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Abstract

Biochemical, Molecular and Pharmacological Studies of the Wheat (Triticum
aestivum L) Flavone, Tricin

Amira Moheb, Ph.D.
Concordia University2012

Tricin (5,7,4*trihyroxy-3',5-dimethoxyflavone), a naturally occurring compound,
is a characteristic constituent of the grass family, including cereal grain plants, and has
been isolated from rice, oahaize,and wheat. Apart from being a powerful antaant,
antimutagerg, and antiinflammatory agent, tricin has been consideasdn efficient
chemopreventive agent in growth inhibition of human malignant breast tumour cells and
colon cancer cells. However, ifsgh commercialprice as a pure compounday hinder
further experimentation. Wheat is considered one of the main staple foods in Canada and
worldwide, andis the most widely adapted crop to abiotic stresses. The main aim of this
study is to investigate the effects of abiotic stress factors, sumicasirought,and salt
treatments, among others, on the biosynthesis and accumulation of tricin in different parts
of wheat (Triticum aestivum L)with aim of definingan optimum sourcefor tricin

production inthis importantcrop. This thesis consistsf four research chapters

The first chapter focuseon an investigation ofthe phenolic profile of two
varieties of whea(Triticum aestivumL) leaves grownunder normal and cold stress
conditions The ked dhenoloms évere establisheddr two varieties:the winterwheat
(Triticum aestivumL. var Claire) and springwheat (Triticum aestivumL. var, Bounty)
using a combination of HPLLESIMS techniquesPhenoliccompounds accumulat at a
higherlevel in the Claire than in the Bounty variegnd detecteth significantamounts

in the apoplastcompartmentThe accumulation of a mixture of beneficial flavonoids in
iii



cold-acclimated whedeavesatteststo its potentialuseas an inexpensive supplement of

a healthpromoting component to the human diet.

The second chapteescribeshe distribution of tricin in different parts of wheat with
the aim todesignatea rich sourcdor its utilization Winter wheat husk waglentified as
the most valuable parits tricin contentis considered the highest in any plant materials
suggesting the use of winter wheat husk as a good source of ioieover, the
potentialanticancer effect of tricin on two cancer cell lines waaluatedwhere itwas

revealedo have a selective anticancer effect

In the third chapter, the selective anticancer effect of several methylated phenolic
and flavonoids compounds were tested vitro on cell cultures, using a LDH-
spectrophotometemethodto assess the viability of the cell lines. Several candidates
were found to possessemarkable antitumor activity on these malignant cell |isesh
astrimethyltricetin a tricinderivative hatexhibited a superior selectivetaity against

human adenocarcinomic alveolar basal epithekdls (A-549).

In the last chapter, the biosynthesis of tricis discussed. The expressiand the
enzyme activityof TaOMT2, the enzyme that catalgztthe methylation of tricetin to
tricin, were measuredl different wheat developmental stages ianegsponse to different
abiotic stresses such esld, salt and droughtThe significant accumulation of tricin in
the inflorescencesuggestshat tricin ma play a role inprotecing the seedsagainst

biotic and abiotic stresses
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Chapter IGENERALINTRODUCTION



1. Flavonoids
Flavonoidsare naturallyoccurring phenolic compounds that constitatee of
the major classs of the p | a matuwas products.They are low molecular weight

secondary metabolites that avielely distributed in plants performing many functions.

Flavonoidsare known for their colour aghe anthocyanipigments responsible
for the different shadesf orange red and blue, and the yellow pigments (chalcones,
flavones and flavonolsh flowers and fod (Brouillard and Cheminat, 1988; Timberlake
and Henry, 1986)They account formore than 8000 different compounds described in
the literaturgPassamonti et al., 2009; Ververidis et al., 2007y existedn nature for
over one billion years and they were interacting with evolving organisnasviny long
time (Swain, 1975) The chemical diversityphysical, and biochemical properties of
flavonoidsallow themto interact withdifferent cellulartargetlocations thusresulting in
differentbiological effectsin plants, and other living organisr(i@eer and Murphy, 2007;

Taylor and Grotewold, 2005)

1.1 Occurrence, Distribution of Flavonoids

Flavonoids are ubiquitous in natuféheyarefound in all plant organsncluding
leaves, seeds, flowers, fruits, woalens, and barks beingmore distributed in higher
plants andto a lesser extenin lower plants(Harborne, 1988)For humans, flavonoids
are mportant diet constituen@s theyare consumedegularly withn the daily food as
olive oil, citrus fruits, and greensTheir average intake was estimated toche 23

mg/day of mixed flavonoids mostly as aglycones ofthe flavone and flavonol classes



(Hertog et al., 1993)Quercetin a pentahydroxyflavonewas reported asthe mos
consumedlavonoid for whichtea, onions and applesnstitute the richest soutce

A database foselected dietary flavonoids wascentlyestablishedy the United
StatesDepartment of Agriculture (USDAWith the aim of generatma data sourcehat
compiled wenty-six of the most commonloccurring flavonoids compound in foods

(Holden et al., 2005)

1.2 Flavonoid Structures

Flavonoids consist of a C15 skelet@spread ovetwo aromatic ring systems, A
and B that are connected by a heterocyphcan ring C (Fig 1-1). Based on the
oxidation state and substitution pattern of ring C, flavonieidvativesare classified into
several groups. The main classes are the chalcélaganones, flavones, flavonols,
isoflavonesand anthocyanidins (Fid-2). In flavonoids, the phenyl group astachedat
the 2position of the pyran ring, whereas in isoflavonoids dftachments at the 3
position.

Flavonoids could be found in natune the free foms (as aglycones or as
conjugatesThey may undergo furthesubstitution through enzymatreactions such as
the hydroxylation of ring A and B and theiO-methylation, glycosylation, sulfonation,
acylation and/or prenylatiorflbrahim, 2001) Due to that diversity diransformations, a
vast arrayof flavonoid structures are found nature and their number coulgachmore

than 8000 identifiederivativesfrom vascular plants and bryophyi{@sdersen, 2006)



Figure 1-1: Basic structure of flavonoids
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Figure 1-2: Major classes of flavonoids



1.3Biosynthesis of Flavonoids

The useof biochemical, chemicabbnd geneticapproaches resulted inthe
identification of many pathways involved in the biosynthesis of different classes of
flavonoids.

Enzymatic and chemical substitutioractions contribute to the structural and
functional diversity oflavonoids. Theseinclude glycosylation, acylation, hydroxylation,
methylation and prenylation that take place mostly on the phenolic (limgdim and
Anzellotti, 2003)

Thetwo precursors involved ithe flavonoid biosynthesisre 4coumaroylCoA
and malonylCoA. Theformeris derived from the shikimate pathway whertgedatteris
formed from acetylCoA via the acetate pathwagondensatiorof both precursorss
catalyzedoy theenzyme chalcone synthagq€HS), the first andkey enzyme inflavonoid

biosynthesis(Winkel-Shirley, 2001) Fig.1-3.

The other enzymes implicated irflavonoid biosynthesisare categorized into
several groups:he preflavonoid enzymessuchas acetytlCoA carboxyligaseenzymes
involved in the formation of th#avonoid skeletonsuch aghalcone synthase (Chiand
stilbene synthase (STS9nzymes ofC-ring modification suchas favone synthase (FS)
and flavanone shydroxylase (F3Mandthe enzymescatalyzingflavonoid substitution
such as th®-methyltransferase@MTS), glycosyltransferases, among oth@bsahim,
2001) An excellent review of the biosynthesis and enzymology of flavonoids appeared

in the O60Comprehensi ve Na(Fotkmanh andPHeled 10€9) s

Che
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Legends: Phenylalanine ammonilyase PAL), cinnamated4-hydroxylase C4H), 4-
coumaroyl:CoAligase @CL), chalcone synthaseCHS), chalcone isomeraseC@l),
flavone synthaseF{S), flavanone &hydroxylase E3H), flavonoid 3' hydroxylase
(F3'H), flavonol synthase F(LS), dihydroflavonol  4reductase [DFR),
leucoanthocyanidin dioxygenadd)OX), isoflavone synthasé=S).



1.40O-Methyltransferases QMTS)

Enzymatic O-methylation, which is catalyzed by &rge family of O-
methyltransferases (OMTSs) plays an important role in reducing the toxicity of flavonoids
by decreasing thehemical reactivity of their phenolic hydroxyl groups and increasing
their lipophilicity; and hence modulates theirantimicrobial activiy (Middleton and
Kandaswami, 1994nd refs thereir). Moreover, O-methylation of flavonoids playan
important role as signalling molecules in rhizobilegume gmbiotic interactiongLong,
2001) as antiviral agent@Cushnie and Lamb, 2005nd in the reduction of flavonoid

mutagenicity in animal&hu et al., 1994)

OMTs areboth substrateandregio-specificenzymeglbrahim et al., 200Q)and
are S AdenosytL-methionine (SAM)dependantThey catalyze the transfer of the methyl
group of SAM to an appropriatenethyl acceptor molecule with theoncomitant
formation of the corresponding methyl ether derivative adi€osylL-homocysteine

(SAH), asproducts

1.5Importance of Flavonoids

Functions of flavonoids in plants

The favonoics play several important role in the plan sgrowth and
development, and its interaction with the environm#érgervesas the flower and fruit s
main pigments,protectng the plants against UV radiation amdtracting pollinators
(Bohm, 1998and refs thereir). They could also inhibit organisms that cause plant
disease eg. Fusarium oxysporun{Galeotti et al., 2008)and with interaction with

microflora of the rhizosphere suchragcorrhizal fungi



Flavonoids were reported to accumulatetie progeror cells for different
legume organs (Mathesius et al., 1998; Morris and Djordjevic, 20@#)d to have a
marked effect orthe development ah vitro root formation(imin et al., 2007)This is n
addition totheirimportant role in root nodule organogeng$asson et al., 2006; Zhang
et al., 2009) and theirvital function in the leguméacterium symbiosjsas they were
identified to be responsible for activating nodulation genes in nitrogen fixing bacteria
(Rhizobia)(Peters et al., 1986; Redmond et al., 1986)s bacterium was able to sense
the flavonoids secreted by legumes such as peas, beans, clover, and soy which triggers

the secretion of Nod factars

Theyalso dfect the transport ahe plant hormone, auxiPeer and Murphy, 200&nd
can alter the levels of reactive oxygen species (R@i8)in the plant(Taylor and

Grotewold, 2005)

Potential effects of flavonoids on human health

For humans, apart from being an important diet constituent, flavonoids are found
as active ingredients iseveral medicinal plante’here many therapeutidenefitsare
identified. Flavonoids are present in many natural products preparations, and constitute a
major component in such products as seen with the drug profil8irdfgo biloba
(Kleijnen and Knipschild, 1992)hey possess potentiantiroxidant, antinflammatory
and preapoptoticactivities(GarciaMediavilla et al., 2007; Taylor and Grotewold, 2005;
Williams et al., 2004)

Their functional roles were established as antioxidants, radical scavengers, antiviral and

antrinflammatory agentéMiddleton et al., 200@ndreferences there)n



Recently, a current view of hophytonutrients impact celignaling asantioxidantwas
proposedFig. 1-4). They were repatedto interact through mechanisnmlependent of
their antioxidant properties, by directly affecting theiaies of a widespectrum of
cellular targets, including key enzymes and membranenankbar receptor@Martin et

al., 2011; Virgili and Marino, 2008)

Flavonoidsare considered good candidates for combating many forms of cancer
as they offer chemopventive shieldingeffects.Several studies confirmed their vitro
ability to inhibit cell growth and killsomecancer cell linegJacquemin et al., 2010;-Li
Weber, 2009; Neto, 200@ndrefsthere ir). It was suggested that the hegttlomoting
action of flavonoids may be attributedto ther interactions with key enzymse and
signaling cascadethat involve cytokines and transcription factorandbr antioxidant

systemgPolya, 2003)

Methoxylated flavones represent a sumeanttcancer flavonoid subclass due to
their lipophilicity, resulting in easy access to the target cefld highbioavailability

(Deng et al., 2006; Walle, 2007; Walle et 2aD07)
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Figure 1-4: The current view of how phytonutrients impact cell signaling

(Figure from(Virgili and Marino, 2008). Reprinted with permission from Elsevier Ltd.

(RONS) reactiveoxygen and nitrogen species

1.6 Bioavailability of Flavonoids

Bioavailability refers to the proportion of substancehat could reachin its

nativeform, the blood and the systemic circulatiQrerveridis et al., 2007)

The control of the intestinal membrane transport of flavonoids occurs mainly at the cell
plasma membran&vel. Transporters that promote nutrient absorption are unable to
transport flavonoids The later are mainly absorbed vithe same specific efflux
transportergesponsibleto pump drugs and xenobiotics out of c€Passamonti et al.,

2009)
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2. Tricin

5,7,4-Trihydroxy-3',5-dimethoxyflavone tricin (Fig. 1-5), is a naturally
occurring flavor of relatively rare and sporadic occurrentds mainly found in cereal
grain plants, suchs rice oat, maizebarleyand wheatSeveralstudies haveevealed the
potential importance of this lipophilic flavone in candreatment and prevention.ist

also considered safe enough for clinical stu@esschoyle et al., 2006)

Figure 1-5: Tricin and tricetin structure [ R=H, tricetin; R=Me, tricin]

2.1 Natural Occurrence

Tricin was firstisolated as a free aglycofi®m a rustresistantvariety of wheat
(Triticum dicoccum Lvar. Khapli) leaves(Anderson and Perkin, 1931lt was later
identified as thdirst flavone detected in butterfly wings feeding on gragstsborne,
1967) It wasalso reported aa typical flavone in grassesd cereal§Harborne and Hall,
1964; Harborne and Williams, 1976)he distribution of tricin and its normethylated
analogue tricetin (Fig. 1-5) in plants wasrecently reviewed (Wollenweber and Dorr,
2008) Theyreportedthe presencef these compounda several plant specid®longing
to unrelatedfamilies For instance the Japanese barnyard milEthinochloa utiliy
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(Watanabe, 1999)Fenugreek(Trigonella foenumgraecum L.(Shang et al., 1998)
Alfalfa (Medicago sativa L) (Stochmal et al., 2001jhe stem oSorghum bicolo{Kwon

and Kim, 2003) Sasa borealifPoaceae)Park et al., 2007)sugar caneSaccharum
of y ci n &ramimeaefColpmbo et al., 2006pamboo leavefhyllostachys nigra
(Jiao et al., 2007)he herb ofLygodium japonicun{Zhang et al., 2008)and (Phoenix

hanceanaPalmae)Lin et al., 2009)among others.

2.2 Biological Significance of Tricin

In general flavones werereportedto possesshigher fungicidal activity than
flavanonesagainst 34different fungal species knowor their damaging effect to stored
seedgWeidenboérner and Jha, 199@s well agheir superior inhibitoryactivity against
mycelid growth of the plant pathogeWerticillium albocatrum at 1 ppm minimum
inhibitory concentratiofMIC) (Picman et al., 1995)

Tricin is classified asan example of the flavones subgrouMoreover, being a
methylated molecule enhances its antibactedivity among thisgroup of flavones

(Laks and Pruner, 1989)

Furthermore, ricin was reportedto inhibit the growth ofboth weeds and fungal
pathogens in ricewithout affecting rice growthlits large amounfound in the soilis
probably due to itseleasefrom rice root exudation, leaves leaching or seed husk
germination Its accumulation in the soilsuggestsits possible function asan
allelochemical,a natural plantbiopesticide or in protecting rice against pathogens and
weeds(Kong et al., 2004)The potential herbicidal activity aficin, found in the hulls of
rice (Oriza Sativa was previouslyreported(Chung et al., 2005yas well adts an ant
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feedant activity againghe boll weevil, Anthonomus grandi@Miles et al., 1993pand its
feeding deterrendctivity in wheat againstwo aphidspeciesSchizaphis graminunand

Myzus persicaéDreyer and Jones, 1981)

Tricin was reported to be implicated in plansect interactions rice; it exhibits
antifeednt effecton the nymphae dérown planthoppe(BPH), Nilaparvatalugens and
antifeeént and oviposition deterrent effecior BPH adultsafter beingallowedto feed

on diets containing tricin for 15 dayBing et al., 2007)

The latter reportefined tricin from ecology point of viewas fione st one kil
birds o, valeirdifferentstepsos rice cultivation such as breeding, cultivation

of novel rice varietieand biological engineering technology.

Recently,in rice hulls tricin and itssyntheic auroneisomer,5,7,4*trinydroxy-
3',5-dimethoxyauronewerefound to possess a significanngicidal activity against rice
seedling rot diseas®isease incidence was significantly reduced by soil amended with
rice hulls. Howeveraurone itselivasmore effective than tricirthusmaking it an ideal

fungicidalcompoundKong et al., 2010)

2.3Isolation and Determination of Tricin

Isolation and separation from different plants

In most caseshe EtOAc fraction of the MeOldxtract wasemployed for tricin
isolation from different plast followed by different methodsof fractionation and
purification Tricin was isolated fronthe EtOH extractof the Japanese barnyardllet

(Echinochloa utili$ grainsby Sephadex LF2O and preparative higherformance liquid
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chromatographyWatanabe, 1999and from he EtOAc and RBuOH soluble fractions of

the aerial pagof Setaria viridis(Kwon et al., 2002)

Another method utilized the EtOAc fraction and silica Igecolumn
chromatography to produce tricirom freezedried foliar parts of ricgOriza Sativa
plants(Kong et al., 2004)while Chung et al., 200bsed the dried hulls driza Sativa
after soaking it inMeOH for one week, then followed by fractionation of the EtOAc

fraction to yield tricin.

Sugar cane Saccharum officinarum .. juice vyielded tricin via successive
chromatographical techniques starting by Amberlite X2AD resn column
chromatography GC) followed by a Polyamide CC then preparative paper
chromatograp (Mauricio DuarteAlmeida et al., 2006)Tricin wasalsoisolated from

the EtOAcsoluble fractionof the whole plants ofasa borealigGramineae)Jeong et

al., 2007) and of the aeri al pl ant parts from i

(IR36) (Bing et al., 2007)

Two other derivatives, tricid'-O-b-D-glucopyranoside and tricis-O-b-D
glucopyranoside were isolated from hewater extracts of the leaves $&sa kurilensis
after being separated @tSephadex LF2O column followed by ODSHPLC (Hasegawa
et al., 2008) Anotherderivative, tricin7-O-b-D-glucosidewasisolated from the leaves of

Ginkgo biloba(JunPing and LingLi, 2008).

Recently, a group of tricitype flavonolignans and tricinvere isolated and
characterized from the EtOAc extract@&lamus quiquesetinerviy€hang et al., 2010)

after using diverse chromatograplkechniques.
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Methods used fordetermination of tricin :

Methalsfor the determination of tricin and estimation of its quantityivo were mainly

carried out by the groupf Cai,where as peci y c a n eerferinange llicuid hi g h
chromatographic (HPLC) method was developed for the determination of tricin with
UVi visible detectiorin human plasm(Cai et al., 2003)and in theplasma and tissues of

mice (Cai et al., 2005b)

2.4 PharmacologicalActivities of Tricin

Chemoprevention

The term O6chemopr ev e n thumans éagaiesh tcaacerlbg pr o
various chemical, biological, or nutritional interventipmi disrupting oncogenesis in
order to avoid or delayhe incidenceof cancer(Kapetanovic, 2009)In general,three
important prerequisites anequired to consideflavonoids for clinical evaluationas
cancer chemopreventive agents: good efficacy, lack of toxicity and reasonable

bioavailability; all of which qualify tricin asprime candidate in chemoprevention.

In Asia, where rice is the main staple food, the incidence of breast and colon
cancer is markedly below that in the western world; this was attributed to the presence of
the chemopreventive agent tricin in the rice b{&udson et al., 2000)Tricin is
considered potentialcandidatan chemopreventin of colon or breast cancer. Its effect
wasstudied on cell viability and coloAprming ability (clonogenicity)of humanderived
tumour breast cell linedMDA MB 468) and humanderived colon carcinoma cell lines
(SW 480Q. Tricin-containing extracts from brown rice inhibit the proliferation of
human colon and breast cancer cellyitro (Hudson et al., 2000Moreover,whenthe
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ICso (inhibition of clonogenicity of tricin was compared with that ofhe two
anticlonogenic compoungdsaffeic and protocatechuiacids, it appearethat tricin was
the most potent anticlonogenic agevith cells of eitherbreast or colon tissue origin

(Hudson et al., 2000)

Further studiesevealedthat tricin was capable of arresing nudemouseMDA -
MB-468 tumour cells in the G2/M phase of the cell cycleithout induéng apoptosis
(Cai et al., 2004)The latter study alsdemonstratethattricin-supplementediet (0.2%,
w.w?) administeredoneweek prior to MDAMB-468 cell implantation resulted in
failure to impede tumour developmef@ai et al., 2004)The fact thatdietarytricin was
found in the mouse intestine in concentration greater than that in the plasma or liver
suggestedhattricin mayhave a vital role in intestine by affectiagd possiblynhibiting

colon carcinogenesi€ai et al., 2007)

In addition,tricin wasreportedto inhibit the cyclooxygenase enzymes and interfere with
intestinal carcinogenesis in micehese findingsesulted in a recommendation for further
preclinical trialsaimed at exploiing its suitability for trials in humans witintestinal

polyps(Cai et al., 2005a)

Additionally, it was foundthat tricin, isolated from the whole plants &asa borealis
(Gramineae),inhibits P-glycoprotein activity in adriamycinresistant human breast
cancer cells, delays spontaneous mammary tumorigenesis and suppressing apoptosis

induced by oxidative stre¢3eong et al., 2007)

Dietary tricin effectively suppressed azoxymethane (AOM)/dextran sodium sulphate

(DSS)- induced colon carcinogenesis imouse modelOyama et al., 2009where the
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development of @onic adenomas and adenocarcinomas was significantly reduced by

feeding with 50 and 250 ppm tricin, respectiv@fg 1-6).

Recently thein vitro effect of tricin on hepatic stellate cells (HSCs) suggested that tricin
might be beneficial in therapeutic chemopreventive applications for hepatic fibrokis.
works by blocking tyrosine phosphorylation of plateletived growth factor (PDGF)

receptor and its signalling pathwa@eki et al., 2012)

(o]

26 “ Mitosis 1.2

Number of mitosis per cancer cells (%)

(%) sasopuw sad BuiBpuq yumsaseydeue Jo saquunpy

AOM + + +
Tricin - 50 ppm 250 ppm
("p<0.05vs. G1and ™" p<0.001vs. G1)

Figure 1-6: The effects of dietary tricin on the MI and ABI.

(Figure from(Oyama et al., 2009) An n u a | Copyright License frr
Centero

A, representative mitotic figures (left circle, anaphase; right circle, metaphase) in an
adenocarcinoma, (BYepresentative anaphase bridging (circle) in an adenocarcinoma,
and (C) MI (columns) and ABI (lines). Dietary administration of tricin significantly
reduced the MI (50 ppm tricin, P < 0.05; and 250 ppm tricin, P < 0.001) and ABI (250

ppm ticin, P < 0.05). G1, groupl; G2, group2; and G3, group 3.
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CardiovascularActivity

Two dihydrotricin derivatives isolated from the stems of Calamus
quiquesetinerviumamely calquiquelignan A and dihydrotricin exhibiteardiovascular
protective effect as they showed significant vasodilatory potencies, as indicated by 60.3%
and 80.3% relaxation€hang et al., 20). The vasorelaxation assawere carried ouh

vitro onthoracic aortasectionf adult male Spragu®awleyrats

Antihistaminic Activity
Tricin, that wasisolated from Malagasy plarffAgelaea pentagynashowed a
potent inhibitory activity toward exocytosis from antiggimulated rat leukemia

basophilegKuwabara et al., 2003)

Antiviral activity
Tricin and tricin 7O-b-D-glucopyranoside proved to possess inhibitory activity

against hepatitis B virus (HBV) replicatighi et al., 2005)

Tricin showed to have a potenti@ vitro antrhuman cytomegalovirus activity
The activity against human cytomegalovirus (HCMV) was detected in the hot water
extract ofSasa albemarginata and in the isolated tricin as weWestern blot analysis
demonstrated that the extract decreased the expressiBraafigen and late antigen of

HCMV in the infectectells (Sakai et al., 2008)

Very recently, tricinwas identified to havepotential antinfluenza virus activityin vitro
andin vivo, as itameliorate body weight loss and survival rate iofluenzaA-virus-
infected nice. It significantly reduced seasonal A (H1N1), (H3N2) viruses, novel A

(HIN1pdm) virusas well as B virus in a doskependent mannéyazawa K et al., 2011)
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Antioxidant activity

Tricin was isolated and identified in thgrains of Japanese Barnyard Millet
(Echinochloautilis), where it showed an antioxidative activity along with other phenolic
compounds identified in the extrg®/atanabe, 1999)

Likewise, tricinisolated from the stem of Sorghum bicofervealed a stronfyee
radical scavenging activiiglong with aranttlipid peroxidationactivity (Kwon and Kim,
2003)

The phenolic extract from sugar cgi@accharum officinarum.)juice containing
a glycosylated derivative of tricin as one of the majonstituent (10% of the total
polyphenolic contentshowed protective effect againstvivo MeHgCI intoxication and
potent inhibition of lipoperoxidation of rat brain homogenageggesting itpotential
use for beneficial health effects and/or therapeutic applicatideuricio Duarte

Almeida et al., 2006)

Two otherglycosylated derivatives of tricirtricin-4 -8}b-D-glucopyranosidend
tricin-5-O-b-D-glucopyranosideyere isolated from hewater extracts of the lgas of
Sasa kurilens, however theyd i d exdibit any free radical scavenging activity

(Hasegawa et al., 20Q08)

Anothertricin derivative(tricin-7-O-B-(6"-methoxycinnamicpglucosidé that was
isolated from sugar cane juig®uarteAlmeida et al., 2007)was shown to have
antioxidant activity higher than Trol8x (6-hydroxy-2, 5, 7, 8tetramethylchromai-
carboxylic acidpositive controf and anin vitro antiproliferative activity against several

human cancer cell lines, especially those of the breamsttant NIC/ADR line.
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Furthermorethe antiradical activity of tricin was showin the extract oDRB (defatted

rice bran).The study demonstrated that the various phytochemical constituents of DRB
extracts including tricin exhibited excellent superoxrddical scavenging activity and
thus directly supporting th&uperior antiradical efficacies of DRB extra@®enuka Dei

and Arumughan, 2007)

Tricin 7-O-b-D-glucosideisolated from thedaves ofGinkgo bilobashowedin
vitro antioxidant activitiesas it wasexamined forits scavenging activity on superoxide
anion and its inhibitory effect on rats' polymorphonuclear neutrophil (PMN) respiratory

burst by chemiluminescen¢éuntPing and LingLi, 2008).

Recently a groupof tricin derivatives ¢alquiquelignan AB, dihydrotricin andtricin)
exhibited more potent hydroxyl radicafloq-l) scavengingactivity than trolox as

characterized by thaltra- weak chemiluminescenessayChang et al., 2010)

2.5 Pharmacokinetic and Bioavailability

The two methoxyl groups present on theif) of tricin appear to be responsible
for its lipophilicity that seems to play the key role in its biological activity, cellular
uptake and itsn vivo stability, especially in the intestine and caldmogether wih the
presence of three phenolic hydroxyl groups that catalyze the antioxidant aatithiig
molecule (Jiao et al., 2007)lt is due tothis dual characteristic that tricipossess a
pharmacokinetic advantage vivo, when @nsumed with the diet in miceyer its non
methylated analogue, apigenin, that exhibit a very rapid metab{Gisinet al., 2007)
Differences in theiglucuronidation may account for their deferential availabititizin

seems to be more available than apigeniiaod and tissues
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Exploration ofthe relationship between stgmic and tissue concentratiand
carcer chemopreventive efficacy of tricim ianimals for prelinical investigation
purpose was conducted in mouse plasma, liver and small intestinal n{Ceosztal.,

2005b; Cai et al., 2003)

Anotherin vivo study tested the bioavailability of tricin through @8ect on the
development otumouss grown in immunecompromised MFL mice (Cai et al., 2004)
whereit was confirmed to prevent colorectal carcinogenesis, by virtue of its high levels
in the gastrointestinal tract after dietary intakenude mice consumption of tricinith
the diet (0.2%, w wl) from 1 week prior to MDAVIB-468 cell implantation failed to
impede tumour developmertEven though the considerablan vitro growth-inhibitory
potency of tricin in MDAMB-468 breast cancer cells; its systemic bioavailability in

plasna after dietary intake was low.

These results suggest that the potent breast tumor cell girdvittitory activity oftricin,

in vitro, does not directly translate into activity in the nude mouse bearing the MDA MB
468 tumor which implied optimizaton of the formulation of tricin as a suitable
pharmaceutical prodrug development to increase its bioavailability for breast cancer
therapy. The fact that tricin levels were relatively higher in liver and gastrointestinal tract
than that measured in the @haa, suggests that it woutbe advisable to study the effect

of dietary tricin on the prevention of hepatic and gastrointestinal malignancies in rodents.

A recent study to improve the bioavailabildftricin was conductetb synthesize
tricin-amino a&id derivative as a new tricin prodrddpe tricinalanineglutamic acid

conjugate (Fig 1-7), exhibitedenhanced permeability, stability in (Maelrarby canine
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kidney) MDCK cells in vitro, and excéént bioavailability after orahdministration in

Crl:CD (SD) male rat¢Ninomiya et al., 2011)

Figure 1-7: The tricin-alanine-glutamic acid conjugate

2.6 Safetyof Tricin

The safety of tricin wassaessed based on experinsecdrried out byVerschoyle
et al, 2006) It was sggestedthat tricin may be considered safe enough for clinical
development as a cancer chemopreventive adgentas compared with two other
potential chemopreventive pehydroxylated flavonoidsgenistein (Fig. 1-88 and
guercetin (Figure 1-8b), whose adverse effects of mutagenicity compromised their

clinical usefulness

Figure 1-8: (a) Genistein,(b) Quercetin
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Tricin didnot cause any pathological or n
spleen, kidney, adrenal gland, pancreas or thymus tissues studied in mice receiaing trici

by oral route for five consecutive daydricin failed to cause MLL gene breakage in
human | eukaemia, and it didndt inhibit hum
orl00 uM). Moreover,tricin lacked any genotoxic propertiesas no mutagenicityr

ability to chromosomal changsas observed in th8almonella/Escherichia colassay

and no clastogenicity in Chinese hamster ovary cafistested by chromosomal
aberrationsAccordingly, tricin was favored for its safety profiles a suitable candidate

for further clinical applications as a potent and safe chemopreventive agent.

2.7 Tricin Biosynthesis

The biosynthesisof tricin proceeds adgescribedearlier (see sectiori.1 and Fig.
1-3), involving the stepwise reaction of malonyl CoA amdoumaroyl CoA, then the
sequential action of chalcone synth&€#1S), and chalcone isomerag¢€HI), to yield

naringenin chalcone following by the flavanone, naringenin, respectively

Subsequently, Bing hydroxylation takes place vidavonoid 3'5' hydroxylasé=3'5'H)
then, the action of flavone syntha@eNS) that introduces a double bond betweei2 C

and G3, and gives rise to tricetin (Fid-9).

The last step in tricin biosynthesis involves thtepwse O-methylation of tricetin to its
3-monomethy(selgin) and 3',5-dimethyk(tricin), with small amounts of 345’
trimethyl ether derivative@-ig1-10). TheseO-methylatiors arecatalyzed bya flavoneO-

methyltransferase (TaOMT2jepresenting asingle gene productThe latter was
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previously cloned and characterized from whedtjticum aestivum L.(Zhou et al.,

2006)

OH

CO-S-CoA
4-Coumaroyl CoA Malonyl CoA
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OH O
Chalcone

cH l

OH O
Flavanone
(Naringenin)

OH
F3'5’Hl OH

HO o "'
g "

OH O

OH
FNS

HO. l o
OH O
Tricetin

Figure 1-9-: Proposedpathways for tricetin biosynthesis
Legends: chalcone synthase CHS), chalcone isomeraseCHl), flavonoid 3'5'
hydroxylasgF3'5'H ), flavone synthas@-NS).
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2.8TaOMT2

A full-length flavonoid OMTcDNA clone TaOMT2 was first isolated and
characterized from a wheat leaf cDNA librgBhou et al., 2006)its nové gene product
catalyzes three sequent@met hyl ati ons of t hmord d B3iNjNENjt r |
Y 3 Nj, -#ilNgthgl iher derivatives (Fig-10). The recombinant protein was affinity
purified to near homogeneity and tested against several pbtemtnyl acceptor
molecules substrates. Tricetin was found to be the preferred substrate and tricin the

predominant product.

Tricetin i ici 3',4',5'-trimethyl tricetin

Figure 1-10: O-methylation of tricetin by TaOMT2

In plants, OMTs) catalyze single methylatiom a stepwise mannewith O-
methylation at position 3 being the first step the process(lbrahim et al., 2003)
Sequentiaimethylation § not reallycommon. Hwever,many cases demonstrate ttfee
sequential synthesis i@hrysosplenium americanuf®axifragaceae) of polymethylated
flavonols are catalyzed,in a stepwise manner, fromrB8ethylquercetin (3VieQ) to 3,7
MeQ to 3,7,4MeQ by a number of substratgpecific and positiowriented OMTs
(Ibrahim et al., 1987)Another example for the sequentméthylation wageportedfor

the volatile phenolic derivatives in rose petalavid et al., 2002)
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Examples of multiple methylations catalyzed by single enzywere alsoreported for
the mammalian phosphatidylethanolamine  (Walkeyt @l., 1996), plant
phosphoethanolamine (Charron et al., 2002) and viral hidemethyltransferases (Qian
et al., 2006)The originality of TaOMT?2 lies in the fact that it is capable of catalyzing a

sequence of three methylations of tricetin resulting in three different products.

2.9 0rganic Synthesis ofTricin

Tricin is very expensiveand it can onlypeisolated in small amounts from ptan
material at a relatively high cost. Although a number of methods are available for the
synthesis of flavones in general, they are not ideal for the preparationriog A
hydroxylated flavones due to derivatization of the phenolic groups of the intetenedia
esters or ethers. Ongffew studies were reported for the synthesis of tri€é these, the
target flavone was obtained using the lithium polyanions of trihydroxylated acetophenone
(Nagarathnam and Cushman, 19%9ig 1-11), thus avoidingthe laboriouspurification

steps leading tas crystallization.

Another method involves direct condensation reaction of 24,6
trinydroxyacetophenone anehddroxy-3,5-dimethoxybenzaldehyde the corresponding
flavanone, followed by dehydrogenation with iodine and Na(Amo-Hong et al.,
1999)(Fig 1-12). However, this latter articldid not includeinformation on the steps or
the conditions of ynthesis. In factit was mainly based on a former stueyportingthe
synthesis of polyhydroxyflavanones from hydroxyacetophenones and

hydroxybenzaldehydd€han et b, 1996)
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Figure 1-12 Synthesis of tricin via flavanones pathway
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3. Wheat

Wheat is considered one of the most important cnoge world According to
the UN Food and Agriculture OrganizatidfAO), Canada is ranked sixth worldwide for
the production of wheat and the third for its exportgtibowever, fluctuations in

Canadia production due to weather can have a significant impact on world wheat supply.

Wheat is a good source of protein, mineralsgrBup vitamins and dietary fibert
provides nearly 55% of thearbohydrates and 20% of theofl calories consumed
globally (Kumar, 2011)It is easy to store and transport and caproeessed into various

types of foodlt is cultivated over a wideange of climatic conditions

Thereare two varieties of wheat: spring wheat planted in the spring season and harvested
in late summer or early fadind a winter wheatariety sownin the fall and harvested in

the next early summer.

3.1Wheat6 Phenolic Compounds

Wheatis not only considered dse main staple food in many countries, but also a
potential source of natural products with nutraceutical and/or pharmaceutical importance.
Its high content of phenolic compounds confers significant antioxidant, anticarcinogenic
and healtklpromoting proprties (Craig, 1999) In fact, the antioxidant and radical
scavenging activities of wheat bran extract were reported to be higher than those of th

synthetic compound, butylated hydroxytoluene (BKI Brindzova et al., 2009)

Investigations of phenolic cqmunds in wheat are limitefAsenstorfer et al.,

2006; Cavaliere et al., 2005; Feng and McDonald, 1989; Feng; and McDonald, 1989)
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and a comprehensive profiling of wheat phenolic compounds, especially in relation to
environmental stressés lacking (Estiarte et al., 1999; Nadeau et al., 1987; Olenichenko

et al., 2008; Zagoskina et al., 2005)

3.2 StressFactors ard Phenolic Compounds inWheat

Plants are exposed to various abiotic (fluctuations in temperature, light
quality/intensity, wounding, etc) and biotic (infection by virus, bacteria, fungi, etc) stress
factors. In response, plants synthesize and accumwaigety of phenolic compounds
especially phenylpropanoids, including flavonofBsxon and Paiva, 1995)Fig. 1-13)
thatsummarizes the types of phenylpropanoid compounds induced in plants by various

biotic and abiotic stresses.

The results of severahvestigations indicatethat such metabolites protect the
plant against UVirradiation, oxidative stress and microbial attagkginkel-Shirley,
2002) Abiotic stress may lead either to irreversible injuries ah&induction of a chain
of reactions resul t i n gsuch stresst corglitions,| i.npladts a d |
acclimation. Wheat is avidely adapted crop to abiotigtresses(Tardif et &, 2007)

however, studieeelated to wheat secondary metabolism are very rare.

3.3Cold Acclimation in Wheat

Wheat and its relativgrain plantshave evolved a broad range of complex
systems that are expressed in anticipitation of, and during exposure to, different stress
conditions especially low and freezing temperatures. These highly integrated systems of
structural, regulatory and developmantgenes that activate and control the low

29



temperature (LT) protective mechanisms rendered wheat as one of the most widely

adapted crops in the world

Cold stress is one of the limiting environmental factors in crop productivity
(Fowler, 2008) exposure to sublethal, ndreezing temperatures allows plants to acquire
freezing and chilling tolerance, a proc&sswn ascold acclimation(Thomashow, 1999)

In fact, cold acclimation involves the expression of certain-saldced genes iwheat
that function to stabilize membranes against freedaced injuryPlants have the dly

to sense changes in the environment that signal te®mmg of winter and as a result,
they exhibit an increase in freezing tolerafteomashow, 1999)his process induces a
number of morphdogical, physiological and biochemical changes tatect the plant
againstcell dehydration resulting from ice formatigdemura and Steponkus, 199&hd

againstreactive oxygen speci¢sicKersie et al., 1997)

The accumulation of total soluble phenolics content undeitéomperature stress
was reportedn wheat leavesv.Mironovskaya808, (Zagoskina et al., 2005Yhis result
was explained in terms dhe role of soluble phenolic compounds in plant defence

mechanism, as an antioxidant against stress faetspscially cold stress.

The total content of phenolic compounds almost doubled in respmoekl treatment as
compared with control leaves, altigh there was no change in the qualitative
composition (Olenichenko et al., 2006However, these studies concerneay the
watersoluble fraction containing glycosisiand polar compoungdbut notthe lipophilic

flavonoids especiallytricin.
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3.4 Salt and Drought Stresses

Salt stress (lgh soil sodiumcontent) and drought stressare among the factors
affecting osmotic balance of the plants asdnsequentlycould severely limit crop
production(Boyer, 1982) by limiting absorption of water from the soil (ionic stsgsTo
counteract the effect of these stresg#ants evolvedprotective mechanisms through
synthesis and accumulation of low molecular weight metabolites called compatible
solutes such as amino acids, sugars (that contribute to the regulation of R@28rgas
well as osmotic adjustments during abiotic stress®eki et al., 2007) qudernary
ammonium compounds that may accumulate with the aim to increase the ability of cells
to retain water without affecting normal metaboljsbetaine, andproline. Quaternary
ammonium compound®etaingRhodes et al., 198 @ndproline (Miralles and Serrano,

1995)are the most common nitrogepntaining compatible compounds.
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Figure 1-13: Examples of stressnduced phenylpropanoids

Figure from(Dixon and Paiva, 1995)Copyright American Society of Plant Biologists

4. StressFactors andTricin

Only afew investigationsverereportedon the effect of some stress factorstba
level of tricin in plans, Among thesepne recent studyreportedthe effects of the
herbicide Gsafened on wheat seedlingsThis study showed thecreasein tricin and
ferulic acidand the reduction of apigenin, luteolin and isorhamnetrels concomitant
with an increasein O-methyltransferaseactivity toward these flavonoid substrates

(Cummins et al., 2006 he results wggesed that safenerdesides altering the capacity
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of wheat to metabolise herbicides and other xenobiotics, could selectively shift the

metabolism of endogenous phenolics.

Safenersare chemically diversesynthetic compoundthat are added toprotect
crop plantdrom herbicide injury without reducing the herbicidal activity. Tinejp the
plants to metabolise faster the herbicidal substance, breaking it dowdegdmposition
products that lack herbicidal activity. The structural similarity of several herbicide
safenercombinationsmay suggesthat safenergompete with herbicide molecules for

binding sites omeceptor or target proteifPavies and Caseley, 1999)

It was alsareportedthat the flavonoidleaves d wheat {riticum aestivuni. cv.
Yecora Rojo) includingtricin, increasd by two orders of magnitud@ a CQ-enriched
(Estiarte et al., 1999)his suggest that higher carbon availability providéise carbon

sourcenecessary fasecondarynetabolite synthesigspeciallyflavonoids
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5. Dietary Fibers

Dietary fibers constitutan importanipart of the plant material that is resistant to
digestion by human enzyme3hey are predominantly nestarch polysaccharides
lignins, and may include other associated substa(izkmgra et al., 2011 Dietary fibers
are categorized according to their water solubility into two types: solblefermented
fibers (pectin gums and mucilagehat are readily fermented the coloninto gases and
active byproductsand insoluble less fermentedibers that are metabolically inert,
absorbing water such ascellulose, hemicellulose, ligninpsylium husk and other
roughaggAntia and Abraham, 1997Theinsoluble dietary ters classs also known as
60 Nov el , it§ usdiseconsiderechewbornandis responsible for most of the health

benefitsattributedto the use oWhole grains.

The U.S. Department of Health and Human Services (HHS)USIDA, in its
dietaryguidelinesfor Americans, recommend thall adults eat half their grains as whole
grains, which includes oatsd whole wheatHHS and USDA, 2005)USDA and HHS
recommend the daily intake dietary fiber to be 14 grams per 1000 calevigich is 20

35grams per day.

Whole grains such as wheat, oats and brown rice are cereals that are rich in
dietary fibers andare known to provide healthy nutrients to huméhasderson et al.,
2009) Consumer®f whole grains have a significantly better nutrient intake profile than
nortconsumers, with a higher intake of vitens and minerals and a lower intake of fat

and addedsugars(Cleveland et al., 2000)Some of the reported benefits include
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preventing disorders such as cardiovascular diseases, cancer and (Mezgiy et al.,

2008)and refs. there in)

Thedirect effect of dietaryibersfound in cerels on postprandiaplasma glucose
and insulinlevelssuggests a potentialechanism linking cereal fiber intake and reduced

risk of type 2 diabete@Veickert et al., 2006)

There are numerous publicatidmghlightingthe use of oatull fiber in foodproducts(K
Kamaljit et al., 2011)and refs there in, in addition to itsuse insome of theoverthe-

counterproducts suchasMetamuci®, thewell-recognizedaxative brand

Taking the model of oat hulland itsapplications,the enriching of daily food
such asbread, cereal and bakery with wheat hwill result in raisingthe total dietary
fiber content,reducing caloric content, and modifying the rheological properties of food
systems. This in addition to tlliemopreventivpotential offeredrom increasingricin

intake.

Insoluble wheat fibexoriginate primarily from wheat hulls, whidire partf the whole

wheat grain, that its safety is wastablished based on ise as a food for decad@he
composition of the wheat grain and its parts was discussed in many literature papers,

The difference between the bran layers and the hulls is found in the occurrence of
different tissue components as strands of celluloses, hemicelluloses and pentosans
(xylans in particular) that are unevenly distributed throughout the whole kernel, including

the dehulled grains
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6. The Impact of Plant-basedFoods onHuman Health

Diets rich in phytonutrientsor plantbased foodsare mostly associated with
reduced risk®f major chronic diseaséMartin et al., 201ndrefs there ir). To be able
to implement the role of thegghytonutrientsin human life,the collaboration between
plant scientists,in plant biochemistry, plant genetiesxd metabolic engineeringnd
researchersin nutrition and pathology of chronicdiseaseswas recently highly
recommendedMartin et &, 2011) Suchcollaboration and contribution will allowhe
designation ofoodsthatreduce the risk of chronic disease axglainhow these foods

work to impacthuman health.

The development of dietary agents for cancer chemoprevention offersera asaf
attractive alternativéen comparisonto the useof pharmaceuticals such as nonsteroidal
antrinflammatory drugs and tamoxifexs cancer chemopreventive ageRscently, this
approach was discussed in order éstablish a protocol fordevelopment of
chemopreventive phytochemicals and the selectiathefptimal clinical doseequired

(Scott et al., 2009)
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7. TechniquesUsed in thiswWork

7.1LC-MS Techniques

Nowadays LC-MS representsa well-established, rapid and powerful technique
for the analysis of many natural products.
Mass spectrometry (MS) offeggeat selectivity and sensitivity as a detection technique
coupling it with high performance liquicchromatography (HPLC) enables effective
analysis of complex matrices like plant extragisis is mainly due to its abilitio detect,
within the same analysis, all metabolites encountered in the extract.
In addition, the use oftandem masspectrometry (MS/MSyesults ina full structural

analysis of mixturewithout usingthe tediougime-consuming isolationrnpcedures

Multiple Reaction Monitoring Technique MRM )

(MRM) is a selective and sensitive #S-MS tandem mass technique which
each ionized compound gives a distinct precutsguroduct ion transitiomdicativeof a
particular compound in an extraéeaks containing celuting compoundsireresolved
by monitoring of specific precurseto-product on transitions(Chiwocha et al., 2003;

Pang et al., 2009; Segarra et al., 2006)

Time-of-Flight (TOF)

(TOF) is a fastand precise ionization technique. A TOF instrument provides
accurate mass measurement within a few gagtsnillion (ppm) of a molecule'sxact

truemasg(Cotter, 2004)
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7.2Viability Test

Two different methods were carriesut during this work in order to determine the

viability of different cell lines

Lactate dehydrogenase (LDH)

Lactate dehydrogenageDH) is an ubiquitous enzyme present in a wide variety
of organisms, including plants and animal$t catalyzes the reversible reduicin of
pyruvate into lactate, witthe ultimate interconversion of NADHto NAD" (Fig 1-14)
(Henderson, 1984)n isolated organ systemm vitro releaseof LDH by the cellsinto

the culture fluid has bearsed to determine injuryf the cells.

(0} OH
OH LDH OH
H3C 47? H3C
0] NADH NAD+ o)
Pyruvate Lactate

Figure 1-14: LDH reaction

The activity of lactate dehydrogenasaugally measuredspectrophotometrically at 340
nm by one of the following two methadBither the oxidation reaction of NADH with
pyruvate and hence a decrease in the absorpanitee reduction reaction of NADwith
lactateresulting inan increase in the absorbance. einstandaraonditions oneunit of
enzyme catalyses the oxidation of NADH or reductionN&D™ at 1 pmol per min

(Markert, 1984)
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In the current work théeakage ofLDH was measuredby monitoringthe activity of
lactate dehydrogenaseith an aliquot of celfree medium and compared to the total
activity achieved after lysis of the ce(lgloldéus et al., 1978)

Lysis of cells was doney treatmentwith Triton X-100 (0.5%). NADH (0.2 el final
concentration)and pyruvate(1.36 nM final concentration were mixed with Krebs
Henseleit buffer containin@% albuminbefore beingaddedto 25 pl of thecell-free
medium once and t®@5 ul of the cellcontaining media after lysis. Thiate of change in

absorbance at 340 nm dueNADH oxidation was recorded.

FACScan (FluorescenceActivator Cells Sorter) Flow Cytometer

A flow cytometer is an instrument for detecting and measuring the amount of
fluorescent dye on particles, and basically consists of one or more lasers for supplying
excitation energy, and a series of filters and detectors for measuring the resultant
fluorescent missions InthisworkaF ACScan fl ow cytometer with
abolute counting beads were used to measure viability of cells.

TheCo u nt B ralisgutetcdtintingeadsare a calibrated suspension of microspheres
that are brightly fluorescent across a wide range of excitation and emission wavelengths
and contain &nown concentration of microspheres
(http://probes.invitrogen.com/media/pis/mp36%fd). For absolute counts,specific

volume of the microsphere suspension is addedspeeific volume of sample, so that

the ratio of sample volume taicrosphere volume is known. The volume of sample

analyzedcan be calculated from the numbemnatrosphere events, acdn be used with
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cell events to determine cell concentrationgémeral, at least 1,000 bead events should

be acquired to assurestatistically significant determination of sample volume.

Cell concentrationwas calculated according to the following formula

AXC/BxD= concentration;Wheresampl e as cell s/ ¢l
A = number of cell events

B = number of bead events

C = assigned bead count of the | ot (beads/
D = volume of sample (eglL)
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8. Scope of Thesis Resear

The overall objective of the thesis focused on detailed studies of the biochemical,
molecular and biological aspects of tricia promising chemopreventivagent. The
research addresses the occurrence of tricin and other related phenolic compounds in
wheat, how it is affected under different stress conditions, how to find a reliable source of
tricin to incorporate it in our daily diet and hatdoesaffect loth cancer and normal cell

lines.

Tricin is a rare and expensive compound; we studied itentification and
guantification in extracts of different parts wheat(leaves, bran, seed, etc.) in order to
determine the best accumulator organ and variety.Wassarried out by comparing two

varieties of wheat: the winter variety, cv. Céand the spring variefgv. Bounty.

Investigations of phenolic compounds irheat are limited Asenstorfer et al.,
2006; Cavaliére et al., 2005; Feng and McDonald, 198%) a comprehensive profiling
of wheat phenolic compoundscluding tricin especially in relation to environmental
stressess lacking (Estiarte et al., 1999; Nadeau et al., 1987; Olenichenko et al., 2008;
Zagoskina et al., 2005Thus, we studiedh this workthe effect of several abiotic stress
factors, such asold, drought and salt treatment, among others, on the biosynthesis and

accumulation of tricin.

The accumulatiorof tricin in different parts of wheatias determined to identify
the tissue that has the maximum accumulation. The analyses reveuiirtteat wheat
hulls contain the highest content withiine plant. In addition, & efficient method of

isolation and purification of tricin wadeveloped.
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Thus the researclpresented in this thespgovides an economial protocol for
preparation of tricin from a part of the plant that is considered a wagteoduct with
low economic valueThis will increase the value of wheat as a crop and improve the

faimes 6 r evenue.
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Chapter ZZHANGES IN WHEAT LEAF PHENOLOME IN
RESPONSE TO COLD ACCLIMATION
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Investigations of phenolic compounds in wheat are lim€dvaliére et al.,
2005) (Asenstorfer et al., 2006; McDonald, 198@nd acomprehensive profiling of
wheat phenolic compounds, especially in relation to environmental stisskeking
(Estiarte et al., 1999; Nadeau et al., 1987; Oleniaheztkal., 2008; Zagoskina et al.,
2005) This prompted an investigation herein of the detectable wheat leaf phenolome
during cold acclimation. This phenolic profile was established for both the Witere)
and spring (Bounty) wheat varieties with the aim of studying the function of these
compounds in the adaptation of this important crop plant to environmental stresses.
This chapter of the thesis addresses the following research areas: (i) Waealicph
compounds common to the winter and spring varieties and the effect of cold acclimation

on it,and(ii) Localization of phenolic derivatives in leaf apoplast fluid.

Techniques used in this chapter are: HPLC B8eMS equipped with UV detector
were the main analyses techniques usdr exact mass measuremerggectrospray
ionisationtime-of flight analyser (ESTOF) was used in positive ESI moadad for
fragmentation reason tandem mass spectrometry ubmdriple quadrupole MS/MS

systemvia MRM (multiple reaction monitoring) mode was applied.

The manuscript corresponding to this chapter was published in the Journal of
Phytochemistry A Ami r &RaghMk. hetim,René Roy and Fathey Sarhan (2011),
Changes in wheat leaf phenolome in respdosmld acclimationPhytochemistry2011),

doi:10.10164.phytochem.2011.08.021
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Summary

A study of wheatTriticum aestivuni.) leaves phenolome was carried out during
cold acclimation of the winter (Claire) and spring (Bounty) varieties using a catidrin
of HPLG-ESFMS techniques. A total of 40 phenolic and flavonoid compounds were
identified, and consisted mainly of two coumarin derivatives, eight simple phenolic
derivatives, ten hydroxycinnamoyl amides and 20 flavonoid derivatives. Identification
and quantification of individual compounds were performed using an HPLC system
coupled with a photodiode array detector and two different-NESI systems, in
combination with a multiple reaction monitoring (MRM) technique. The analyses
indicated that, althugh there were no qualitative differences in their profiles, the winter
variety exhibited a higher phenolic content compared to the spring variety when both
were grown under neacclimated (control) conditions. Cold acclimation, on the other
hand, result@ in a significant differential accumulation of phenolic compounds in both
varieties: mostly as luteoli€-glycosides and thei©-methyl derivatives in the winter
variety (Claire) and a derivative of hydroxycinnamoyl amide in the spring variety
(Bounty). These compounds accumulated in large amounts in the apoplastic
compartment. The accumulation of t@emethylated derivatives was associated with a
marked increase irO-methyltransferase (OMT) enzyme activity. In addition, the
trimethylated flavone, 3',4'&imethyltricetin was identified for the first time in the
native extracts of both control and caldclimated wheat leaves. The accumulation of a
mixture of beneficial flavonoids as mwientin, vitexin and tricin in cold acclimated
wheat leaves, attestfor its potential as an inexpensive source of a hgattmoting

supplement to the human diet.
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Introduction

Wheat is one of the most important crop plants worldwide. It is not only
considered as the main staple food in many countries, but also asnéigdcource of
natural products with nutraceutical and/or pharmaceutical importance. Its high content of
phenolic compounds confers significant antioxidant, anticarcinogenic, and -health
promoting propertiedCraig, 1999) In fact, the antioxidant and radical scavenging
activities of wheat bran extract were reported to be higher than those of the synthetic

compound, butylated hydroxytoluene (BHT) Brindzova and Rapta, 20Q9)

Wheat and its relatives have evolved a broad range of complex systems that are
expressed in anticipitation of, and during exposure to, different stress conditions
especially low and freezing temperatures. These highly integrated systems of structural,
reguatory, and developmental genes that activate and control the low temperature (LT)
protective mechanisms rendered wheat as one of the most widely adapted crops in the
world. Recent studies have shown that expogingbidopsisplants to low temperature
resuted in significant changes in the configuration of its metabolome. In response to cold
treatment, 75% oArabidopsismetabolites have increased in amount varying frero 2
25-fold, of which 22% were identified as sugars or other carbohydrate derivd@oesk
et al., 2004) Similar results were deduced from metabolic fingerprinting analysis of
Arabidogsis leaves subjected to low temperat¢@ay and Heath, 2005)hermal stress
or cold shock(Kaplan et al., 2004)These metabolites may have a general or specific
function that contributes to the plant survival. However, their exact role in plant defence

is not well understood.
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Flavonoids, as well as other phenolic derivatives, play important roles in the
pl ant ds i nteracti on wi t h i ts environment,
oxidative stress and microbial attacks, to mention only a (#ehm, 1998& refs.
therein. In addition, they constitute an important component of the human diet and

represent active ingredients in several medicinal plants.

The accumulation of soluble phenolic compounds in winter wheaede
response to cold acclimation has been explained in terms of their role in the plant defence
mechanism as antioxidants against cold st{@sgoskina et al., 2005)Treatment of
wheat leaves with synthetic antioxidants under cold conditions increased their levels of
sugars and flavonoid®lenichenko et al., 2008)Other studies reported a significant
accumulation of the polyamines, putrescine and spermidinewioly exposure of wheat
leaves to cold temperatur@dadeau et al., 1987jhich suggested the involvement of
polyamines in the biochemical processes of cold acclimation. Hydroxycinnamic amides
(HCAs) are of ubiquitous occurrence in the plant kingdom, inolydiraminaceous
plants, and several solanaceous spe(tasr et al., 2005)They participate in various
aspects of plant growth proces¢Bsck, 2001a; Marti#Tanguy, 1985)and are induced
in response to both biotic and abiotic stresgg@gon-Owoo et al., 2003)including
salt/osmotic stresgGicquiaud et al., 2002)and were recently reported to play an
important role in the plant defence mechanighiahlbrock and Scheel, 1989; Walters,

2003)

Investigations of phenolic compounds in wheat are limi@&alvaliere et al., 2005)
(Asenstorfer et al., 2006; McDonald, 198@nd a comprehensive profiling of wheat

phenolic compounds, especially in relation to environmental strestaking (Estiarte
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et al., 1999; Nadeau et al., 1987; Olenichenko et al., 2008; Zagoskina et al., Z835)
prompted an investigation herein of the detectable wheat leaf phenolome during cold
acclimation. This phenolic profile was established for both the winter (Claire) and spring
(Bounty) wheat varie#is with the aim of studying the function of these compounds in the

adaptation of this important crop plant to environmental stresses.

Materials and Methods
Chemicals

Most phenolic and flavonoid compounds used in this study were from our laboratory
collecion, except for tricetin that was purchased from Indofine Chemical Company
(Hillsborough, NJ) and tricin, from Dalton Chemical Company (Toronto, ON).
Trimethyltricetin (40) was a gift from Dr. Y. Fukushi, Hokkaido University, Japan, and
feruloylagmatine §) was kindly provided by Drs. S. Jin and M. Yoshida, Agricultural
Research Station, Sapporo, Jap&AdenosyiL-[*H] methionine (76.4 mCi/mmol) was
purchased from American Radiolabeled Chemicals (St. Louis, MO), and unlgbeled
AdenosytL-methionine from Sigma (Oakville, ON). Protein quantification reagents and
40% acrylamide/bis solution were purchased from-Baul (Mississauga, ON). Unless

otherwise specified, all other chemicals were of analytical grade.

Plant growth and acclimation conditions

Two wheat varietiesT{riticum aestivum2nx6 = 42), a spring habit cultivar Bounty and a
winter habit cultivar Claire, were grown in a controlled growth chamber as previously
describedDanyluk et al., 2003)Plants were grown at 20 °C under long days (v

16-h photoperiod at a light intensity of 250 umol’rs*. For cold acclimation (CA),-7
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day-old wheat plants were grown for 1, 10, 21 and 42 days at 4°C under the same

photoperiod and light conditions mentioned above.

Extraction of phenolic compounds

Fresh leafsamples ¢a. 10 g) were ground in dry ice before extractiotirBes for 1lhr

with hot MeOHH,O (85:15, v/v). The extract was concentrated in vacuo, to remove
methanol, and the resulting ag. suspension was defatted with hexanes, followed by 3
times liquidliquid extraction with EtOAc. The combined organic layers were
concentrated, and the residue dissolved in a minimum amount of MeOH for analysis. For
acid hydrolysis, the defatted ag. extract was hydrolyzed with 2M HCI (30 min; 95 °C) in
order torelease the phenolic aglycones from their paf@sglycosides, followed by
liquid-liquid extraction with EtOAc. The combined organic layers were concentrated

under vacuo, and the resulting residue dissolved in MeOH for analysis

HPLC and LC/ MS analyses

For quantification of total phenolic compounds, samples were applied to
chromatographed on a Varian HPLC system equipped with a UV detector and a Varian
XDB-C18 column (4.6x150 mm; particle size, 5um) using a linear gradient of MeOH

1% HOAC in HO (40:60,v/v) and a flow rate of 1 ml.miffor 30 min and a column
temperature of 25°C. The process was repeated at least three times, and three injections
were analysed for each sample. This system was used only for the quantification step of
total phenolic compunds, but not for quantification of individual compounds where the
MRM technigue was better used for this purpose, since it allowed the determination of

minor components. Quantification for total phenolic compounds. @) was carried
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out using the aee under the curve method by calculating the summation of areas in
relation to their UV absorbance, whereas quantification for individual compounds was
performed using the MRM technique that allowed determination of minor compounds.
LC-MS analysesvere carried using an Agilent 1200 HPLC system with binary pump,

in-line degasser, high performance as#&mpler and thermstated column division,
using a linear gradient of MeGBl1% HCOOH in HO (40:60, v/v) for 30 min with a

flow rate of 0.35 ml.mitt on an Agilent SBC18 column (2.1 x30mm; particle size,
3.5um), and a column temperature of 25°C. The method was optimized with UV

detection at 254 and 340 nm.

Two LC-ESFMS systems were used: in System 1, the HPLC instrument was connected
to an Agilent 640 quadrupole (triple Q) mass spectrometer using electrospray ionisation
in positive ESI mode with the following conditions capillary voltag@00 v, nebulizer
pressure: 6®si, gas temperature 300°C, drying gas: 5 L/min and a dwell time of 75 ms,
and thedata was processed using the Mass Hunter software. The same column was
transferred to be used in system 2 where an identical HPLC instrument with the same
conditions listed above was connected to another mass spectrometer consisting of an
Agilent 6210 eletrospray ionisatiofiime-of flight analyser (ESTOF) in positive ESI

mode, at a capillary voltage of 4000V, nebulizer pressure of 35 Psi, gas temperature
350°C, drying gas flow: 11.5 L/min and voltages of 125V and 60V for the fragmentor and
the skimmer, espectively. The technical error and mass resolving power of theotime

flight mass spectrometer in terms of mass accuracy was 2ppm, RMS, measured at the

[M+H]" ion of reserpine (m/z 609.2807) was used as an internal mass reference. When
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available, refeence compounds were used to compare the corresponding retention times

and mass spectral profiles of phenolic derivatives and flavonoids.

A quercetin calibration curve was constructed for quantification purposes, using different
concentrations of 1.6pg.Ml Spg.mi*, 8.3ug.mt*, 16.6ug.mf", 25pg.mi*, and 166ug.nil

'and 266pg.mt quercetin.

For MS/MS and MRM analyses in system 1, the collision energy (CE) was optimized for
each individual compound; available standards were injected several timesfigrgnt
energies of collision: 5eV, 10eV, 20eV, 25eV, 35eV and comparing their MRM peak
area resulted from the MS/MS analysis for each case. The (CE) with the highest and more
intense area was selected as the optimum one for the analysis, then trieh &gdm
negative and positive modes of ionization. A (CE) of 35eV was applied as the optimum
energy of collision for the analysis of flavonoids and coumarins, and 10eV for simple
phenolic compounds and 25eV for conjugated amines, and the scan rangemva®a

to 900 m/z. For each compound, MRM acquisition was carried out by monitoring
transitions of the combination of the parent ion mass and the fragment ions of highest

abundance.
Protein extraction and quantification

Protein was extracted in T#d4Cl, pH 7.0 containing 0.1% PVPP, followed by
centrifugation at 10,000 rpm. It was quantified by the methad@@ddford 1976)using

bovine serum albumin as the standard protein.
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O-Methyltransferase assays

Protein was extracted from the plant material at 4°C. Wheat leaves were ground to a fine
powder with dry ice and sand, before being homogenized with PBS buff&r.§pHAfter
centrifugation (14, 000xg) for 30 min, the supernatant was desalted -d® RbBdused
directly for the assay oO-methyltransferasdOMT) activity against tricetin and-5
hydroxyferulic acid as external substrates. The enzyme assay consisi@giMfS
adenosyiL- methionine (AdoMet) containing 0.025 pCi 6H] label, and protein extract
(100 Og) and -h@oxyferilic acid (ind% PNSH) in@ total volume

of 100 pl. The reaction was initiated by addition of enzyme, incubate@Canin at

30°C, and terminated by the addition of 6M HCI (10 pl). The methylated products were
extracted with ethyl acetate, and a fraction was counted for radioactivity using atoluene
based scintillation fluid. Enzyme assays were carried out in trigliead the experiment

was repeated at least twice. Control reactions were carried out without addition of protein

for background correction.

Extraction of soluble apoplastic metabolites

Soluble apoplastic metabolites were extracted as describdamacker et al., 1998)
Freshly cut leavescé5 g) of both noracclimated and acclimated winter wheat were
washed with distilled kD, then immersed in Petri dishes containing 50 mM acetate
buffer (50 ml) pH 4.5, 100 mM KCind 2 mM CaGl Thedishes were transferred to a
vacuum dessicator and a vaccum of 270 kPa was applied in order to extract the apoplastic

content. After centrifugation for 10 min at 29@0and 4°C, the extract was lyophilized

! DMSO: dimethylsulfoxide
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and the resulting powder uséat both HPLGCMS/MS analysis and gel electrophoresis.
The apoplastic purity was assesed by its protein pattern oAP3% and theabsence
of any trace of Rubisco that is usually used as indicator of cell leakage\(ivancos et

al., 2006).

Results anddiscussion

Identification of wheat phenolic compounds common to the winter and spring
varieties

By means of two LEESIFMS protocols, a number of phenolic compounds were
identified in the leaves of both varieties. The-LOF system was equipped with Agilent
software that allowed calculating and generating the molecular formula of each
compound accordg to its mass spectrum obtained during analysis, whereas the triple
guadrupole MS/MS system was used to confirm the product ions. A direct comparison of
the MS spectra obtained from both systems made it possible to confirm compound
identification. Moreove the high sensitivity of the M#$IS detector used allowed for
identification of minor constituents with a high degree of fidelity. The fact that several
phenolic compounds exhibited almost similar polarities and retention times made it
difficult to assigntheir corresponding peaks. However, the use of MS in combination
with UV detection at 340 and 254 nm, in addition to the comparison of their spectral data
with available reference compounds, allowed their identification with high degree of
certainty. In addition, tandem mass spectrometry (M%), exact mass measurements
and fragmentation patterns were used together with literature data for the identification of

compounds where reference samples were not available.
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The application of several collisi@nergies in the positive and negative modes to
the sample was necessary to optimize a method with a consistent fragmentation pattern.
The positive mode was compatible with almost all compounds. For optimum energy of
collision, 10V and 25V were applied fosimple phenolic derivatives and
hydroxycinnamic acid conjugates, respectivelyheveas 35V was chosen for other
flavonoids and coumarin derivatives. This was performed through the application of
tandem mass technique MS in multiple reaction monitoringMRM) mode and of
exact mass measurement, both of these methods allowed the identification and

guantification of most phenolic compounds.

MRM is a selective and sensitive HIS/MS technique in which each ionized compound
gives a distinct precursao-product ion transition. Furthermore, peaks containing co
eluting compounds were resolved by monitoring for specific prectiogmoduct ion
transitions(Chiwocha et al., 2003; Pang et al., 2009; Segarra et al., .280@)ever
closely related isomers could not be differentiated by this technique. Another analysis
using the same conditions for HPLC was conducted on another instrumeftQEyin

order to confirm the exact masses and empirical formulae of each of the identified

structures.

Using these protocols allowed the separation and identification of 40 phenolic
compounds in the extracts of both winter and spring wheat varieties. These consisted of
two coumarin derivatives, eight simple phenotiompounds, ten hydrgeinnamoyl
amides (HCAs) and 20 flavonoid derivatives (Tablg Fig. 2-2). These results showed
no qualitative differences observed in the phenolic profiles of both varietiéer non

acclimated (control) conditionéfrigs.2-1A and2-1B).
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Figure 2-1: A, HPLC-UV; B, Total ion counts (TIC)-overlaid trace chromatograms of nor

hydrolysable methanolic extract of leaves from 2veekold Claire and Bounty

The UV and TIC chromatogramwere obtained usg an Agilent SEC18 column (2.1
x30mm; particle size, 3.5um), and a column temperature of 25°C; 40% to 90% MeOH in
0.1% HCOOH of linear gradient elution; flow rate 0.35 ml/min for 30 min.; injection

volume, 10 ul; wavelength monitoring, 340 nm.
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Figure 2-2. HPLC-UV-MS of methanol extract of leaves from 2Zveekold winter wheat
Claire

Reconstructed MRM chromatogram [M&S] of most abundant protonated molecules
(parent ion [M+H]" and its major ion peak fragmts) in the positive mode resulting
from LGMSMS analysis, showing MRM at: 36¥ 177 for compounds), 611-> 329,
611-> 449 for compoundd), 525-> 463 for compoundil(l), 449-> 329 for compound
(13), 625-> 463 for compound2Q), 433-> 283 for mmpound 22), 463-> 313 for
compound Z3), 639-> 331 for compound 26), 771-> 463 771-> 6250or compounds
(28) and @9), 303-> 153 for quercetin, 331> 315 for compound37) and 345 -> 255

for compound40)
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Hydroxycinnamoyl amides (HCAS)

The major HCAs identified in this study (Tab®l1) arep-coumaroylagmatine
(1), caffeoylputrescine (paucine2)( p-coumaroylputrescine3j, feruloylputrescine4),
trans-feruloylagmatine ?), p-coumaroylspermidine 6, p-coumaroy2-
hydroxyputrescine ), bis-dihydrocaffeoylspermine3Q), dicaffeoylputrescine3(l) and

di-p-coumaroylputrescine3d).

Feruloylagmating5), was analysed using 25V collision energy, and its MRM
transitions from 307 [M+H]to 177 at Rtentiontime of 2.01 min.This data was
identical to those obtained for a reference sample of feruloylagm#@@ineThe
identification of small amounts of dihydrocaffeoylsperm{3®) in the spring variety
(Table 1) is surprising, since dihydro derivatives of phenylpropanoid camdgoare
reported to be of rare occurrence in plants (Anterola and Lewis, 2002; Lewis, 1999).
However, the occurrence of several dihydrocaffeoyl polyamines in potato tubers was
reported during metabolite profiling of the plgiftarr et al., 2005)which provides an
exemplary evidence for the efficient use of-ECGS-MS-MS protocols in investigating

wheat metabolites.

Flavonoids

Among the 20 fvonoids identified in this work, six represented the major
constituents. These include (% of total and uM quercetin equival@nbgentin (12)
and iseorientin (L3) (42%, 0.47); vitexin Z1) and isevitexin (22) (18.2%, 0.26);
chrysoeriol 6C-glucoside 23) (8.7%, 0.2)and tricin 37) (9 %, 0.21). Acid hydrolysis of
methanolic extracts, that removédlglycosidic linkages followed by L®IS of the
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hydrolysis products, confirmed the natural occurrence of tkleghycosides in wheat
leaves and &wed the quantification of tricig37) as a free aglycone. These results are
consistent with the most recently published-MS analysis for wheat leavé€avaliére

et al.,, 2005) among others, which reported the occureen€ these flavonoids as-

glycosides, except tricin 37 which occurred a®aglycoside.

In cereals, such as wheat, maize, barley and rice, bGtha6d 8C-glycosides of
luteolin and /or apigenin are most abund@razierHicks et al., 2009; Cummins et al.,
2006) These compounds were suggested to act as antibiotics, antioxidants, feeding
attractants or deterren{BrazierHicks et al., 2009; Gould and Lister, 2005and as
phytoalexins that were produced naturally in response to various stress cor{@iticets
al., 2009; McNally etal., 2003) Furthermore,isc-orientin (3), the major phenolic
compound in wheat was reported to act as-amticeptive and anthflammatory agent
in rats and mice at doses of 15 and 30 md.kgithout causing any apparent acute
toxicity or gastricdamage(Kupeli et al., 2004) In addition there is ample evidence to
suggest that luteolin(36) and its glycosides(12)(13) might be used as cancer

chemopreventive agents, or in chemother@mpezLazaro, 2004 refs therein)

The relatively high abundance of isoentin (L3) in wheat leaves, attests to its use as a
potential source of active natural hegifomoting compoundsWheat leaves are
considered as an edible part of the plant, and are used as a juice (wheatgrass juice) or
added to several food products in North America and other parts of the world. These
products are approved by the health authorities and sold byakesstablished

companies:
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(http://'www.greenhealthcanada.com/Benefits_of Wheatgrass.html

http://lwww.wheatgrass.caittp://www.bledevie.com/english.htm), among others

Tricin (37) (5,7,4*trihydroxy-3',5-dimethoxyflavone) and it®-glycoside26, 27 29
were found to constitute about 9% of the total phenolictiva in wheat leaves after acid
hydrolysis. It is known to occur mainly in the grass family, including cereal grain plants,
and has been isolated from rice, oat, maize and wWkéaitenweber, 2008)Apart from
being considered as a powerful antioxidant, antimutagenic anéhathmatory agent
(Zhou et al., 2006and refs. therein)in addition, tricin 87) has been reported to be an
efficient chemopreventivagent in growth inhibition of human malignant breast tumour
cells (Jeong et al., 200@nd colon cancer cell€ai et al., 2004; Hudson et al., 2000)

and has been considered safe enough for use in clinical sfUdrsshoyle et al., 2006b)

Furthermore, 3',4' 8tfimethyltricetin @0) was identified, for the first time, as a
wheat constituent using MBS analysis. It exluited a parent ion peak in the positive
mode atm/z 345 corresponding to [M+HJand two major product ions at/z315 and
255 (Fig. 2-3). Its spectral data and Rilue were identical to those obtained with an
authentic reference sample. 3'4T&Gmethyltricetin @0) has recently been reported as
the final enzyme reaction product of a wheat recombinant OMT catalyzing the sequential
methylation of the pentahydrghtavone, tricetin as substragéhou et al., 2006)A recent
review of the occurrence dn distribution of tricetin methyl ethers in plants
(Wollenweber, 2008) ndi c at e strintethydtricetirB@J), ig aNjypkalljconstituent
of grassesand has been identified as a natural constituent in 18 graminaceous species,

but not including whegiKaneta, 1973)
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Figure 2-3: Identification of 3',4',5' -trimethyltricetin (40) in wheat leaves

A, HPLCMS (1) MSMS for m/z 345 [M+H]+ showing 255 and 315 as major product
ions, (2) MRM signals at 345 and 255 ions at Rt 20.9 min.; B, correspondifig348d
MRM of standards (1)

Coumarins and Simple phenolic compounds

Esculetin(9) and its Zmethyl derivative, scopoleti(l7) were identified in both
wheat varieties (Table 1). The use of available reference compounds enabled us to
compare their Rand MRM profiles. Under neacclimated conditions, the amount of
scopoletin(17) is higher than esculetin, i.e. 0.06% compared to 0.01% of total phenolic
compounds, respectively. This may be explained by the possible toxicity of the vicinal
hydroxyl groyps present at positions 6 and 7 of the coumarin structure, which may be

reduced by methylation of escule{®) to scopoletin17).

The fact that trace amounts ©imple hydroxycinnamic acids were observed in the
extracts of both wheat varieties (Tal@d€l) corroborates with the natural occurrence of

their conjugated forms as esters or glycosi@son and Paiva, 1995)n contrast, two
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hydroxybenzoic acids, vanillic acid@) and sinapic acid1l6) were present in the free

state as minor constituents.
Effect of cold acclimation on the phenolic profiles of winter and spring wheat

Wheat leaves (daysold) of both varieties were cold acclimated at 4°C for O, 6,
12, 21and 42 days, and their phenolic profiles were determined by iHHRL@ethods,
using quercetin as the internal standard, as described in the Experimental. During cold
acdimation, there was no qualitative difference in the phenolic profiles of both varieties,
but there was a significant accumulation of phenolic derivatives, reaching their highest
level (2fold increase) after 42 days of cold acclimation as compared tothesponding
nonacclimated plantgFig. 2-4). The relative amount of phenolic compounds was

consistently higher in the winter variety (Claire) than the spring variety (Bounty).
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Figure 2-4: Total phendic content during cold acclimation of both winter (Claire) and

spring (Bounty) wheat.

(AUC): absorption unit counts. (NA)=day-old norracclimated plants.
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Both scopoletin X7) and esculeting) increased irtheir levels by 3and Zfold,
respectively, after 21 days of cold acclimation of both varieties. However, their
contribution to the phenolic pool is still limited due to their initial low relative

abundance.

The increase in phenolic compounds in the winter variety is mostly represented by
the C-glycosides of luteolin, is@rientin (13) and orientin (12) (ca 3-fold) their
methylated conjugates (1.8 2-fold) and of apigenin, vitexir§21) and isovitexin(22)

(ca3-fold).

Luteolin C-hexosytO-(p-coumaroyl) hexoside25 (Table 2-1 and Fig 2-5), which
accumulated in significant amounts {10 15fold) in the cold acclimated winter variety,

was identified based on its mass spectrum [M+efl[757.2m/zand its product ions at

m/z 757, 177, 463 and 287; where 177 is a characteristic fragmewf jeicoumaric

acid. Moreover, its measured accurate mass was 756.1906 with only 0.6 ppm difference
from the theoretical calculated value. Compo@ddeached its maximum concentration

(0.2 to 0.3+0.14pM QE:§? after 21 days of cold acclimation and regred one of the

major phenolic constituents, amounting to approximately 9% of the total leaf phenolics.
Although its role in wheat is not clear, this luteolin derivat{286) was reported to be
associated with the protection of a Wderant rice cultivaragainst UVB radiation

(Markham et al., 1998)

2 QE: Quercetin equivalent.

62



x101

3.5

254

1.54

L
04

x102 x102

Absorbance(UV)

_oH_HOL A O A gy 7791778
S0 | \
P (M+Na)+

HOHG’HD.\\Q. :Hg
0.
| [M+H] += 757.1982 S
L\“'L-r’; “SoH J.l

‘ | I] 730 735 740 745 750 755 760 765 770 775 780 785 790 795
all rJ Counts vs. Mass-to-Charge (m/z)

25 ",

2
1.54
14

05 A AL Al
‘Iu"f VA% L“ JmU

O = N W = o O

\-J I‘u—\/'\.fﬂ‘x.«___,_,.f'\_ W UYY S

A

1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

min

Figure 2-5: HPLC-UV-MS chromatograms of methanol extract of (A) nonacclimated and

(B) 21-day cold acclimated Claire leaves

Showing induction of levels of lutec@thexosyO-(p-coumaroyl) hexoside (25) (Rt 7.2

min) corresponding tthe measured accurate mass.

The fact that a number of HCAs especially compouhdsand 31, accumulated
in wheat in significant amountsq 17- to 20fold) in response to cold acclimation
suggests a biological role in plant protection against low temperatures.
Feruloylagmating5), (Table2-1 and Fig2-6) wasthe most abundant HCA whose level
was induced by cold treatmerit increasedca 20-fold after 21 days of cold acclimation
of the winter variety. This result is in agreement with the recent finding of-fald0

increase of feruloylagmating) in wheat crowns exposed to low temperat(li@ and



Yoshida, 200Q) Theseauthors attributed its induction to its antifungal properties against
the phytopathogenic fungublicrodochium nivaleHCAs are synthesized in the cytosol

and transported towards the cell wall, where they function as a resilient barrier against
pathogen @iacks(Hahlbrock ad Scheel, 1989%And refs.therein), and act as stabilizers of
cell membranegGicquiaud et al., 2002)

Therefore, it is reasonable to assume that their accumulation in wheat in significant
amounts in regponse to low temperature functions to protect cell membranes during cold

acclimation or fungal attack. This assumption deserves further study.
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product ions; B, shows the MRM signals 307 and 177 ions at Rt 2.07 mirdaj2bld
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On the other hand, cold acclimation of the spring variety Bounty also resulted in
an increase in isorientin derivatived 3, 20, 23, 25, and28 (ca. 3-fold), similar to Claire.
However, it exhibited an important increase in the HCA conjugate, dicaffeoylputrescine
31 (Table2-1, Fig2-7), which accounted toa 15% of the total phenolic compounds after
cold acclimation. The role of HCAs in plant defensgainst pathogens is well
documented (Hahlbrock and Scheel, 1989Bnd was also recently reported for

Arabidopsis thaliangMuroi et al., 2009)
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Figure 2-7: HPLC-UV-MS chromatogram of a methanolic extract of éday cold-acclimated
Bounty leaves

Showingnduction of levels of compound 31, dicaffepytrescine, (Rt 11.2 min)
corresponding to [M+H]+ of 413.2
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The differential accumulation of two classes of phenolic compounds during cold
acclimation:C-glycoflavones and their methylated derivativegha winter variety, and
specific HCA conjugates in the spring variety, may provisionally be explained in terms of
the differential regulation of expression of the structural genes encoding chalcone
synthase (CHS) and hydoxycinnam@dA:amineN-hydroxycimamoyltransferase
(AHT) that are involved in the biosynthesis of flavonoids and HCA derivatives,
respectively(Fig.2-8).

AHTSs for both aromati¢Back et al., 2001b)YFarmer et al., 199%nd aliphatiqNegrel,

1989; Negrel et al., 1992)mines have been characterized from several plant species.

Such metabolic dimorphism may be considered a valuable agricultural trait that can be
applied to the engineering of wheat for increasing its cold tolerance (flavonoids) and

antimicrobial onstituents (HCAS), or its health promoting flavonoids.

Phenylalanine
v Malonyl-CoA —CHS | FLAVONOIDS

Cinnamic

. 7’
p-Coumanc —p p-Coumaroyl-CoA

Caffeoyl-CoAf

Feruloyl-CoA \+‘ Agmatine/
Petruscine/ AHT HYDROXY CINNAMIC
Spermidine/ ACIDAMIDES (HCAs)
Spermine

Figure 2-8: Proposed pathway for the regulation of flavonoid and HCAS biosynthesis

Legends: chalcone synthase (CHS), aniNHAeydroxycinnamoyltransfase (AHT)
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O-Methyltransferase activity of cold-acclimated winter wheat

The fact that the methylated derivativ&® 23 and 28 of luteolin (36) are among
the major flavonoid constituents of the caldclimated winter variety, prompted us to
investigate the methylation process by measu@Agethyltransferase (OMT) enzyme
activity of wheat leaves. Protein extracts of 6, 12, andlé4 coldacclimated Claire
leaves were assayed for their OMT activities against tricetin émglfxyferulic acid,
as substrate3 he presence of internal phenolic substrates within the crude protein extract
was accounted for, by subtracting the activity of the enzymihe absence of added
external substrates. The enzyme activity with internal substrates was used as a blank
value of the reaction which varied between 5 and 10% of total activity, depending on
variety and cold acclimation. The OMT activity against tric@ind 5hydroxyferulic acid
(Yamamoto et al., 1987@s substrates increased bytd 5fold after 12day and 2iday
cold acclimation (Fig2-9). The increase in OMT activity is paralleled with the observed

increase of methylated phenolic compounds during cold acclimation
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Figure 2-9: Changes in total methyltransferase (OMT) activities in winter wheat leaves

during cold acclimation against tricetin and 5hydroxyferulic acids as substrates.

Values represent mean = SE from two independent experiments. {(Aj0ld non
acclimated plarg
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Localization of phenolic derivatives in leaf apoplast fluid

Leaf apoplast is not only considered a storage cellular compartment but also an
internal physiological environment of the plant where important reactions, such as
intercellular signaling and delar response to many abiotic and biotic stress stimuli, take

place(FechtChristoffers et al., 2003; Sakurai, 1998; Sattelmacher, 2001)

This prompted us to investigate the phema@ontent and profile of the apoplast
fluid of wheat leaves in relation to cold acclimatiofrhe analysis of apoplastic fluid on
SDSPAGE, exhibited a typical pattern of apoplastic proteins, and the absence of any
trace of Rubisco that is usually used dicator of cell leakage. This indicated that the
apoplastic extract was not contaminated with any of the intracellular metabolites
The analysis of apoplastic phenationtent suggestetie presence of lffavonoids and 5
HCAs (Figs. 2-10 and 2-11). These compounds were observed in quantities comparable
to those obtained with the total methanol extracts, and their level of accumulation during
cold acclimation was consistent with that observed in total exsiacethe calculated %
relative abundarecof each compound in the apoplast extract and in thénydmolysed
MeOH extract were identical, as well as their fold increase after cold acclimation (Table
2-1). In addition, the peaks obtained from IMS analyses were sharp and symmetric,
with no backjround contaminants as those usually observed with crude plant extracts

(Fig. 2-11).

p-Coumaroylagmatine 1j, p-coumaroylputrescine 3§, feruloylputrescine 4),
transferuloylagmatine §) and p-coumaroyi2-hydroxyputrescine?) were identified in
the apoplast fluid, together with the flavonoids 8, 13, 14, 20, 23, 25 and 28 ({or iso

orientin (L3), its methylated form isgcoparine Z3) and their glycoside derivatives8,(
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14, 20, 25, 28 in addition to isovitexind2) and trich derivatives 26, 27, 37 and40).

These flavonoids were found as glycosides, containing at least one sugar moiety, except
for tricin (37) and its methylated derivativelQ) that were present as aglycones.
Glycosylation of phenolics increases their hyadrticity and stability, and modifies their
subcellular localization and binding propertieshe sugar moieties are responsible for
enhancing the water solubility of these compounds and thus facilitate their translocation
within the cell from their sitefdoiosynthesis to reach tlaoplasi{Kren and Martinkova,

2001; Wang and Hou, 20Q9The hylrophobic flavonoids that represent most of the
identified compounds in the apoplast extract are probably translocated to the apoplast by
transmembrane protein carriers, such as ABC transporters. These transporters were found
to play an important role irhé translocation of isoflavone aglycone genistein into the

soybean apoplast by AB@ransporteZhao and Dixon, 2010an example among others.

The presence of such flavonoids and HCAs in the apoplast suggests its vital role
as the first site of plant defense against abiotic stresses, such as low tempéraisire.
finding is consitent with a recent proteomiasalysis demonstrating the activatioh
pathogen defense enzymésl(3-glucanase, peroxidase, PR4, and endochitinase) in the
apoplast of rape seedBr@ssica napusvar. napug infected with Verticillium.
longisporum.(Floerl et al., 2008) It was also reported that these enzymes accumulate

during cold acclimation in both wheat and (@iffith and Yaish, 2004)

The accumulation of both flavonoids and pathogen defense enzymes in the apoplast
response to pathogen attack and cold acclimation supports the hypothesis that the

apoplast functions athe first line of defense against both biotic and abiotic stresses.
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However, the nature of the interactions between the flavonoids and the defenise®

in protecting the plant cell against these stresses deserves further investigation.
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Figure 2-10. HPLC-UV-MS of apoplast extract from 21 day coléacclimated winter leaves

(A)UV-chromatogram monitore@t 340nm; (B) Total ion counts (TI®)yerlaid trace

chromatograms in MRM mode of the identified phenolic compounds
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Figure 2-11: MRM chromatogram [MS -MS] of identified flavonoids identified in the
apoplast fluid of the winter wheat Claire at 21 days of cold acclimation

Parent ion [M+H]" and its major ion peak fragments in the positive mode resulting from
LC-MSMS analysis, showing MRM a839 ->331 for tricin-O-rhamnosideO-hexoside
(26), 493> 331 fortricin-O-malonyl hexoside2(7), 463->313 for isascoparin £3), 757
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->177 for luteolinC-hexosyO-(p-coumaroyl) hexosid€5), 771->463, 771->625 for
chrysoeriol6-C -glucosyl-2"[-O-6-O-P-coumaroyd]|B-D-glucopyranoside 48), 625 ->
463 for chrysoerieb-C-glucosytO-glucoside 20), 433->283 for isovitexin 2), 345 -
>255 for 3, 4', 5*trimethyltricetin @0), 331->315 for tricin (37), 449-> 329 for ise
orientin (13), 611->449, 611 ->329, for dihexosyl luteoli{8), and595>329 for
luteolin-O,C-rhamnosyglucosyl (4),

In this studythe application of LEESFMS protocols, coupled with the MRM
technique described herbave shown to beowerful tools for the direct chemical
screening of phenolic compounds in wheat leaves. They provided accurate, reproducible
results, and allowed the characterization of some novel metabolites, and estahéshed
differential induction of levels of phefic compounds in both winter and spring wheat

when grown under cold acclimation conditions.

Iso-orientin (L3) and its C-glycoside derivatives8( 11, 20, 23, 25, 28) followed by
vitexin (21) and iso-vitexin (22) represented the most significant increaseplhenolic
derivatives during cold acclimation of the winter variety, whereas, the accumulation of
dicaffeoylputrescine 31) was the predominant metabolite the spring variety.
Identification of the novel flavone,3',4',5'trimethyltricetin @0), as wel as
feruloylagmatine §), by their characteristic product ion fragments will serve as future

reference sources for easy detection of both compounds in plant extracts.

The fact that most of flavonoids and HCAs were identified in the apoplast
compartment@nfirms its important role in plant defence mechanisms. On the other hand,
the accumulation of a mixture of beneficial flavonoidssasorientin (L3), vitexin 1)

and tricin 87) in cold acclimated wheat leaves, values its potential use as a source of an
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inexpensive and affordable supplement of a healthy diet, which may explain the
popularity of wheat leaf juice that is gaining acceptance in North America and elsewhere

as a benedial healthy supplement
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Table 2-1: Characterization of phenolic compounds common to the nehydrolysable extracts of winter and spring wheat

Peak | Rt [M+H] " | MRM (MS/MS) Measured | Diff from Identification Structure % Fold -
min . accurate theoretic . increase
(Transition mass al target Relative after cold
ions) mass abundance | treatment
(ppm)
1 1.3 277 277> 147| 276.1599 4.5 p-Coumaroyl 0 H 0.24 2
NSNS SN N
agmatine o H NH,
2 1.7 253 253— 163| 252.1464 3.9 Caffeoyl OH 0.4 No
HO X N/\/\/NHZ
putrescine H change
HO
(Paucine)
3 19 235.2 | 235 — 147| 234.138 5.1 p-Coumaroyl o] 0.2 2
NH
HO
4 2 265 265 — 177| 264.147 -1.4 Feruloyl 0] 0.06 17
. MeO AN o~ NHy
putrescine H
HO
5 2.06 307 | 307— 177| 306.1707| 5.0 Transferuloyl- 0 H 0.03 20
. MeO X N/\/\/N NH
agmatine j@/\)LH
HO NH,
6 2.1 292.3 | 292— 147| 291.1930 5.7 p-Coumaroy 0 0.1 2
o S N/\/\N/\/\/NHZ
spermidine H H
HO

76




7 2.3 251.2 | 251 — 147| 250.1311| -2.6 p-Coumaroyi2- 0.25 1.2
X NH,
hydroxy /@/\)L”/\(\/
OH
) HO
putrescine
8 2.8 611 | 611— 329| 610.1512| -3.6 Luteolin- 0.1 3
611— 449 dihexosyl
9 2.9 179 | 179 —>= 133| 178.0259| -3.2 Esculetin OH 0.01 7
o] OH
10 3.5 169 | 169— 153| 168.0419| -4.1 Vanillic acid 0 15 No
MeO
OH change
HO
11 3.7 525 | 525— 463 Chrysoeriol 0.4 1.3
glycoside
derivative
12 3.8 449 | 449 — 431| 448.0999| -1.5 Luteolin 8C- 33 3
glycoside
( Orientin )
13 4.4 449 | 449— 329 | 448.0999| -1.5 Luteolin-6-C
449 — 299 glucoside

(1so-orientin )
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14 4.3 595.2 | 595— 329 | 594.1549| -6.0 Luteolin-O,C - 0.74 15
rhamnoswy
glucosyl
15 |47 225 | 225 — 207| 224.0693| 3.4 Sinapic acid OMe 0.02 3
OH
HOmOMe
o]
16 4.8 199 | 199— 184 | 198.0537 4.4 Syringic acid o) trace No
MeO
© OH change
HO
OMe
17 |49 193 | 193 — 178 | 192.0430| 3.96 Scopoletin mOMe 0.06 3
193— 150 0o OH
18 5.1 179.1 | 179— 164 | 178.0622| -4.46 | p-Coumaric acid 0 trace trace
AN
OH
methyl ether M
MeO
19 5.2 165.1 | 165— 121 | 164.0463| -6.3 p-Coumaric acid o trace trace
o
OH
HO
20 5.3 625 | 625— 463 | 624.1683| -1.2 Chrysoeriol 6C- HO 0.42 2

glucosytO-

glucoside
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21

5.8

433

433— 283

432.1054

Apigenin 8C

glycoside

(Vitexin )

22

6.1

433

433— 283

432.1054

Apigenin 6C

glycoside

(Iso-vitexin )

18

23

6.3

463

463— 313

462.1141

Chrysoeriol 6C

glucoside

(Iso-scoparin)

7.8

1.3

24

6.4

609

609 — 301
609 — 463

608.1500

-4.92

ChrysoeriolO-p-

coumaroyl

hexoside

0.6

No

change
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25 7.1 757.2 | 757 — 177 | 756.1906 0.6 Luteolin-C- 0.4 10tols
fold
757 — 287 hexosytO-(p- increase
coumaroyl)
hexoside
OH
26 7.5 639 | 639 — 331| 638.1833| -2.1 Tricin i O- - 0.8 2
639 — 493 rhamnosideO-
hexoside
27 8.4 493 | 493— 331 | 492.1261| -1.3 Tricin -7-O- OMe 8.5 15
glucoside
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8.9 771 | 771> 463| 770.2033| -3.2 Chrysoeriol6-C 0.15 3
-glucosyl-2" [-
771 — 625 0-6-O-p-
coumaroy]B-
D- O

glucopyranoside OH

10.3 579 | 493 — 331| 578.1258| -2.3 Tricini O - 2.1 No

malonyl change

hexoside

11.0 531.6 | 531~ 166| 530.3109 0.8 Bis-dihydro o " ; OH traces Traces
HODA)LN/\/\N/WN\/\/NT(\/QOH

H H
caffeoyl HO o

spermine

111 413 | 413— 253| 412.1644| 2.3 Dicaffeoyl OH 4 ca 20 (in

_ o OH bounty
putrescine H |
HOD/\)LN/\/\/N SN on y)
H

12.9 181.1 | 181 — 137| 180.0427 2.4 Caffeic acid o] -

OH
Hojv\@[ trace
OH
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33 13.6 195 | 195— 136 | 194.0589 5.1 Ferulic acid o) -
MeO AN
WOH trace
HO
34 14.0 381.4 | 381 — 253| 380.1717| -5.0 Di-p-coumaroyi o OH 0.01 20
H
8 381 — 147 . X N/\/\/NY\/@
Putrescine H 3
HO
35 14.3 185.1 | 185—> 170| 184.0724| -6.3 Syringyl alcohol OMe
OH
HO OMe
36 15.5 287 | 287 —> 153| 286.0464| -4.6 Luteolin 0.2 1.7-fold
decrease
37 16.7 331 | 331— 315 | 330.0748 25 Tricin 1.5 No
331— 270 change
38 18.1 301 | 301—> 285 | 300.0624| 3.2 Chrysoeriol 0.05 1.4
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39 18.9 315.2 | 315> 299 | 314.0782 -2.5 Chrysoeriol7- 0.1 2-fold
decrease
methyl ether
40 20.6 345 | 345— 255 | 344.0880| 4.6 34,5 0.01 No
345— 315 Trimethyltricetin change

ldentification ofcompounds: 5, 9, 10, 13, 15, 16, 17, 19, 21, 32, 33, 35, 36, 37 and 40 was confirmed by external reference

compounds via comparison of their [M¥HMS-MS and MRM. All otherompounds were identified by comparison of their mass

profiles [M+H]", MS-MS and MRM with those publishefCavaliére et al., 2005; Cummins et al., 2006; Yannai, 2004)0dition to

accurate measurement of their masses that ootifieir molecular structureslV wavelength was monitored at 340 and 254 nm for

all compounds.

b5 Relative abundance was calculated for each compound by dividing its area under the peak and summation of total phenolic peaks

x 100
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Chapter AVINTER WHEAT HULL (HUSK) IS AVALUABLE
SOURCE OFRICIN, APOTENTIALSELECTIVECYTOTOXIC
AGENT
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The previous chapter focused qualitative and quantitative analysispifenolic
compoundsncluding tricinin two differentvarieties ofwheat leavs underboth normal
and cold stressonditions.Its richness with a variety of beneficial phenolic compounds
highlightsits importance aa beneficial healthy supplemeint this chaptewe study the
occurrence and distribution of tricin in different parts of the wheat phAattt,aim to find
an affordable econommource.Furthermore, triciractivity was testedn the viability of

two cancer cell lines of the liver and pancraad one armal cell lines.

Techniquesised in this chapter includétPLC, LC/MS, andflow cytometry(FACScan

for viability testing, andlissolution tester.

The manuscript of this chapterplanned to beubmittedfor publication in
fiPhytomeicinedu n d e r  t Wirger wheat Hulke(huskfiis a valuable source of the

selective anticancer agent, tricird
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Summary

The flavone tricin (5,7,4-trihydroxy-3',5-dimethoxyflavong has the greatest
potential as anticancer and chemopreventive activity spite of thesevaluable
biological benefits, itanvestigationin preclinical and clinicasettingss still limited. This
is due toits rare availability and higproductioncost. Tricin is found mainlyin cereal
grains, such as wheatice, barley, oat and maize. The highest tricin concentration
reported wasn Sasa albemarginatg and riceOryza sativa However this concentration
is not sufficient for commercial use. To find d@mer reliable rich sourcef tricin, we
investigated its occurrence and distribution in different parts of whéaticgm
aestivun), an important cereal and a staple diet for human and animal nutrition. The
highest amount was found in the hugkwinter wheat varieties and estimated to 770 +
157 pg/g dry materials. This concentration is considered the highest in any plant
materials suggesting the use of winter wheat husk as a good source of tricin. The purified
wheat tricin was found to be selective potahibitor of two cancer cell lines of the liver
and pancreas, while having no side effect on normal cells. This selectivity, makes tricin a
potential candidate for anticancer agent. In addition, the tricin and fibers rich crude wheat

husk powder could besed ashemopreventivagent against colocancer
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Introduction

Flavonoids and polyphenols are ubiquitous in nature. They are naturally occurring
compounds that constitute major ckes®f the plant natural products. They play
important rols in plant growth and development and its interaction with the
environment.For humans, flavonoids are important diet constituents and are found as

active ingredients in several medicinal plants.

Several studies reported their vitro ability to inhibit the growth of, and in
several cases Kkill, cancer ce(lsacquemin et al., 2010; MVeber, 2009; Neto, 2007)
Thus, theyare considered potential candidates for combating many forms of cancer due
to their apparent chemoprevention effect. However, tinewivo efficacy in humans is
still debatable. This is probably due to their poor bioavailability after oral inge§taon
and Walle, 2007; Walle et al., 2007heir low bioavailability is probably due to their
limited absorption and rapid metabolisim the intestine andliver through
glucuronidation and/or sulfonation of their free hydroxyl groups. As a result, such
glycoside and sulfonated forms lead to higher solubility and thus decreased
bioavailability (Walle, 2007) In contrast, methylated flavonoids are lesdrbphilic and
have higher resistance to hepatic metabolism .Therefore, they exhibit a relatively higher

intestinal absorption compared to their maethylated formgWen and Walle, 2006)

Among flavonoids having anticancer activity, tricifb,7,4-trihydroxy-3',5-
dimethoxyflavong has shown the greatest potentikig 3-1). It is a naturally occurring
flavone of arelatively rare and sporadic occurrerigéollenweber and Dorr, 2008It is

mainly foundin cereal grains, such as wheate, barley, oat and maize.It was first
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isolated as a free aglycone froma rustresistant varietyof wheat leaves T(riticum
dicoccum L varKhapli) (Anderson and Perkin, 193aphd identified as thérst flavone

detected in butterfly winghatfeed on grassdg$iarborne, 1967)

Figure 3-1: Tricin structure

Tricin has been reported asa valuable chemopreventive ageor its several
beneficial pharmacological activitiésludson et al., 2000) It wasdescribe as themost
potent anticlonogenic(colony-forming ability) agentof humanderived tumour breast
cell lines MDA MB 468) andhumanderived colon carcinoma cell li@WV 480(Hudson
et al., 2000) Such property may be attrted to its ability toinhibit cyclooxygenase
activity andits interference with intestinal carcinogenesis in mid@sled tofurther pre
clinical trials to explore its suitability ithe treatment ofiuman intestinal polypgCai et
al., 2005) In addition tricin inhibited P-glycoproteinactivity in adriamycin resistant
human breast cancer cellgjus delayng spontaneous mammary tumorigenesis and

suppressing apoptosis oxidative streghkiced(Jeong et al., 2007)
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A study of he bioavailability of tricin conductedon nudemicein vivo, revealed
its exclusive high level in th&IT (gastreintestinal tract) after dietary intake, and its
effect on slowing cancer cell growth. This result highlighted the potential of tricin in
preventing colorectal cancer and ledstudy of its dietary effect on the prevention of
hepatic and gastrointestinal madancies(Baulis et al., 2000) Furthermore, dietary
tricin effectively suppressed azoxymethane (AOM)/dextran sodium sulphate (DSS)
induced colon carcinogenesis in mouse md@glama et al., 2009)n addition, tricin
was considered as a natural antioxidant and a cardidaastug(Chang et al., 2010)
Recently, tricin was identified as a potential anfiuenza virus agent in vitro ania
vivo, as it ameliorated body weight loss and survival rate of influénzaus-infected

mice(Yazawa K et al., 2011)

In spite of thesealuable biologicabenefitson human healththe use of tricin is
still limited. This is probably due tibs rare availability and the relatively higlost. This
pronpted us tosearchfor a reliable source of tricin at an affordable cost tiditenable

its usefor further biological and pharmaceutical studies.

In Asia, where rice is the main staple food, the incidence of breast and colon
cancer is markedlyower than that in the western worldthat was attributed to the
presence of tricin in rice brafHudson et al., 2000)his observation prompted us to
evaluate the presence of tricin in other cereals with the aim of finding a valuable natural
source of tricin. Our research revealed that wheat is a major sourcteof
chemopreventive agent, tricin. It is presensignificantamouns in the hulls of winter
wheat, a part of the plant that is considered a wasfgdnjuct with low economic value.

In this report we describe efficient methods of isolation and purification of tricin from
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wheat tissuesNe also demonstrate thimicin is a potent growth inhibitor of two cancer

cell lines of liver and pancreas, while having no side effect on normal cells.

Materials and methods
Chemicals

Tricin waspurchased from Dalton Chemical Company (Torofithl). Quercetin, which
was used as an internal standawds from our laboratory collectionUnless otherwise

specified, all other chemicals were of analytical grade.

Plant growth conditions

Threewheat varietiesTriticum aestivum2nx6 = 42)a spring wheat cultivar (Bounty)
andtwo winter wheatcultivars (Claire and Norstarwere grown in a controlled growth
chamberat 20 °C under long days ()Pwith 16-h photoperiod at a light intensity of 250

pmol m?s™,

Extraction of tricin

Ab extracion procedure was generally carried out ustag10 g of plant material and
85% aqg. MeOH (1:3, w/v) as solvent, atmhcentrédon of the methanolic extracts under
vacuumto ca 2 ml before injectingg0 plaliquots for HPLC or LEMS analyses.

For three month green inflorescence tissues yltbw strawsamples, removal of the
grains was carried out before extraction. Wheat lwas obtained after grinding the
grains and passing througleves(meshsize #12 to remove the endosperm and embryo

layers. In case of sevemay-old freshleavesand roos the remaining aq.ggtion, after
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concentration, was defatted with a mixture of hexanes to remove chlorophyll and wax,

and60 pl of the defatted extract wagectedto HPLC or LGMS analyses

HPLC and LC-MS analyses

For quantification of tricinaliquots from the MeOH extragtere chromatographed on a
Varian HPLC system equipped with a UV detectamnd a Varian Polaris SC18A
column (4.6x150 mm; patrticle size, 5um) using a linear gradient of 4@@HANn 1%
aq.HOAc ata flow rate of 1 ml.mih for 30 min and a column temperature of 25fith
monitoling atat 340 nm. The analysis was repeateth three biological replicatest
least three times, and three injections waralyzedfor each sampleQuantification was
carried out using théarea under the curGenethod by calculating the areas in relation to
their UV absorbancat 340 nm.

LC-MS analyses werg@erformedusing an Agilent 1200 HPLC system withbinary
pump, inline degasser, high perfoance autesampler and thermostated column
division, using a linear gradient of 40% to 90%dw¢OH: 0.1%aq. HCOOH for 30 min
with a flow rate of 0.35 ml/min on an Agilent SB18 column (2.1x30mm; particle size,

3.5um) and a column temperature of 239¥ detection at 254 and 340 nmas used.

Two LC-ESFMS systems were used: in System 1, the HPLC instrument was connected
to an Agilent 6410 quadrupole (triple Q) mass spectrometer using electrospray ionisation
in positive ESI mode with the following conditis capillary voltage 3000 v nebulizer
pressures0° Psj gas temperatur&00°C drying gas5 L/min; dwell time 75 ms and the

data was processed using #gilent Mass Hunter software
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The sameAgilent SB-C18 columnwas transferred to be used in syst@ where an
identical HPLC instrument with the same conditions listed above was connected to
another mass spectrometer consisting of an Agilent 6210 electrospizationtime-of

flight analyzer(ESFTOF) in the positive ESI mode at a capillary voltagé 4000V,
nebulizer pressure of 35 Psi, gas temperature 350°C, drying gas flow: 11.5 L/min and
voltages of 125V and 60V for the fragmentor and the skimmer, respectively. The
technical error and mass resolving power of the-tnfaight mass spectrometer terms

of mass accuracy was 2ppRMS, measured at the [M+H]ion of reserpine (m/z
609.2807) used as an internal mass reference. When available, reference compounds were
used to compare the corresponding retention times and mass spectral profilsottph

derivatives and flavonoids.

A tricin calibration curve was constructed for quantification purposes, usffegent
concentrations of 1, 5, 8.3, 16.6, 25, 66272 pg.mt tricin, and quercetin was added
asaninternal standard=or MS/MS andnultiple reactionmonitoring (MRM) analyses in
system 1, the collision energy (CE) was optimized; a CE of 35eV was applied as the
optimum energy of collision for the analysis of tricin, and the scan range was from 200 to
900 m/z. MRMacquisitionwas carrietbut by monitoring transitions of the combination

of the parent ion mass in positive mode, 331m/z and the fragment ions of highest

abundance were 315 and 270 m/z.
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INS-832/13, NIH 3T3 and HepG2 cell culture

Rat mncreatic cells (INS832/13), an insubecreting cell line derived from an-réy-
induced rat transplantable insulinoma cell limesre grown in monolayer cultures @
regularRPM*-1640 (SigmaAldrich) medium supplemented with 10 mM HEPES, 10%
heatinactivated FBS, 2 mMi-glutamine, 1 mM sodium pyruvate, 50 HpMN-
mercaptoethanol, 100 U/ml penicillin and 1Q@/ml streptomycin at 37 °C in a

humidified (5% CQ, 95% air) atmosphere

Human hepatocellular carcinoma cells (HepG2) were grown in monolayer cultuaes in
regular MEM medium supplemented with 10% heimactivated FBS, 100 U/ml
penicillin, 100 pg/ml septomycin at 37 °C in a humidified (5% G095% air)

atmosphergGrondin et al., 2008)

As thecells reached 80% confluencafter approximately 7 dayshey were washed
twice with PBS and trypsin was added for2min. Trypsin was inactivated by addition
of RPMI after centrifugation, the pellet was resuspendearmnimal volume.

Mouse Fibroblast cells (NIH 3T3) were grown in monolayer cultures in regular DMEM
medium supplemented Wwitl0% heatnactivated FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin at 37 °C in a humidified (5% &®5% air) atmosphere

Cells were cultured i®-well tissue culture plates in the specific nedescribed above
usinga humidified atmosphere of 5% ¢®&nd 95% air at 37eC.
tricin (7.5, 15, 30uM in DMSO)was added to the medium for 24 h. Following the
addition of tricin, cells were trypsinized and counted by facs scan @atimtBright

absolute counting beads which are broadly fluaescent

3 Roswell Park Memorial Institute
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(http://probes.invitrogen.com/media/pis/mp36950\pdfluorescence is excited by
wavelengths from UV range to 635 nm, and its emission can be read between 385 nm and

800 nm.

Cell concentratiorwas calculated according the following formula

AxC/BxD= concentration;Wheresampl e as cell s/ gl
A = number of cell events

B = number of bead events

C = assigned bead count of the | ot (beads/
D = volume of sample (eglL)

Dissolution tests in vitro

The in vitro dssolution tests were carried anta paddle systemt&87° C and a speed of

70 rpm using an USP dissolution apparatus Il (Distek 5100, North Brunswick, NJ,
USA) Wheat husk®f the winter wheat Norstar wefimely powderedto amesh sizef

30 beforebeing used. The powder (3g) wadded to 900nL of two types ofdissolution
media an acidic, 0.1 N HCI and an alkaliflgH 7.5 to 8)phosphate buffer. Samples were
withdrawn at 10min-intervals over a period of 0.5, 1, 2, 4, 6, 8, 12 and 24 h, and
immedately injected into the Varian HPLEGQV system for analysis.

Tricin isolation from wheat husk

The crude MeOH extraatf yellow huskswas purified usinga flash chromatography
systemCombiFlash Retriev@ (Teledyne Isco, IncUSA) equipped with a RediSep®
silica gel column and &V/VIS detector Elution of the column started with 100%

CH.CI; to 50% MeOH in CHCl;.
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Resultsand discussion
Identification of tricin in different parts of the wheat plant

Tricin was extracted fromoots, leaves, bran, and straw (inflorescerauas their
stalk9 as described in the Materials and Methods section. The extract was analysed by
LC-MS or HPLCUV systems and monitored at 340 and 254 nm for identification and
guantification.Although, tricinwas found mainly as a free aglycone, the presence of its
glycosides could not be ignored since they contribute to the total amount of tricin that
varies according to the plant aged the type of tissue. To determine the total content of
tricin, acid hydolysis was carried outn the extracts from leaves, stalks and bran in order

to liberate the free aglycone.

Tricin was identified in all parts of the wheat plant except roots that lacked the presence
of any significant flavonoids. Its identification wasised on comparisons of retention
time, MS and MS&VIS profiles with those of a reference sample. Major ions products
identified from the M8GMS were 315 and 270 in the positive mode (&ig), and the
measured accurate [M+Hijnass was 331.0817 with a diffage of 1.42 ppm from the

theoretical calculated value.
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Figure 3-2 HPLC-UV chromatogramsvith the corresponding ions fragments obtained by
MS/MS of (A) methanol extract ofellow dry inflorescences husktom Norstar variety
of wheat andB) tricin referencesample.

TheUV and TIC chromatogramsere obtained using an Agilent $R.8 column (2.1 x
30mm; particle size, 3.5um), and a column temperature of 25°C; 40% to 90% Methanol
in 0.1% HCOOH of linear graént elution; flow rate 0.35 ml/min for 30 min.; injection
volume, 10 pl; wavelength monitoring, 340 niine HPLC instrument was connected to

an Agilent 6410 quadrupole (triple Q) mass spectrometer using electrospray ionisation in
positive ESI mode with ¢hfollowing conditions collision energy of 30 eV capillary
voltage: 3000 v, nebulizer pressure: 60° Psi, gas temperature 300°C, drying gas: 5 L/min
and a dwell time of 75 nand the scan range was from 200 to 900 m/z.
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Quantification and localization of tricin

Tricin accumulates primarily in the aerial part of the plant, including leaves and
husk, and accumulates at higher amounts in the winter wheat variety (Claire) compared to
the spring wheat Bounty (the spring phenotype) (TablE). These resudt are in
agreement with our previous study that showed a higher accumulation of phenolic

compounds in the leaves of winter wheat than the spring véiietlyeb et al., 2011)

Leaf extracts from both cultivars are rich in other phermmiestituentsandtricin content

was estimated to range fra8vL0% of the total phenolic compound®éTable2-1).

However the richness of wheat bran with several beneficial phenolic compounds and
dietary fibers made it a valuable additive in several food prodAciderson et al., 2009;
Dykes L., 2007; Verma et al., 2008) recent review of thenethods of analysis of

dietaryfiber in food was recently publishé®hingra et al., 2011)

Our analyses performed on different plant parts revealedhbdatighest amount of
tricin wasobservedn 3-month old seedlesmatureinflorescencs, also termed h u | | or
h u s(kKable3-1). Such amountanged from 750 to 795ugicin/g dry weight & Claire
hull, compared to 416 to 460 ug/g dry weight in Boyniytcorrespondto 4045% and

30-35% of total phenolic compound®spectively.

It is interesting to note that as the wheat plant matures and turns yellow, most of the
phenolic and flavonoidompounds disappear, leaving tricin as the major constitlibat.
percentage of tricin in the green inflorescences of winter wheat Claire range25%m
to 27% compared to 45%f total phenolic content ithe yellow straw This suggests that

during later stages of development, the plant modulates its metabolic pathway by
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modifying its phenolic pattern towards the synthesis and accumulation of tricin, in order
to protect the grains against biotic and abiotic stresses. This conclusion is in agreement
with the latest report highlighting the allelochemical property of tricin in protecting rice

seedlingagainstot diseas€Kong et al., 2010)

Table 3-1: Tricin content in different parts of the two wheat cultivars (Claire and Bounty)

Part of the plant Mg Tricin/g dry weight % Tricin of total
phenolic compounds
Leaves:
Bounty 235421.2u9/g 7-8%
Claire 253+18.3ug/g 9-10%
Bran:
Bounty 45+8.6u9/g 1.2-1.5%
Claire 33+15.9ug/g 1.8-2.2%
Husk
Bounty 408+11.3u9/g 30-35%
Claire 772431.8.9/9 40-45%

Wheat husk is a good source of tricin

The fact that the winter wheat variety, Claire, accumulates a high level of tricin in
the hulls, prompted us to investigate another winter variety (Norstar) for itsdoictent.
Dry seedless hulls from-@onth old (Norstar) were extracted with 85% ag. MeOH for
HPLC analysis, which resulted in the presence of mainly one sharp peak at 17.2 min
corresponding tdricin (Fig 3-2). In Norstar hulls, the concentration of tricin was
significant, ranging from 770 + 15¥gy/g dry materials and representing 50 to 65% of the
total phenolic compounds. In fact, this represents the highest concentration of tricin so far

reported in any pla species. The highest tricin concentration so far reported amounted
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to 200 pg/kgin Sasa albemarginatg 66 pg/kg fromOryza sativa(Oyama et al., 2009)

and 33-100 pg/kg obtained earlier from dried whelataf (Anderson and Perkin, 1931)

This indicates that wheat hulls can lmmsidered a rich source of tricin, particularly from
winter wheat varieties. Thi-pr @pdwaentpd eadf uwh ¢

source of this rare chemopreventive flavonoid.

Wheat husk asa source ofdietary-fibers

Dietary fibers are categorized according to their water solubility into two types:
soluble and insoluble fibers. The(1993rsol ubl
Agency, 2010and found to be responsible for most of the health benefits of whole grains.
In addition to their valuable content of tricin, cereals such as wheat and rice are also rich
in dietaryfibers Dietary fibers constitute part of the plant material that is resistant to
digestion by human enzymes; they are predominantlystemech polysaccharides and

lignins and may include other associated substances.

The use of nomutritive fibers like wheat straw, psyliuhusk and other roughage
is considered newborn. It was suggested that this group of dietary fibers, called novel
fibers, promotes several beneficial health effects. Some of the reported benefits include
preventingdisorderssuch as diabetes, cardiovasculseasescancer and obesi{¥erma

and Banerjee, 2010)

The use of whole cerebdlased foodsuch as wheat bran, over refined grains is
highly encouraged through a variety of studies and programs. Reaeiilyope, a new
pr ojHEAL TiH GR A | Idloched@ssudythe metabolic benefits of whole grain
products in diet which immarkedlydemonstrated to be protective against-cidted
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disorders such as cardiovascular diseases and tjipb&es

(http://www.healthgrain.eu/pub/)

Oat-hulls fiberswhi ch are al so classified as O6no.
FDA in 2008 and reoggmriubesd aaax es dfoe UBSEGRADI
the required prenarketapproval

(www.accessdata.fda.gov/scripts/fcn/gras _notices/grn00026§1.pdf

Asimilarexemp i on was granted f or (wa.fdd.cew./066b et a f

0393¢cp00001043 Tab-G-GRASExpertPanelvol2.pdf, 2003) Oat fibers were

formulated into breads to add a further @ of oatfiber to a 50g portion of cereal or a
60-g slice of white breadl'’he same could be recommended for wheat hulls wioakdc

be powdered to a certain particle mesh size.

Reduction in particle size is an important step that increases water absorption of
raw ground wheat and breaks down the crystalline nature of the cell walls into a more

texturally pleasant fiber.

The combined benefits of the insolulfibers of wheat husk and the presence of tricin
within its tissuprsoduwrntdiera tvwdrsy Opwacsmies ibryg ¢
agent. This will target mainly the colon, and could be a useful chemoprevagent

against colon cancer. This strategy can find poteapalicationsif used in other food

products such as whole wheat bread.
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Dissolution tests in vitro

The two methoxyl groups present on theigy of tricin more likely appear to be
respongble for its lipophilicity that seems to play the key role in its biological activity,
cellular uptake and its vivo stability, especially in the intestine and caldm addition,
the presence dhe three phenolic hydroxyl groups catalyzes the antiodic@etivity of
this molecule. This dual characteristiendowstricin the pharmacokinetic advantage
vivo over its noamethylated analogue; apigenihnat exhibits a very rapid metabolism
(Cai et al., 2007)Tricin is not readily soluble in aqueous solutions, the reason why we
performed ann vitro dissolution test to mimic the effect of both stomach emldn pH

media on theelease of tricin from plant tissues.

Seedless husks were finely powdered argl iquots were added to each dissolution
media: an acidic 0.1 N HGpH 1.1) and an alkaline phosphate buffeid 7.5 to 8) for
simulating the stomach and colon pH mediapeesively. Tricin release was monitored
during a 24h period. The highest tricin concentration was attained after @issblution
and amounted to 60ug/g dry weightdtacidic pH and 96ug/g dry weight/at basicpH
(7.5 to 8)media, followed by a steadstate plateau until the end of the experimental

period (Fig3-4).
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Figure 3-3: Solubility of tricin released from 1g dry weight Norstar husks in alkaline
phosphate buffer and in acidic 0.1 N HCI, over 24h.

Sincetricin is not readily soluble in water, the quantities released do not represent the real
tricin content, as the actual content of tricin in the wheat hull powder is much higher than
these amounts. Consequently, the amount of tricin released fram fi$sues is
cumulative; each person will receive at least the sum of both stomach and colon
dissolution values, which is an average of 156ug/g or 156 ppm of dry powdered plant
material. It was recently reported that dietary tricin resulted in a signtfieduction of
colonic adenomas and adenocarcinomas in mice administered 50 and 250 ppm tricin,
respectively(Oyama et al., 2009)Consequently, the amount estimated torddeased

from the plant in both stomach and colon could be calculated to exert the desired effect.
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Isolation of pure tricin

The possibility that the tricin aglycone could result from the hot extraction steps
(Wollenweber, 2008)led us to conduct its extraction at room temperature and identify its
presence (as the aglyo®) before further processing steps .
The extraction procedure consisted of soaking the whole dried inflorescence in 85% ag/
MeOH for 24 h and the resulting extract was concentrated in vaccuo before loading into a
Flash chromatography system equippedchvatRediSep®silica gel column. Although
this technique does not offer the ideal resolution of an HPLC systésnconsidered a
satisfactorytool for fast purification of organic moleculeg aless complicatednixture,
such as that obtained frowheat husks.
Tricin was eluted from the column once the concentration of MeOH reached 24.5 % in
CH.Cl,, wherethe peakwas monitored at both 254 and 3dt (Fig 3-4). Its structure
was confirmed byomparing itsretention timeMS and NMR spec#to those obtained
with areferencesample The yield obtained was 1rag of pure tricin from 3g drylant
material.On large scale, this procedure could be considered economic if compared to
others synthetic methods, taking in consideration that it may depetiteaegree of
purity needed. Recentlyricin-amino acid derivatives as prodrugere developed, that
claimed to have superior pharmacokinetic properties over the tricin wgalienhanced
permeability, stability, and excellent bioavailability after oral administrafidinomiya
et al., 2011)
This justifies the need fa reliable source of tricin to enable such type of research and

experimentation.
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Figure 3-4: Isolation of tricin from wheat husks using a flash chromatography instrument.

The crude husk MeOldxtract was prfied on a RediSep® silica gel column and a
UV/vis detector monitored at 340 and 254 nm. Elution started wittCGH00% up to
50% MeOH, and tricin was eluted from the column at 33 min with 24.5% MeOH/
CH.Cl;.

Effect of tricin on liver and pancreas cancer cell lines

Most cytotoxic drugsnvoke a relatively high toxicity and narrow therapeutic
index (ratio of toxic dose:effective dosgLDs¢/EDsg), resulting inseveralside effects
during theintendedcourse of treatmer(Bosanquet AG, 2004)This couldbe attributed
to the fact that most of these drugie not selective andamot differentiate between
cancer and normal cellén the present studyyve observed thabw concentrationof
tricin slowedthe growth andill ed cancercells without any effecton normal cellsTwo
cancer cell lineshepaticHepG2 and pancreatic INS383/%&re treatedfor 24-h with
differenttricin concentratios (7.5, 15 and 30puMandtheir viability and toxicityprofiles

determined
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Tricin at 7.5 pM exhibits a strong selectwtowards killing cancerous cells where the
viability of HepG2 and of INS383/1@ecreasedtb 74.5% and 47%, respectively, without
any effect on the normal cells NIH3T3ricin concentration needed to kill 50%f
HepG2 cells was 15 pM compared to 7.5 pdl INS383/12 At these concentrations, the
NIH3T3 normal cells were not affected and did not developcytotoxicity manifested
by a high rate of viability equivalent to 97%t a higher concentration(30uM), tricin
seened to have a little effect on normal celdIH3T3 with a viability of 87.26 but,
effectively killed tumor cellsvith aviability that decreased to 43% aRd.3% of HepG2

and of INS383/12respectively (Fig 5).

120.00
H NIH3T3 k4 HEP G2 | INS 382/13
100.00 ——
80.00
g
B
8 60.00
> |
g |
40.00 l l
T |
20.00 1
0.00
ctrl 7.5 UM 15 uM 30 UM
H NIH 3T3 100.00 96.12 97.01 87.69
i HEP G2 100.00 74.48 54.90 42,55
I INS 382/13 100.00 47.00 21.84 27.48

Figure 3-5: Effect of tricin on different cells lines.
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Cells (NIH 3T3, Hep G2 and INS 382/13) were culturetissueculture plates (6 wells)

with their specific medium in a humidified
The following day, cells were precubated with different concentrations of tricin (7.5,

15 and 30uM). After 24 incubation, cells were countdéy cytometry with CountBright

absolute counting beads. Untreated cells were used as control.

This result is in agreement with a recent study that compared the cancer chemopreventive
properties of methylated and narethylated flavones, whete7-dimethox/flavone and

574Nj t r i me teRhpitetl b aelectimeeeffect towards cancer cells owith a
negligible effect onthe othertwo normal cell linegWalle et al., 2007)Until now, the
mechanism underlying thiselectivity is not well established and needs further

investigation

Several studies attempiteo umravel the mechanism(s) of action of tricin; the
National Cancer I nstitute o fprogrameaslteceStly t hr o
considered tricin as one tiie most promisingnew chemopreventive agentss target
organ was identified afi¢ colon, and its mechanism seems to be thrélghnhibition
of both (cyclooxygenas®) and phosphatidylinositol-Binase (PI3K)activities Tricin
affinity to COX and its ability to compromise P&Egeneration weréurther elucidatel

and explainedCai et al., 2009)

In addition,a recentn vivo study revealed that dietary tricguppresses both TNE(a

key element between inflammation and caneapression in the non lesional crypts and

the proliferation of adenocarcinomaghe effect of tricin on TNF) expr essi on
referred to in the same study to be associated with chemopreventive activigynoiintr

inflammatiorrassociated colorectal carcinogend§dyama et b, 2009) Taken together
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these data suggest that, tricin activity, as an anticancer agent, is profdatdg to its

effecton TNFU, its affinity to C®oeovegavergreed mbi na
study (Seki et al., 2012)showed the effect of tricin on hepatic stellate cells (HSCs) in

vitro, as it inhibited plateleterived growth factor (PDGHB-induced cell, thus,
suggesting that tricin might be beneficialtirerapeutic or chemopreventive applications

for hepatic fibrosis.

Based on our data, we propose the following application of tricin: The fitst is
integratethe yellow hli powderof winter wheat, into bread and other bakery products in
order to obtain a high quality foothat providethe combined benefits of richness in
dietary fiber and tricin at the same tim&'e could alsantegrate the Hu powder into a
suitable pharmaceutical dosagem. Dissolution experiments carried oatthis study
could be used tpredict the amount estimated to be released from the plant powder in the

stomach and intestine and, thhedpin determining the quantity of materia¢eded.

The incidence of cancaeran be substantially reduced by diet modificatidhe
importance of phytonutrienich food consumption and their impact on human health
were discussed recentlifartin et al., 2011)showing how vital is to have phytonutrient
enrichment ways that could provide a daily phytonutrients at sufficienslewségrating
on a daily basisa chemopreventive agent such as tricin in food will certainly have a
positive impact on human health. The fact that low income people are pnone to
attack by chronic diseasescluding cancergMartin et al., 2011)shed light on the
importance of a phytonutriemich food that could be used on daldgsis.It should be

cheap, affordable and meanwhile effective.
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The second application is to isolate tricin and use it in pure form through a
pharmaceutical approackhich is considered more economic. However, the edegf
purity needed should be taken into consideration as it will reflect the overall cost. More

purified products will need more elaborated processing steps.

In summary, wedescribean affordablenew rich source for the chemopreventive
agent tricin from a wheat waste-pyoduct and demonstrate its ability to selectively Kkill

two cancer cell lines vitro without harming the normal cell lines.

We propose also a naturatrategy for the preventionf @olon cancer through the
consumption othe winter wheathull powder rich in both tricin and dietary fiberBhis
could besuppliedin the form of phytonutrientenriched food product®r in a suitably

packaged pharmaceutical dosage form.
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Chapter 4SELECTIVE ANTI-CANCER POTENTIAL OF
SEVERAL METHYLATED PHENOLIC COMPOUNDS
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In the previous chapter we tested the potential anticancer effect of tricin against two
different cancer cell lines, and we found that it possess a selective action ttweards

type of malignant tissues.

Believing that methylated phenolkompoundwn more advantageoysharmacological

and bioavailabilityprofilesthan the normethylated derivatives, we decided to continue
exploring some other methylated phenolic compounds that were chosen from our lab
collectionincluding a derivative of tricinthe (3',4',5' trimethyltricetin)to find out their

in vitro potential toselectivelyinhibit cancer cell lines.

The viability of two cancer cell lines of the liver and lung and one normal cell lines were

tested upon exposure to the selected methylatetbpbeompounds$or 24 h

Techniques used in this chapter included, LDH method and plate microreader for

viability testing.

The manuscript corresponding to this chapter is in preparation for submassesshort

communication or lettelo a peefreviewedjournal.
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Summary

Most cytotoxic drugs cause a relatively high toxicity and a narrow therapeutic
index (ratio of toxic dose: effective dose (bfEDsg), thus resulting in several side
effects during the course of treatment. In the present studyimber ofnaturally
occurring methylated phenolic compounds were evaluated for their selective anticancer
activity on two different cancer cell lines, alveolat5A9 and pancreatic INS383/12,and
a normal mouse fibroblast cell lines (NIH 3T&®ompoundshosen for the study were
among different classes of simple phenolics, phenylpropanoids, coumarins and
flavonoids with previously known bioavailability and biological activitiesThirteen
compoundshowed anticancer activity with no noticeable toxicigiast the normal cell
lines. Ferulic acid (1) and trimethyltricetin (18)hibited the highest selective anticancer
activity against pancreatic INS382 and alveolar A549, with mortality of71% and

949%, respectively.

Overall, the present work provides screening model that aims to enrich the natural
products data platform with new promising leads compounds that could serve in the
future as anticancer agents. These compounds are in need for further studies to enable

their prospective use.
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Introductio n

Polyphenols and flavonoids are ubiquitous human diet constituents and
represent active ingredients in several medicinal plants. They are considered good
candidates for fighting many forms of cancer as tlaey aspotent shielding and
chemopreventie agents. Several studies confirmed thehvitno ability to inhibit the
growth and killdiversecancer cell linegJacquemin et al., 2010; -M/eber, 2009; Neto,
2007) They are able to prevent DNA binding tarcinogens and to inhibit the
carcinogenic process via inhibition ehzymes,such as Cytochrome protein 1A1 and
Cytochrome protein 1B1, or induction of inactivating enzymes as -UDP
glucuronosyltransferag®Valle, 2009andrefs.therein).

However, theiiin vivo efficacy in humans is still questionable, probably due to theeor
bioavailability after oral ingestiofiTa and Walle, 2007Walle et al., 2007)Their low
bioavailability may be attributed to their excessive metaboirsthe intestine antver

via glucuronidation and/or sulfonation of their free hydroxyl groups. In additier,
presaces as glycosides, with several hydroxyl groups on their structure, further decrease
their bioavailability(Walle, 2007) In contrast, their methylated forrase moreresistam

to hepatic metabolism and thereforghow relatively better intestinal absorption
compared to their unmethylated forifWen and Walle, 2006 and consequentigppear

in higher concentration in blood and human tissues

The anticancer activity of 5;dimethoxyflavone was reported to be greater than its non
methylated analog, 5dihydroxyflavone (chrysin). Similar results were cited for 5;7,4'
trimethoxyflavone that was fourtd be eight times more potent than its meathylated

analog, 5,7,4trihydroxyflavone (apigenin) in SGE human oral squamous carcinoma
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cells (Walle, 2009) This was attributed to the higher uptake of the hylated
polyphenolic compoundgWalle et al., 2007) Recently, the anticancer effect of a
methylated apigenin (5,74imethoxyflavone) was found to be greater than that of the

patially methylated flavones apigenin and tri¢ai et al., 2007; Cai et al., 2009)

The presence of hydroxyl groups on polyphenolic compounds would be expected
to enhance their solubility in agueous media that mithie environment of the
gastrointestinal tract. However, it is interesting to note that the solubility of the
methylated form of chrysin, 5dimethylchrysin was surprisingly higher than that of
chrysin (Walle, 2009) Although this finding may represent an advantage for these
products, more work is required to compare the solubility andepif other phenolic

compounds and their methylated forms.

The bioavailability ofmethylated phenolic compounds and their effectiveness as
anticancer agestprompted us to conduct an vitro screening platform of a number of
methylated phenols for threanticancer activity on two different cancer cell lines (rat
pancreasNS-832and human luné-549 and a mousaldroblastnormal cell lines lIH
3T3).

The presence of hydroxyl groups on polyphenolic compounds would be expected
to enhance their solubii in aqueous media that mimithe environment of the
gastrointestinal tract. However, it is interesting to note that the solubility of the
methylated form of chrysin, 5dimethylchrysin was surprisingly higher than that of

chrysin(Walle, 2009)
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This finding could add an advantage to these products, however it is still under
investigation and more work is required to compare the solubility and uptake of other

phenolic compounds and their methylated forms.

Materials and methods

Chemicals

Dimethyl sulfoxide(DMSO), sodium pyruvatand other chemicals were from Sigma
ChemicalCompany (St. Louis, MOphenolic compounds, wefeom our laboratory
collection, andNADH from Bioshop Canada IN@urlington/Ontario).

Cell culture

INS-832/13, NIH 3T3 andA-549cell aulture

Rat pmncreatic cellsINS832/13, an insulinsecreting cell he derived from an Xay-
induced rat transplantable insulinoma cell limere grown in monolayer cultures @
regular RPMI-164Q SigmaAldrich) medium supplemented with 10 mM HEPES, 10%
heatinactivated FBS, 2 mMi-glutamine, 1 mM sodium pyruvate, 50 pM2-
mercaptoethanol, 100 U/ml penicillin and 100 pg/ml streptomycin at 37 °C in a
humidified (5% CQ, 95% air) atmosphere.

Mouse Fibroblast celld\]H 3T3) were grown in monolayer cultures in regular DMEM
medium supplemented with 10% h&adctivated FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin at 37 °C in a humidified (5% &©®5% air) atmosphere.

Human adenocarcinomic alveolar basal epithekdis (A-549) were grown in monolayer
cultures in regulaDMEM medium supplemented with 10% haaactivated FBS, 100
U/ml penicillin, 100 pg/ml streptomycin at 37 °C in a humidified (5%.,C95% air)
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atmosere.When cells reached 80% confluence after approximately 7, ttagss were

washed twice with PBSand trypsin was added f&min. Trypsin was inactivated by

addition of RPMI. After centrifugation, the pellet was resuspendadmmimal volume.

Cells were cultured in tissue culture plates (6 wells) in the same specific medium
described aboven a humidified atmosphere of 5% ¢®&nd 95% air at 37¢
after plating,phenolic compoundsat different concentration@.5, 5, 7.5, 15, 30, and

45uM) wereadded to the medium for 24 h.
Viability tests
Lactate dehydrogenase (LDH) method

The activity of lactate dehydrogenas@as measured spectrophotometrically at 340 nm
via the oxidation reaction of NADH with pyruvateesulting in a decrease in the
absorbancéMarkert, 1984) In the current wde the leakage of (LDH) was measured
according to(Moldéus et al., 1978)wherethe activity of lactate dehydrogenase was
monitored in an aliquoof cellHfree medium and compared to the total activity achieved
after lysis of the cells.

Lysis of cells wagerformedby treamentwith Triton X-100 (0.5%). NADH (0.2 mM
final concentration) and pyruvate (1.36 mM final concentration) were mixed wehsKr
Henseleit buffer containing 2% albumin before being added to 25 pl of théresll
medium once and to25 pl of the cetintaining media after lysis. The rate of change in
absorbance at 340 nm due to NADH oxidation was recorded.

Experiment was repeateat least three times andalues represent the mean = SE

obtained from a triplicate of 3 independent experiments.
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Results and discussion

The high toxicity and narrow therapeutic ind€ratio of toxic dose: effective dose
(LDsy/EDsp), of most cytotoxic drgs causedseveralside effects during the course of
treatment(Bosanquet AG, 2004)This couldbe attributedo the fact that most of these
drugsare not selective anthmot differentiate between cancer and normal cells.

In the present studylifferent methylated phenolic compoungsre screened for their
selective ability to inhibit celgrowth andultimatelykill the cancer cell®f two different
cell lines Alveolar A-549 and pancreatic INS383/1Zompounds were from different
classes of polyphenols, suchpeenylpropanoid€6-C3, simple phenoliccoumarins and
flavonoids.
The tested compounds were selected based on their previously reported biological
activity (Adams et al., 20Q6Baccichetti, 1982; Butsat aririamornpun, 2010; Hua et
al., 1999; Hudson et al., 2000; Jurd et al., 1971; Khattab et al., 201) affordability
and availability in market or as ingredients in our daily f¢bldrborne and Williams,
1969; Khattab et al., 2010; Uden et al., 1991)
The cell lineswere treated with the selected compounds 24h at different
concentrationsvarying between 2.5, 7.5, 15, 30, and 45piken their viability and
toxicity profiles weredetermined.
Only optimum concentrationsausing greater than 50% mortality of cancer cells and a
minimal toxic effect on normactells (less than 25% mortality) have been shown in this
study (tablel).
Among the penylpropanoids G&3 and simple phenolicgroup, ferulic acid () (3-

methoxy4-hydroxycinnamic acigshowed the highest inhibition activity 46 pM, by
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killing 75.1% of thke pancreatic cancer cellNS followed by, syringaldehyde(2) (4-
hydroxy-3,5-dimethoxybenzaldehydle71% > orcinol 3) (5-methylresorcingl 69%>
vanillic acid (4) (4-hydroxy-3-methoxybenzoic ac)d67%> sinapoyl glucosg5) (1-O-
sinapoytbetaD-glucose) >Coniferin 61%(6) (coniferyl alcoholb-D-glucoside)59%

The effect onalveolar cancer cell lines-B49 was different. The analysis indicates that
sinapoyl glucos€5) and vanillic acid @) were themost effective compound in killing
these cellsvith mortality rate of 87.6% and 87.2% respectivelyTable4-1).

All of the previously mentioned six phenolic compouhdsl very smaltoxic effect(12-
18%) mortality on normal NIH cells thus highlighting their potential specificity and
selectivity.

The three coumarin derivatives uset@h this study isosopoletin(7) (6-hydroxy-7-
methoxycoumari)y) herniarin (8) (7-O-methylumbelliferong and xanthotoxin (9) (9-
methoxy7H-furo[3,2-g]lchromen7-one), exhibited comparable toxicitgn bothINS and
A-549cancer cellihnes: (Table 41).

Theflavonoidsshowed significant activity on both cancer cell linteisnethyltricetin (L0)
(3',4',5:O-dimethyltricetin)was the most effective in killing th&-549lung cancer cells,
followed by that of isorhamenetial) (3,5, #trinydroxy-2-(4-hydroxy-3-methoxyphenyl)
chromen4-one) >selgin 12) (3-O-methyltricetin) > biochanin A1(3) (5,7-dihydroxy-4"
methoxyisoflavone) (Tablé-1).

The strongest selectivity of trimethyltricetin towards killing cancerous cells549 was
observed a?7.5 uM with 94% mortality and a5% on the normal cells NIH3T3This
effect was the highest among all tested compounds. Increasing the concentration to 15

UM leaded to a decrease in efficacy to 81.2%, whiemonstrate the importance of the
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dos used to obtain the maximal effect. ltngeresting to note that the trimethyltricetin

(10) was recently identified as a constituent of wheat le@Vieheb et al., 2011andas

an end product of the methylation reaction of TaONUAl2ou et al., 2006)

This suggests the possibility of using wheat constituent as a preventive cancer agent. This

possibility requiregurther investigation.

In conclusion thirteen,naturally occurringphenolic compounds with at least one
methyl group exhibited selective anticancer activity towards two different types of cancer
cell linesAlveolar A-549and pancreatic INS383/12Zhe tesed compounds were
classified according to their chemical class into phenylpropanoids, simple phenolic,
coumarins and flavonoids.

Among all classes, ferulic acid)(and trimethyltricetin 10) exhibitedsuperior selective
activitiesagainst INS383.2 and A-549, respectively.

This study sheds light on the important potential of these methylated phenolic compounds
as selective anticancer agents, and recommends further investigation retjerdiffgct

of different methyl groups (type, position and nuemp on the structure activity

relationship of these active compounds.
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Table 4-1: The effect of selected methylated phenolic compounds on cell viabifity

Compound Structure Optimum | % Mortality
Conc. INS® A-54¢ NIH’
Ferulic acid 0, __OH 15 uM 75.1+ 6.5 | 84952 | 17.49.2
(+++) (++++4) (
Z
H,CO
OH
Syring- O 5 uM 71.146.5 81.4+29 13.9¢4.
aldehyde (+++) (++++) €3]
H,CO OCH;
OH
Orcinol CH,4 5um 69.2t4.4 81.9+6.6 | 15.9t6.4
{ (++) (++++) (
HO OH
Vanillic acid O, __OH 15 uM 67.1+10.7 | 87.2t3.6 | 18.945.8
(++) (++++) (
H;CO
OH
Sinapoyl oH OCH, A5uM 61+11.7 | 87.6:9.8 | 14.6:7.6
glucose m o (++) (+++4) (+
H?*O o 0 =~ OCH;,
o

* Phenylpropanoids GEC3 and simple phenolic compounds from compound 1 to 7, coumarins 7 to 9 and
flavonoids 1013, values represent the mean + SE obtained from a triplicate of 3 independent experiments.
(%) 01 50%, (+) 517 60%, (++) 617 70%, (+++) 71i 80%, (++++) 811 90%, (+++++) 911 100%

® Pancreatic cancer cell lines INS383/12
® Human adenocarcinomic alveolar basal epithelial cells

" Mouse fibroblast cells
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6 | Coniferin HO 30 uM 59.9¢ 9.1 81.46.8 | 11.3t7.8
- +) (hre) |
HO
0 OMe
HO
OH
7 | Isosopoletin Z OH 5 uM 68.66.6 80.4#1.8 | 159454
0™ "o OMe
8 | Herniarin = 30 uM 59.6t11.5 | 81.7%6.9 | 18.93.3
+) () | @
MeO o” 0
9 | Xanthotoxin / N 7.5 uM 53.49.2 | 82.8:10.9 | 15.4t5.2
+) () | @
o o~ o
OMe
10 | Trimethyl 7.5 uM 69.741.8 94+6 15.57.3
tricetin (++) (F++++)* (x
15 uM 61.1+7.2 81.2t12. | 17.82.2
(++) (++++) (
11 | Isorhamnetin 30 uM 63.5:5.02 89+1.11 | 233#8.1
)| ) @)
12 | Selgin 7.5 uM 61.2+4.9 86.9t5.4 | 15.145.5
¢ | e @
13 | Biochanin A 30 uM 61.2t12.1 | 84.943.9 | 18.5t7.2
)| ) | @)

* Highest % mortality
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Chapter STRICIN BIOSYNTHESISDURING GROWTH OF
WHEAT UNDER DIFFERENT ABIOTIC STRESSES
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Investigating the possible roknd significance of tricino the plant especially
wheat was the focus ofhis lastchapter The biological significance offTaOMT2, the
enzyme that catalysghe methylation of tricetin to tricin is discussed. The expression
and the enzyme activity of TaOMTand the accumulatioaf its major produc{tricin)
were measured at different wheat developmental stages and in response to different

abiotic stresses such as cold, salt and drought.

Techniques used to studyaOMT2 methylation reactioninclude: HPLC, LC/MS,

fluorescencemicroscopy enzyme activityand expressionassays. The manuscript

corresponding to this chapter is in preparation for submission to -agweewed journal
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Summary

In plants, O-methylation is mediated by an enzyme family 00O-
methyltransferases (OMTSs) that transfer the methyl groups from the methyl &nor,
adenosylL-methionine (AdoMet) to suitable phenolic acceptor molecules. In a previous
study, a flavonoid OMTTaOMT2 was isolated and characterized from wh@aaitiCcum
aestivumL.) leaves. Its novel gene product catalyzes three sequ@natrathylations of
the flavone tricetin (5,7,3',4';pentahydroxyflavone) to its3-NMjonomethyY 3 Nj, 5 N;
dimethyk(tricin) Y 3 Nj, -#imnNgthgl (TjMT) ether derivatives, with tricin being the major
product of the reaction
The fact that tricin levels change in cadclimated wheat prompted an investigation of
the biological significance dfricetin methylation by measuring th®©MT activity, its
expresion level, and the accumulation of its major prodgicicin) at different
developmental staged wheatplants exposed tdifferent abiotic stressesuch as cold,
salt and droughtTheresults show thdticin accumulatesnostly in wheat inflorescences
under normal conditionsompared to others developmental stages. This accumulation is
associated with increased TaOM&&pressiorievel andenzymeactivity, suggesting a
possible synthesis of the enzyme at this important developmental .stabes
phenomeno maybe attributedto the putativerole of tricin in protecting seeds against
biotic and abiotic stresse$he functions of tricin during growth and development of

wheat and the importance of tricetin methylation during abiotic stressdsenesed
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Int roduction

Enzymatic substitutionreactions contribute to the structural and functional
diversity of flavonoid compounds. Thesibstitutionsinclude glycosylation, acylation,
hydroxylation, methylation ardr prenylation that take place mostly on the phenolic
rings (Ibrahim and Anzellotti, 2003) EnzymaticO-methylation, which is catalyzed by a
large family of O-methyltransferases (OMTs) plays an important role in reducing the
toxicity and chemical reactivity of their phdimohydroxyl groups and increasing their
lipophilicity; and hence modulisig their function and their antimicrobial activity

(Middleton et al., 2000)

In a previous study, a flavonoid OMTaOMT2 was isolated and characterized
from wheat Triticum aestivunL.) leaves(Zhou et al., 2006) Its novel gene product
exhibits a pronounced preference towards tricetin (54&,3-pentahydroxyflavone) as
the substratelt catalyzes three gaentialO-methylations of the flavone tricetin to its 3
monamethyt (selgin), 3',5-dimethyt (tricin) and 3.4, 5-trimethyl (TMT) ether
derivatives. Tricin was found to be the predominant product of the reaction amitj

smallamounts of thérimethyl etherderivative

Both tricetin and tricinhave beeneported tooccur mostly in unrelateglant families

and, more frequently, in cereals sushwheat, rice and barléywollenweber et al., 2002)

Tricin was reported to have potent chemopreventive properties, as it inhibits the growth
of human malignant breast tumor cells and colon cancer (ttlldson et al., 200(gnd
interferes with intestinal carcinogenesis in Apc mice by inhibiting cyclooxygenase

activity (Cai et al., 2005)to mention only a few.
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The reported accumulation of tricin in many cereals was explained in relation to its
possible role in plant defence mechanism.

Tricin was also reported to be implicated in plargtect interactions in ricéBing et al.,
2007)and possess a significant fungicidal activity against rice seedling rot d(&ease

et al., 2010)Moreover, tricin inhibited the growth of both weeds and fungal pathogens in
rice, suggesting its possible function as an allelochemical, or a natural plant biopesticide
(Kong et al., 2004) Tricin was also rapted to possess a potential herbicidal activity in
rice Oryza sativa hulls (Chung et al., 20059swell as antifeedant activity against the

boll weevil, Anthonomus grandigMiles et al., 1993) two aphid speciesSchizaphis

graminumand Myzuspersicaein wheat(Dreyer and Jones, 1981)

To investigatethe significance of tricetin methylation wheat, a study was
conductedwith the aim toreveal the possible role GaOMT2 and its major product,
tricin in wheat plant under normal and stress conditions, particularly cold wineds is

a predominant factor that affects various crop plants
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Materials and methods

Plant material

Wheat {riticum aestivumL. cv. Claire (winter) and cv. Bounty (spring) seeds were
germinated in a seiWermiculite mixture (1:1, w/w) for 7 days. Leavesm plantsof
different developmental staggsown under normal and different stress conditiovere

used for enzyme activity assays, western blots and HPLC analyses

Plant treatment

For cold acclimatior/-day old plantsvere transferred tan environmental chamber at

4°C (cold acclimated) and another batch at 20°C (control plants) for various periods of
time. For droughttreatment plants were exposed to progressive water stress by
withholding water for 3, 5, 7 and 12 days. For salt stress, plants in each pot were watered
with 200mM of NaCl solution for 1, 3, 5, 7, 12 and 15 days respectively. As cntrol
untreated plants were kept for the same periotitime with normal wateringAerial

parts from control and treated plants were sampled at the same time for each time point
and immediately frozen in liquid nitrogen and storeeBat Cfor further analyse

Chemicals

Most of the flavonoid compounds used were from our laboratory collection, except for
tricetin that was purchased from Indofine Chemical Company (Hillsborough, NJ) and
tricin from Dalton Chemical Company (Toronto, ON)S)AdenosyiL-[*H] methionine
(AdoMet; 76.4 mCi/mmol) vas purchased from American Radiolabeled Chemicals (St.
Louis, MO), and the unlabeled AdoMet from Sigma (Oakville, ON). Protein

guantification reagents and 40% acrylamide/bis solution (37.5:1) were obtained from
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Bio-Rad Mississauga, ON). All other chemicals were of analytical grade unless

otherwise specified.

Protein extraction, enzymeassays and immunoblot analyses

Extraction of wheat leaf proteiwas carried out a4°C. Leaves werground to a fine

powder with dry ice, before being homogenized vth mM TrisHCI buffer pH 7.6

containing 14 mM finercaptoethanol and 7 mM PMSHie homogenate was filtered

through mira cloth and centrifuged for 15 min at 14,000xg

The extracted proteinsvere analyzed by SDSPAGE. Proteins extracted were
resuspended in 2 X SDS electrophoresis sample bifaemmli, 1970) using Bench

marker (Invitrogen) as a molecular mass ladder and bovine seloumin as the

standard protein

After electrophoresis, proteins were stained with Coomassie Brilliant Blt@25QR

Protein concentration was determined using Quantiy software from BidRad with

bovine serum albumin as standard protein.

TaOMT2 enzymeassays

After protein extraction rad centrifugation (14,000x 30 min) the supernatant was
assayeavith tricetin asthes ubst rat e (50 & M, >dlddoMegasthé ng O .
methyldonorand up to 100 g of pruloThereattionwas a t ot
started by addition of the enzyme, incubated at 30°C for 30 min and stopped by the
addition of 10¢l 6M HCI . The met hyl ated pr
counted for radioactivity using a toluebased scintillation fluid.For background
correction,control incubations were performed in the absence of substrate or with boiled
enzyme All assays were conducted in duplicates.
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Western blot analysis

Western blot analysias performed to evaluate TaOMT2 levels at different stade
development and during growth under differafiiotic stresses (cold, salinity and
drought).Equal amounts of proteins were separated on a 12% (w/\JpdQ&crylamide
gel and transferred electrophoretically toreh at 100 Vonto a 0.45¢ mmitrocellulose
membrane (Hybon€; Amersham Pharmacia Biotech) witito SDS in the transfer
buffer.

After blocking with reconstituted skimmed milk (5% [w/v]) in phospHaidfered saline
containing 0.05% (w/v) Tween 20, the membrane was incubated with @1(24)
dilution of the purified antibody (rabbit antiheat TaOMT2 serum) TaOM¥&pecific
antibody was raised against a specific epitope in the protein sequehteZtdu,
unpublished data). After washing with phospHatéered salineTween, the proteins
recognized by the primary antibody were revealed with pessgicbupled antrabbit
IgG (Jackson Immunoresearbic., West Grove, PA) as a secondary antibody (1:10,000
v/v). The compleXormedwas revealed usinthe ECL chemiluminescence detection kit
(Amersham PharmaciaBiotech, Uppsala) andOMAT-K film (EastmanKodak,
Rochester, NY)For westerrblot signal quantification, Coomass&ainedproteins were
first analyzed by densitometry usinga CCD camera and AlphaEase 3.3a software (Alpha
InnotechCorp, San Leandro, CA). Immunoblot signals werdsequently scanned with
a densitometer and analyzedith Image Quant 4.2 (Molecular Dynamics,
Sunnyvale,CA). Immunoblot densitometric readings were adjusigginst protein

densitometric values and normalizey $etting the maximum protein accumulation to
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100%. Foreach antibody tested, the data represent the typical tendanas from at
least three independent immunobldésived from two different extractions.
Inflorescence cross sections

Handcrosssectiors in the pikelets ofwinter wheat (Norstar and Claire ) were stained
for 20 min with5 mM diphenyl boric acid -2minoethyl este(Murphy et al., 2000 )
before being examined with Zeiss LSM 50 META (405 nm) diode laseronfocal
microscopeusing a postprocessing software (LSM®3acro) as describedby the
manufacturer.

Extraction of phenolic compounds

Fresh lealsamples ¢a. 10 g) were ground in dry ice before extraction (3X, one h) with
hot MeCH-H,0 (85:15, v/v). The extract was concentrated in vacuo, to remove MeOH,
and the resulting aqueous suspension was defatted with a mixture of hiexegresve
lipids and chlorophyll pigments. The aqueous extract was hydrolysed with 2 INSHC
min; 95 °Q to release the phenolic aglycones form their parent glycomtesed by

3X liquid-liquid extraction with EtOAc. The combined organic layers were concentrated

under vacuo, and the resulting residue dissolved in MeOH for analysis
HPLC and LC-MS analyses

For quantification of tricin, samples were chromatographed on an Agilent 1200 HPLC
system with a binary pump,-ime degasser, high performance asémmpler and thermo
stated column division, using a linear gradient of 40% up to 90% of metHahét:
HCOOHwater for 30 min with a flow rate of 0.35 ml/min on an Agilent-SB38 column
(2.1x30mm; particle size, 3.5um), and a column temperature of 25°C. The method was

optimized with UV detection at 254 and 340 nm. Quantificatibtricin was carried ot
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using the area under the curve method by calculating the summation of areas in relation

to their UV absorbance.

Two LC-ESFMS systems were used. In System 1, the HPLC instrument was connected
to an Agilent 6410 quadrupole (triple Q) mass spectromgtdding MS-MS spectra for
confirming substructures. Measurements were performed using electrospray ionisation in
the positive ESI mode under the following conditions: capillary voltage, 3000 v;
nebulizer pressure, 60° Psi; gas temperature, 300°C; dygsd L/min and a dwell time

of 75 ms, and the data was processed using the Mass Hunter software. The same column
was transferred to be used in System 2 where an identical HPLC instrument, under the
same conditions mentioned above, was connected to anathss spectrometer
consisting of an Agilent 6210 electrospray ionisatiome-of flight analyser (ESTTOF)

for measurement of exact masses, in the positive ESI mode, at a capillary voltage of
4000V, nebulizer pressure of 35 Psi, gas temper8&0€C, drying gas flow: 11.5 L/min

and voltages of 125V and 60V for the fragmentor and the skimmer, respectively. The
technical error and mass resolving power of the-fright mass spectrometer in terms

of mass accuracy were 2ppIRMS?, measured at the [M+H]ion of reserpine (m/z
609.2807) was used as an internal mass reference. Reference compounds for both tricin
and tricetin were used to compare their corresponding retention times and mass spectral

profiles.

A tricin calibration curve was constructed fquantification purposes, using different
concentrations of 1.6pg.fM| 5pg.mi*, 8.3ug.mt*, 16.6ug.mf", 25pg.mi*, and 166pg.ml

tand 266ug.mt tricin.

8 root mean square
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For MS/MS in system 1, collisioenergy(CE) of 35eV was applied as the optimum
energy of collision for the analysis of flavonoids, and the scan range was from 200 to 900

m/z.

Resultsand discussion
Identification of TaOMT2 O-methylation products in native wheat extracts

It was previously reported that the recombinant TaOMT2 catalyzes three sequential
O-methylations of the substrate tricetidhou et al., 2006)and demonstratethat the
sequential order of Bing methylation takes place through itax®nanethyt (selgin)Y
3',5-dimethyk (tricin) Y 3 Nj, -#imNgthyl Miher derivativesn the present study, both
tricin and trimethyl tricetin(TMT) were identified inthe extracts ofvheat leavesbut

neither tricetin noselgin

The relative toxicity of the free reactivetho OH groups ofbothtricetin, and selginmay
explain their undetectable level in the extraéh fact, the presence of aartho-3',4-

dihydroxygroup in the Bing of the polyphenoldas been correlated withe relative
toxicity of these compoundslue toformation ofquinonetype metabolitesesponsible

for ther possibletoxic effects(Duarte Silva et al., 2000; Macgregor and Jurd, 1978)
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Figure 5-1: I dentification of tricin in wheat seedlings.

(A) HPLGMS of tricinin wheat extract (1) Major [M+H] " ion at m/z 331 at 16.7 min,
(2) MSMS for m/z 331 showing 317 and 270 as major product ions. (B) The
corresponding authentic standard [M+H]MSMS at (1), and (2) respectively.

TaOMT?2 activity during different developmental stages

Enzyme activity assaysf wheat leaf and influorescence tissues from different
stages were measuredth tricetin as the substrat€he result in Figuré-2 indicates that
TaOMT2 was highly expressed itihe influorescence tissuedts protein accumulation
coincides with its increased enzyme activity attte intracellular content of tricias the
major product
The expressiorof TaOMT2 proteinand its activity increased by almost thifedd in the
influorescence tissugascomparedvith those inthe leavegFig. 5-2). The accumulation
kinetics of tricin at different developmental stagesviter wheat(Claire) showsthat
tricin increases during growth and developmeeachingits maximum level of ca.

735+91 pg/g DW irthe influorescencéFigs 52 and 55).
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These resultglearly demonstrate that tricin accumulation is the consequence of
its synthesis in the inflorescence by the TaOMR#A not by its transport from other parts
of the plant. They ab suggest an important biological function for tricin during this

important stage of plant development.

Severalstudieshaverevealed the function of certain molecules produced by the
plant tat protect its floral organs from attack by microbes, pestd herbivores
(e.g.David, 1992; Tregear et al., 20@2d refs therein). Wheat influorescences are
exposed to different external stress&sch as uv radiation, H@vory, fungal, parasitic
attack, etc.In order d produceviable high qualityseedswith high germinationrate
wheatseems todevelopa specificstratey by whichto protectthe seeds during this

critical stage of plant life cycle

Theaccumulation offaOMT2 and its product, tricin in the floral parts of wheat supports
the possible role of this methylation in protectisgedsagainst possible fungal or
parasitic attackThe proposedole of tricin in seed protection was anticipapgdviously

in rice (Qyza sativalKong et al., 2004Chung et al., 2005)and A. donax (Miles et al.,

1993)
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Figure 5-22TaOMT2 assays in leaves and inflorescences of Claire (winter wheat variety)

Tricin level, TaOMT2 activity, and expression level in winter wheat (Claire) at different
growth stagegl) Tricin level ug/g DW in both leaves (one-okl) and inflorescences.
Estimation was carried out using HPHQV analysis at 340 nm; and calculating area
under curve. Values are means of three determinations * standard deviations.
(I Methyltransferase activity using tricetin as substrate in wheat leaves (1 week) and
inflorescences; values are means of three determinations + standard deviations.
(1) Western blots of TaOMT2 in leaves and inflorescences A, Immunoblot of TaOMT2.

B, PVDFmembrane stained with Ponceau Red showing Rubisco as protein load.
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Localization of tricin within the inflorescence tissue

The occurrenceof tricin in the outer/surface tissues of the inflorescenas
investigated by shakinga. 5g of whole inflorescermctissue with 50 ml acetone for 5
min, then injectingca60ul into HPLC. The analysigevealed the presence afmajor
tricin peak suggesting the presence of tricin in the outer layers of the wheat husk. This is
consistent with the fact that in cereal gsamost flavonoids and phenolic compounds are

located in theuter layerf the kernel (the pericargpykes L., 2007)

To determine the location of tricin within the inflorescetissue, cross sections
of the spikelet, after grain removakre prepared and stained with 5 mM diphenylboric
acid 2-aminoethyl estera general stain for polyphenolic compoun@ise fact that tricin
is the major flavonoid identified in wheat hulls (as seen under chapter 3ptémse
greenish fluorescence sdrved in UV lightis consideredndicaive of the presencef

tricin in the outer layers of wheéig. 5-3).

The accumulationof tricin in such a high concentration in the upper surface layers of
wheat inflorescencstrongly suggestarole for tricin in protecing the grairs, the siteof

food storage of hulledvheat against fungdlpestsattacks(Potts, 1997)
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QOuter layers
{upper and lower epidermis)

Figure 5-3:Cross-section in wheat outer/surface of the inflorescence of the winter variety

Section was stained with 5 mM diphenyl boric acah#noethyl ester for 20 min, viewed
with a Zeiss LSM 510 META (405 nmpdak laser confocal microscope and post
processing software (LSM5 Macro) showing greenish fluorescence of tricin in the outer

layers of inflorescence.
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Effect of cold, salt and drought stresses ofaOMT2

Cold, drought, and salinity are among the majbiotic stresses that affect the
plant growth and productivity. To assess the possible role of tnaiasponse to these
stressestricin biosynthesis was determined by trigguantification using HPLCand
measuring the content arattivity of TaOMT2 during growth underdifferent abiotic

stresses.

During cold treatmen@°C) of winter wheat (Clairekhe level of tricin remains relatively
constant during 42 days of cold acclimatidrut with a tendency to decreasehem
compare it to control plants (Fj. 5-4). At 12 days ofcold treatment, tricin content
amounted to 17&26.6ug tricin/g DW, compared to 3386 pg tricin/g DW in control

plants of corresponding age. Tricin % among total phenolic compounds was decreasing
during cold acclimation in contragi what was observed during the developmental stage

as previously discussed (Fig5).

On the other hand thHEaOMT2 content measured by immunoblot increadadng low
temperature acclimation (Fig-4) while the specific activity of the enzyme remain
constant, with a more pronounced tendency to decraaide end o€old treatmentThis
phenomenon maye explained by a possible shift of the methylation reaction of
TaOMT2 towards another substratehydroxyferulic acid (5HFA), a second most
preferred susitrate of TaOMT2 (Zhou et al., 2006), thginvolved in ligninbiosynthesis.

During cold periods, lignin tends sewcumulaten the plant as it contributes to the
strength of plant cell walls, facilitates water transport and impedes the degradation of
wall polysaccharidegGriffith et al., 19%; Huner NPA, 1981; Wei et al., 20@@&d refs.

therein).In addition, it was reported that OMT involved in 5SHFA methylation exhibited
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the highest enzyme activity when rye plants were cold acclimétadfield and
Vermerris, 2001; NDong et al., 2002hus, an accumulation of TaOMTRay suggest a

role in ligninbiosynthesisather than in tricin biosynthesisiringcold conditions.
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Figure 5-4: Effect of cold acclimation on tricin level, TaOMT2 activity and expression in
wheat leaveqClaire)

() Quantification of tricin in noracclimated and colécclimated as determined by
HPLC-UV analysis at 340 nm; values are means of three determinations + standard

deviations () Methyltransferase activity with tricetin as substraed radiolabeled
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[®*H S-adenosylL-methionine] as ceubstrate per mg protein of wheat leaves during cold
acclimation. Values represent the mean £ SE of two independent experiments. 0 d NA
nonacclimated plants grown for 7 days representing the zero point control, 8 d NA non
acclimated plants grown for 2 weeks representing another control point; 6 d CA, 6 day
cold-acclimated plantglll ) Western blot analysis of TaOMT2: NA, racclimated; CA,
cold-acclimated, A, SDBAGE gel stained with Coomassie blue showing Rubisco. B,
Immuroblots of TaOMT2.
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Figure 5-5: The % quantity of tricin per total phenolic compounds

(I) During the developmental stage of winter wheat (Clailig) during cold acclimation
for 1,6,12 and 21 days cbld.
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Under salt and drought stresses (Fig), tricin concentration tends to decrease
(390+21.2ug tricin/g DW) and (380+22.6ug tricin/g DW), respectiveyen compared
to the corresponding control at the same &§28.g tricin/g DW) These resultare
similar to those observed under cold acclimatidmmunoblot analyses and enzyme
activity measurements of TaOMT&how no increase incontentaccompanied by a
decrease in activityThese resultsuggest that TaOMT2 does not participate in protecting

the plant against salinity and/or drought stresses
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Figure 5-6. Effect of salt and drought stresses on tricin level, TaOMT2 activity and

expression

(1) Quantification of tricin in wheat leaves exposed dalt and drought stresses.
Quantification was carried out using HPEQV analysis at 340 nm; values are means of
three determinations * standard deviatiofi$) Methyltransferase activity with tricetin

as substrate in salt and drought stressed wheat: €lévinter variety), Il ) Western

blot of TaOMT2, C, control; S, salt stress; D, drought stress: A.-BBSE gel after
transfer stained with Coomassie blue showing Rubisco. B. Immunoblots of TaOMT2.

Both control and stressed plants used were 1 month olgétmwheat plants.
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The resultsreported inthe present study shows that triclloes exponentidly
increase with wheat growth, until it reaches its maximum in the floral pHnis. is
associated with the increase of expression and activity of TaGMgdgesting an active

biosynthesis of tricin in the influorescence, most probably to protect the developing seeds.

When plants are subjected to stresses that hinder that growth, such as cold, salt and
drought, tricin stops to accumulats pathway of biosythesis may be diverted to form
another product, such as lignin. This suggests that tricin accumulation is associated with
normal growth ratethat leads to its maximum accumulation during the sensitive

flowering stage and formation of seeds that need giioteagainst biotic stresses.
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Chapter 6GGENERAL CONCLUSION

Throughout this work, we studieskveralaspects related to the flavone, tricin.
Tricin (5,7,4*trihyroxy-3',5-dimethoxyflavone)is a naturally occurring flavan of
relatively rare and sporadic occurrentteis mainly found in cereal grain plants, such as
rice, oat, maize barley and wheat Apart from being a powerful antioxidant,
antimutagenic and anitnflammatory agentseveralstudies have revealdtie potental
importance of this lipophilic flavone in cancer treatment and prevenfrcin has been
considered an efficient chemopreventive agent in growth inhibition of human malignant
breast tumour cells and colon cancer cétlss also considered safe endufpr clinical
studies However, its commercial unavailability as a pure compdhindersits further

experimentation

The presencen wheat leaves of a mixture of beneficial flavonoids as trisio
orientinandvitexin, values its potential use as a smiof an affordablsupplement of a

healthy diet, which may explain the popularity of wheat leaf juice

The use of wheat leaves (grassyasning ground in North America and other parts of the
world. They are considered as an edible part of the plamgbesed as a juice
(wheatgrass juice) or added to several food products. However, only few reports offer a
complete profile of its phenolic content including tricitherefore in (chapter2) we
investigatedthe phenolic profile (Phenolome) of two varistithe winter (Claire) and
spring (Bounty) varietiesf wheat(Triticum aestivunL) leaveswith the aimto identify,
quantify and compare the mastportantphenolic compounds in normal and under cold

conditions.
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The application of LEESFMS protocols, coupled with the MRM technique usealye
provento bepowerful tools for the direct chemical screening of phenmhicpounds in
wheat leaves. They provided accurate, reproducible results, and allowed the
characteriation of some novel metabolites, and establishedlififierential induction of
levels of phenolic compounds in both winter and spring wheat when grown under cold

acclimation conditions

During cold acclimationso-orientin and itsC-glycoside derivative$ollowed by vitexin

and iso-vitexin represented the most significant increase in phenolic derivatives of the
winter variety, whereas, the accumulation of dicaffeoylputrescine was the predominant
metabolite in the spring variety. Identification of the nowhvone, 3'4'5'
trimethyltricetin, as well as feruloylagmatine, by their characteristic product ion
fragmentswill serve as future reference sources for easy detection of both compounds in

plant extracts.

Moreover, he fact that most of flavonoidscluding tricin) and HCAs were identified in
the apoplast compartment confirise important roleof the latterin plant defense

mechanisms

In (chapter 3) we investigated the distribution of tricin in different parts of wheat
(Triticum aestivum)with the aim to designate a reliable rich source for its production.
The highest amount was found in the husk of winter wheat varieties and was estimated to
be 770 + 157 pg/g dry materials. This concentration is considered the highest in any plant

materids suggesting the use of winter wheat husk as a good source of tricin.

The purified wheat tricin was found to be selective potent inhibitor of two cancer

cell lines of the liver and pancreas, while having no side effect on normal Teis.
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selectivitymakestricin a potential candidate for anticantieerapy Thus, we describe an
affordable new rich source for the chemopreventive agent tricin from a wheat waste by
product.Tricin was isolated from wheat husk that has long been considered as a waste
product. The exploitation of this product for the production of tricin could change

potentially its market applications.

We propose also a natural strategy for the prevention of @alocerand liver cirrhosis
through the consumption of the winter whéatl powder rich in both tricin and dietary
fibers. This could be supplied in the form of phytonutremtiched food ingredient to be
added to many food and bakery products, or in a suitably packaged pharmaceutical

dosage form.

In (chapter4), we wanted to further explorthe selective anticancer effect of
several methylated phenolic and flavonoid compounds using -&péttrophotometric
method to assess the viability of the cell lines. Several candidates were found to possess a
remarkable antitugr activity on these malignant cell lines, suchtrawmethyltricetin, a
tricin derivative, that exhibited a superior selective activity agaihsiman

adenocarcinomic alveolar basal epithelial ceNs549).

In (chapters), we tesedthe effects of abiotistress factors, such as cold, drought
and salt treatments, among others, on the biosynthesis and accumulation of tricin in
different parts of wheafTgiticum aestivunlL). The resultsshow thatthe levels oftricin
increase exponentlglwith wheat growthuntil it reaches its maximum in the floral parts.
This is associated with the increase of expression and activity of TaOMT2 suggesting an
active biosynthesis of tricin in the influorescence, most probably to protect the

developing seedsgainst any invaet.
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When plants are subjected to stresses that hinder growth, such as cold, salt and
drought, tricin stops to accumulate. Its pathway of biosynthesis seems to be diverted to
form another product, such as lignin. This suggests that tricin accumulasissoisiated
with normal growth rate that leads to its maximum accumulation during the sensitive

flowering stage and formation of seeds that need protection against biotic stresses.
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Appendix A: Image for Wheat Husk

Figure A-1: Winter wheat (Claire) yellow inflorescence (husk)
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Appendix B: Image for Wheat (T. aestivun) L eaves

Wheat (T. aestivum) varieties (Claire and Bounty)

Spring wheat (cv Bounty)

Growing chamber | Bounty

Figure B-1: Wheat (T. aestivum leaves, winter wheat (Claire) and spring wheat
(Bounty), and the growing chamber.
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Appendix C: Image for the Dissolution Tester

Figure C-1: Dissolution tester
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Appendix D: Major Branch Pathways of Flavonoid Biosynthesis
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Figure D-1: Schematic of the major branch pathways of flavonoid biosynthesis

(Figure from(Winkel-Shirley, 2001) "Copyright American Society of Plant Biologists,

www.plantphysiol.orf

Schematic representation of the major branch pathways of flavonoid biosynthesis,
starting with the general phenylpropanomdetabolism and leading to the nine major

classes of flavonoids: the chalcones, aurones, isoflavonoids, flavones, flavonols, and
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flavandiols (gray boxes), and the anthocyanins, condensed tannins, and phlobaphene
pigments (colored boxes). Enzyme names dierewviated as follows: cinnamate
hydroxylase €C4H), chalcone isomeraseCHl), chalcone reductaseCHR), chalcone
synthase CHS), 4-coumaroyl:CoAligase @CL), dihydroflavonol 4reductase DFR),
7,2-dihydroxy, 4'methoxyisoflavanol dehydratas®MID), flavanone shydroxylase
(F3H), flavone synthaseé=Gl and FSII), flavonoid 3' hydroxylas@3'H) or flavonoid

3'5' hydroxylaseK3'5'H), isoflavone GmethyltransferasdOMT), isoflavone reductase
(IFR), isoflavone 2hydroxylase IR'H ), isoflavone synthaséRS), leucoanthocyanidin
dioxygenasel(DOX), leucoanthocyanidin reductase (LCR)}n@@thyltransferaseqMT),

Phe ammonidyase PAL), rhamnosyl transferaseR(), stilbene synthaseSTS),

UDPGflavonoid glucosyl transferas&fGT), and vestitone reductageR).
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