeum vulgae vulgare L) is an ancienand importantcereal grain
which has been domesticated primarily as a feed and malting grain (Baik et al., 2008).
The world poduction of barley is over 130 milln tonnes annually, rankirfgth among
all crops in dry matter production around the world today (FAO, 2007). North America
grows approximately 14% of the world annual production of barley (Kim & Dale, 2004).
Canada ighe third largest producer of barley in the wotlte crop beinggrown mainly
in the Prairie ProvincegAlberta, Manitobaand Saskatchewan). During 262809 crop
year, annual production of barley in Canages 11.78 M mtconstituting7.7 M mt used
for feed, waste and docagend only0.157 M mt usé for food and industrial use
(Statistic Canada 2010). Fhetrmore, as one of the most genetically diverse cereal grain,
barley can be classified as spring or winter types;rowo or sixrow, hulled or hulless
by presence or absence of hull tightly adhereing to the grain, and malting or feed by end
use type, nor mal , waxy, or hi g hglucammgndo s e

proanthocyanidiffree by compositionRaik et al., 2008)

The anatomicaktrucure of barley kerrles presented in Figure 1. It is comprised
of the caryopsis and the enclosing hull or husk formed from the lemma and palea.
Recently, about twohird of the barley crop has been used for feed, abouthimkfor

malting and about 2% fdood directly Baik et al., 2008)



Figurel. Anatomy of barley grain

Inthebr ewi ng industry, br ewer 0 bypredpce nt
mainly consists of the hubf the original barley grains,btained after wort preparation
(Mussatto et al.2006. Due to the relatidg low or no costandabundantavailability, as
well as potential nutritional and functional values, there is growing attention paid to its
conversion into valuadded productsThe chemical composition and potential utilization

of b r e wepenbgrain, ¢bfly made otbarley hull are discussed below.

gr



2.1.1Barley Hull Characteristics & Potential Utilization

Br ewer s0 ,srpaain tonsigingaof barley hull, is a lignocelluloge
material containing aboul7% cellulose, 28% nowellulosic polysaccharides, chiefly
arabinoxylans, and 28% lignifMussatto et al., 2006Currently, themain application is
limited to animal feedingor simply as landfill however, several potential @igatiorns
have been suggested, such as food additive due to high content of protein and fiber,
substrate in cultivation of mushrooms and actinobacteria, as a source chddéd
products like ferulic acid and-goumaric acids, xylose, arobinose, or asaa material
for xylitol and arabitol productiofMussattoet al., 2006 Mussato et al, 2007 Ozvural
et al, 2009. Due to its high protein and fiber contebty e we r grain igop granular
for direct addion in food and must be converted toutqHassona, 1993; Miranda et al.,
19943 b; Oztirk et al., 2002). Huige(1994 and Townsley (1979 successfully
i ncorporated brewersodé6 spent grain flour i
breads, muffins, cookies, mixed grain cereals, fruit amgktable loaves, cakes, walffles,
pancake, tortillas, snacks, doughnuts and browrs.n c e br ewer so spert
produced duringmalting and brewing,and may contain not only barley hull but also
pericarp, seed coat layers as well as the residues frotedrizrley and wheat, rice or
maize added during mashing (Mussatto et al., 2006), the chemical composition may
differ from that of barley hull itselfintensive research has been conducted on how to
utilize brewer so6 s pegrihere sglimied imformation egamiagl | vy, f
pure barley hull Therefore, it is necessaty investigate potential application of barley

hull.



Similar to br earkeyhlds as pgecultural ggroductnmainly b
used as a carbohydrate source for feed lsupgnt or for manufacturing of glucose or
ethanol (Moldes et al., 2002). Barley hull is composed of 23.0% cellulose%32.7
hemicelluloses, 21.4% lignin, 1.6% acetyl groups, and 21.3% other (Moldes et al.,2002;
Hdje et al.,, 2005). Barley hull also containsrotein, uronic ad and aetyl groups
(Garrote et al., 2004). As xylan is the most abundant hemicellulose polymer in barley
hull, it can be hydrolyzed into xylose and further fermented to produce xylitol. Xylitol
low caloric pentitol with sweetening pwer and anticariogenic propertiess suitable as
sugar substitute for diabetics (Parajoet al., 1987z et al., 200R The utilization of
barley hull as feed supplement is limited due to its low digestimiitie combustion of
hull material is dificult and not practical due to its high ash content, which results in
mineral depositions in boilers (Cruz et al., 2007; Garrote et al., 2008). On the other hand,
it is very expensive to transport barley hull to the disposal areas owing to its low density
(Mahmudi, 2005; Searcyl et al., 2007; Garrote et al., 2008). Current interest in barley hull
remains as substrate for saccharification and fermentation. Kim et al. (2008) treated the
barley hull with agueous ammonia for extended peridtime at 3075 € and used
enzymatic saccharification to evaluate fiwential ofpre-treated hull for bioconversion
to fuel ethanol and/or for usesa ruminant feed component with enhanced digestibility.

In order to prodce substrate for fermentation media, phenolianpounds have to be
removed, becausef their inhibitory effect on bacterial growth (Schwald et al., 1988).
However, there is lackf detailedknowledge orthe phenolic compounds found in barley

hull, anda systematic study of its antioxidant capacityrigentlyrequired.



2.1.2PhenolicCompounds inBarley Hull

Due to the high content of lignin, phenolic acids can be isolated Warley hull
(Cruz et al., 2001; Mussatto et al., 200Bartoloméet al. (1997, 2003)eportedthat
ferulic acids andqgoumar ¢ aci ds are the most abundant
grain. It has been known fodecadeghat pcoumaric acid ighe dominantphenolicin
barley hullsince itforms linkages with lignin (Higuchi et al., 1967%alomonsson et al.
(1980) indicatd that p-coumaric acid was present in the lowest amount in the center of
the barley kernel and rapidly increased toward the outer Jagarscularlythe lignified
hull (Maillard and Berset 1995)

Norrisothermal treatment of barley hull in aqueous media selectively degrade
their hemicellulose fraction, and release araban, xylan, oligosaccharides,
monosaccharides, furfural, furfurdégradation products, acetyl groups, acetic acid and
phenolic compounds (Garrote et al., 2004; 2008). Garrote et aB)(2@@ted barley hull
with water at high temperature (860 °C) for autohydrolysisand then extracted

phenolic aciddy ethyl acetatéTable 1)



Table1l. Phenolic compounds present in liquors from isothermal autohydrolybiarley
husks at 21& (Garrote et al., 2008)

Concentration in original ~ Concentratiorafter

Compound _ o
liquors (g/L) saponificaiton (g/L)

3,4

_ 0.098 0.141
Dihydroxybenzaldehyde
4-Hydroxybenzaldehyde 0.123 0.284
Benzoic acid 3.428 2.783
Coumaric acid 0.134 0.226
Ferulic acid 0.066 0.179
Gallic acid 0.564 0.409
Vanillic acid 0.010 0.018
Vanillin 0.056 0.054

The identified phenolic compounds accounted fofi 3.8 g/100 g barley husks
(dwb) (Garrote et al., 2008). Benzoic and cinnamic acids arent@er phenolics
obtainedfollowing depolymerisation of the acibluble lignin fraction (Garrote et al.,
2008). The antioxidant capacity of ethyl acetate soluble extracts was measured in terms
of EGsp, which was foundin the range 0i0.9 g/L (Garrote etla 2008). Cruz et al.
(2007) detected ferulic acid andcpumaric acid as the main phenolic compounds present
in barley hull, and théevelsof these two acids varieahderdifferent pH conditios. The
extraction yield of ethyl acetatmluble compound v&a3.13g/100gdwb) at pH=12.8and
more than three times at pH=3 (9.99/100qg). Ferulic acid andumaric acid were
present at levslof 2.5% (w/w) and 3% (w/w) of the extract®spectively (Cruz et al.,

2007).



Similar to ferulic acid being the predominanphenolic acid in wheat,-poumaric
acid was found to be the main phenolic acid in the bran fraction of black barley lines
(Siebenhand! et al., 20Pp7The bran fraction of black barley samples consisted of both
pericarp and hullslimmaand palea), thusesearcherassociatedhe high content of p
coumaric acidvith the hulls, and ferulic acidith the pericarp (Siebenhandl et al., 2007).
The main monomeric phenolic compounds obtained from barley straw in decreasing
order of abundance by alkaline hydrddyare vanillin, syringaldehyde -goumaric acid,
p-hydroxybenzaldehyde, ferulic acid, syringic acidhyglroxybenzoic acid, vanillic acid
andacetovanillone (Sun et al., 200128002).

Compared to barley hull, whole grain barley contains a much wider rahg
compounds with potential antioxidant effects such as benzoic and cinnamic acid
derivatives, proanthocyanidins, quinines, flavonols, chalcone, flavones, flavanones, and
amino phenolic compounds (Hernanz et al., 2001). Barley grains contain phenolic
conpounds rangingrom 0.2 to 0.4% (Bendelow and LaBerge, 1979). The phenolic
content of grains, expressed as catechin equigleas been reported to be 24.3 (g/mg
for barl ey, 17.6 Og/mg for oat s, 10. 2 Og/nm
& Kozlwaka, 2000).The tee phenolics in barley grain are composed of flavonoids
(mainly proanthocyanidins (PAs), anthocyanins and catechins) whereas the majority of
bound phenolics are phenolic acids (Von Wettstein et al., 1985; Andreasen et al., 2001).
The® compounds are mainly concentrated in the hull, testa, and aleurone (Nortkvist e
al., 1984, Jend§&trid, 1993;Goupy et al., 1999). Anthocyanin levels in the hull, pericarp
and/or aleurone layer determine the grain color, thus, the grain colour of Gamlesary

from light yellow to purple, violet, blue and black (Badt al, 2008). Blue aleurone
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barley has five times morenthocyanin content thawhite/yellow aleurone barley, and
two times more than that of we a l,11987).b |l ue a
According to AbdelAal & Hucl (1999), blue aleurone barley had an anthocyanin content
of 174291 g/g. The flavonol content in barley ranged from 10.9 to 66 g rutin
equivalent/g (Goupy et al., 1999QuindeAxtell and Baik, (2006) quantifieddfeic (15

to 36 /g), pcoumaric (hulless genotypedi-21 g/g, hulled genotypes: 288 [g/g),

and ferulic acids (301 to 567 pg/g ) in 11 barley genotypes, which is in agreement with
previous studies (Hernanz et al.,20d@wpfer et al.,1998). Howeverhe pcoumaric acid
content was significantly lower in hdéss genotypes {21 g/g) as compared to hulled
genotypes (288 g/g) (QuindeAxtell et al, 2006) which is in agreementvith earlier
reports that the aleurone layer is high in ferulic acid, levlg-coumaric acid is
concentrated in the hull (Nordkvist et al.,1984). Both FA ait@iApare associated with

cell wall constituents because they are elstked to them, especially to arabinoxylans
and lignin (Holtekjden et al., 2006)QuindeAxtell et al., (2006) observed significant
differences in phenolic acid profleamong genotypes. They concluded that hulless
barley had a lower total phenolic acid content as compared to hulled barley, mainly due

to the low pcoumaric acid content of hulless bar{@uindeAxtell et al, 2006)

2.1.3Health Benefitsof Ferulic acid & p-coumaric acid

Accounting for one third of dietary phenolic compouraluding flavonoids
daily consumption of phenolic asiés estimated to range from 25 gy depending on a

pe sonds diet ( fr ui ffees, spieey €liffardid98)s, gr ai ns,
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Ferulic acid (4-hydroxy-3-methoxycinnamic acidFig 2.) and pcoumaric acid
(trans4-hydroxycinnamic acid) are ubiquitous phenolic compounds in cereal grain, fruits
and vegeables and other plant tissueBhenolics are the products of secondary
metabolism in plants, providing essential functions in the reproduction and the growth of
the plants, acting as defensechanismsgainst pathogens, parasites, and predators, as

well as contributing to the color of plants (L.i2004)

OH
2H

- CHy

8]
HO

HO Ferulicacid
p-coumaric acid

o

Figure2. Chemical stucture of-poumaricacid andferulic acid

In spite of their weldocumentedantioxidant activity, thereis accumulating
chemcal, biochengal, clinical and epidimiological evidence supporting the
chemoprotective effects of phenolic compoun@gnerally, phenolics are considered as
potential therapeutic agents against a wide range o@&d#nincluding neurodegenerative
diseases, cancer, diabetes, caralsoular dysfunction, infammatory diseases and in
aging (Soobrattee et al., 2005)Chemically, ferulic acid and-poumaric acidhave a
phenolic nucleusand an extended side chain (Rigwhich readily forms a resonance
stabilized phenoxy radical and erexblthem to scavenge free radicals and prevent

oxidative stress (Graf,1992Ferulic acid can be absorbed, metabolized and distributed in
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rodents and humangefore it isfinally excreted in urine as-Bydroxyphenyl and -3
methoxy4-hydroxy phenyl derivative of phenyl propionic acid, hydracrylic acid and
glycine conjugategSrinivasanet al, 2007. Due to the strong free radical scavenging
capacity, ferulic acidnay be beneficial in prevention and/or treatment of disordeked

to oxidative stres, includ ng Al zhei mer 0s 2005), caees (€hang &t n et
al.,2006), atherosclerosiDifis et al., 2002), inflammatory diseases ( Murakami et
al.,2002). Sodium ferulate, a salt of ferulic acid, is used for treatment of cardiovascular
and cerebrovasculadisease in ChinaWang and Ouyang, 2005).p-coumaric acid
(Fig.2) is another phenolic acid of great interest due to its chemoprotective and
antioxidative effect (Mussatto et aR007). AbdeltWahab et al(2003) reported that-p
coumaric acid protectedart 6 s heart a gnduced sokidatideosiress, and i c i n
suggested that-poumaric acid can be used adjuvant therapy in cancer managemént.

wide spectrum of biological effect of-gpumaric acid has been investigated in animal
studies, including inbition of LDL oxidation (Zang et al.2000, reduction in oxidative
damage to DNA (Guglielmi et al003) and inhibition of platelet aggredation (Luceri et
al., 2007) The antioxidant activity of phenolic acids against hydroxyl and peroxyl radical
oxidaton were investigated in synaptosomal and neuronal cell culture systeitro,
whereas ferulic acid showed far more potential than vanillic, coumaric, and cinnamic acid
in attenuation of protein oxidation, lipid peroxidation, and ROS production (Kanaki e
2002). pCoumaric acid exerts antioxidant activity bathvitro andin vivo, and shows a
protective effect from UWB-induced oxidative damage in rabbit corrdatived (SIRC)

cells (Lodovici et al., 2003yhe paharmacological actions of phenolidi@idants is

mainly attributed to their antioxidant activity, their free radical scavenging and chelation
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of redox active metal ions, modulation of gene expression and interaction with the cell

signaling pathways (Soobrattee et 20095.

2.2 FlaxseedProduction & Utilization

Flax (Linum usitatisimumL.) is one of the ancient crops cultivated aslyeas
6000 B.C. in the edest agrarian societiesnithe Tigris and Euphrates \wt in
MesopotamigOates, 197P Nowadays, flax is growas either an oilrop or as a fiber
crop (Touréet al.,, 2010).Canada plays a dominateol e as t he awor | doés
producer, contributing about0% of total world production and 75% of workport
(Oomah and Mazzal999. It is mainly grown in the prairies (Manitoba,Saskatchewan,
and Albertd. From 2008 to 2009, the annual production of flaxseed in Cawvad&861
kt, of which 627 kt was exported, and only 181 kt was used domest{iéglculture
and AgriFood Canada, 2010lrlaxseed provides essential nutrients, sagiproten (30
35%), ol (30-45%) including omegd fatty acids, carbohydrates (368%), fiber(10%),
as well as complex phenolic compounds know as lgriBatty, 1995). The lignan
component of particular interemt flaxseedis secoisolariciresinol digcoside E§DG) due
to its abundance in flaxseed and its health benefits related to its edikegactions in
animals and humanditchell, 200]). Flaxseeds one of the most concenteat sources
of the lignan preasor SDG and contains /00 times theamount found in other foods
(Thompson et al.1991). However, limiting factors for flaxseed consumptionthesigh
content of glucosidé100-300 mg hydrogen cyanide/kg seed) and cadmuim {(Z3/8
egl/ kg) (Rosling, 1 9 9 ;dailyGriakeaoh flaxseled should be 2 00 7

limited to 1620 g whole flaxseed with regard to thevdés of cyanogenic glucosides
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(Strand& 2008). A high content of mucilage (2%) in flaxseed also restrict the daily

intake to approximately 45 g due to a laxative effect mdms (Clark et al2001)

2.2.1 Flaxseed Hull

Flaxseedhull andmucilage constitute about 40% of the total seed (Oomah, et al.
1996. The hull consists of an outer, true hull, which is tough and fibrous, with no oil and
protein, and an inner soft hull e@ining some oil and prate (Oomah et al.1999.
Because much of the fiber is in the hull, efforts are directed towards removing the
maximum amount of hull from the seed and meal sintlltaneouslyobtaining a pure
hull fraction with physiological proptes(Oomah and Mazzd.998).

As a byproduct of flaxseed oil extraction, flaxseed meal is generally obtained by
cleaning, flaking, cooking and pressing of the seed followed by solvent extraction and
solvent removal steps (Oomah and MaZZ&07). The defaéd meamainly consistingof
the hull (38% on dry weight basigAgriculture and AgrFood Canada 1997 is
normally underutilized as food or discarded.

Removal of the seed coat (hull) from flaxseed has proven difficult due to a layer
of endosperm tissusdhering to the hull. The exact location of SDG in flaxseed has never
been establisheqWiesenborn et al. 2003). A negative correlation has been found
between SDG content and oil content in different fractions of dehulled flaxseed,
indicating that SDG ngiht be found in the hull (Madhusudhan et al., 200@&senborn et

al., 2003).
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2.2.2Bioactive Compoundsin FlaxseedHull

Recently it is believed that lixseed hulls are an excellent source of lighan
which belong to the group of phytoestrogens (Hallehdl., 2006). The main lignan
flaxseed is SDGwhich varies in content between 6 and 29 mg/dqiéndefatted flaxseed
powder Eliasson et al.2003; Beejmohum et al2007; Charlet et al., 2002; Johnsson et
al.,, 2002).The formation of SDG takes plagethe outer layer of the seed (Hano et al.,
2006). Therefore, the concentration of SDG found in flaxseed hulls is higher than that of
whole seeds (Madhusudhan et al., 2000). In flaxseed hull, lignans are present in an
oligomeric structure ((Kamdtldin et al., 2001), which is referred to as tlignan
macromolecule(Fig.3). The backbone of the lignan macromolecule is SDG which is
esterified to hydroxymethylglutaric acid KamalEldin et al., 2001 Recently, it has
been reported that@oumaric acid gluaside (CouAG) and ferulic acid glucoside (FeAG)
and flavonoids herbacitin glucoside (HDG), caffeic acid glucosmgstitutepart of the
lignan macromolecule (Struijs et al., 2007, Struijs et28l08). They can be released after
alkali treatment ofhe flaxseed extract containing lignan macromolecule (Johnsson et al.,
2002, Westcott and Muir, 1996). Struijs et al. (2007) obtained 7.5% (w/w) of extraction

yield from flaxseed hull, and 0.2% (w/w) HDG in flaxseed hulls is found.
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Figure 3. Structure of the pheolic glucosides in the flaxseed phenolic complex;
secoisolariciresinol diglucoside -I8/droxy-3-methyl glutaric acid oligomers (SDG
HMGA oligomers (average n=3), secoisolariciresinol diglucoside (SGBE)puparic

acid glucoside, ferulic acid glucoside, and herbacetin diglucoside (HDG).
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Flaxseed contains-80 g/kg of total phenolic acidshat include5 g/kg of
esterified phenolic acids, and53g/kg of etherified pénolic acids (Oomah et al., 1995
In the whole se# the content of SDG and phenolic acid glucosides varies significantly.
Eliasson et al. (2003) detected, on dry matter basis, that different samples of flaxseeds
varied considerably in their content of {$pPG (11.925.9 mg/g), {)-SDG (2.25.0
mg/g), pcoumaric acid glucoside (1.8.5 mg/g), and ferulic acid glucoside (1560
mg/g). Other lignans present in flaxseed are matairesinol (MAT) (Liggins et al., 2000),
isolariciresinol (isoLARI) (Meagher et al., 1999), pinoresinol (PINO) (Meagher et al.,
1999),and lariciresinol (LARI) (Sicilia et al., 2003). Other phenolic compounds reported
in flaxseed, which might contribute to the health effects ascribed to flaxseeds, are
hydroxycinnamic acidécluding p-coumaric acid (Klosterman et al., 1955), ferulic acid
sinapic acid, caffeic acid (Dabrowski and Sosulski, 1984) and their glucosides, as well as
the flavonoids herbacetin diglucoside (HDG) and kaempferol diglucoside (KDG) (Qiu et

al., 1999).

2.2.3Health Benefits of FlaxseedL ignan

A broad range ohealthbenefits of flaxseedignan is being revealed by growing
numbers of cell culture studies, animal models as well as human clinical Iriads
believed that the beneficial effects of flaxseed on certain disezmesbe partially
attributedto SDG.The demastration of clinical activity associated with the consumption
of flaxseed has led the U.National Cancer Institude to target flax as one of the six plant

materials for study as canepreventive foods (Caragay, 1992).
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2.2.3.1 AntioxidantActivity

Recantly, SDG has been reported to have antioxidant actiwityitro comparable
to ferulic ac-todopheral{Srahdasgehat PO0Bhenhaatioxid&ht activity
of the flaxseed lignans and metabolites exprotective effect agast AAPHinducedor
DPPHinduced oxidatior(Hosseiniaret al.,2006). Prasad (200@lso indicated that the
antioxidant activities of SDG secoisolariciresinol(SECO, enterodiol END), and
enterolactone ENL) contributed in reduction of hypercholesterolemia, atherosdgeros
and diabetes. The antioxidant activity of flaxseedvivo was measured by monitoring
hepatic enzyn®(catabse, SOD, and peroxidase) in weanling albino (Rgesha et al.,
2006). In the flax lignan complex(34-38% SDG, 181% cinnamic acid and-91%
hydroxymethylglutaric acid by weight) treated hypercholesterolemic rabbits, serum
malondialdehyde (a measure of lipid oxidation) level was decreased by 35%, aortic
malondialdehyde was decreased by 58% (Pra2a@5). It is been suggested that the
benefcial effects of SDG in cancer and lupus nepheritis showed that these beneficial

effects could be due to the ability of SDGsttavengeOH radicals (Prasad 1997).

2.2.3.2 Anticancer Effect

Flaxseed lignasmcould be a significant part of a treatment reginier cancer
based on the large numbers of animal studies as well as small scale human clinical trials.
In the past two decade®gsearchers demonstrated the protecitve effect of flaxseedsand it
componentsagaing breast canceusing animal studies withinducedcancer.Research
evidence has shown that SDG prevéritgibits mammary carcinogenesis in rats (Wei et

al., 1995; Serraino & Thompson, 1991, 1992). Rajesha et al. (2006) reported that
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weanling alibo rats fed with flaxseed supplemented diet foral4 destored the hepatic
marker enzymes like catalase, SOD, peroxidase after intoxication by carbon tetrachloride.
Saarinen et ak2008&) determined the accesibility and accumulation of lignans to breast
cancer tissue after oral administration of tritilabekd dietary SDG {H-SDG) to
athymic mice bearing MGF tumors. The aithors indicated that the accessibility of
lignans to tumor tissue suggests that part of the anticancer effect of lignans may be due to
their direct local effects on the breast canigsues(Saarinen et al.2008). The long

term effect of flaxseed alone and in combination with soy protein were determined on the
established estrogen responsive human breast cancer-7MGEnografts in
ovariectomized athymic nude mice (Saarinen et28l06). Flaxseed supplimentation
attenuated the tumor size similar to that of control, and also reduced the stimulating effect
of soy protein on the growth of estrogen responsive MGfancers in ovariectomized
mice during a 2&5veek study (Saarinen et ,aR006). Other olservations also include
reduced tumor occurrence and size at the initiation and promotion stages of
carcinogenesis (Serraino & Thompsdi§92, reduced metastasis at the late progress
stage of estrogen receptor negative carcinogenesisr¢Bia et al.,2002) in flaxseed
treated rats or micélhe beneficial effects of SDG or flaxseed combined with tamoxifen
(a selective estrogerecepter modulatoglinically used in the treatment of breast cancer)
reduced the tumor growth by reducing gelliferation, expression of genes, and protein
involed in theentrogen receptemegativeER-) and growth factemediated signalling
pathways with flaxseed oil having the greatest effect in increasing apoptosis compared
with tamoxifen treanhent alone (Sagg et al., 2018). However, SDG showed greater

effect in the reduction of tumor growth compared to flaxseed oil (ridiphalinolenic
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acid) treatment primarily through tumor cell proliferation, the reductiompr@senilun 2
(PS2, B-cell ymphoma 2 (Bd), as wellasinsulin-like growth factor 1 receptolGF-

1R) mRNA expression rather than increasiagoptosis (Saggar et al., 2®)0 The
mixture of SDG and flaxseed oll resulted in a significant interaction, in which the effect
of this combination was fiierent than the effect of the administration of either
component al one, suggesting that SDG and
(Saggar et al.,, 20809. Consumption of 25¢g flaxseed in a muffin formulation reduced
the tumor cell proliferatiomnd human epidermal growth factor receptorHER?2) index

and increased apoptosis in endomized placebo controlled clinical trial in
postmenopausal women with newly diagnosed breast cancer (Thompson et al., 2005).
Chen et al. (2009) demonstrated tiflakseed and pure SDG had a similar effect in
reducing tumor growth and in mechanisms of action, including downregulatingritR
growth factor mediated cell signalling, whereas flaxseeddulhot significantly reduce
those biomarkers tested in the stu@he authors pointed out several limitasaf this
study, which include unequal SDG concentration in flaxseed and in the hull, as well as
lack of phytochemical analysis in the hull, particularly those with antinutritional effects,
which mayinteractwith the beneficial effect of SDG (Chen et al., 200B)e biological
effects of other lignas) besides SDG, are also investigatdthe mice treated with lignan
schisandrin Bexhibitedincreased activity of the antioxidant enzymes when compared to
carbon étrachloride treated mice and control group mice (Kitts et al., 1999). The lignan
genistein has been shown to be a potential antioxidaritro (Ip et al., 1995). The action

of lariciresinol, a dietary lignan, on hormone responsive mammary cancer ihamts

been studied in a similar model used in the study conducted by Saarinen et al. (2006) and
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Power et al. (2007). The results showed that lariciresinol enhanced tumor cell apoptosis
and increased estrogen receptor beta expression in human7M&East cacer
xenografts in athymic rats (Saarinen et al., 2)08

On the other hand, accumulating evidence from clinical trials, animal models and
cell culture studies allow us to underline specific anticancer mechanisms of lignans on
growth and devepment of postate cancerChen et al.,2009). Lin et al. (2001)
demonstrated that enterodiol and enterolactone significantly decreased the cell viability in
3 human prostate cancer cell lines (LNCap [hormone sensitive]3 B6d DU145
[hormone insensitive]). Furtheore, enterolactone was found to induce apoptosis in
LNCap cells via a mitochondrimhediated, caspaskependent pathway (Chen et al.,
2007). A new finding about enterolactone against prostate cancer has been revealed by
Chen et al., (2009), suggesting ttleaterolactone suppresses proliferation and migration
of prostate cancer cells at nutritionatlglevantconcentrations (260 umol/L), at least
partially through inhibition of IGFR signalling. McCann et al. (2008) observed that
enterolactone inhibitedthe LNCap human prostate cancer cell proliferation at a
concentration of 60 uM through altered expression of cell cycle associated genes.

Other than breast cancer, dietary flaxseed significantly decreased tumor
multiplicity and size in Ap¥" mice bearingntestinal tumor (Bommareddy et al., 2009).
According to Qu et al. (2005), lignamereinvolved in antitumor activity of wheat bran
human colonic cancer SW480 cells. The combination of two metabolites of lignan,
enterolactone and enterodiol respectiveuised more severe inhibition of SW480 cells

(Qu et al., 2005).
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2.2.3.3 ProtectiveEffect of SDG in Other Diseass

Flaxseed lignans may also protect agaioatdiovascular diseaseC{YD) and
diabetes by reducing lipid and gluose concentrations, riogvedood pressure, and
decreasing oxidae stress and inflammmation Adolphe et al., 2010). The
cardioprotective effect of flaxseed is mainly attributed to the lingnan complex or SDG
which can slow the progression of atherosclerosis, reduce the isalepmfased
myocardial infact size, and reduce the oxidative stress in aorta in hyerchlesterolemic
animal models (Prasad,999; Penumathsa et ,aR007). Furthermore, Prasad (2000)
reported that SDG prevented the development of diabetes mellitus in dipbate
BioBreeding rats by decreasing serum and pancreat@londialdehgie (MDA) and
increasing antioxidant reserve. Flaxseed and SDG are also suggested to have beneficial
effects on renal function in animal models or in husngtall et al, 1993; Clarket al,

2001, Velasquezt al, 2003)
Therefore, the incorporation of lignans in food and in animal diet has great

advantages, helping in the inhibition of diseases and the promotion of health.

2.2.4Flaxseed Hull Potential as a Functional Food &irce

In the Unted States, flaxseed (FS) and flaxseed meal (FLM, partially defatted FS)
have found market acceptability as a component in some cereals, specialty breads,
cookies, and salad dressings (Carter 1993; Nesbitt and Thompson 1997). According to
Mi nt el 6New Brbdodisdhtabese (GNPD), in 2005 and 26&pectively,72 and
75 new poducts were launched in the tbd States that listed flax or flaxseed as an

ingredient (Flax Canada, 2007).
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Flaxseed or flax hull are now considered as functional food irgsdihich can
be added toproducebr ead ( Me nt eRohjaaheimoaet al., 2008)0 rha8aroni
(Hall et al., 2005), pasta (Manthey et al., 2008), and muffins (Ramcharitar et al., 2005).
Many other functional food additives have been included in bread formulation to increase
its diversiy, nutrition, or product appeal (Fan et al., 200H@xseed hull, which contains
up to 5% SDG, is now being commercialized asS®G concentrateqomah and Sitter,
2009)

It is still a big challenge for researchers to develop novel functional foods

contaning natural nutrients which can provide multiple health benefits.

2.3 Extraction & Hydrolysis

A specific extraction methodology to obtatihe majority of phytochemicals in
cereals has not yet been establisti2de to its ease of operation and highoneary of
target compounds, solvent extraction is the most common method to extract
phytochemicals from cereal grain or from other plant tissiWgh advancesin
knowledge about the phytochemicals in cereal grainhas been recognized that more
than 90%of phytochemicals are present in bound form, mainly dstieed to polymers
in the plant cell wall (Andreasen et al., 20@arciaConesa et al., 199Adom and Liy
2002). Recently, alkaline hydrolysis, acid hydrolysis, enzymatic digestion (Adom et
a., 2002 Adom et al.2003Bonoli et al., 2004 Mpofu et al 2006;Zhao et al., 2006
Siebenhandl et al., 200Qiu et al. 2009, 20)0became popular for releasing the bound

phenolicin cereal grains.
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2.3.1 Solvent Extraction

For analytical purpose simgde organic solverst such as methanol, ethanol,
acetone are often applied to extract phytochemicals from cereals and cereal hulls
(Ramarathnam et al., 1988hao et al., 2006; Li et al., 2005). Triticale bran and straw
were also extracted by ethyl acetafeerahydrolysis with 2 M NaOH (Hosseinian &
Mazza, 2009);

The first article reporting a glucosidic phenolic complex being released from the
flaxseed matrix by organic extraction using dioxane/ethanol was published by
Klosterman & Smith (1954). The phenoliomplex in defatted flax is extracted using
more polar solvents such as dioxane/ethanol, aqueous ethanol or methanol in combination
with heat and mixing (Johnsson ét, 2000; Westcott & Muir, 1996Muir & Westcott,

2000). Traditionally, extraction of SB from flaxseed is achievedequentially using
solid-liquid extraction with alcohol (methanol or ethanol) or alcelater mixtures such

as aqueous ethanol, followed by alkaline hydrolysis (Eliasson et al., 2003). Struijs et al.
(2007) extractedignan maacomolecule from defatted hulls by a thystep sequential
extraction with 63% ageous ethanol, followed by sodium hydroxide hydrolysis to
liberate SDG and other phenolic components. Other organic solvent mixifore
example, 1,4lioxane with 95% ethandll:1 v/v) are also used to isolate SDG from
flaxseed (Johnsson et al., 2000; Strandas et al., 2008). Although solvent extraction is easy
to operate, it is necessary to extract the sample several times to fully recover the target
compounds, which makes tke&traction time relatively longangingfrom 4 hrs to 2 days
(Johnsson et al., 2000; Meagher et al., 1999)the other handhe following still hago

be addressedhat organic solvent extraction of phytochemicals is not desirable for food
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ingredientdevelopment, and alge considered not friendly to the environmemen the

production ofsignificantamouns of chemical waste.

2.3.2 Alkaline Hydrolysis

Alkaline hydrolysis has become the primary method used for extracting
phytochemicals from cerealains or other plants (Suet al.,, 200l Cruz et al. (2007)
llustrated that part of the phenolic fraction of the barley husk can be dissolved in ethyl
acetate after the alkaline treatment with NaQ#ussatto et al(2007) described the
extraction of feric and pcoumar i ¢ acid from brewerds sp
concentration at 120€ for 90 min. Garrote et al0(8) recovered phenolic acids using
ethyl acetate after neisothermal (19229€C) autohydrolysis.

Furthermore, alkaline hydrolysis in water methanol is used to break ester
linkages to release SDG;goumaric acid glucoside, and ferulic acid glucoside or their
methyl esters from the phenolic complex (Johnsson et al.,, ZDAR). Eliasson et al.

(2003) developed a simple, fast and reliaiethod for the quantitative preparation of
SDG in flaxseed meal by using direct alkaline hydrolysis without the alcoholic extraction
step.Optimal conditions for direct alkaline hydysls were established as 1 NaOH at

20 € for one hour of hydrolysis ahpolysaccharides and protein were precipitated using
60% aqueous ethanol (Standas, 2008). Yuan et al., (2008) suggested that the alkaline
hydrolysis of flax hull process might be divided into two stages: (a) the release of SDG
and the methyl esters ofgpumaric acid and ferulic acid glucosides and (b) the release of
p-coumaric acid and ferulic acid glucosides from their respective precursors. Methanolic

alkaline hydrolysis produces methyl esters afopimaric acid and ferulic acid glucoside,
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whereas direcalkaline hydrolysis results in the immediate production-ocbpmaric acid

and ferulic acid glucoside (Yuan et al., 2008). TBaeneauthors also investigated the
hydrolysis kinetics of SDG oligomers from flaxseed, and suggested that hot alkaline
solution can completely transform SDG oligomers into SDG.

Preliminary results indicatethat high concentration of alkaline solution, such as
2M or 4M NaOH is not suitable for barley hull. This is due to the fact that the color of the
extract after freeze drying much darker than that of calcium hydroxide hydrolyzed
sample Dark colour is a physical parameter generally unfavourable for further food
application. Another concern is that such a high content of sodium hydroxide needs a
high amount of HCI to neutiiaé thereby producing a high salt content which makes the

extract chalky and hard to remove from the solution.

2.3.3 Acid Hydrolysis

Unlike alkaline hydrolysis, acid hydrolysis in combination with hbet¢aksester
and ether linkages to release glucossidiees and obtai$SECO (Mazur et al., 1996;
Charlet et al, 2002). SECO can be further dehydrated to vyield
anhydrosecoisolariciresinol (Anhydroseco, also called Shonanin) depending on the acid
concentration (Standas, 2008). Meagher et al., (1999) isdigiats from flaxseed meal
with alcoholic solvent system followed by acid hydrolysis to release the aglycons.
However, acid hydrolysis can be destructtring prolongecheating period or when
too high hydrochloric acid concentratgare used antherebre should not be applied if
guantitative results or high quantity of SECO are needed ((Kraushofer & Sontag, 2002;

Li et al., 2008)
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2.3.4 Other Methods

Lee et al.,, (2003) demonstrated that-ifdrared radiation (FIR) increased the
amounts of active compods in methanolic extracts of rice hull. The authors suggested
that FIR radiation with its simple process would be more effective in releasing
antioxidant compounds from agricultural-pyoducts such as rice hull at an industrial
scale (Lee et al., 2003).

Recently, the phenolic complex was isolated from whole flaxseed by subcritical
water extraction at high temperature in combination with high pressure (Cacace &
Mazza, 2006). Subcritical watextraction also known as pressurizémv polarity water
extracgion (or pressurized hot water extraction, superheated water extractlenjeases
the dielectric constant of water and provides similar properties to ethanol or methanol.
Recovery of SDG, qgoumaric acid glucoside, and ferulic acid glucoside was 80&t aft
subcritical water extractions at 1460C and 5.2 Pa. In another study, microwave
assisted extraction was used to quantify SD&opmaric acid and ferulic acid
glucosides in flaxseed and was found to shorten the time of extraction and hydrolysis of
traditionally used methods (Beejmohun et al., 2007). Renouard et al. (2010) improved the
extraction of SDG from flaxseed hull and whole seeds using an enzymatic step assisted

with cellulase that al l-guwosidasebet t er yield as

28



2.4 Assessmet of Antioxidant Activity Using Chemical Assays& Biological

Techniques

2.4.1 ChemicalAssgs for Evaluation of Antioxidant Activity

The most frequently used methods to measuréntiéro antioxidant potential of
cereals and their fractions include tbrygen radical absorbance capad¢i@®RAC), the
2,2-azincbiss 3-ethylbenzothiazoliné-sulfonic acid (ABTS), the 2;Biphenyil-
picryl hydrazyl fdrrid RdeutiBg antioxaand povefrlRAP) assays
(Fardet et al.2008). However, the reactions involved in these assays are different and
basically classified into two typewhich are hydrogen atom transfer reaction basssdy
and single electron transfer reaction based assay (Huang et al., 2005). The major

antioxidant capacity assaysvitro are listed in Table.

Table2. In vitro antioxidant capacity assays (Huang et al., 2005)

Hydrogen atom ransfer reaction base ORAC (oxygen radical absorban
assays capacity)
Inhibition of linoleic acid oxidation
Inhibition of low density lipoprotein (LDL)
oxidation
Total radical trapping  antioxidar
parameter
Crocin bleaching assay
Electrontransér (ET) reaction base Trolox equivalent antioxidant capacity
assays Ferric ion reducing antioxidant parameter
DPPH reduction capacity
Total phenols assay by Fofbiocalteu

reagent
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Total phenolic content, ORAC, DPPH scavenging assays are widely to
evaluate the antioxidant capacity of fruits (Sun et al., 2002), vegetables (Chu et al., 2002),
and cereals (Li et al., 2007; Bellido & Beta, 2009; Zhao et al., 2006) worldwide by

researchers.

2.4.1.1 Total Phenolic Content

The total phenolic conténassay, measured by Foli€iocalteu reagentwas
initially intendedfor the analysis of proteint aki ng advantage of the
toward protein tyrosine (containing a phenol group) residue (Folin and Ciocalteu, 1927)

The mechanismbehind thisassayrelies on the transfer of electrons in alkaline
medium from phenolic compounds and other reducing species to molybdenum, forming
blue complexes that can be monitored spectrophotometrically af650m (Magaldaes
et al., 2008).The total phenolic @ntent assay is convenient, simple, and reproducible
Furthermore, literature indicates are x cel | ent l i near correlatdi
phenolic contento and ft he -basaedtassaytherefoment ac't

it has become a routine agdn studying phenolic antioxidants (Huang et al., 2005).

2.41.2 ORAC

ORAC is one of the most popular and best standardized chemical antioxidant
methods(Ou et al., 2001; Prior et al., 20D50RAC measures antioxidant inhibitiarf
peroxytradicatinducal oxidations and reflects classical radical cHaisaking

antioxidant activity by hydrogen atom transfer (Owalet200).
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As shown in Figure 4, as the peroxyl radiaatioxidant reaction progresses, the
fluorescent probe is consumed and the fluoreseantiensity decreases. In the presence
of antioxidant, the fluorescence decay is inhibited. The protective effect of an antioxidant
IS measured by calculating the net area under the kinetic curve (AUC)affkbenr

AUChian) and expressed as Trolox eqlent (Huang et al., 2005).

Blank (Negative
control)

Antioxidant Standard Trolox)

| + FluorescenProbe

ROS /RNS
( ROOE,
HOE, ON

Oxidation

\ 4
Loss of
Fluorescence

l Integration

AU Cblank AU Cantioxidant AU Ctrolox

T N\

Net AUC (ORAC capacity) = AUGioxidantAU Chplank Standard curve

Figure4. Principle of ORAC assay
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The antioxidant capacity is quantified by recording the fluorescence decay- of red
phycoerythrin (RP E) - hy cbo e r 4PE) mithe presénbe cdn antioxidant (Fig.
4) . The i mproved ORAC assay employ-s a no
dihydroxyspiro [isobenzofurah [ 3 H] , 9H]-@&aMNphen}B-one) to overcome the
limit at i o-RES(Owet al.,i2001 The advantage of OKC over other methods is that
it combines both inhibition time and inhibition percentage of free radical action by
antioxidants and expresses the results as ORAC units or Trolox equivalents (Cao et al.,
1995). The ORAC assay has provided substantial irfoom regarding the antioxidant
capacity of fruits and vegetables, dietary supplements, wines, juices, and nutraceuticals,
and additionally, this assay also has been used to evaluate the total antioxidant status in
biological systems, such as tissues aladma (SacheaMoreno, 2002). Therefore, there
is a broad range of applications of ORAC in academia and the food and supplement

industry as a method of choice to quantify antioxidant capacity (Huang et al., 2005).

2.41.3 DPPH

DPPH assay is based on the aswement of the scavenging ability of
antioxidants towards the stable radical -@ighenyil-pi cr yl hydr azyl ( DPF
widely used method was first isduced by Brandiliams et al.(1995). In this assay,
the antioxidant activity is proportionalthe di sappear ance of DPPHA
The principle behind this assay was suggested to involve hydrogen atom transfer;
however, the reaction in fact behaves like an electron transfer reaction ((MacDonald
Wicks et al. 2006)The unpaired electroms idelocalized over the entire DPPH molecule,

causing a deep violet colour and preventing dimerization which would normally occur in
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the case of other free radicals. When this odd electron of nitrogen atom in DPPH is
reduced by receiving a hydrogen atérom antioxidants, the absorbance@®PPH at 515

to 517 nm decreasessAa result, the violet colour turns to yellow colour (Ozcelik et al.,
2003). Thedisappearance of DPRHs proportional to the antioxidant effect in test
samplesThe DPPH assay is a validasy, accurate, sensitive and econahais well as
reproducible method to evaluate scavenging activity of antioxidants of fruits and
vegetanles juice or extract (Singland Singh 2008). Recently, DPPH assay is quite
popular and almost 90% of antioxidastudies use this assay combined with other assays

(Moon et al., 2009).

2.4.2 Cell Culture

Direct assessment of antioxidant ability vitro using chemicals assays is only a
step to screen the compounds with higher antioxidant potentialo. If a canpound is a
poor antioxidanin vitro, it is unlikely to be any better antioxidaint vivo (Cadenas and
Packer, 2001)Likewise, a strongn vitro antioxidant potential does not necessarily imply
a strong antioxidant effean vivo, particularly if the phgochemical is only slightly
bioavailable. It is difficult to predict thén vivo efficiency of an antioxidant or cereal
product based solely dn vitro measurements, especially the chemical as3derefore,
as an intermediate testing methae|l cultule mode$ become populafor evaluation of
the biological effect of a functional food ingredient due to the relatively low cost
compared to the full clinical trials and gives more profound information beyond the

chemical test. Cell culture assays are oftesed to investigate the cellular effects of
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reactive species and antioxidant$ie potential cell culture models for antioxidant and
anticancer research are summarised as listed in 3able

Table3. Potential cell culture models fantioxidant screening

Cell culture models Biomarkers References

Antioxidant
Cell-based antioxidant protectic
assay in an erythrocyte moc
(CAP-e)

Similar to ORAC,
scavenging oxygel Honzel et al.(2008)
radicals

Inhibition of peroxyl Wolfe and  Liu
radical induced (2007), Wolfe et al.,
oxidation (2008)

Cellular antioxidant activity
(CAA) assay

Anti-inflammatory
Reactive oxygen species formati
in Polymorphonuclear cells (RO
PMN) assay

Anticancer Liu and Finley, 2005

Inhibition of . .
proliferation Liu and Finley, 2005
Liu and Finley,

Inhibition of ROS Honzel et al.,(2008)
formation Jensen etla (2008)

Antiproliferation

Caca2 colon cancer cells 2005; Mertens
Talcott et al.,(2006)

HT-29 colon cancer cells Yi et al.,(2005)
HepG2 liver cancecells Liu and Finley, 2005
MCF-7 breast cancer cells Liu and Finley, 2005
Liu and Finley,
Cell cycle arrest G1 arrest, G1/S ratic 2005; Mertens

Talcott et al.,(2006)
Liu and Finley,
2005; Mertens
Talcott « al.,(2006)

Induction/ inhibition

Apoptosis of apoptosis

2.4.2.1 Cellular Antioxidant Activity Assay (CAA Assay)

With the first description of usindichlorofluorescin diacetateDCFH-DA) as a
fluoremetric assay for hydrogen peroxide quantification infoedl system (Keston and

Brandt, 1965), itbecame popular to use DCHPA as a probe to evaluate intracellular
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oxidative stress. Theriginal theory behind using DCHBA was that DCFH-DA was

first activated by alkali removal of the diacetate moiety, and oxidized by hydrogen
peroxide or peroxidse b form fluorescent dichrolofluorescein (DCF), and the
fluorescence measurements were proportional to the concentration of hygeyggite
(LeBel et al., 199p

This method has been modified by Bass et al. (1983) fronfreellsystem to cell
culture to measure the respiratory burst@®4 in phobol myristate acetate (PMA)
stimulated polymorphonuclear leukocyteEhe mechanism of DCHBA oxidation in
cell culturehas beerproposedas follows.Nonpolar DCFHDA diffusesthrough the cell
membrane, and once wih the cell itis deacetylated by cellular esterases, forming
nonfluorescentdichlorofluorescin(DCFH), which is trapped within the dedue to its
more polar natureln the presence of reactive oxygen species (ROSFH oxidize to
highly fluorexentDCF, a polar fluorescent compound thatalso trapped with the cell.
Recently, Wolfe et al. (20Q0Mevelopedhe so-called cellular antioxidant activity (CAA)
assay based on the same principle as mentioned above, to evaluaetidkeant
activity of dietary supplements, phytocharals, and foods.

As depicted in Figure Sells are pretreated with antioxidant compounds or fruit
extracts and DCFHDA. The antioxidants bind to the cell membrane and/or pass through
the membrane to enter the cell. DGBA diffuses into the cell where cellular esterases
cleave the diacetate moiety to form the more polar DCFH, which is trapped within the
cel. Cells are treated with ABAP, which is able to diffuse into cells. ABAP
spontaneously decomposes to form peroxyl radiddiese peroxyl radicals attack the

cell membrane to produce more radicals and oxidize the intracellular DCFH to the
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fluorescent DCF. Antioxidants prevent oxidation of DCFH and membrane lipids and

RO‘O\
Antioxidart l AAPH
IPigipipigipgipipigigigiy 1;1

{ 4l |

reduce the formation of DCF.

@ DCFH-DA

Cellular
esterases v
v ROS AAPH
DCFH l
L 4 RO Sg ROO
v
DCF

Figure5. Method and proposeafinciples of the CAA assay

The decrease in cellular fluorescence when compared to the control cells indicates
the antioxidant capacity. This assay is a more biologically relevant methodtht@an
popular chengal antioxidant activity assays because it accounts for some aspects of
uptake, metabolism, and location of antioxidant compounds within cells €\&DI&l.,

2007). After developing this method, Welfet al. (2008) investigated the struatu
activity relationship of flavonoid in the CAA assay, and indicated that ORAC values for
flavonads were not related to their CAA values. However, the authors believed that
knowledge of structuractivity relationship in the CAA assay may be helpful in
assessing potentiah vivo antioxidant activity of flavonoids (Waddfet al., 2008) Twenty-

five common fruits consumed in the United States were evaluated for their antioxidant
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activity using CAA assay (Waddfet al., 2008) CAA assaywasalso applied to @sss the
antioxidant activities of phytochemicals purified from apple peel (He and Liu, 2008).
Song et al., (2010) quantified the antioxidant acivity of 27 common vegetables consumed
in the United States via CAA assay. The correlations between CAA assashamical
assays vary. Wadf et al. (2008) found that CAA values of 25 common fruits were
significantly associated with total phenolic content and ORAC values, however, the
correlation coefficients were much lower between CAA and ORAC values than between
CAA and total phenolic contenieverthelessevaluation of the antioxidant activity of

the test samples in cell culture is an important step in screening for potential bioactivity
and itis more biologically representative than data obtained fecbemicalassayslt is
believed that the CAA assay shows great improvement over the chemical assays, because
it involves some aspects of uptake, metabolism, and location of antioxidant compounds

(Wolfe et al., 2007, 2008).

2.4.2.2 Cell Proliferation Assay

Based oma great deal of research evidence on the proliferation of cancer cells,
phenolic phytochemicabre believed as potential cancer chemopreventive agents.

The questions are why cancer cells can be so invasive and metastasic, and how
phytochemicals such aphenolic compounds inhibit cancer cell proliferation. To
elucidate the mechanism of phytochemicals, a basic understanding is needed of what
stimulates cancer cell proliferation. Researchers believe that cancer cells, particularly
those that are highly wasive or metastatic, may require a certain level of oxidative stress

to maintain a balance between undergoing either proliferation or apoptosis (Kong et al.,
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2000; Loo, 2003; Halliwell, 2007). The apparent reliance of cancer cells on the basal
H,O.-induced oxidative stress for their vitality provides a logical approach to inhibit their
proliferation with antioxidants that scavengeQdin theory (Loo, 2003). As shown in

Fig. 6, oxidative stress in cancer cells due to constitutive high production of hilelera
amounts of HO, overactivate the mitogeactivated protein kinase (MAPK) signaling
pathway, resulting in constant activation of redexsitive transcription factors and
responsive genes that promote cancer cell viability (Loo, 2003; Hail and Lot@9). 20
Phenolic phytochemicals having antioxidant activity could scavenge i0g, kthereby
blocking MAPK signalling, or inhibiting the activation of reds&nsitive transcription
factors and genes that are responsible for cancer cell poliferation (Ldg1, \286n et al.,

2007).
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Figure 6. Putative role of HO, in the proliferation of cancers an potential impa€t

phenolic phytochemical@dapted from Loo et al., 2003)

On the other handsome phytochemicals can paradoxically induce oxidative
stress under certairexperimental conditions, although they unequivocally have
antioxidant activity for example epigallocatechin gallatEGCG), quercetin, and gallic
acid (Long and Clement2000). From this point of view, phytochemicals such as
phenolic compounds induce akrable oxidative stress in cancer cells which cause
oxidative damage to DNA in conjuction with activation of the MAPK cascade that result
in cell cycle arrest and /durtherapoptos (Loo, 2003.

The prooxidant effect of phytochemical on normal cellguestionable. However,
it is believed that cancer cells are more susceptible to being killed by anticancer drugs
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perhaps because they are already near a threshold for tolerating ROS compared to normal
cells (Loo, 2003)Hileman et al. (2004) also mentioh that cancer cells in general are

more active than normal cells in the production ¢f @e under intrinsic oxidative stress,

and thus are more vulnerable to be damaged by-gEDSrating agents.
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Figure7. Concept of how phenolic phytochemicals and isothiocyanates inhibit cancer cell

proliferation by inducing the formation of intolerable amount®6¥S (adapted from Loo

et al., 2003)

Therefore, it isstill unclear whether phenolic phytochemicals inhibit cancer cell

proliferation using just their antioxidant activity alone or their prooxidant power alone.
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For testing the anticancer or aptoliferation activity of a phytochemical, the
immortalized cdllines, such as tumor cell lines are the most commonly used cell types
which provide consistent and straightforward evaluation (Honzel et al., 2008) et al.
(2007) applied3-(4, 5dimethythiazol2-yl)-2, Sdiphenytetrazolium bromide NITT)-
dye reducbn assay against human colon cancer cells to evaluate the cytotoxic and
antitumor activity of momilactone B extracted from rice hulls. Phenolic acid fraction
extracted from blueberries showed much lower-prdliferation effect on two colon
cancer cell hes, HF29 and Cac&® with 50% of inhibition at around 1000pg/mL,
compared to anthocyanin fraction withsh®f 1550 pg/mL (Yi et al., 2005).A related
technique used in the previous studyhisMTT cell proliferation assay to detect the anti
proliferation effect. The antiproliferative activities of common vegetables (Chu et al.,
2002; Yang et al.,2004) and fruits (Sun et al., 2002; Liu e2@02; Meyes et al.,2003;

He & Liu, 2006 & 2008) were studiedn vitro using the colorimetric -34,5
dimethylthazol2-yl)-5-(3-carboxymethoxypheny-(4-sulfophenyl}2H-tetrazolium

(MTS) assay (MTShased cell titer 96 nonradioactivity cell proliferation assay) to
determine the cell proliferation of HepG2 human liver cancer cellsp-€dmiman colon
cancer cells awell asMCF-7 human breast cancer cells. Dong et al. (2007) determined
the antiproliferative activities of isolated compounds from black bean seed coat against
Caco2 human colon cancer cells, HepG2 human liver cancer cells, and7Miman
breast cancercells using colorimetric MTS assay. MTS-based colorimetric cell
proliferation assay using soluble CellTiter96® Aqueous One réafjem Promega
Corporationwas optimized for quantitative determination of1b dependent CTLI2

cell proliferation activit(Soman et al.2009).
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The CellTiter 96® AQueous One Solution Cell Proliferation Assay (a) is a
colorimetric method for determining the number of viable cells in proliferation or
cytotoxicity assays. The CellTiter 96® AQua® One Solution Reagent consistf a
novel tetrazolium compound {@,5-dimethylthiazol2-yl)-5-(3-carboxymethoxyphenyl)
2-(4-sulfophenyh)2H-tetrazolium, inner salt; MT]Sand an electron coupling reagent
(phenazine ethosulfate; PESThe mechanism of this assay is based on the biotieduc
of this novel MTS tetrazolium compouily cells into acolored formazan product that is
soluble in tisue culture mediumThis conversion is presumably accomplished by
NADPH or NADH produced bydehydrogenase enzym&s metabolically active cells
(Berridge and Tan, 1993 According to the technical protocol supplied by Promega,
assays are performed dding a small amount of the CellTiter 96® AQueous One
Solution Reagent directlyo culture wells, incubating foriZ hours and then recording
the absorbace at490nmusing a 96well plate reader Gory et al.,, 1991; Riss and
Moravec, 1992 The quantity of formazan product as measured by the absorbance at
490nm is directly proportional to the number of living cells in cultUiee main features

of this assg areeasyto-use fast,and convenierss wellas beingsafe

2.5 Incorporation of Functional Food Ingredientsinto Various Foods

A new trend in the functional food industry is marketing the novel functional
foods containing natural nutrients with mulgioenefits (Teratanavat and Hooker, 2006).
Incorporation of functional food ingredients into various foods can not only increase the
nutritional value and the health benefits, but also improve food quality and safety. Zhang

et al. (2007) illustrates thdtamboo leaves extract, which is rich in flavonoids, could

42



significantly reduce acrylamide formation in fried chicken wings and yet still retain the

original flavour and odour of the fried products.

Chapter 3: Co-extraction of Barley Hull and FlaxseedHull and Idenrtification of the

Major Phenolic Compounds

3.1 Abstract

To investigate the advantages of barley hull and flaxseed hudixtacs as
functional food ingredient, the major phenolic compounds from both hulls were identified
by reversed phase highegformance liquid chromatography (HPLC) coupled with
photodiode array detection (PAD) and quadrupoléime of flight (QTOF) mass
spectrometry (LEMS). The extraction yiekl of alkaline hydrolysis of barley hull,
flaxseed hull, and their eextracts rang# from 9.14 to 10.66%, 30.81 to 37.80% and
25.33 to 3200% respectively. The total phenolic content significantly varied among
different varieties of flaxseed huiB), barley hull(4) as well as their cextracts. Four
phenolic acids were identified andantified in the barley hull and in the -eatracts with
ferulic acid ando-coumaric acid as the major constitueriiee threesamples of flaxseed
hull varied significantly (p<0.05) in their content of secoisolariciresinol diglucoside
(SDG) (16.3833.92 mdqg), ferulic acid glucoside (35.689.22 mg/g), coumaric acid
glucoside (5.0715.23 mg/g). The phytochemical profiles of the -emtracts were
improved by combining the major phenolic compounds from éguhof hull. The ce
extracts exhibited significantlitigher DPPH radical scavenging capacity than individual

barley hull extracts and reached the level of individual flaxseed hull extracts. Therefore,
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the coeextraction of barley hull with flaxseed hull is a potential approach to convert

barley hull into vale-added functional food ingredients.

3.2 Introduction

Barley hull is an agricultural bgroduct, accounting up to 2% of the dry
weight of the grain (Bhatty, 1993; Palmer and Bathgate, 1976); however, it is mainly
regarded as a low profit gyroduct Bhatty, 1993). The world production of barley is
over 130 millon tonnes annually, rankirfdth among all crops in dry matter production
around the world today (FAO, 2007). North America grows approximately 14% of the
world annual production of barley (#i & Dale, 2004). Thus, a huge mass of barley hull
is being produced every year without proper utilization. The utilization of barley hull as a
feed supplement is limited due to its low digestibility (Cruz et al., 2007). Combustion of
this material is diftult and not practical due to its high ash content which results in
mineral depositions in boilers (Garrote et al.,, 2008). On the other hand, it is very
expensive to transport barley hull to the disposal areas owing to its low density
(Mahmudi, 2005; Seayl et al., 2007; Garrote et al., 2008). Current interest in barley hull
remains as substrate for saccharification and fermentation. However, there is lack of
information regarding the details on the phenolic compounds found in barley hu#, and
systematic study of its antioxidant capacity is strongdfgommended

Flaxseed is the the richest source of mammalian lignan precursors, with levels
100 to 800 times higher than those in 66 other plant foods in the vegetarian diet

( Thompson et al., 1991).
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Flaxseed hulls are an excellent source of lignans, which belong to the group of
phytoestrogens (Hallund et al., 2006 he formation of SDG takes place in the outer
layer of the sed (Hano et al., 2006) and form@s oligomeric structure ((Kam&ldin et
al.,, 2001), which is referred to as tHgnan macromolecule. Recently, it has been
reported that ygoumaric acid glucoside (CouAG), ferulic acid glucoside (FeAG), caffeic
acid glucoside (CAG) and the flavonoid herbacetin glucoside (HDG) are suggested to be
pat of the lignan macromolecule, since they can be released after alkali treatngent of
flaxseed extract containirtpe lignan macromolecule (Johnsson et al., 2(®X2uijs et al.,

2007, Struijs et al., 2008; Westcott and Muir, 1996). Other lignans prasélakseed are
matairesinol (MAT) (Liggins et al., 2000), isolariciresinol (isoLARI) (Meagher et al.,
1999), pinoresinol (PINO) (Meagher et al., 1999), and lariciresinol (LARI) (Sicilia et al.,
2003). Other phenolic compounds which may contribute to ¢ladttheffects ascribed to
flaxseeds are hydroxycinnamic acids likecqumaric acid (Klosterman et al., 1955),
ferulic acid, sinapic acid, caffeic acid (Dabrowski and Sosulski, 1984) and their
glucosides, as well as the flavonoid kaempferol diglucoside (K@ et al., 1999).

Furthermore, lignans act as strong antioxidants comparable to ferulic acid and
better than vitamin E (Prasad, 2000hey have been reported to lower the risk of
cardiovascular diseases (Lucas et al.,, 2004). SDG, the major ligndaximuil is
converted into the mammalian lignans enterodiol and enterolactone, which have several
beneficialhealth effects, such as inhibiting the development of horm@teted type of
cancers including breast cancer and prostate cancer (Boccardo28i04l..Chen et al.,
2002; Chen and Thompson, 2003; Thompson et al., 1996a, b), afmoone related

colon cancer (Sung et al., 1998).

45



It is well known that the phenolic compounds are concentrated in the hull, and
provide antioxidant defence system tofact the seed from oxidative stress (Lee et al.,
2003). The majority of phenolic acids are linked through ester, ether, or acetal bonds
either to the plant cell wall components, such as arabinoxylans and lignin, or to other
compounds (Holtekjden et al2006; Garrote et al., 2008huseven mild autohydrolysis
treatments may result in cleavage of bonds yielding free phenolics (Garrote et al., 2008).

To illustrate the potential advantages of barley hull and flax huéxtmacts as
functional food ingregnts, the main objective of the study was to evaluate the
antioxidant capacity of barley hull, flax hull, and theirexdractsin vitro and to dentify

the major phenolic compounds in the extracts.

3.3 Materials and Methods

3.3.1 Samples

Four varietis of hulled barley, Peru3 (Peruvian line from CYMMIT collection),
Perul6 (Peruvian line from CYMMIT collection), EX116 (Juton mutant line from World
Collection), and EX83 (Mutant line derived from Moncalm barley) respectively, were
used in the present studFlaxseedhull samples(F, FG, PF) generously donated by
Frutarom (Belgium, NV), Pizzey Milling (Angusville, MB, Canada) and Polar Foods
(Fisher Branch, MB, and Canada) were also used. Barley hulls were separated from the
grain by a grain polisher (KeElectric Laboratory, Japan). Both barley hull and flax hull

wereground using coffee grinder.
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3.3.2 Chemicals

Calcium hydroxide was purchased from Fisher Scientific (Fair Lawn, NJ).- Folin
Ciocalteu reagent, DPPH, and ferulic acid were purchased frome3ifginich Chemical
Co. (St. Louis, MO). HPLC grade methanol, MS grade water, acetonitrile, and acetic acid
were used in LEMS analysis. All of the HPLC grade and MS grade solvents were also

purchased from Sigmaldrich Chemical Co(St. Louis, MO).

3.3.3 Extraction

Five grams of grounbarley hull orflaxseed hulls well as theicombination(1:1
wt/wt) and 1.25 g of calcium hydroxide were added to 250 mL of deiomiztdr. The
mi xture was then heated in a water Dbath
minutes. The mixire was centrifuged at 2600 ¥orvall instruments RC5C, MANDEL,
Guelph, Ontario, Canada) for 25 minutes and then the supernatant fluidecasted
from the residue. The supernatant fluid was filtered using Whatman filter paper no. 4.
The filtered product was neutralized with 1 N phosphoric acid. The product was filtered
again using Whatman filter paper no. 4 to remove gel. The gel fromesaraplcollected
in containers and stored in a refrigerator. The remaining filtrate was concentrated to a
volume of 65 mL using a rotary evaporator. The concentrate was then filtered again using
a Whatman filter paper no. 4 to remove any impurities. Thearurated fractions were
then stored in the freezer and freelted after.Duplicate extractions were done per

variety of flax or barley hull or their combinations.
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3.3.4TPC

The TPC of crude extracts was determined using theilibicalteau reagent
accading to modified procedures (Beta et al., 20Gapet al, 2002; Mpofuet al., 2006;
Lietal, 2007) . B the 18-foltl gilyted @ @® exteatts wad reacted with 1.8
mLof freshly made 1{old diluted FolinCiocalteu reagent. The mixture was then
neutralized with 1.8nL of sodium carbonate (60 g/L). The absorbance was measured at
725 nmafter 90 min of reaction at room temperature. Ferulic acid was used as the
standard. Resultsf duplicatedeterminationsvere expressed as miligrams of ferulic acid

equivalents (FAE) per gram of sample (dry weight basis).

3.3.5 DPPHRadical ScavengingCapacity Assay

DPPH radical scavenging capacity assay was carried out according to- Brand
Williams et al. (1995) and Yu etla(2002) and Li et al(2007) with some modifications.
Briefly, 200 L of crude extract (or fraction) was added to 3.8 mL of 60 M BIPP
radical solution, which was freshly made in 100% methonal. After 60 min of incubation
at room temperature, the absorbance at 515 nm was measured. Centrifugation was
applied if any precipitate was observed before measuring the absorbance. DPPH free
radicd scavenging activities of crude extracts were expressed as milligram of Trolox

equivalents (TE) per g of sample (dry weight basis) using a standard curve of Trolox.
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3.3.6 LC/MS/MS

3.3.6.1 Phenolic Acid Analysis

The chromatographic separation was carriatl according to Qiu et al. (20)0
usingan HPLC (Waters 2695) equipped with a photodiode array detector (PAD) (Waters
996) and autosampler (Waters 717 plosypled with a quadpole timeof-fight mass
spectraneter (QTOF MS) (WatersCorp, Milford, MA) . The analytical column was a
150 mm x4.6mm, 5 em RP 18 column (Gemini, Pheno
consisted of A (0.1% acetic acid in highrity water) and B (0.1% acetic acid in
methanol). A 75 midinear gradient was programmed as follows thin, 1520% B; 7
8 min, 2015% B; 820 mn, 15% B; 2621 min,1524%B; 2133 min, 24 % B; 334
min, 2413% B; 3436 min, 13% B; 367 min, 1320 % B;3745 min, 20 % B; 4516
min, 2042% B; 4662 min, 42 % B; 6263 min, 42100 % B; 6368min, 100 % B; 6&9
min, 10615% B; 6975 min, 15 % B, witha flow rate of 0.7 mL/min. The injection
volume of the autosamler was-80L s amp | e s olDk MS was calibratede Q
with sodium iodide for the negative mode through the mass range -df5DW0 Full mass
spectra were recorded in negative mode by usiagapillary voltage of 1.2 kV and cone
voltage of 45V. The flow rate of desolvation gas (N2) and cone gas (N2) were 900 L/h
and 50 L/h, respectively. The desolvation temperature and the source temperature were
set at 350 € and 150 C, respectively. ThEIS/ MS spectra were acquired by using

collision energy of 20 V for phenolic acid dimmers, SDG, FeAG, and CouAG.
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3.3.6.2 Lignan Analysis

This LG-MS/MS analysis was based on the method described by Qiu et al. (2009)
with modification.Using the same equipmieas above, the mobile phase was changed to
A (0.1% acetic acid in higpurity water) and C (0.1% acetic acid in acetonitrile). A 35
min-linear gradient was programmed as follows5 énin, 1615% C; 520 min, 1540%
C; 2025 min, 40% C; 280 min,4010%C;30-35 min, 10 % C; The injection volume
was 106e L sample solution and t-A@F MSlopevating at e
conditions of the instrument were the same as the phenolic acid method. This analysis

was used for identification and quantification of SDG, CGu#nd FeAG.

3.3.7 Semipreparative ReversePhase HPLC

To purify FeAG and CouAG, the crude extractdflakx hull (F) was fractionated
on a Sephadex 420 column (5& 1.5 cm) and eluted by 50% methanol. The eluate was
further separated on a Waters s@nmgarative reverse phase HPLC, which is equipped
with a waters 2489 UV/Vis Detector and waters 600 controller and a XB¥dgeep
C18 column (particle size 5um, 10x25mm) (Waters, Ireland). The mobile phase consisted
of A (0.1% acetic acid in highurity water) and C (0.1% acetic acid in acetonitrile). A 30
min-linear gradient was programmed as followsb @nin, 1615% C; 510 min, 1520%
C; 2025 min, 2640% C; 2530 min, 4010%C. The injection volume wasnmL sample
solution and the flow rate was 3 mL/miRtactions was collected based on the response
at 280 nm. Appropriate fractions were pooled and lyophilized after evaporation of
acetonitrile. The purity of each fraction was determined on analytical HPLC described as
above in lingan analysis, using anar®rmalization method (Ma et al., 2009) as below.
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YryAiFi AIF1+A2F2  Al+A2
ACE+ Y™ AiFi  Ac+AIF1+A2F2 Ac+Al+A2

Inon =

Wherel o is the sum of notvolatile impurities;Ai andFi arethe peak area and response
factor of impurity I, respectively Ac and F; is the peak area and response faabdr
CouAG or FeAG. The respea factorFi was considered to be equal Fo to simplify
calculation. The fractions were lyophilized after evaporation of acetonitrile, thus, the
volatile impurities and moisture content was considered as 0. Therefore, Pusityenjl

x100%.

3.3.8Statistical Analysis

The results were reported as meatafidard deviatiogSD) (n=2). Data were analyzed

by the general linear models (GLM) and emay analysis of variance (ANOVA) using

SAS software (SAS Institute | ndco assesCthe vy, N
significant differences in the antioxidant activity. Quantitative results were expressed on

a dry weight basis (dwb).

3.4 Results and Discussion

3.4.1Extraction Yield of Barley Hull, FlaxseedHull and Their Co-extracts

A specific extractiormethodology to obtain majority of phytochemicals in cereals
has not yet been established. With advances in knowledge about the phytochemicals in
cereal grain, it has been recognized that more than 90% of phytochemicals are present in
bound form, mainly est-linked to polymers in the plant cell wall (Andreasen et al.,

200Q GarciaConesa et al., 199Adom and Liy 2002). Alkaline hydrolysis becomes the
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primary method used for extracting phytochemicals from cereal grain or other plants (Sun
et al., 2001; Liet al., 2007). However, the preliminary research showed that high
concentration of alkaline solution, such as 2M or 4M of NaOH is not suitable for barley
hull (data not shown). The latter renders the color offteezedried extracts much
darker than thaof a calcium hydroxide hydrolyzed sample making them less favourable
for further food application. Another concern is tlahigh concentration of sodium
hydroxide requires high amounts of HCI for neutralization thereby producing high salt
content whichmake the extract chalky and hard to remove from the solution. Thus,

calcium hydroxide, a milder alkaline, was used for hydrolysis in this study.

The extraction yields of crude alkaline hydrolysate of barley hull, flaxseed hull
and their ceextracts are lied in Tabled. Due to the fibrous nature of barley hull, only
9.14% to 10.66% (wt/wt) yield was obtained, whereas flaxseed hulls gave 3 to 4 times
higher extraction yield. The eextractsof barley hull and flaxseed hull (1:1 wt/wt) varied
from 27.35% t033.54% among different combinations, about 3 times higher than
individual barley hull extraction yield and comparableyield of individual flaxseed hull

extracts.
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Table 4. Extraction yield of crude alkaline hydrolysate

Class Sampe Extraction yield (%) Tukey Grouping
EX116 10.6640.44 e
Barley Hull EX83 10.644.85 e
P16 9.1440.61 e
P3 9.4440.94 e
F 33.8740.8 b
Flaxseed Hull PF 33.3641.26 b
FG 40.9346.29 a
EX116+FG 29.124£2.53 bc
EX116+ 32.834.84 b
EX116+PF 28.842.17 bc
Barley Hull EX83+FG 29.7641.86 bc
+ EX83+PF 27.35%).55 C
Flaxseed Hull EX83+F 31.94+#.6 b
P16+F 30.974.38 bc
P16+PF 31.394.6 b
P16+FG 27.924.73 C
P3+F 31.1740.79 b
P3+PF 33.54#.01 b
P3+FG 31.67+2.8 b

"Data are expresses meanstandard deviation (n=2) on dry weight basis;

The extraction yield obtained for the -eatractswere higher than the expected
extraction yield when barley hull and flaxseed hull wereextacted in a ratio of 1:1
wt/wt. This may be attributed tohe responses of barley and flaxseed hull matrix to the

alkaline hydrolysis.

3.4.2Total Phenolic Content

The total phenolic contents of crude alkaline hydrolysates, expressed as mg of
ferulic acid equivalent/gof sample, are shown in Table Fhere weresignificant
differences in TPC among individual barley hull, flaxseed hull and theext@acts.
Among four varieties of barley hull, EX83 and Perul6 showed significantly higher TPC

than EX116 and PeruBlaxseed hulls, F an8G had two times higher TP@an that of
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PF. The TPC values showed marked advantages eadxtraction of barley hull and

flaxseed hull. Any barley hull cextracted with Fhull (1:1 wt/wt) exhibited 30.59ng/g

to 32.32mg/g of TPCs which were comparable to the TPC of indivith@lhdl (31.07

mg/g) andrF hull (33.99 mg/g).

Table5. Total phenolic content (TPC) of crude alkaline hydrolysate

Class Sample TPC (FAE mg/gY
EX116 7.140.67°
Barley Hull EX83 10.716€.5P
P16 9.8740.7F
P3 6.1440.67
F 32.964.458
Flaxseed Hull PF 15.384.86
FG 27.4140.7F
EX116+F 32.324.87
EX116+FG 21.114€.10¢
EX116+PF 13.84.09
Barley Hull+Flaxseed Hull EX83+F 30.594.87
EX83+FG 24.3940.17°
EX83+PF 18.6940.32"°
P16+F 31.214.34
P16+FG 22.154 62
P16+PF 14.274.98
P3+F 314.64°
P3+FG 29.72:3.07°
P3+PF 19.0440.001*®

Ferulic acid equivalent.

2 Data are expressed as mean+standard deviation (n=2) on dry weight basis; significant
differences are found in each class of sample, and srahaeked by the same letter are
not significantly different (Tukey Grouping atzB.05).

Comparel to the individual barley hull extract, flaxseed hull PF significantly
increased the TPQAlthough flaxseed hull PF enhanced the TPC of barley hull extract,
the TPC were significantly lower than that of the-extracts containing flaxseed hull F

andFG. Therefore, flaxseed hull F and FG are considered to have more advantages over
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than PF. Higher TPC value is generally regarded as an indication of higher aatxid
capacityin vitro (Li et al., 2007), thus, the eextraction of barley hull and flaxseed hull,
especially with F, may remarkably increase the antioxidant capacity of individual barley
hull.

3.4.3DPPH Radical Scavenging Capacity

DPPH scavenging assays widely used to evaluate the vitro antioxidant
capacity of fruits (Sun et al., 2002), vegetable (Chu et al., 2@02),@real (Li et al.,
2007; Bellido & Beta, 2009; Zhao et al., 2006) by researchers worldwide. The DPPH
radical scavengingapacities of barley hull, flaxseed hull and their -@xtracts, expressed

as mg of Trolox equivalefg of sample, are shown in Fig.8
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Figure8. DPPH free radical scavenging capacity otide alkaline hydrolysate estimated

as Trolox egiv. (mg/g dw sample).

Similar trends were observed in DPPH radical scavenging capacity as in TPC of
barley hull, flaxseed hulind their ceextracts. For flax hullsF and FGhulls had the
highest DPPH radical scavenging capacity (8.3 7.95 Trolox equv. mg/g
respectively, which was more than four times higher than that of barley hull.
Furthermore, barley hulls eextracted withflax hulls, F andFG had significantly higher
DPPH radical scavenging capacity than those of barley huksxtwacted withPF hull.

There were no significant differences found among different varieties of barley hulls in

terms of DPPH radical scavenging capacity, while flax, et had significantly lower

56



DPPH radical scavenging activity théime otherflax hulls. Any variety of barley hulls
co-extracted withflax hulls, F and FGshowed promising advantages over individual
extracts of barley hull, whose DPPH radical scavenging capacity had been elevated to as
high asflax hulls, Fand FG. Flaxseed hull PF also elevated the DPfHical scavenging
capacity of the cextracts compared to individual barley hull extradtherefore, ce
extraction of lowcost barley hull with flaxseed hull appears to be an excellent way to get

a new functional food ingredient with high antioxidantialy comparable to expensive
individual flaxseed hull. Barley hull and flaxseed hull are very distinct in their phenolic
profiles The enhancement of DPPH radical scavenging capacity of barley hull co
extracted with flaxseed hull (1:1 wt/wt) may be ditted to the synergy of the phenolic

compounds from both hulls.

3.4.41d entification and Characterization of Phenolic Compounds inBarley Hull,

FlaxseedHull and Their Co-extracts

3.4.4.1Barley Hull

In the present study,hé identification of monomeric pholic acids in the
samples were achieved by comparing retention times, UV maximum absorption and MS
spectra with standard3able §. The HPLC chromatogram of EX88ax hull (F) and
their coextracts are displayed in Fig. &long with the phenolic acidtandards for
comparative purposes.

Vanilic acid, vanilin (aldehyde form of vanilic acid),-goumaric acid and
ferulic acids with some other unknown compounds were detected in all four varieties of

barley hulls (Fig. 9).
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Since the monomeric phenolic acids are quite small molecules, the collision
energy was set to zero to monitor their parent ions. All the peaks with their retention
time, m/z ratio in negative mode, as well as possible peak annotegiah@vn in Tale
6. Garrote et al., (2008) reported a number of phenolic compounds in barley hull treated
with isothermal autohydrolysis (18%60°C), such as benzoic acid, coumaric acid, ferulic
acid, galic acid, vanilic acid and vanilin,3dthydroxybenzaldehyde, -4
hydroxybenzaldehyde.

Table6. Phenolic compounds identified in barley hull (EX83) by-MS/MS in negative
ion mode

L . MS/MS Peak

Peak No Retension time(min) [M-H]- Annotation

Al 21.28 167 n/a Vanillic acid

A2 24.97 151 n/a Vanillin

A3 33.63 327 163,119 Coumaric  acid
dimer

A4 34.78 163 n/a p-Coumaric
acid

A5 44.15 193 n/a Ferulic acid

A6 50.65 385 341,282,193 Ferulic  acid
dimmer

A7 51.24 385 282,165,193 Fgrullc acid
dimer

A8 53.85 385 341,193,165,134 Fgrullc acid
dimmer

A9 62.78 385 341, 282,193 Ferulic  acid
dimer

"aMS/MS data were not acquired for these small molecules.

However, in the present study, benzoic acid, gallic acid, - 3,4
dihydroxybenzaldehyde, andhydroxybenzaldehyde were not detected.
Beside the pheniol acid, four ferulate dehydrodimers were detected in all 4

varieties of barley hulls (Fig.}0
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Figure 10. Extracted ion chromatogram (EIC) of deprotonated molecules with m/z=385

in balrey hull (EX83) extract

The MS/MS datawvere acquired by setting collision energy to 20 V for phenolic
acid dimers. Their retention time, m/z value, and MS/MS products ion m/z \alaes
listed in Table 6 In the literature, four ferulate dehydrodimer isomesere reported
previously in 11 baey varieties and in their hull and outer layer fraction (Hernanz et al.,
2001). They are (E,E4,4dihydroxy3,5-dimethoxyb ,-tBcinnamic acid (8,5iIFA
open form), (E,E¥,4-dihydroxy-5,5- dimethoxy3,3"bicinnamic acid (5,5diFA), (2)-
b-{4-[(E)-2-carboxyvinyl} 2-methoxyphenoxy}-hydroxy-3-methoxycinnamic acid 8
O-4-diFA), and trans-[(E)-2-carboxyvinyl} 2-(4-hydroxy-3-methoxyphenyh7-
methoxy2,3-dihydrobenzofuras8-carboxylic acid (8,5HiFA dehydrobenzofuran form),
among which 80-4-diFA was the most abundant, ranging from 73 to Lifig dry

weight (Hernanz et al.,, 2001). Furthermore, Qiu et(2009) detected four different
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ferulate dihydrodimers in 88liFA , 5,5-diFA, 8-0O-4-diFA, and 88" diFA form in wild
rice using the same L-®IS/MS method as described in the present study.

Compared to feruti acid dimers, peak A3 in Fig(®) was assigned to coumaric
acid dimer, whichs rarely reported. Itandemmass (MS/MS) spectrunthe parent ion
m/z=327 was fragmented into two product ions &=h63 and m/z=119 by losing 163
Da and 44Da mass. Therefore, peak A3 was confirmed as coumaric acid dimer.

The retention time, m/z value, and MS/MS products ion m/z values and tentative
peak annotation of the major phenolic compounds in flaxseed hulicextetermined by
the phenolic acianethod were listed in Table Peak B9 and B10 both gave m/z= 389
[M-H]’, and fragmented into 341 and 193, by losing 44Da and 196Da molecular mass.
Therefore, the compounds corresponding to peak B9 and B10 were propdsefdrulic

acid derivatives.

3.4.4.2FlaxseedHull

SDG, CouAG, FeAG as well as CAG and HDG were eluted using both the
phenolic acid method and lignan method. However, SDG and HDG had poor response in
the former method and wernot very well separated i¢f- 9). Therefore, the lignan

method was applied specifically to identify SDG and HDG in flaxseed hull.

In the phenolic acid method, peak B1, B2 and B3 were assigned to CouAG, CAG
and FeAG respectively, which are parts of the lignan macromolecule astecepor
previously (Struijs et al., 2008). The nvatio and MS/NM6 data in negative mode (Table

7 & Fig. 12) match the reported values (Struijs et al., 2008).
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Table 7. Phenolic compounds identified in flaxseed hull (Frutarom) byM&MS in

negative ion mode

Peak NO. Retension time (min) [M-H]- MS/MS Peak annotation
Bl 11.18 325 163 CouAG
B2 11.91 341 179 CAG

CouAG, CAG,
B3 17.8 325,341,35E 163,179,193 FeAG
B4 25.93 355 193 FeAG
B5 49.53 327 163, Di-coumaric acid
B6 50.62 523 361343 SECO
B7 50.92 625, 685 463,301, SDG, HDG
B8 51.47 341 179 CAG

Ferulic acid
B9 52.81 389 341,193,165,13¢ derivatives
B10 53.82 389 193,165,150,13. Ferulic acid

derivatives

Identification and characterization of SDG in flaxseed hull was basedeod\th

spectra and MS/MS spectra compared with the stan@@igid 1& Fig.12).
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Peak 7 in Fig.1lwas assigned to SDG which gave m/z of 685HM and
fragmented into 523[MH-162], 361[M-H-2x162], 343[M-H-2x16218]  in MS/MS
andysis. The fagmentation pathway fothose fragment ions can be depicted as
SDGYSMG (Secoisolariciresinol Monoglucosid
ANSECO (Ansecoisolariciresinol), by losing one glucose molecule at a time, and a water
molecule further(Fig. 12) Peak 6 was assigned terbacetin 3, 8)-diglucoside, which
had m/z of 625 [MH] " in negative mode MS analysis. The fragment ions in MS/MS
fragmentation are 463 [NH-162] (herbacetinmonoglucoside), and 301 PA-2x162]
(Herbacetin) (Fig. 1R In fast atombombardmen(FAB)-MS positive mode, the m/z of
herbacetin 3, ®-glucoside is 627, two fragment ions are 465 [Mi6R]*, and
303[M+H-2x162]" (Qiu et al., 1999). The sugar moiety in herbacetin-8-8iglucoside
has been identified to be glucose as it gave the same thirctagenatography Rf value

and coloredspot as reference glucose (@iual., 1999).
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Figure.12 MS/MS spectrum of peak 7 (SDG), peak 6 (HDG), peak 3 (FeAG), and peak
4 (CouAG)from Figure 11.

3.4.4.3Barley Hull & Flaxseed Hull Co-extracts

Compared to individual extracts of barley hull or flaxseed hull, the
chromatographic profile of the esxtracts was enriched, combining the phytochemicals
from two distind types of hull materials (Fi® & Fig.11). However, the proportion oflal
phytochemicals was altered and several peaks appeared to be overlapping. From 48 min
to 58 min, there were only 4 relatively bmpaks in the cextracts (Fig.9 (D"). The
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retention time, m/atio and MS/MS data in negative mode as well as tentatia& pe
assignments are listed in Table Bue to two different types of hull containing different
phenolic compounds, the -@xtracts were a mixture which was more complicated than
individual extracts. Using the same chromatographic method, the pdwdts apeared

from 48 to 58min were overlapping, and gave very complicated mass spectra, which
make it very difficult to identify specific compounds corresponding to thosespeak
However, the proportional changes of major phendiesdiscussed in the following

section.

Table 8. Peak identification of cextracts (EX83+flax hull) by LAMS/MS in negative
ion mode

Peak NO. Retention time (min) [M-H]- MS/MS  Peak annotatior
Bl 11.18 325 163 CouAG
179 Caffeic acid
B2 11.91 341 glucoside(CAG)
B3 17.8 355 193, 134 FeAG
Al 21.28 167 n/a Vanillic acid
A2 24.97 151 vanillin
A3 33.63 307 n/a Cpumaric acid
dimmer
A4 34.78 163 na p-Coumaric
acid
A5 44.15 193 n/a Ferulic acid
B6 50.48 523 n/a SDG, HDG
A6+ B7 50.73 341,357,685,625 n/a n
A7+B9 51.28 193, 341, 389, 411,824 n/a n
A8+B10 53.67 327,341,389 n/a n

" MS/MS data were not acquired for these small molecules.

" overlapping peak without specific peak annotation.
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3.4.5Quantification of M ajor Phenolic Compounds inBarley hull, FlaxseedHull

and Their Co-extract

As shown in Fig.9 the major phenolic compounds in barley hull were vanillic
acid, vanillin, pcoumaric acid, ferulic acid, whictvere not found in flaxseed hull with
the exception of ferulic acid. The quantitative measurémes assessl at 280 nm
wavelength. Table %howed that ferulic acid ang-coumaric acids were the most
abundant phenolic acids in all four varieties of barley hull. The highest amount of ferulic
acid was found in EX83279 y/g) and A6 (2260 pg/g), which also had relatively
higherp-coumaric acid than EX116 and3PBesides these two major compounds, smaller
amounts of vanillic acid and vanilin were detected in all four varieties of barley hull.
According to one of the only two studies on barley hudingilic compounds, ferulic acid
and p-coumaric acid were present at levels of 2.5% (w/w) and 3% (w/w) of the ethyl
acetate extracts respectively (Cruz et al., 2007), which indicates that the amgunt of
coumaric acid is slightly higher than ferulic acid. wver, Garrote et al., 2008 detected
much higher amount of benzoic acid and gallic acid than thgtaafumaric acid and
ferulic acid, but the amount of individual phenolic compounds were reported in the unit
of g/L, which is very difficult to compare with The type of coumaric acid isomer was

not specified.
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Table9. Phenolic acids content in barley hull extracts and in Barley hull+Flaxseed hull (1:1 wt/exjraots

Class Sample Vanillic acid(Lg/g) Vanillin (Lg/g) p-Coumarc acid(pg/g) Ferulic acid(Lg/g)
EX116 26.8846.97 116.592.13 1189.10466.78 1751.16450.38
Barley hull  EX83 65.8346.02 173.5146.78 1408.80+102.09 2279.0341.87
P16 58.5813.7G 157.24+2.08 1365.1146.88 2260.29453.76
P3 14.634.26 51.59#4 .39 1176.79480.93 1945.97461.28
EX116+F 40.23#12.73 120.05#7.52 723.0647.74* 1358.7346.8F™
EX116+FG  15.7245.04 97.964.56" 651.664.39° 1165.0648.19"
EX116+PF  25.97#.18 36.824.83' 420.99+6.12 1142.914#47.65%
EX83+F 56.6740.7C" 112.4440.47 811.13#0.17 1406.7447.7F°
Baley hul EX83+FG 36.7846.02 120.13#1.28 666.45:22.28° 1314.3741.18°
EX83+PF 8.5840.74 33.2940.3¢' 143.712.21 924.0243.46
;ax ul P16+F 13.76411.78 40.7640.47 740.8346.40° 1476.4740.13
Coextracts P16+FG 36.41#7.18 71.3340.07° 670.64132.63° 1228.22:+4.54%
P16+PF 39.3836.8F 120.79#2.22 601.76485.27 1088.17417.7¥
P3+F 9.31#4.44 44.1545.70° 480.8045.61*¢ 1368.18+1.99"
P3+FG 36.67#.52 114.2840.7G 583.9248.34™ 1350.97463.28"°
P3+PF 27.86+11.56 29.4443.46' 484.2246.31° 1298.5245.34°%%

*Data are expressed as mean+standard deviation (n=2) on dry weighEbdsi€, EX83P16 & P3 represent barley ariel FG, PF
represents flsseedhulls.
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In whole barleygrain, ferulic acid is the most abundant phlienacid with
concentrations ranging from 3824 g/g dry weight, followed by fgoumaric acid level
ranging from 79260pg/g dry weight basisin 11 malting and feed barley varieties
(Hernanz et al.,2001). Zyfer et al.(1998) found concentrations of ferulic acid ranging
from 343 to 580 pg/g dryweightsin 18 different malting and feed barleys. Andersson et
al. (2008) reported that the total ferulic aedd p-coumaric acid content ranged from
149413 /g and 5.25 to 115.5 /g (total of free, conjugated, and bound form) in 10
varieties of barleysthe findings of which aren agreement with previous studies
(Hernanz et al,, 2001). Other phenolic acid, such as vanillic, syringic, sinapic, and
caffeic acidhawe been foundn small amourd (Andersson et al., 2008; Hernanz et al.,
2001). Thus, it can be concluded that the phenolic acids are concentrated in the barley
hull rather than in the endosperm. The barley husk and outer layers contains about 77.7 to
82.3%of the total ferulic acid, 78.0 to 86.3% ofcpumaric acid and 79.2 to 86.8% of
ferulic acid dehydrodimers of the total amount in barley grain (Hernanz et al., 2001).
Hernanz et al . (2001) al so reporteds, t hat
exhibits 5fold higher levels of ferulic acid (1861948 g/g), pcoumaric acid (56594
Lo/g) and ferulic acid dehydrodimers than the unprocessed barley grains. In the present
study, ferulic acid was slightly higher tharcpumaric acid, which contradts the
literature reportinghat p-coumaric acid is the most abundant in the hull. The possible
explanation might behe bran layer contamination dfie hulls during the separation,
which contributed to the higher ferulic acid content; however, it iid ba estimate this
contamination level. The separation of hull from the grain by a grain polisher depends on

the time and the variety of barley. Some barley hulls are attached to the endosperm very
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tightly, which makest very hard to get pure hull withbbran; but, some are very loose,
making it easy to remove and therefore less bran contamination. Another possible
explanation for finding different levels of individual phenolic acids is also attributed to
different chemicals and treatmenttbé barley hll, which affect the way chemical bonds
break and release these monomeric phenolic compounds.

In the present study, the SDG detected in the flaxseed hull all refers-&(3,)
The content of SDG varied from 16.38 mg/g to 33.92 mg/g of sample, withgheshi
content of SDG being detected flax hull F. Flax hull PFhad the lowest content of
SDG content (16.38 mg/g), about only half of the SDG conteftexrhull F (Table 10)
Eliasson et al., (2003) presented that different samples of flaxseedso@r@derably in
their content of (+SDG (11.925.9 mg/g), {)-SDG (2.25.0 mg/g), pcoumaric acid
glucoside (1.28.5 mg/g), and ferulic acid glucoside (1560 mg/g). However, SDG
content of flaxseed hull from direct alkaline hydrolysis has not beentegpget. Thus,
this is the first time to report SDG content in flaxseed hull. The most frequently used
approach is to extract lignan macromolecules and then hydrolyze into SDG, FeAG,
CouAG and HDG.

Due to the lack of authentic standards, CouAG and FeA&¢€ Virst quantified as

equivalent of pcoumaric acid and ferulic acid.
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Table 10. SDG, CouAG, FeAG conterfquantified as goumaric acid and ferulic acid
equivalent)in flaxseed hull extracts and in Barley hull+Flaxseed hidl (wt/wt) co

extracts$

Sample SDG (mg/g sample’ CouAG (mg/gf  FeAG (mg/g}
F 33.924.63 4.1746.04 3.4940.04
FG 28.594.03 3.804.06 3.184.11°
PF 16.3840.27 2.970.11 1.214.01°
EX116+F 19.854#.41° 2.719€.01 1.574.04
EX116+FG 15.4640.61 1.961.09 1.5040.01°°
EX116+PF 10.244.27 1.6640.05° 0.554.027
EX83+F 18.894.20 2.779€.02¢ 1.714.02
EX83+FG 15.374.45 2.204.0C° 1.534#.02°
EX83+PF 9.944.0% 1.714€.1%9 0.554.13
P16+F 19.244.18° 2.784.00° 1.684€.00°
P16+FG 15.654.49 2.204.0CF 1.494.06™
P16+PF 8.83.31° 1.674.01° 0.584.0¢f
P3+F 18.294.20F 2.684.01 1.714.02°
P3+FG 15.6440.4F 2.194.01° 1.514.03°
P3+PF 9.534).0F 1.8640.00" 0.644.0¢f

"Data are expressed as mean+standard deviation (n=2) on dry basht

’CouAG, FeAG were quantified as equivalent e€pumaric acid and ferulic acid.

The content of CouAG and FeAG varied in three types of flaxseed hulls and
variousco-extracts. As shown in Table J1flax hull F had highest CouAG (4.17 mg/qg)

and FeAs (3.49 mg/g) content while the lowest CouAG and FeAG was fouR& in

However, CouAG and FeAG standards were purified on the reverse phase semi
prep HPLC.Using the area normalization methodhe tpurity of CouAG and FeAG
reached 67.77% and 90.24% regjpety. Due to the similarity in structure, CouAG is
always eluted with FeAG, which is the major impurities in CouAG, causing the low

purity of CouAG. It also has to be addressed that the area normalization method for
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purity determinationis based on theypothesis that the response factors for major
component and impurities are the same, which might result in a systematic error of
purity. After using these two purified fractions as standaadquantify the CouAG and
FeAG, the amount of each dramaticallyanged from previous quantification usitige

ferulic acid and coumaric acid equivalent method.

Table 11. SDG, CouAG, FeAG content (quantified by CouAG & FeAG purified

standard)in flaxseed hull extracts and in Barley hull+Flaxsdadl (1:1 wt/wt) co
extracts

Sample SDG (mg/g sample’ CouAG (mg/gf ~ FeAG (mg/gj
F 33.924.63 49.224.4F 15.234.1F
FG 28.594.03F 45.119€.72 13.854.49
PF 16.384.2F 35.684.23 5.074.0F
EX116+F 19.854.4F 32.704.08 6.674.2(7*
EX116+FG 15.4640.61 24.204.01F 6.364.05
EX116+PF 10.244€.27 20.744€.52 2.124€.09
EX83+F 18.894).20° 33.3640.17 7.284.10°
EX83+FG 15.374.45 26.924.006 6.484.09°
EX83+PF 9.944.02 21.364.31¢ 2.104€.58
P16+F 19.244.18"° 33.534.05 7.1640.02%°
P16+FG 15.654.49 26.904.003 6.294.25°
P16+PF 8.834.31 20.904.15 2.224€.004
P3+F 18.294.20° 32.39#.09" 7.384.05"
P3+FG 15.644.49 26.834€.13 6.384.12°
P3+PF 9.534.03 23.034€.002"° 2.524€.01

Data are expressed as mean+stand@ndation (n=2) on dry weight basis; significant
differences were found in each class of sample, and values marked by the same letter are
not significantly different (Tukey Grouping at P<0.05).

“CouAG, FeAG were quantified by the purified CouAG, FeAG ardsrd.

As shown in Table 11the content of CouAG and FeAG significantly varied from
35.6849.22 mg/g and 5.075.23 mg/g amondlax hulls, F FG and PF. In the ce

extracts, the amount of CouAG and FeAG significantly differed according to the flaxseed
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hull variety. The ceextracts withflax hull F had higher content of CouAG and FeAG
than that of ceextracts withFG, which was also superior to the-extracts with PF

(Table 1.

The CouAG proportion was higher than that of FeAG as previously reported
(Struijs et al., 2009). The latter explained that the different proportions may be attributed
to the earlier formation of coumaric idcin the biosynthesis pathwafpllowed by
glucosylation and incorporation within lignan macromolecule without converting to

ferulic acid and FeAG (Struijs et al., 2009). .

In the coeextracts of barley hull and flaxseed hull (1:1 wt/wt)cqumaric acid
content was enhanced by 15~ 22% in the EX116, EX83 fleithhull F combination
The barley hulls c@xtracted withflax hull PF has no such advantages in the
enhancement of -poumaric acids.In the same way, the ferulic acid content was
enhanced in all the eextracs, from 23 % to 55%The SDG was also released more on
the basis of 50% of flaxseed hull, compared to the indaligxtracts of flaxseed hull.
17% of enhancement of SDG content was observed in the combination of Frutarom with
EX116. In the ceextracts with F, CouAG was enhanced significantly and almost reached
the level of CouAG in individuaPF extracts, whereimilar increment of FEAG content
in the ceextracts withF and FG were observed (Table 11The coeextraction of barley
hull and flaxseed hull enriched phytochemical profiles by combining the major phenolic
compounds, and showed significantly higher TPC aRdPB radical scavenging activity
than the individual barley hull extracts. Therefore, it indicated that the enrichment in the

pytochemical profile corresponded to enhanced antioxidant activity.
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3.5Conclusion

In conclusion, mild alkaline hydrolysis usingalcium hydroxide liberated four
different phenolic ads in barley hull, and also extract&DG, HDG, CoAG, and
FeAG, makingit possible to extract the barley hull and flaxseed hull together. Both
gualitative and quantitative analyses were conductedh@mgjor phenolic compounds in
barley hull, flaxseed hull and their -@xtracts. Compared to the individual barley hull
extracts, the c@xtracts of barley hull and flaxseed hull showed promising advantages in
terms of TPC and DPPH radical scavenging #gtii hus, with enriched phytochemicals
profile, the ceextraction of barley hull with flaxseed hull indicates potential approach to
convert barley hull into valdadded functional food ingredients. Further researtieiisg
conductedo assess the cellulantioxidant and antiproliferative activities hull extracts

on prostate cancer cells.
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Chapter 4: Antioxidant and Antiproliferative Activities of Barley Hull, Flaxseed

Hull and Their Co-extracts in Human Prostate Cancer Cells

4.1 Abstract

Barley hull is an agricultural bproduct about which there ia paucity of
information regarding the phenolic compoundsile, on the other hand, flaxseed hull is
an excellent source of lignans. Phytochemicals naturally occur as complex mixtures
however, litle information is available regarding possible additive, synergistic, or
antagonistic interactions among compounds. The present study is the first attempt to
evaluate the antioxidant and antiproliferative activities of individual barley hull extracts,
flaxseed hull extracts and their-eatracts in human prostate cancer cills/itro. The
cellular antioxidant activity assayed lbydichlorofluorescin(DCF) assay indicated that
these three different extracts inhibited the AAPHjenerated reactive oxygeneses
(ROS) oxidation ina dosedependent mannavhenther concentratioaranged from 0.1
mg/ml to 1 mg/miduring a60 min test The MTSbased cell proliferation assay indicated
that PC3 prostate cancer cells were significantly inhibited in a dose depemaanner
afterexposureo all three extracts. However, themereno significant differenceamong
the three types of extracts at a higher concentration level, at which they exhibited the
same level of antiproliferative activitfthe current findings iply that hull constituents

have potential for use as ingredients in functional foods.
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4.2 Introduction

Phytochemicals, the bioactive nontrient plant compounds derived from fruits,
vegetables, whole grains and other plant foods, have been suggelsteassociated with
the reduced risk of maj chronic diseases (Liu, 2003004). Flaxseed hull is a rich
source of lignan, especially secoisolariciresinol diglucoside (SDG), which belongs to the
group of phytoestrogens (Hallund et al., 2006). Animal moaletsin vitro studies have
presented that lignan have strong antioxidant (Prasad, 2000), and exhibit protective
effects against hormorrelated types of cancer such as bremsicer (Saarinen et al.,
2006;2008a,kh Boccardo et al., 2004; Chen et al., 200Ben and Thompson, 2003) and
also against nechormone related colon cancer (Sung et al., 1998)e anticancereffect
of flaxseed or pure SDG on breast canwas investigatethtensively alone or combined
with soy, tamoxifen as well as flaxseed oil é@en et al., 2006, Chen and Thompson
2003, Saggar et al.,, 20H) b. In Canada, a rescent survay showed that more than 80%
of all women with breast cancer use complementary and alternative medicine to
supplement their medical treatment or to enhancie tiverall health, with flaxseed and
soy comprising 12.4% and 5.1% of total complementary and altaernative products used,

respectively (Boon et al., 2007).

Contrary to breast cancer in women, prostate cancer in men is the second most
frequently diagnosedanicer worldwide, especially in western countries, and is one of the
major causes of death in men (Chen et &lQ72 Teien et al., 2010). However, limited
knowledge is available regarding any interactions among lignans and other phenolic
compounds in suppssing prostate cancer proliferation. A few studies reported the

anticancer effects of lignan on prostate cancer, and most of them investigated the specific
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mechanism of lignan metabolites, enterlactone, on growth and development of prostate
cancer ( Cheet al., 2009; McCann et al., 2008; Bylund et 2005; Hedeh et al., 2006;

Lin et al.,20022001; Chen et al2007)

One of the most prophylactic methods to prevent the development of caacer is
long-term diet high in biologically active compoundscluas lignans (McCann et al.,
2008), phenolic acidsand flavonoids. These phytochemicals are called chemopreventive
agents which can reverse, inhibit, or prevent the development of cancer by inhibiting
specific molecular steps in the carcinogenic pathwsych as regulation of cell
proliferation, cell survival or cell death as well as angiogenesis, and development of

metastasis (Teiten et al., 2010).

Recent research has shown that the complex mixture of phytochemicals in fruits,
vegetables and grains pidegs a better protective effect on health than single
phytochemicals through synergistic or additive effig€hu et al., 2002; Yang & Liu,
2009). This may imply that a single antioxidant cannot replace the combination of natural
phytochemicals in whole @& in achieving health benefits. Antioxidant synergism has
been observed with different compounds such as vitamins E and C (Scarpd @84y/.
catechin and malvidin -8lucoside (Rossetto et al., 2002), vitamin E dndarotene
(Palozzaand Krinsky 199), flavonoids and urate (Filipe et ,al200), and tea
polyphenols and vitamin EZhou et al., 2000). Yang and L{2009) reported thathe
apple extracts plus quercetifbaD-glucosidecombination possessed a potent synergistic

effect toward MCF7 humarbreast cancer cell proliferatiom vitro.
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Limited knowledge is available regarding any interactions among phytochemicals
in barley hull and flaxseed hull in inhibiting P cell proliferation. There is no direct
evidence linked to synergistic, additiva, antagonistic effects on the inhibition of 3C
prostate cancer cell proliferation by barley hull extract, flaxseed hull extract and their co
extracts. Thus, it is hypothesized thatecdraction of barley hull and flaxseed hull may
compliment each othérs | i mi t ati on i n Dbioactive compo
food ingredient wit higher bioactivity than individually. Therefore, the objective for this
study was to determine whether the barley hull extracts in combination with flaxseed hull
extracts hAve additive and/or synergistic effects on-PQuman prostate cancer cell

proliferation and intracellular antioxidant activity.

4.3Method and Material

4.3.1Chemicals

5-(and6)-Chloromethyl2', 7-dichlorodihydrofluorescein diacetate, acetyl ester {CM
H,DCFDA), and RPMI1640 medigenicillin/ streptomycin Fetable bovine serunwere
purchased from Invitrogen (Carlsbad, CA). 4-(2-hydroxyethyl}1-
piperazineethanesulfonic aciHEPES was purchased from Sigma (Oakville, ON).
Dimethyl sulfoxide DMSO) was purchased from SigmaAldrich (Oakville, ON.
CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) assay was

purchased from Promega (Madison, \WI)
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4.3.2Sample Preparation

Barley hulls (EX116, Juton mutant line from World Collection) were sepdufaden
the grain by a grain polisher (Kett Electric Laboratory, Japan). Both barley hull and flax

hull (Frutarom from Blgium, NV) were ground using coffee grinder.

Five grams of ground hull and 1.25 g of calcium hydroxide were added to 250 mL of
deionizd water. The mixture was théneat ed i n a water bath at
stired once every 10 minutes. The mpg was centrifuged at 2600>¢Sorvall
instruments RC5C, MANDEL, Guelph, Ontario, Canada) for 25 minutes and then the
supernatant fluid was decanted from the residue.stipernatant fluid was filtered using
Whatman filter paper no. 4. The filtered product was neutralized with 1 N phosphoric
acid. The product was filtered again using Whatman filter paper no. 4 to remove gel. The
remaining filtrate was concentrated to awoé of 65 mL using a rotary evaporator. The
concentrated fractions were then stored in the freezer and-filéedeafter. The freeze
dried extract was extracted again wit ml of 50% methanol for 2 hrs with ultra sound

sonication, and the methanol wasporated.

4.3.3Cell Culture and Treatment

The human prostate carcinoma -BCcells from American Type Culture
Collection (Manassas, VA) were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum, 10 mmol/L HEPES, 1% penicillin, and streptomyEhre cells were

maintained at 3T in a 5% CQ humidified incubator.
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4.3.4Cytotoxicity Assay

The cytotoxicity of barley hull extract, flaxseed hull extract and theiextoads
at 20 mg/mion confluent PE human prostate cancer cells was tested biy i@l 96®
AQueous One Solution Cell Proliferation Assay (MTS) assay as described by Yang and
Liu (2009) with minor modificatios 100 €L of <cell suspension
1x10°/ml) was seeded ia 96-well plate. After 48 hrs of incubation, thelire media
was aspirated and 100 eL of barl e-gxtrdactul I e x
diluted by the culture media were added into appropriate wells except the control wells.
Fresh media was added into the control wells. The cells weaetl for 4 hrs, and 20 L
of MTS solution reagent was addeéd all except the background control wells. The
absorbance at 490 nm were measured by Opsys MRReB@olate reader ( DYNEX
Technologies, Chantilly, VA, USA) after 2 hrs incubation at@Gih a humidified, 5%
CO, atmosphere. The cytotoxicity (percent) was determined by the corrected absorbance
compard to that of control cultures. Data were reported a meaniSD for threeoset

different plate replications.

4.3.5Cellular Antioxidant Activity (CAA ) Assay

The cellular antioxidant assay was conducted using the method of &violfLiu
(2008) with minor modificatiom Human prostate carcinoma BCells were seeded at a
density of 5x104/well on a S8ve | | microplate in 100 L o
Twerty-f our hours after seeding, the growth 7
barley hull extracts, flaxseed hull and theirexiracts (at concentratisro f 100¢eg/ ml .
250¢eqg/ ml , 500eqg/ ml, 1000eg/ m) were added
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At1/2hr i ncubation t i me-PA sblGtion wasLloaded to allQvelle M DCF
50 g of DCFH-DA wasdissolved in50 (jL DMSO and further diluted ia0 mL growth

media (DMSO content is 0.1% in the final solutiomhich producd a concentration of

10 pM of DCFH-DA solution After 1hr incubation, the treatment solution was removed
from each well, and 100 elLHamtk 650 ®Bud WMe rAAdP
Solution HBSS was applied to the cells and the-®8ll microplate was placed into a
Fluoroskan Ascent FLplatereader (ThermolLabsystems, Franklin, MA) at°Q7

Emission at 527 nm was measured every 15 min forThé.excitation wavelength was

485 nm Each plate includ# eight control and blank wellspntrol wells contained csli

treated with DCFFDA and AAPH andblank wells contained cells treated with HBSS

without AAPH. Datawas obtainedfrom three independent experiments.h& ROS
scavenging activityvas expressed as the inhibition rate (%), which was calculated from

the following formula:

ROS SCavenglngCtIVIty: (fcon[ro| 'fsamp@/ fcontro|><|.00.

Where fonrol represents the intensity of fluorescence of contrghpérepresent

the intensity of fluorescence of sample.

4.3.6Cell Proliferation Assay

The antiproliferative activities of barley hull eatt, flaxseed hull extract and
their coextracts toward the growth of P& human prostate cancer celis vitro was
measured by CellTiter 96® AQueous One Solution Cell Proliferation ASSHS)
assay. 50 eL of different concentrations

into the wells of a 96 well flat bottom plate; thén0 e L o f cella suspe
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concentration of 1x10celldml) was dispensed into half of the wells preparkdva and
50 €L of growth media into another hal f as

was determined from a linear response curve between cell number and absorbance at 490

nm during 72 hrs of <cell growt h. Contoke t ot a
culturesweremai nt ai ned in the growth media and t
growth medium with no cell s. After 72 hrs

added into althewells. The absorbance at 490 nm were measured by Opsys MRI96
plate reader ( DYNEX Technologies, Chantilly, VA, USA) after 3 hrs incubation‘& 37
in a humidified, 5% C@atmosphere. The cell antiproliferation (percent) was determined
by the corrected absorbance compaiethat of control cultures. Data werepogted 3@

meaniSD for three sewf different plate replications.

4.3.7 Statistical Analysis

Statistical analysis (ANOVA) was performed using SAS software (SAS Institute Inc.,
Cary, NC) . The results were reportest as m

was applied to assess the significant differencesptf.05.

4 .4 Results and Discussion
4.4.1Cytotoxicity

The cytotoxicity of barley hull extract, flaxseed hull extract and theiextoact

was tested in confluent PEcells using the MT-®ased asay.
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Figure 13. Cytotoxicity of barley hullEX116) extract, flaxseed hu(lF) extract and their
co-extract at 20 mg/ml in confluent P&prostate cancer cells (Data represent MeaniSD,
n=3).

The cell viability was around 90% tiie total cell treated with barley hull extract
(EX116), flaxseed hull extracts (F), and baiflexxseed ceextracts (EX116+F) (Fig. 13),
therefore, these three types of extracts are considesemt cytotoxic toward PC3

human prostate cancer cells.

4.4.2Cellular Antioxidant Activity

CAA assay is a celbbased antioxidant activity assay which has better
representation of the complexity of biological systems, involving cellular uptake,
distribution, and the efficiency of protection against free radioalder physiological
conditions (Wolfe et al., 2008). The principles of this method is that DDRAHan be
easily taken up by the cells, deacetylated to DCFH, and then akidiZleiorescent DCF

by the reactive oxygen species (ROS) generated from AARbiIf¢ et al., 2008) If
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barley hull extracts, flaxseed hull extracts and thekexiacts can quench ROS and
inhibit the generation of DCF, their relative intracellular antioxidant activity can be
measured by the level of fluorescence, which is proportitmahe level of oxidation.
Thus, the fluorescence intensity increased dramatically with time of oxidation in the

control (Dye with AAPH) (Fig.14.
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Figure14. AAPH free radical inducedxidation of DCFH to DCF in P@ cells and the
inhibition of oxidation by different concentrations of barley hull extracts (A), flaxseed

hull extract (B) and their cextracts (C) over time.

The increase in fluorescence from DCF formation was inhibitedbasley hull
extracts, flaxseed hull extracts and theirestracts in dose dependent manner over

60min, as demonstrated by the lower fluorescence intensity in the curves in &igurel
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Ferulic acid was used as a positive control. The data points reptiessniseparate set
of experiment. The fluorescence intensity for all dose treatmemas corrected by
subtracting the corresponding background fluoresceviieh may be produced ke

treatmentThe concentration tested in this assay ranged from O.hlrhg/l mg/ml at the

highest.

After the first 15min, the curves in Figure IBecome plateau which indicate that
the barley hull extracts (Fig5A), flaxseed hull extrast(Fig.19) and their ceextract
(Fig.15C) significantly inhibited theROSinduced aidation of DCFH to fluorescent
DCF. At the highest concentration of treatment (1mg/ml), the relative intracellular
antioxidant activities of barley hull, flaxseed hull, and theiregtracts at 60 minwere
69%, 59% and 54%, respectively, among which tbeextracts exhibited the lowest
cellular antioxidant activity. Barley hull extract inhibited 38% to 69% of fluorescence
formation, while the flaxseed hulls extract inhibited 39% to 59% of fluorescence
formation compared to the control. However, barley dlagdseed hull ceextracts
behaved differently from individual hull extracts at the lower concentration. Taase
no protective effect at the beginning of the measurgmend the doseependent
relationship was not clear. However, the inhibition rate oliet coextract on the

fluorescence DCF reached 37% to 54.6% at 60 min.
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4.4.3Cell Antiproliferative Activity

The percentage cell proliferation was calculated by the corrected absorbance,

subtracting the background absorbance of the treatment from the treated cell. The

antiproliferative actiities of barley hull extrast flaxseed hull extrastand their ce

extracs on PG3 human prostate canceells are summarized in Figure .1@he

proliferation of PC3 cells was inhibited ira dosedependent manner aftexposureto

the various concentratis of barley hull extrast flaxseed hull extracts and their-co

extracts. There was no significant difference found among the three types of extracts at

the lowest concentration (5 mg/ml) and at the higher concentration (15 mg/ml and 20

mg/ml). More than90% of the cell proliferation was inhibited by all three types of

extracts at theighest concentration of 20 mg/mL

Cell proliferation (% control)

100 m

80

60

40

20

—e—Barley hull
—a—Flaxseed hull
—— Barley-Flax co-extract

—<—Control cells

10 15 20

Concentration (mg/ml)

Figure 16. Effects of barley hull extracts, flaxseed hull extracts and the@xt@cts on

cell proliferationof PG3 human prostate cancer cells
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The EGo represents the concentration corresponding tchaifethe difference
between the maximum and minimum absorbance values. Although textrects
exhibited lower inhibition rate on the PEcell proliferation atl0 mg/mL, the EGp of

these three types of hull wemet significanty different (Table ).

Table12. EGsoof barley hull extract, flaxseed hull extract and thekegtract

Sample EDso ( mg/mL)
Barleyhull 10.45'
Flax hull 11.0¢0°
Barley+HFax hulls 11.54

The antiproliferationactivity of barley hull extract, flaxseed hull extraat their
co-extractshad aconsistent trend with barldyaving the highest intracellular antioxidant
activity and antiproliferative activityfollowed by flaxseed.The ceextract exhibited
significantly lower antipoliferative activity at 10 mg/mLcompare to the individual
barley hull extracts and flaxseed hull extracts. This may be attributed to the chemical and
biological properties of the phelic compounds in the extracts, and the cell responses to
these compounds. The major phenolic compound found in barley hull and flaxseed hull
differ in molecular size, polarity and solubility, which may affect their bioavailability and
distribution in diferent subcellular organelles, cells, tissues, and organs (Yang and Liu,
2009). This mayexplain why barley hullwith its low total phenolic content and DPPH
radical scavenging activitfTable 5 & Figure B still gave highintracellular antioxidant

and antproliferative activities ira cell culture model.
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4.5Conclusion

The present study demonstrates a potential functional food ingredient converted
from barley hull and flaxseed hull with strong intracellular antioxidant and
antiproliferative activities irPG-3 human prostate cancer cell model. Theegtvaction of
barley hull and flaxseed hull aimed to have a richer phytochemicals profile, combined
from the individual hulls, since the health benefits of fruits and vegetables are likely due
to the additive ad synergistic effects of an array of phytochemicals, rather than to a
single compound alone (Yang and L009). Our findings have important implications
for developing a novel valbadded functional food ingredient from these agricultural by
products, ach as barley huland flaxseed hull. However, futurstudiesare needed to
elucidate the underlying mechanisms of the antiproliferative activity of these hull

extracs, especially the cextractsin prostate cancer cells.
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Chapter 5: PhytochemicalProfile and Antioxidant Activity of Chinese Steamed
Bread Supplemented with Barley Hull Extract, FlaxseedHull Extract and Their Co-

extracts

5.1 Abstract

The phytochemical profile and antioxidant activity of Chinese steamed bread
(CSB) containing barley hul extract, flaxseed hull extract as well as theirestract
were investigated. HPLCand LGMS/MS analyss showed that the phytochemical
profile of CSB with the addition of barley hull extract was enriched in ferulic acid and p
coumaric acid.The flaxseedhull extract introduced new phenolic compoumasuding
secoisolariciresinol diglucoside (SDG), ferulic acid glucoside (FeAG) and coumaric acid
glucoside (CouAG) into the CSBR\l the major phenolic compourafiginatingfrom two
different hullswere four in CSB to which barleylaxseed hull ceextracts were added
In general, he antioxidant activity of CSB was significantly enhanced by incorporating
barley hull extrat flaxseed hull extrastand their ceextract. The total phenolic
content was improad by 83.1%, 138.3% and 70.3#hen barley hull extract, flaxseed
hull extract, and their cextract respectivelywere added Flaxseed hull showed the
highest enhancement in DPPH radical scavenging activity, followed by testmrt,
and then barley hull However, the cextract exhibited the highest enhancement in
ORAC of the CSB, followed by the flaxseed hull extract and barley hull. In conclusion,
these findings indicate that barley hull exteaclaxseed hull extrastand their ce

extrack can be tegeted fordevelopment ofunctional food ingrediest
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5.2 Introduction

Functional foods are regarded as innovative and promising products which can
provide additional health benefits beyond the basic nutritidthoAgh the functional
foods haveno forma definition, some groups define the primary category of functional
foods as modified foods that claim to have been fortified with nutrients or enhanced with
phytochemicals or botanicals to provide specific health benefits @B05). Therefore,
the addipbn of components with nutritional functional properties to food is the main
procedure for the manufacture of functional food. However, the nutritional properties
(e.g. bioavailability) of the health ingredients as well as the technological functional
properties of all ingredients may change considerably by incorporation into the food
product and during processing and preparation of food products. It is necessary to
investigate the assumed beneficial properties of the potential ingredients such as
phytochentals. Peng et al. (2010) reported that grape seed extract, &«naweih
nutraceutical product with abundant content of catechin and proanthocyanidins, fortified
the antioxidant activitypf breadcompared to the blankhang et al. (2007) reported that
addtion of antioxidans from bamboo leaves containing high levelfilaizonoidswas an
effective way to reduce the formation of acrylamide in fried chicken wing. Furthermore,
there is a growing interest in developing novel food products supplemented wital natu
antioxidants, whichare derived from fruits, vegetables, whole grains, oilseeds as well as
their by-products. Antioxidant effect of cherry fruits, citrus fruit-pyoducts, grape seed
extractsrosemaryorange extract, kinnow rind, pomegranate rind #reir seed poder

extracts have benn researched for their use in all kinds of meat products (Briit et al.
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1998 Fernandez-opez et al., 2004rannan,2008; Rojas an8rewer,2008; Devatkal et

al,, 2010.

Flaxseed or flax meal (partially defatted flagdg are increasingly being used in
cerealbased products, such as bread, muffins, bagels, cookies as well as other bakery
products ( Carter, 1993; Nesbitt and Thompson, 1997; Muir and Westcotf) O ; Ment ek
et al.,2008. Its growing popularity is due tthe rich content of lignan, especially SDG,
and omega -3atty acid as well as dietary fiber (Alhassane and Xu, 2010). However,
flaxseed hull, which compriseabout 40% of the seed are enriched in SDG compared to
the cdyledons (Madhusudhan et al., 2000; Obnamd Mazza, 1997; Wiesenborn et al.,
2003). Furthermore, it is shown that SDG is present in flaxseethhbt form of lignan
macromolecule with coumaric acid glucoside (CouAG), ferulic acid glucoside (FeAG)
and herbacetin diglucoside (HDG) as part lid tmacromolecule structure (Struijs et al.,
2007). On the other hand, barley hull is an agriculturgddoguct which compriseup to
1520% of the grain on dry weight basis (Cruz et al., 2007). The major phenolic
compounds identified in barley hull arerdéc acid, pcoumaric acid, syringic acid, 3,4
dihydroxybenzaldehyde, vanillic acid and vanillin (Cruz et al., 2007; Conde €088,
Garrote et al., 2008). The utilization of barley hull as feed supplement is limited due to its
low digestibility; andcombustion of this material is difficult and not practical due to its
high ash content, which results in mineral depositions in boilers (Cruz et al., 2007;
Garrote et al., 2008). On the other hand, it is very expensive to transport barley hull to the
dispcsal areas owing to its low density (Mahmudi, 2005; Searcyl et al., 2007; Garrote et
al., 2008). Thus, conversion of barley hull from a low profit waste into a -“aalded

functional food ingredient is a big challenge and the possibility efxtaction ofbarley
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hull and flax hull to produce a better functional food ingredient needs further
investigation.  Although flaxseed has been recently used in bakeds, getudlies

regarding the incorporation of flaxseed taridbarley hull extracts appear to be tied.

Thus, the objectiveof the present studwere to investigate the phytochemical
profile as well as the antioxidant activity enhancement of Chinese steamed bread

supplemented with barley hull extractiaxseed hull extrast and their ceextracs.

5.3Materials and Methods

5.3.1 Chemicals

Calcium hydroxide was purchased from Fishers Scientific (Fair Lawn, NJ)- Folin
Ciocalteu reagent, DPPH, and phenolic acid standards were purchased from Sigma
Aldrich Chemical Co. (St. Louis, MO). SDG standard wascpased from ChromaDex.
HPLC grade methanol, MS grade water, acetonitrile, and acetic acid were useifa LC
analysis. All of the HPLC grade and MS grade solvents were also purchased from Sigma

Aldrich Chemical Co(St. Louis, MO).

5.3.2Preparation of Crude Extracts from Barley Hull, FlaxseedHull and Their

M ixture

Barley hull (EX116), flaxseed hull(F) and their mixture (1:1 wt/wt) were
subjected to alkaline hydrolysis. Five grams of ground hulls and 1.25 g of calcium
hydroxide were added to 250 mL of ol@ized water. The mixture was then heated in a
wat er bat h at 70eC for 4 hours amedvasst i rr e
centrifuged at 2600>xSorvall instruments RC5C, MANDEL, Guelph, Ontario, Canada)
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for 25 minutes and then the supernatant fluids decanted from the residue. The
supernatant fluid was filtered using Whatman filter paper no. 4. The filtered product was
neutralized with 1 N phosphoric acid. The product was filtered again using Whatman
filter paper no. 4 to remove gel. The gel froample was collected in containers and
stored in a refrigerator. The remaining filtrate was concentrated to a volume of 65 mL
using a rotary evaporator. The concentrate was then filtered again using a Whatman filter
paper no. 4 to remove any impurities. Tdencentrated fractions were then stored in the
freezer and freezdried after. Freeze dried extracts were redissolved in 50% methoanl for

further analysis.

5.3.3 Procedurefor Laboratory Preparation of ChineseSteamedBread (CSB)

The procedurdor preparéion of CSBwasdescribed byliang et al. Z010 with
somemodificatiors. 1 g of freezedried barley hull extract, flaxseed haktract and their
co-extract wereadded into regular white wheat flour (100 g), dehydrated yeast (0.8 g),
and water (48 ml). Aér mixing and kneading to form the mixture into dough, the dough
was sheeted 20 times. The dough was rounded and molded manually and proofed for 40
min at 38C and 85% relative humidityAfter proofing, thedough was steamed for 19

min using a steam tragnd boiling water.

5.3.4 CSB Extraction

Freezedried CSB wassubjected to alkaline hydrolysi;mn the same way as

described above in the crude extract preparation.
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5.3.5 LC/MS/MS

The chromatographic separation was carriedb@sed on the method descdbe
by Qiu et al. (2009) with modificatienusingan HPLC (Waters 2695) equipped with a
photodiode array detector (PAD) (Waters 996) and autosampler (Waters 717 plus)
(Waters, Mil ford, MA) . The analytical colu
column (Genmi, Phenomaex, USA). The mobile phasmnsisted of A (0.1% acetic acid
in high-purity water) and C (0.1% acetic acid in acetonitrile). A 35-im@ar gradient
was programmed as follows:3min, 1015% C; 520 min, 1540% C; 2025 min, 40%
C; 2530 min40-10%C; 3035 min, 10 % C; The injection volume was-dd s ampl e
solution and the flow rate was 0.5 mL/min. TheTQF MS was calibrated with sodium
iodide for the negative mode through the mass range 61%00. Full mass spectra were
recorded in negate mode by using the capillary voltage of 1.2 kV and cone voltage of
45V. The flow rate of desolvation gas (N2) and cone gas (N2) were 900 L/h and 50 L/h,
respectively. The desolvation temperature and the source temperature were set at 350 €
and 150 €, respectively. The MS/ MS spectra were acquired by using collision energy of

20 V.

5.3.6 Measurement of Total Phenolic Content (TPC)

The TPC of CSB extracts was determined using theniFdibcalteau reagent
with somemodificatiors (Beta et al., Q05; Gao etl., 2002; Mpofu efal., 2006; Li et al.,
2007) . Bri ef |-fold diledl CSBeektraots fwastrdaaed With mBof
freshly made 140old diluted FolinrCiocalteu reagent. The mixture was then neutralized
with 1.8 mL of sodium carbonate (60 g/L)he absorbance was measured at 725 nm after
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90 min of reaction at room temperature. Ferulic acid (a concentration range of 0.0625
mM to 1 Mm) was used as the standard. Results were expressed as milligrams of ferulic

acid equivalents (FAE) per gram of gaen(dry weight basis).

5.3.7 Evaluation of DPPH radical scavenging capacity

DPPH radical scavenging capacity assay was carngdaocording to Brand
Williams et al.(19%) and Yu et al. (2002) and Li et §2007) with some modifications.
Briefly, 200 (L of 100-fold diluted CSB extract was added to 3.8 mL of 60 M DPPH
radical solution, which was freshly made in 100% methanol. After 60 min of incubation
at room temperature, the absorbance at 515 nm was measured. Trolox was used as
standard with the cono@ationrangingf r om 0. 1nmze Mo ft oTrlol ox di ss
50% methanol. DPPH free radical scavenging activities of CSB ext(dofdicate
extracts)were expressed as milligram of Trolox equivalents (TE) per g of sample (dry

weight basis).

5.3.8 Determination of OxygerRadical Absorbance Capacity (ORAC)

This assay was implemented as described by Qiu et al., (280Bjecision 2000
automated microplate pipetting system (BIEK Instruments, Inc., Winooski, VT) was
used for platdo-plate transfer of solutions. An FL_80ficroplate fluorescence reader
(Bio-Tek Instruments, Inc., Winooski, VT) controlled by software KC4 3.0 (version 29)
was used with fluorescence filters for an excitation wavelength of 485/20 nm and an
emission wavelengthfo 528/ 20 nm. First, 120 L of f 1
automatically transferred to a @€l flat-bottom polystyrene microplate (Corning Inc.,

Corning, NY) and used as the substrate. T
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Trolox (standard aatrol), appropriately diluted samples, and catechin (sample control)

were added to the designated wells, respectively. After 20 min of incubation at 37 €, 60

eL of freshly made AAPH solution was added
The total reaction time was 50 min. The fluorescence of the reaction mixture was
recorded every minute. The area under the fluorescence decay curve (AUC) was

calculated according to the equation

AUC = 0.5+i/fo + filfo + ... + fio/fo + 0.5(k0/fo)

where § = initial fluorescence reading at 0 min and=ffluorescence reading at time i
min. Final ORAC values were calculatédm the Trolox standard curve amdpressed

as milligram of TE per @ of extract (dry weight basis).

5.3.8 StatisticalAnalysis

Data were analyzeby the general linear models (GLM) and -avey analysis of
variance (ANOVA) wusing SAS software (SAS |
applied to assess the significant differences in the antioxidant activity. Quantitative

results were expressed a dry weight basis (dwb).

5.4 Results and Discussion

5.4.1 HPLGMS/MS

Thermal treatment is one of the most popular ways of food processing. During
heating,a complex array of chemcial reactions taldsce, such ad/aillard reaction,
which producessomne potential antioxidative compounddlowever, some compounds

may be destroyed during food processing. In order tmdamany complex reactios)
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Chinese steamed bread was selected as target food product in the present study. It is vital
to investigate the lyytochemcial profiles of the food product after heat treatment, which
can reveal the nature behind the additional health benefit of the ingredient added to the
food, and also can demonstrate the alteration of the phenolic compounds due to the
interaction vith the fundamental food components. In the present study, the HPLC
chromatogram showed that the phytochemcial profile of CSB was significantly improved
by adding barley hull extragtflaxseed hull extrastand their ceextracs compaed to the

control bead (Fig.17). Corresponding peaks with retention time, ndnd MSMS
fragment ion mass as well as the tentatimaagation of identified phenolic compounds

arelisted in Table 13

Table 13. Major phenolic compounds identified steamed bread supplemented with
EX116+F ceextracts at the level of 1g/100g flour.

Peak No. Retention time (min) [ M-H]- MS/MS Peak Annotation

1 3.82 179 149 Caffeic acid

2 4.75 179 149 Caffeic acid

3 9.45 325 163,119 Coumaric acid glucoside
4 10.75 355 193 Ferulic acid glucoside

5 14.63 685,721 523,361 SDG

6 18.18 163 119 p-coumaric acid

7 18.92 193 178,134 Ferulic acid

8 19.83 193 178,134 Isoferulic acid

The extracted ionhromatogram (EIC), mass spestMS/MS specta are shown

in Figure 18.It was obvious that barley hull extract enhanced ferulic acid as@wumaric
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acid content without introduag a new compound to the CSB (Figl& & B). Muir and
Westcott (2000) reported that -75% of the SDG was recovered when flax meal or

agueous alcoholxéracts were incorporated into bread.
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Figure 17. HPLC/UV chromatograms o€hinese steamed brea@3$B); (A) control
bread; (B) CSB+Barley hull extrac{C) CSB+Flaxseed hull extrac; (D) CSB+ Barley

flaxseed hull ceextract.
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The EIC, MS spectra, as well as MS/MS spextra confimed tiee twas no
chemical alteration to the major phenolic compounds added into the bread after

processing.

Figurel18. Extracted lon Chromatogram (A)lass spect (B), MS/MS spetra (C) of
SDG, FeAGand CouAGdetectedn CSBsupplemented with flaxseed hull extracts

However, flaxseed hull extract introduced SDG, FeAG, and CouAG which were
not found in the control bread (Fig 17.A&C). Moreover the phytochemcailgorof
barleyflaxseed hull ceextract supplemented CSB contained all the major phenolic
compounds originating from both barley hull and flaxseed hull compared to the control

bread (Fig 17.A&D). Thus, this result indicated that the major phenolic cordpdtom
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