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Abstract

There is increasing evidence that consumption of plant bioactives such as polyphenols
reduces cardiovascular disease risk and improves endothelial furiatithe Black Sea
area, a number of plants are consumed alone and as ingredients in traditional foods, an
dill, nettle kale, Sideritis pomegranate and persimmon were identified as polyphenol
rich traditional food plants. Bioactivech extracts of their ediblparts were used to treat
human umbilical vein endothelial cells (HUVECS), to assess effects on the abundance ol
activity of signalling molecules related to increased vasodilation, a hallmark of improved
endothelial function. SpecificallyAkt and eNOS phosphorylation, levels of total eNOS
protein and cGMP, secretion of ETand levels of nitrate/nitrite in cell culture media
were assayedAlongside these experimentdUVECs were treated witlguercetin, a
flavonol found in a number of thelgmt extracts,alongside a mix of its huma
metabolites taassesghear effecton a broad range of phosphorylated proteins using an
antibody microarray.

Quercetin (50 uM) significantly decreased eNOS phosphtioyl (p < 0.05),
while extracts of pomegranate and persimmsignificantly increased levels of
phosphorylatedp-) Akt, p-eNOS and cell culture media nitrate/nitr{{e < 0.05), and
significantly reduced secretion of the vasoconstrictorlHp < 0.001).With regards to
pomegranate bioactivitygignalling eventsupsteam ofp-Akt were explored, including
inhibition of PTEN activity and phosphorylation of receptor tyrosine kinases, though no
evidence could be found that eithmechanism was involved in this cadéractionation
of the pomegranate extract into its main polyphenol classes revealed that procyanidins
were responsible for its bioactivity. These findings suggest that procyaitdifoods
can improve markers of endotladl function in vitro. Further studies onprocyanidin

bioavailabilityare required to determine if these effectsalanoccurin vivo.
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Chapter 1:Polyphenols, cardiovascular disease and

traditional diets

1.1. Cardiovascular disease and endothelial function

Cardiovascular disease (CVD) encomgasanumberof conditions that affect the health

of the vascular system, includirige blood vessels and heart muscle, and is the leading
cause of worldwide human mortalifWorld Health Organisation 2013)ifestylefactors
thathave been shown to increase the risk of cardiovascular disehsde tobacco use,

lack of exercisand poor dietary choicesligher prevalence is also found amongst those

of low income(World Health Organisation 2010Additional chronic conditions such as
type 2 diabeteshypercholesterolaemiand hypertension can be underlying factors for
CVD progressiorfSowers et al. 2001Yhough disease progress occurs over the course of
decades, it often results in severe acesponses, including heart attacks (myocardial
infarction) and strokes. The physiological changes that result in these events are ofter
tied to the formation of atherosclerotic plag@esss 1999)which in turn arenaked by

a change in the phenotype of the endothelial cells that form the inner lining of veins and
arteries. Such cells are not simply a physical barrier; as an interface to the circulatory
system, they activate signalling in response to numerous plagsigathological stimuli,

and play an important role in the control of vascular health. High blood pressure,
increased levels of free radicalsdoxidised lowdensity lipoprotein (LDL)jnfection by
Chlamydia pneumoniaer damage from shear stsesan all contribute t@ndothelial
dysfunction.The outcome of such changes inclu@dsvated levels of oxidative stress
and inflammation, high expression of cell adhesion molecules, reduced vasodilatory

factors and promotion of vasoconstrictive fas{@®ludau et al. 2012; Grassi et al. 2011)
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Increased stress at the endothelimtreasests permeability which causes build up of
lipid-rich molecules, including oxidised lipoproteins, at thecwar wall(Corrado et al.

2010; Libby & Theroux 2005)The rise in numbers of cell adhesion molecules such as |
CAM, V-CAM and Rselectn at the cell surface increases adhesion of white blood cells,
including monocytes, to the endothelium. Aided by dlkesion molecules, monocytes
migrate to the intima layer between the endothelium and the smooth muscle tissue. Here
they differentiate to macrophaggwobablythrough stimulationfrom interleukins and
growth factors such as{@SF, thougtcurrert in vivo evidencefor thisis limited (Chang

et al. 2012; Shibata & Glass 200®roteoglycans in the vascular extracellular matrix
contribute to matrix destabilisation, as well tsother preatheroscleroticactivities
including cell migratio, proliferation and lipoprotein retention. Their presence, sidieg
macrophage scavenger retm¥p and macrophaggecgeted proteoglycans, and pratea
promotes the accumtation of lipids in macrophages that leads to the formation of foam
cells, a keystepin the initiation of atherosclerotic lesiofisey et al. 2011)Local release

of cytokines and growth factors stimulate proliferation and migration of vascular smooth
muscle cells (VSMCs), resul ting ooadflow. f i L
Fibrotic materialcontinues to be laid down as the plaque develops, aided by platelet
aggregation and thrombus formation, leading to areas of increased thickness and arterie
stiffness(Corrado et al. 2010; Ross 1999hough the plaque magmain stable for a
lengthy period, inflammation can lead to thinning of the lesion edges. Episodes of
myocardial infarction or stroke occur when theléaten lesions rupture and clot vessels
with the released material. Assessment of patient CVIR dan be performed by a
number of physiological or anatomical measurements, including krtiedia thickness,
flow-mediated dilation oblood vesselsandlevels of Greactive proteiror asymmetric

dimethylarginingDavids & Teerink 2012; Ray et al. 2009)
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Fig. 1.1: Three stages of atherosclerotic plague formafi@p left panel: Factors such

as increased inflammation encourage expression oadb#sion moleculesnd binding

of white blood cells, such as monocyt&sp right panel: Inflammation also increases
permeability of the endothelium, allowing monocytes to enter the intima space between
endothelial and smooth muscle cells. Oxidised LBinongst other lipids, results in the
transformation of monocytes to macrophadesntinued lipid uptake produces-fatien

foam cells.Lower panel: The atherosclerotic plaque increases in size, while the fibrotic
tissuethat developsround it can weaken over time. Eventually the plague may rupture,

and the released material can @adts resulting in myocardial infarction or stroke.
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Flow-mediated dilation is particularly useful as it gives a direct measure of one of the key
factors resulting in endothelial dysfunction, that of increased constriction of arteries and
reduced vasothitory response. The tone of the vascular smooth muscle tissue is
controlled primarily by the balance of a number of vasomodulatory factors, most
originating from the endothelium, from where they then diffuse or are transported to the
underlying smooth mute. Relaxation of arterial tissue is induced by increased
production of nitric oxide (NO) by endothelial nitric oxide synthase (eNOS), prostacyclin
(PGh) by cyclooxygenase, or by a number of endotheldenved hyperpolarising
factors (EDHFs) which actate K channelsn smooth muscle cell membranes. EDHFs
include certainsmall molecules(H,O,, carbon monoxide and hydrogen sulphate),
epoxyeicosatrienoic acids, Kons and @natiuretic peptidg(Giles et al. 2012Jin et al.
2011) The decrease imtracellular C4&" ions in VSMCs that results from *Kchannel
activation, as well as NO and PGignalling, is one of the key changes that reduces
vascular tone.

Vasoconstriction factors include prostaglandins, thromboxanes, angiotensin,
endothelin andreactive oxygen specieROS) Similar to a number of EDHFs,
prostaglandins and thromboxanes are produced from arachidonic acid by
cyclooxygenase. They activate thromboxane receptors on VSMCs to produce direct
vasoconstrictive effects, while increased lsvef superoxide, produced in endothelial
cells by NADPH oxidasescavengs NO and redues the efficacy of stimulated NO
production (Barton et al. 2012; Toda 2012; Versari et al. 200QJ-1, the main
endothelin peptide expressed in etieklial cells, binds to EA and EB receptors in
VSMCs to induce vasocaimiction. It is noteworthy that EJ receptors in endothelial
cells stimulate NO production upon HTbinding. Evidence from eNGlocking studies
suggests that there is a link betwedO and ET1 release in endothelial cells, where
reduced eNOS activity allows increased-ETevels, and that improved NO production

inhibits ET-1 production(Bourque et al. 2011eNOS activity can be increased by the
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kinases AMPK, CaMKII, PKA and PKB (&), and inturn, these are activated by certain
growth factors (such as VEGF), hormones, statins or shear @fi@dsoutte et al. 2009;
Huang 2009; Forstermann & Sessa 2012)

In vitro, human umbilical vein endothelial cells are often used as a model for
determining signalling responses to molecules which might be present in the circulatory
system. Preparation of cells from the umbilical vein is often carried out with the use of
collagenase, facilitating their removal so that they can be collected d@nceduior study
(Crampton et al. 2007Yasodilation through NO release in the human umbilical vean is
key methodthrough which, like the arteries of the cardiovascular system, oxygenated
blood is carried from the placenta to the foeasthere is a lack of nervous stimulation

to carry out this taskJude et al2004, San Martin and Sobreda06)

1.2. The nitric oxide signalling pathway

As has been mentionedasomodulation the control of arterial and venous blood flew

is likely to gday an important role in the development or control of atherosclerosis and
CVD, with the enzyme eNOS being key to enabling vascular tissue to h@lpairment

of eNOS function leads to increased vasoconstrictiayh blood pressure and oxidative
stressm endothelial and smooth muscle tissue. All of these outcomes are associated with
endothelial dysfunction(Giles et al. 2012; Atochin & Huang 2010)ndeed,
polymorphism of the eNOS gene has been linked to increased incidence of coronary hear
diseasdZhang et al. 2012b)Conversely, improvements in vasodilatory response through
this mechanism have been shown to attenuate lesion progression and reduce
inflammatory responses such as platelet aggregation and expression of adhesiol
molecules and cytokines (@tterjee and Catravas 2008, Vanhoutte et al. 2@@D risk

factors, such as ageing and high cholesterol are also associated with reduced vasodilatic
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and eNOS expression, as well as increased expression of vasoconstriction factors such ¢
endothelinl (Seals et al. 2011; Toda 2012)

Dilation of veins and arteries is controlled at a molecular level by the nitric oxide
(NO) signalling pathwayFig. 1.2. NO is a free radical that acts as a signalling molecule
in a number of different human tissu@gSao 2A0). Formation of NO, as pertains to
vasodilation, takes place in endothelial cells, which form the inner lining of veins and
arteries(Buerk et al. 2011; Triggle et al. 201&fter production by the enzyme eNOS, it

passes to surrounding smooth musclésctiggering their relaxation.

/ Endothellal cells
PI3K ~

PIP
PIP
PIP, «JPTEN Akt

> PDK

P Akt
/
F’eNos
GTP

)SGC — NO
cGMP

relaxation of
— smooth muscle ™ pka
Smooth muscle cells

Fig. 1.2: Nitric oxide signalling in endothelial and smooth muscle cétisreased levels

of PIP; due to PI3K activity and PTEN inactivity, leads to binding of Akt and the plasma
membrane so that it may become actikrotigh phosphorylation by PDK-Akt then
activates eNOS through phosphorylation, allowing production of NO to increase.
Diffusion of NO to smooth muscle cells leads to its binding of sGC, which produces
cGMP, leading to the activation of PKG and relaxatad the smooth muscle tissue -

indicates phosphorylation; GTFRjuanosine triphosphatBO - nitric oxide
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The regulation of eNOS has been well studied and operates through a number of
mechanisms. Acylation (specifically myristoylation and palmitoglatifacilitates eNOS
translocation from the cytosol to caveolae in the plasma membrane, where it binds
caveolinl, holding it in an inactive stat@olluru et al. 2010) Translocation brings it

into close proximity with other proteins and cofactors thatbén enzyme activity, the

first of these being heat shock protein 90 (hsp90) and calmodulin (CaM) which displace
caveolinl. Hsp90 may also act as a scaffolding protein in regulation of signalling events
related to nitric oxide signalling, and has beervshto form a complex with eNOS and

Akt, an eNOSactivating kinas€Takahashi & Mendelsohn 2003NOS protein consists

of an Nterminal oxygenase domain and até@minal reductase, connected by a
calmodulin (CaMjbinding region(Balligand 2002) These coratin sequences for binding
cofactors, including haem and tetrahydrobiopterin {Bid the oxygenase domain and
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) in the reductase
domain(Feng 2012) Increased intracellular €aincreases CaM'affinity for the CaM
binding region, and enables interdomain electron transfer, facilitating eNOS enzyme
activity. One further requirement for active eNOS is that it forms a homodimer, which
occurs through to the presence of haem in the oxygenase danththe linking of two
cysteine residues (also in the oxygenase domain) from each monomer by a zinc ion
(Forstermann & Sessa 201Z)nce activated, eNOS produces nitric oxide according to

the formula:
L-Arginine (+ 1.5 NADPH + 1.5 H+ 2 Q)Y N @ L -Citrulline + 1.5 NADP + 1.5 HO)

Electron transfer from the reductase domain to the oxygenase domain, which binds the
eNOS substratearginine, facilitates the synthesis of NO from the catalysisasfjinine

to L-citrulline. eNOS is phosphorylated at a riuen of serine, threonine and tyrosine
residues which are key to the increase and decrease of enzyme @etenting 2010)

Serll77 is one of the most wstludied residues involved with increased eNOS enzyme

22



activity. Its phosphorylation increases théiray of eNOS for binding CaM and helps
facilitate the interdomain electron transf@Rafikov et al. 2011) Posttranslation
modifications such as these are not all beneficial to NO production, however. S
nitrosylation of eNOS cysteine residues leadsitbition of enzyme activityDudzinski

& Michel 2007) while S-glutathionylation can cause uncoupling of the homodimer
subunits. Uncoupled eNOS remains active, but without a parthner monomer it acts as ar
NADPH oxidase, producing superoxide radicals andemsing intracellular oxidative
stresqZweier et al. 2011)

Once NO diffuses to smooth muscle cells it binds to haem in soluble guanylyl
cyclase (sGC), greatly increasing cGMP productiBocha et al. 2009)Besides the
vascular smooth muscle, sGC iscafsund in a number of other different tissues in the
human body, including the endotheliu(®otter 2011; Takeuchi et al. 2004)increases
production of cyclic guanosine monophosphate (cGMP), produced frofii-Hdgnd
GTP (Russwurm & Koesling 2004; Deybhire & Marletta 2009)cGMP is then targeted
to cGMRregulated ion channels, phosphodiesterases (PDEs) (which catalyse hydrolysis
of cGMP to GMP(Bryan et al. 2009)and cGMPdependent protein kinases, such as
protein kinase G (PKG(Francis et al. 201Hofmann et al. 2000Binding of cGMP to
allosteric sites on PKG cause conformational changes resulting in the release of the
enzyme's catalytic domain and interaction with a number of substrates, such as IP
receptorassociated cGMP kinase substrate ((RAIRAG protein inhibitsnositol 1,4,5
trisphosphate (I receptor activity and the release of intracellula”*Cstores and
increases Cé-activated maxK* channel (BKCa) activity, inhibiting influx of G&
through C&" channels. This reduces the auellular C&" concentration and the €a
sensitivity of the contractile athinery. IRAG also activates Y#PT1, which
dephosphorylates myosin light chain and reduces myosin ATPase activity, interfering
with the interaction between myosin and actin that dwimbout muscle contraction

(Koubassova & Tsaturyan 2011; Schlossmann & Desch 2@&ttjtionally, increases to
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NO levels may be related to decreases in levels of vasoconstriction factors, such a:
endothelinl (ET-1), augmenting the vasodilatory effect {(Bque et al. 2011). ET
facilitates increases to vascular tone through its ability to raise the intracelldfar Ca
concentration in smooth muscle c€lBourque et al. 2011; Mazzuca & Khalil 2012)

An important regulator of eNOS activation through phosglation of Serl177 is
the kinase Akt (protein kinase B). It has three human isoforms, Aktl, Akt2 and Akt3,
with Aktl being the key isoform in vascular nitric oxide signalliMatheny & Adamo
2009) Each isoform is composed of ant&minal pleckstrin howlogy domain (PH), a
kinase domain and a-terminal hydrophobic domain. Phosphorylation of Thr308 in the
kinase domain and Ser473 in the hydrophobic domain are required for full Akt activity.
The PH domain is recognised by BI®hich is formed from the gsphorylation of PIp
by PI3K. PIR holds Aktl at the plasma membrane after its translocation from the
cytoplasm. Phosphorylation is carried out by PDK1 for the Thr308 residue and mTORC2
or DNA-PK (other kinases may also be involved) for Ser473. Dephogption of PIR
by phosphatases such as SHIP and PTEN can reverse this jBxadg & Hemmings
2009) Akt activity is completely dependent on the phosphorylation of RIFPIR; by
PI3K (phosphoinositide -Rinase) (Hers et al. 2011)as evidenced by Imbited Akt
phosphorylation after incubation of cell cultures with the PI3K chemical inhibitor
LY294002(Eisenreich & Rauch 201113Ks are grouped in three distinct classes, based
on catalytic subunit similarity and preference of phosphoinositide stéydbia it is only
class 1 PI3Ks which are able to produces;RWadas et al. 2011). Class 1 PI3Ks are
divided further, based on their catalytic and regulatory domains. Class 1A PI3Ks have
p110 (U, B or U) as their catalytic dom:
regulatory subunit, while class 1IBPISK ar e compri sed oof pl@ill 1 O :

(Fougerat et al. 2009).
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1.3. Plant polyphenols and other bioactive compounds

One of the key factors behind progression of CVD is poor diet. Conversely, increased
consumption of fruit and vegetables is assodiargth decreased CVD riskWorld
Health Organisation 199Qe et al. 2007; Pomerleau et al. 2Q0There is strong
evidence that the polyphenol content, and in particular the flavonoid content, of fruits,
vegetables and other plaghtrived foods is a majdactor behind these health effects.
Metaanalyses have shown that flavonoids, particularly those associated withacmtoa
soy products, can significantly lower blood pressure and improve the-rflediated
dilation response in patients, though greatersstency between studies, such as in the
choice of biomarkers for study outcomes, is required for stronger evidence in the future
(Kay et al. 2012; Hooper et al. 2008; Hooper et al. 2012; Ried et al..2012)

Flavonoids and other polyphenols are plant sdaoy metabolites, present in
various formsthroughout the plant kingdom. Their functioms plants encompass
numerous roles including pigmentation, bitter or astringent tastes for the dissuasion of
herbivores(Landete 2012)antioxidantqAgati et al. 2012and UV radiationabsorption
(Pollastri & Tattini 2011; Lattanzio et al. 2008)ccording to the principles set out by
White, BateSmith, Swain and Haslam, polyphenols are watduble plant phenolics,
with mass of 500 to 3000 Da;/aromatic rings, 126 hydroxyl groups, anthe ability
to precipitate certain proteins, alkaloids and gelé&@nideau et al. 201 Haslam 2007)

This therefore includes most condensed tannins, hydrolysable tannins antbaatgeae
phlorotannins. However, much polyphenol research in the last few decades has
increasingly focused on smaller phenolic compounds, such as flavonoids, to the extent
that the above definition is no longer appropriate. A more contemporary definition is

offered byQuideau et al(2011) which describes polyphenols as:

fiplant secondary metabolites derived exclusively from the shikitesateed
phenylpropanoid and/or the polyketide pathway(s), featuring more than one
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phenolic ring and being devoid of anitragen-based functional group in their

most basic structural expression.o

Polyphenols are vast in number, encompassing the chemical families mentioned above
with their respective subdivisions, as well as stilbenoids, lignans, phenolic acids and
additioral derivative compound@el Rio et al. 2013)One of the larger families, with

over 500 compounds identified so far, hydrolysable tannins consist of esters of gallic acid
and sugar molecules, and can be classed as either ellagitannins, where gallogé moiet
have bonded through oxidative coupling, or as gallotannins. Degradation of gallotannins
releases gallic acid, whereas ellagitannins breakdown can produce numerous derivative
compounds, including sugar esters of ellagic acid and gallagic (haittete BP11;
Larrosa et al. 2010; Quideau 200@pndensed tannins (also known as proanthocyanidins
or northydrolysable tannins) represent a large number of oligomeric and polymeric
structures, soluble in water up to approximately 10 monomer (tgtet al. 2008Xu et

al. 201%). These monomer units are flavanols, such as epicatechin or catechin, which
belong to the extensive flavonoid family of polyphenols. Most flavonoids possess the
threering flavan backbone structur@ig. 1.3), coupled with a variety of yoxyl,
methoxy and ketone groups, and are often conjugattidsugars or organic acids in

plants.

Figure 1.3: Flavan backbone structure, featuring two benzene riAgand B), and a

dihydropyran ring C).
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Other subclasses of flavonoids included vdiaols, flavones, isoflavones and
anthocyanins. Flavonoids are by far the most commonly expressed polyphenol in plants,
with over 5000 planterived flavonoids currently describdeller 2009; Veitch &
Grayer 2011)

Stilbenoidsare phytoalexinsand areoften found in winedue to their presence in
grape skinsOf note isresveratrgl which has been the subject of much fervoured study
due toits strong effects on callar mechanisms relating to disease and agéhgciolla
et al. 2007; Riviere et al. 2013)ignans which are alsphytoestrogensreoften present
in the seeds of plants and includmoresinol, lariciresinol andesamin(Cunha etal.

2012; Peterson et al. 201®henolic acidswhile not polyphenols by definition, are often
included in polyphenol researcand may also be found as part of the structure of larger
polyphenols Two major classes of phenoliccids, tydroxycinnamic acids (GE€3
structure) and hydroxybenzoic acids (Cf structure)arecommonly found in a variety

of plant speciegRice-Evans et al. 1996)0f the numeroughenolicsfound in nature,
over500 have been idéfied so faras forming part of human diets, across 400 different
foods(Neveu et al. 2010)

Synthesis of polyphenols in plants occurs via enzymes of the shikimate and
phenylpropanoid secondary metabolite pathways (Vogt 2010; Knaggs 2003).
Dehydrogenatin of 3-dehydroshikimate, an intermediary compound of the shikimate
pathway, is the primary means for gallic acid formation, a key step in the production of
ellagitannins (Haslam & Cai 1994). A sugar, usually glucose, forms an ester with gallic
acidtoprod ceglbucogal I i n, which accepiglacogalnl | o)
molecules to forml,2,3,4,6pentagalloyl glucose (PGG) (Crozier et al. 20@®idative
linkage of PGG galloyl groups produces 3,4,5,3:ficXahydroxydiphenoyl (HHDP)
subunits characteristic of all ellagitannin molecules (Landete 2011; Okuda & Ito 2011).
The final structure of these molecules, though, can vary greatly due to a number of

factors, including HHDP group position, formation of bonds with additional galloyl
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moieties oligomerisation, further structural changes due to oxidation, and condensation
with other mdecules (Quideau 2009; Ascacualdés et al. 2011). Breakdown of
ellagitannins through hydrolysation releases the HHDP units, which convert to ellagic
acid throudp lactonisation. Ellagic acid, alongside conjugated derivatives, is a common
product of ellagitannin degradation. Cleavage of the lactone ring results in the production
of urolithins, metabolites found in human plasma after consumption of ellagitacmin
foods (Larrosa et al. 2010; Landete 2011).

Anthocyanins, like all flavonoids, are derived from the final metabolite of the
shikimate pathway,p-coumaroyiCoA, via a number of enzymatically synthesised
intermediary compound$-CoumaroydfCoA undergoes a&ondensation reaction, with
three malonyilCoA molecules, to produce naringenin chalc{ffig. 14). The Gring of
the flavanone structure is formed, leading to the production of dihydroflavonols, which
are converted to leucoanthocyanidins and then anthalipa (He et al. 2010; Xie et al.
2011). Anthocyainsare formed after the attachment of a sugar groupndait the 3 or
5-O position(Fig. 15).

Flavan3-ols can be synthesised from either leucoanthocyanidins, in which case
they have R 3Sstereochemstry (i.e. (+)}catechin), or from anthocyanidins, and so
feature R 3R-stereochemistry (i.e.-)epicatechin) (He et al. 2008). The exact
mechanism for the polyand oligemerisation of the flava3-ol monomer units into the
proanthocyanidin structure $sill under investigation. It has been proposed that a laccase
like polyphenol oxidase (PPO) encoded By10 is involved, and that oxidation of
flavan3-ols by PPO assists their formation of proanthocyanidin structures.
Leucoanthocyanidin molecules mayalse used, after conversion to quinone methide
intermediate structures, followed by transportation to plant cells vacuoles, the acidic
environment of which aids condensation of proanthocyanidin subunits (Zhao et al. 2010)
There does not appear to be andead order in which flavaB-ol subunits are arranged in

proanthocyanidins, giving rise to a large number of proanthocyanidin structures.
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Fig. 14: Biosynthesis of ellagitannins and flavonoid precursor compounai®
metabolites of the shikimate and guylpropanoid pathway, through a number of

enzymatic reaction®athway is continued iRig. 15.

Treatment of proanthocyanidins with strong mineral acids results in the release of
anthocyanidin molecules, hence their name. Thus, proanthocyanidins aafpaidasing
cyanidin (those which contain 3dihydroxyflavan3-ol subunits, i.e. (+tatechin) are
termed procyanidins Hg. 1.6), while those capable of releasing delphinidin

(proanthocyanidins  containing  3'4tBhydroxyflavan3-ol  subunits, i.e. (-
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gallocatechin) are termed prodelphinidins (though it is not unusual for a proanthocyanidin

to contain both procyanidin and prodelphinidin monomer units).
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Fig. 15: Biosynthesis of flavanols (quercetin), flavarols ((-)-epicatechin and (+)
catechin) anthocyanins and proanthocyanidinentinued fromFig. 15. An example of

proanthocyanidin structure is demonstrate&io 1.6 (procyanidin trimer).

3C



OH
OH

OH

OH

Figure 1.6: Procyanidin trime with structure {)-epicatechinl 4 U ¥(8)Jatechin

( 4 U ¥(8-¢picatechin. Procyanidins can feature multiple (n) extension units.

There are a number ofadditional bioactive plant secondary metabolites besides
polyphenols. Terpenoidsaveisoprenebasedstructuresand incorporate a wide range of
compounds found across the plant kingd®no 2011) They include numerous classes of
phytochemicals, such as phytosterols (triterpenes) and carotenoids (tetraterpenes), c
which lycopene may be importafor lowering CVD risk(Ried & Fakler 2011; Bohm
2012) Alkaloids are a diverse group of nitrogenoplytochemicals, possessing
heterocyclic structure, and have been the basis for mousepharmaceuticals, such as
morphine and codeine, and continue todxtiggdiscovery, in areas such as anéncer or
antimicrobial therapyGlenn et al. 2013; Hibino & Choshi 2002h terms of structure
variation, glucosinolates are perhaps the most conserved of the phytochemicals
mentioned here, though there has stdeb considerable research into their effects on

biological systems. Their structure consists of single thioglucoside Bnd
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hydroxysulphate groups bound by an organic side chain, and are common to plants of the
order Brassicales, such as cabbage or muétéittien et al. 2010; Verkerk et al. 2009)
Mastication of plants containing glucosinolates releases the enzyme myrosinase from cel
vacuoles, which degrades the glucosinolates contained in adjacealls'Sto their
bioavailable form, isothiocyanates (I$X; which can then be absorbed for further
metabolism by the human bo@®inkova-Kostova & Kostov 2012Mithen et al. 2000Q)

The ability to convert glucosinolates to ITCs is also possessed by the gut microflora. One
ITC of note is sulforaphane, for whichere is now a large body of evidence supporting

its beneficial effects on various aspects of human hed&larbry & Elrody 2011)

particularly in the context of prostate cancer (iBkaka et al. 2008)

1.4. Developments in polyphenol research

Reports of palphenol use by human populations date back almost threenmljelue to
their importance in the process of leather tanrfi@gideau et al. 2011put it is only in
the last 200 years that research on individual polyphenols has been performed. Throug!
the 1800s, work was performed to isolate and characterise a number of polyphenols,
including catechinZwenger 1841)yand stilbenoidgLikhtenshtein 2009; Perkin 1868)
The preparation of orange bitters bgbreton(1828)led to the discovery of needli&e
crystals, which he called hesperidibaszlo 2008) and were revealed in 1876 to be a
flavanone glycoside by Hilger and Hoffmérendrickson & Kesterson 1954)

The ardent work of Fischer, Freudenberg and Karrer at the turn of treegtury
gave a hint stto the potential vastness of the library of vegetable taiHmsam & Cai
1994; Quideau et al. 2011Pne of the first investigations into the health benefits of
individual polyphenolswas performed in thenid-1930s, whenAlbert SzentGyorgyi
recognised that an impure preparation of vitamin C could improve capillary resistance,

while isolated vitamin C proved ineffective to his patient. Hesperidin was identified from
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the preparabn, but despite good results with animal studies, additional human trials were
unable to mirror the original effecthe development of paper chromatography by Martin
and Synge in 1943 paved the way for a high volume of plant extract anatyseg,
perfomed by BateéSmith and Swain in the following decad@&Sonsden et al. 1944;
Haslam 2007) A number of polyphenol classes were first described at this time,
including lignans by Haworth in 1948Cunha et al. 2012)proanthocyanidins by
Masquelier in 195XFine 2000) and ellagitannins by Mayer and Schmidtt in the 1950s
and 60s(Lei 2002) In the last few decades, identification of new polyphenols has
increased exponentially due to the advances in high and ultra pressure liquid
chromatography, gas chromatodmgp nuclear magnetic resonance and mass
spectrometry techniqué€uyckens & Claeys 2004; Monagas et al. 2010; Stalikas 2010)

The report of the Zutphen Elderly Study Biertog et al(1993)was one of the
first to show that health benefits associated hiih fruit and vegetable intakeere
related to the presence of flavonoids in the consumed foods. There have been a number
epidemiological studies since which provide evidence that flavonoids confer beneficial
effects on CVD mortality and riskactors such as hypertensiofCassidy et al. 2011;
Oude Griep et al. 2011; Mink et al. 200These studies are also backed by randomised
controlled trials that focus on polyphenath extracts or the compounds themselves,
such as cocoa, epicatechin guercetin, and their effects on markers of endothelial
function (Loke et al. 200& Monahan et al. 2011; Arranz et al. 2013; Schroeter et al.
2006; Hollands et al. 2048

To explain the underlying molecular mechanisms for these effects, liagee
beena considerable number @i vitro and animal studiescarried out in the last two
decades. A key characteristic of polyphenols is their ability to act as antioxidants, due to
their hydroxyl groupgRice-Evans 1995)allowing them to scavenge radicals oelette
metal ions involved in oxidate reactions(Perron et al. 2008; Ali et al. 2013\s

oxidants such as superoxide or hydroxyl radicals contribute to protein damage and
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deterioration of cells, one of theitial hypothesesf the mechanism undging the
health benefits of dietary polyphenols was their potent antioxidant activity. However,
there has been little evidence to suggest that the concentrations apwofyjahenolsare
present in the human body (nM to low puM range) contribute tanbally to the
intracellular or extracellular redox environment, especially in comparison to levels of
endogenous antioxidants produced by dglisliman & Cassidy 2011)Polyphenols may

still provide an indirect antioxidant effect, however, by al@rihe activity of enzymes
which reduce oxidants, such as catalase or superoxide dismutase, or by inhibiing pro
oxidant enzymes such as NADPH oxidase or lipoxyge(tsies 2010) Therearea range

of additionalmechanismshat have been proposeddastudied to explain the decrease in
CVD risk from consumption of polyphenols. These include -afitammatory, ant
thrombotic or antatherogenic action, inhibition or promotion of signalling pathways
related to the maintenance of vascular health, dnachges to the expression of genes
related to those pathway¥irgili & Marino 2008; Quifiores et al. 2013; Tangney &
Rasmussen 2013)However, linking thein vitro or animals experiments which
investigate these mechanisms to the human studies that den®tistraealth benefits of
polyphenols isgenerally quite difficult as compounds are often absorbed in limited

guantites, and undergo extensive metabolism

1.5. Absorption and metabolismof polyphenols

Though the types of phenolic compoundsnidwithin species of fruits and vegetables

are often consistent between samples, specific concentrations of compounds can still var
due to a number of factors. These include environmental stesdess temperature and
humidity, farming practices, rip&ss, length of time between harvest and consumption,
transport, storage and method of cookin® 6 Ar ¢ h i v i .oTheetypes aflphenozcO 1 0

compounds which are available for absorption in the body can also be affected by certair
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nutrients that are conswa alongside or as part of polyphemnich foods. For example,
associationwith dietary fibre has been reported toeduce the bioavailability of
polyphenolsin the small intestingPalafoxCarlos et al. 2011)On the other hand,
increased quantities of dietary fats have been showrotectcocoa procyanidins during
duodenal digestioOrtega et al. 2009)This was reported as being likely due to
increased formation of micellar vesicles, similar to the olegerin quercetin
micellerisation observed whdat levelsin a simulated digestion system were increased
(Guo et al. 2013) The same study also showed increases to quercetin plasma
concentrations after consumption of a high dose of gtier¢e1 g) as part of a higtat

meal, compared to a fiee meal with the same dose. Polyphenols are known for their
ability to form complexes with proteins, an interaction which produces the astringent
taste of someolyphenolrich foods and bevages(Ferruzzi et al. 2012; Liang et al.
2013; Ginsburg et al. 2012; Ozdal et al. 20M8)lk has been suggested to inhibit the
bioavailability of tea polyphenols, as evidenceditbyitro andin vivo studies, due to
complexes formed between phenolics, milktpmo and fat globulefLorenz et al. 2007,
Zhang et al. 2018. Such complexes were shown to be degraded during simulated
digestion, howeve(van der Burgkoorevaar et al. 2011pnd additional human studies
have been unable to show significant effects cofconsumption of milk and tea
polyphenols(Roura et al. 2007)There is alson vitro evidence that milk may enhance
the bioavailability of flavanoléXie et al. 2012)

There is little evidence that the acidic conditions of the stomach causes
breakdownof phenolic compounds, though the digestion of food matrices may improve
polyphenolbioavailability (SauraCalixto etal. 2007; Manach et al. 2008galbert et al.
2002; Larrosa et al. 201.0pnce polyphenols reach the small intestine, the incregsid i
can aid the release of ellagic acid from ellagitannins, whgesephlorizin hydrolase
and b-glucosidase activity can hydrolyse and deglycosylate numerous phenolics, and

improve their rate ofl@sorption through the intestinal epithelium. Lemolecular weight
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phenolics may be absorbed at the small intestine without such modification, though muc
of the phenolics consumed in the diet will likely pass through to the large intestine, where
they can be broken down by colonic microflora. The absorption of polyphenols has been
reported so far as particularly low. Systematic review of human studieb atcount for
recovery of phenolics in urine found that recovery of flavonoids varied from 0.2% for
anthocyanins, -B% for flavonolsand flavanols, and-3% for flavanones. Recovery of
phenolic acids varied from-12%, isoflavones from-B87%, lignans from 137%, while
resveratrol showed 19% recovedBérezliménez et al. 2010Analytical advances, that
allow for improved identification of microbial metabolites in such studies, may help to
account for a greater proportion of ingested polyphenmisticularly for compounds
which are not readily absorbed in the small intestine, such as anthoc{@namk et al.
2013)

Over 160 species of bacteria have been recorded in the human gut, but the
particular species and the extent to which they areeptevaries from person to person,
and so the range of microbial metabolites that can be potentially produaees also
(Bolca et al. 2013)It is also likely that the viability of particular species will &féected
by certain phenolics in different manners. While some may inhibit bacterial activity,
others, such as querce®O-rutinoside (rutin) may improve microbial attachment and
proliferation (Parkar et al. 2008)The particular microbial metabolites varies betw
polyphenol classes, and includes phenolic acids (proanthocyanidins, anthocyanins anc
other flavonoids), such as benzoic, phenylacetic, phenylpropionic and phenylvaleric
acids, equol (isoflavones), urolithins (ellagic acid) and enterolactone (lig(@els)a et
al. 2009; Williamson & Clifford 2010)The particular compounds produced can also vary
between bacterial specieg.h r o uglubosidase activity, microbes can deglycosylate
flavonoid glycosides, for example, hydrolysing rutin to queregid-glucoside and
guercetin3-O-glucosideto quercetin aglycongéyang et al. 2012; Schneider et al. 1999;

Knaup et al. 2007)Thisactivity was shown of the speciEsterococcus casseliflaviasit
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it was unable degrade quercetin aglycone further, uridildeacterium ramuluyswhich

was capable of producing 3gdhydroxyphenylacetic acid as a rifigsion metabolite of
guercetin (Schneieér et al. 1999) Additional microbial phenolic acid metabolites of
guercetin glycosides includet8/droxyphenylacetic acj@-(3-hydroxyphenyBpropionic

acid and 3,4dihydroxyphenylbenzoic acidYang et al. 2013; Rechner et al. 2004
Jaganath et al. 20D9 Acetlyation, hydroxylation, dehydroxylation and
hydroxymethylation have also been reported of quercetin glycosides by human
microflora (Lu et al. 2013) These metabolites can then be absoitheough epithelial
cells, in a transor paracellular fashion or activelyvia monocarboxylic acid transporter
(MCT) (Konishi 2005)

Besides MCT, absorption of phenolics into the epithelial layer of the small
intestine is aided by uitidrug resistanc@ssociated protein @RP2) and the adium
glucose transpo proteinSGLT1. Compounds which have ralteadybeen hydrolysed to
remove sugar moietidsy lactasephlorizin hydrolase (LPH) at the surface of enterocytes
will be reduced to their aglycomey e i t h er -glucasidaaecoe UlPHauwheh b
point they become substrates for phase Il metabq#falle 2004; Wu et al. 2011Yhe
enzymes catecholO-methyltransferase UDP-glucuronosyltransferase  and
sulfotransferase in the intestinal epithelium produce a selection of phenolic conjugates,
which are ten transported via the hepatic portal vein to the liver, where further
conjugation/deconjugation occurs. This can lead to a wide range of metabolites present ir
the blood. For example, phase Il metabolites of quercetin (Q) include:
Q-3-glucuronide (@3-GlcA), Q-3-GIcA, Q-diGIcA, isorhamnetin (IRB-GICA, IR-4*-
GIcA, Q-3-sulphate (@-S), QGIcA-S, methylQ-GIcA, methylQ-diGIcA and Q
glutathione, where €&GIcA and QS are the most common human metabolites et al.
2012; Mullen et al. 2006)

After passing through the hepatic portal vein, it is likely that further phase II

metabolism then occurs in the liver and kidney (Mullen et al. 2006), before plasma
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circulation and excretion of conjugates in urine. Nearly all of a fidhelled quercetin
dose of4 mg/kg (bodyweight) given to rats was found to be excreted after 72 hours, with
69% recovered in the urine, although there was little accumulation of metabolites in
plasma or tissues outside the gastrointestinal tract over the three days (Mullen et al
2008). In this study, much of the quercetin was converted to phenolic acids such as
hippuric acid, 3nydroxyphenylacetic acid and 3gdhydroxyphenylacetic acid.

Following phase Il metabolisnepnjugatesanalsobe carried back from thever
to the small intestine in the bile, as demonstrated by reportsl-adetytysteine
conjugates of quercetin, likely formed from glutathione conjugatestering the gut
and undergoing microbial metabolisifiHfong & Mitchell 2006) A proportion of
metalwlites will also enter the circulatory system and be transported in plasma to tissues
throughout the body. Quercetin has been observed to accumulate in relatively small
guantities in a number of rat tissues, with the highest concentration found in tlse lung
(Paulke et al. 2012Deconjugation of metabolites to the aglycone form, however, may
take place at the interface with endothelial cells and other target tissues, through enzyme
s u ¢ h -glacaronidase. It is also possible thmilyphenols. includingjuercetin may
becomedeconugated once inside cell3drao et al. 2011; Perdzzcaino et al. 2012).
Conjugation has the effect of reducing the hydrophobicity of quercetin, which facilitates
transport through lipid bilayers of the plasma membrane. Inflarametf tissues may aid
in transport of quercetin conjugates, however, as Q3GIcAre@srtedto pass through
aortic endothelial cells and reach vascular smooth muscle cells under such conditions
(Mochizuki et al. 2004 Once in these tissuefyrther conjugation/deconjugation may
occur before efflux back to the circulatory system. Excretion of mostnglie
metabolites then occurs 28 hours after initial ingestion. While there has been a
growing effort in the past decade to include human metabolites of polyplieohgtro
studies alongside the forms found in plants, their synthesis can prowelt@ind may

not providethe quantities necessary for swetperiments
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1.6. Proposedmechanismsunderlying polyphenol bioactivity

The means by which polyphenols exert their beneficial effects on the cardiovascular
system are stilunder investigationthough a number of mechanisms have been proposed
andshown to be effectivan vitro. As was previously mentionedhile the physiological
concentrations of phenolic compounds arkkely to provide a strong amixidant effect
they may still act as antioxidants indirectdy inhibiting ROSgenerating enzymes or
activating cellular antioxidantesponsesincreased expression of antioxidant response
enzymes such as thioredoxin or peroxidases byadicin of transcription factors such as
Nrf-2 can also be trigged by exposure of cells to phenolic compounds such quercetin
(LopezAlarcon & Denicola 2013)Lipoxygenases, which catalyse the oxidation of fatty
acids, can be inhibited by a number of flasms, likely through the chelation of iron
from its catalytic domain. Production of superoxide by NADPH oxidase can also be
inhibited by polyphenols, notably by epicatechin and its methylated/glucuronidated
conjugateqSteffen et al. 2007; Steffen et aD(B). Xanthine oxidas€XO) generates
xanthine from hypoxanthine, and uric acid from xanthine, converting water to hydrogen
peroxide in the proces@zyurek et al. 2009)Polyphenols,including quercetin and
luteolin (Pauff & Hille 2009) have been showio tinhibit xanthine oxidase activitgnd
dietary intakeof phenolicsalongside vitamins has also been shown to reduce uric acid
levels in human plasm@ureshi et al. 2012A structureactivity studyreportedthatan
unsaturated®,3-bond isimportantfor inhibition of XO by flavonoids alongside the 4
keto group of flavonols and flavon@dladenka et al. 2010)

Small changes to a phenolic compound's structure can reageiticanteffecton
its bioactivity. The addition of a singl@éydroxyl group,i.e. the difference between
catechin and gallocatechin, can produce significant differences in the spatial arrangemen
of the moleculgDu et al. 2012) Methylation of flavonoids can reduce theibility to
inhibit ROS-generating enzymeflL.oke et al. 2008), as well as their induction of

apoptosis in cancer cel{fsandisPiwowar et al. 2008)Glycosylation of polyphenols can
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reduce theisuppession of liver cancer cell proliferatighoa et al. 2009)anda planar
structure can improveantioxidantactivity (Moalin et al. 2011) Structural changes can
also affect the binding affinity of polyphenols for proteins. Increased hydroxylation of the
A- and Brings, the presence ah unsaturated 2}3ond, a lack of sugar gros@and the
presence of galloyl groups are all factors which improve polypkhg@asma protein
binding affinity (Xiao & Kai 2012) The binding of plasma and cellulaproteins to
polyphenolsis likely to be importanin the context ofin vivo bioactive effect. For
example, flavonoids have been shown to bind to theatinéirogenic protein PON1 and
protect it from inhibition(Atrahimovich et al. 2013)Quercetin has been shown to inhibit

a wide array of human kinases at 2 and 30 (Bdly et al. 2011) and waseported to

bind to and inhibit the microbial enzymealanine ligasewith greater potency than
apigenin, indicating the importance a@fuercetin'sextra hydroxyl groups for this
interaction(Wu et al. 2008) Flavone and flavanone structures wéoeind to be more
effectivethan other polyphenokstinhibiting the activity of the cytochrome P450 enzyme
aromatasein particularflavones and flavanonesgith hydroxylation at the 3', 4', 5 and 7
positions(Neves et al. 2007As well as proteins, polyphenolsrcalso interact with the

lipid bilayer of the plasma membrane, where they are likely to bind and penetrate the
layer and form interlayer bridges, causing the collapse of the interbilayer fluid space and
hyperpolarisation of the membraftéuh et al. 1996)

Additional potential mechanisms for the beneficial vascular effectslgppends
includeprevenion of platelet aggregatiothrough inhibition of the thromboxane receptor
or synthesis of thromboxane itséilubbard et al. 2004; Vita 20053s well as réucing
the expression of cell adhesion molecules, such as K1AWd VCAM1 (Kim et al.
2011; Song et al. 2011vidence from animatudies indicates that polyphenols al&o
able to cause dilation of vascular tissues, both endotheliuradependent and
endotheliumindependent mannerdikely involving decrease to intracellular C&

concentrationand increases to nitric oxide productidotta et al. 2006; Villar et al.
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2005; Romano & Lograno 2009; Schmitt & Dirsch 200R)appears that the-Keto

group as well as hydroxylation of the-Ang of flavonoidsare important for this activity,
alongsidethe removalbf sugar meeties(Xu et al. 2007)Quercetin, epicatechigallate,

isoflavones and resveratrol have all been shown to have potent vesoedifacts on
vascular tissue.

Signal transduction plays an important role in mediating early responses to
circulatory compounds that lead to functional outcomes with important implications for
vascular health. While changes to RNA transcription anceprd¢vels are important for
mediating downstream functional changes, prepeotein interactions and changes to
their structures are a critical part of early signalling events. Introductiondofidual
polyphenolsto cells and tissues may initiate okey signalling event that varies
depending on the type of cell, or may start a number of events that cause cascades ¢
various signalling pathways. Crosstalk between signalling pathways downstream of
initial signalling events can complicate analyses, aafpgdf sensitivity to additional
external factors was the case, and make it difficult to draw conclusions between
functional outcomes and upstream signalling. Therefore focusing on early signalling
events would theoretically provide a simpler view of thechanistic effects induced by
bioactive compounds.

One common method for proteins to transduce signals is through the attachment
of phosphate groups (phosphorylation) to serine, threonine or tyrosine residues. This
affects the structural conformation thie protein, changing them into a state where they
have enzymatic activity. Often this activity can directly or indirectly lead to
phosphorylation of additional proteins (kinase activity), causing a signal cascade
(McCubrey et al. 2012). There are manydbiemical methods routinely used for
measuring levels of phosphorylated (phospharoteins, such as ELISA or western

blotting, which generally allow assay of a small numbers of targets.
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1.7. Consumption of polyphenols in traditional diets

Though there are #tilimits to the methods by which dietary intake of polyphenols are
accessed, mostly by databanks and food dig8eencer et al. 2008ronsumption is
estimated at 1 g/dajfouvier et al. 2011; Ovaskainen et al. 2D0Bhis valie can vary,
however, asregions across the worldave their own particular dietary habits. For
example, a national survey of Spanish households found that intake was closer to 3 g/da:
(SauraCalixto et al. 2007) This variation in levels ofphenolics consumed is also
reflected in studies which show that diets of particular regions can provide beneficial
effects to cardiovascular health. Thecadled 'French paradox' notes that there is a
relatively low incidence of CVD amongst populationscdted along the north
Mediterranean coast, in spite of diets that include high levels of saturated fats and red
meats, indicative of higher CVD risk. It is suggested this may be in part due to increased
consumption of polyphenalch foods in these regishincluding red wine and olive oil
(Shukla et al. 2010Rasmussen et al. 2009)o date, the focus of many of the studies
concerned with the connection between polyphenols and health havdobdeplants
common to the modern dietd &Vestern European and North American countries,
including cocoa, coffee, tea, onions and ap&wzier et al. 2009)Limited attention
has been given to less w&lhown foods of other international regions. Such foods are
likely to make use of plant imgdients that, while uncommon in western diets, may prove
to be rich sources of polyphenols with potential benefits to human vascular health.
Traditional foods (defined by the European Food Information Resource (EuroFIR)
asthose that are produced by prees datingto before the Second World WéCosta
2007) by their nature have the advantage of being both affordable and easy to obtain,
and are usually of high cultural importance. There is evidence, however, that such foods
can also be perceived as ligimigh value or inappropriate for daily consumptiofien
being reserved for festive occasiddmli et al. 2011) Changes to dietary habits, such

as inclusion of modern, convenience foods, may threaten the continued use of traditiona
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foods (Trichopoula et al.2 0 0 6 ; Mil ogevil et al . 2012)
benefits, or developing means for improvimggritional valug would help reverse such a
trend Geographical areashere such traditional foods have received little attention with
regards to hedit effects, provide the potential for uncovering new sources of beneficial
polyphenols, as well as building evidence for future health claims and providing support
for the continued production of traditional foods and sustained crop diversity
(Trichopoulou et al. 2007) One such area is that of thdiddle Eastern European
countries surrounding the Black S&ais is an area which h&sd littleresearch intéhe

health outcomes of their traditional and modern diets. It is likely ahatimber of the
plant foods consumed in these countries to provide some health benefithyand
understanding which foods these are, better nutritional advice carowided for those

who sufferhealthproblems such as cardiovascular diseasthese countries.

There is epidmiological evidence from recent studies that high CVD risk,
measured using markers which include obesitye&ttive protein and levels of lipids, is
associated with a significant proportion (> 50% in some cases) of the populations of
countries surroundm the Black Sea, including Turkegpnat 2004; Onat et al. 2011)
Bulgaria(Dyakova et al. 2008; Kurktschiev et al. 2008orgiaDavis et al. 2005¢rim
et al. 1999) RomaniaDaina et al. 2008; Dorobantu et al. 20800 UkraingKhalangot
et al. 2009) Therearecurrently noreportsas to whetheeasilyaccessibldoods such as
those found in traditional dietsire ableto counter levels of CVD risk when they are
included in the dietTo assess potential health benefits that could be derived from
traditional diets in this region, the EU FP7 project '‘BaSeFood' was set up to study foods
of Romania, Ukraine, Georgia, Turkey, Bulgaria and Ruésia6 Ant uono . et
Part of the preliminary work for this project was to compile a list of traditional slishe
indigenous to thenentionedcountries This list would act as a basis from which to select
foods of plant origin for this project, with an aim to study their polyphenol contents and

potential bioactive properties.
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1.8. Aims of the project

It was hypothesised thatlant foods originating from traditional diets of countries
surrounding the Black Seaould contain polyphenols which, in their nativepirasell
metabolised formwould be able to influence endothelial cellrgfling in a manner
associated withmproved endothelial functionTo test this hypothesigolyphenols and
polyphenolrich plant extractsvould be prepared for incubation wigndothelialcell
cultures, followed by analysis of specific or broad rangessighalling molecules

Specifically, hiswork would involve:

1 The systematic selection of plant foods traditionally eaten dunties
surrounding the Black Sea, for the preparation of bioactore extracts and

representative individual compounds.

1 Treatment of endothelial cell cultures with the plant extracts or pure compounds,
and preparation afell lysates for the analysaf signalling moleculesincluding
those related toendothelial function for the identification of bioactive

compounds.

91 Determining which compounds were responsible for any observed bioactivity
after exposure of cells to plant extracts, addntification of the underlying

molecular mechanisnfsr the polyphenol bioactivity
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Chapter 2

Selection of food plants, and general methods
for their biochemical analysis
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Chapter 2:Selection of foodplants, and general methods for

their biochemical analysis

2.1. Selection of traditional food plants

2.1.1. Determining the main ingredients of selected traditional dishes

This PhD project was funded by a Framework Programme 7 (FP7) @asifainable
exploitation of bioactive components from the Black Sea Area traditional foods
(BaS=Food) grant number22711§ from the European Union in which the Institute of
Food Research was a full beneficiary. TI
evaluating the potential benefits of bioactiveh plants that were used in traditional
foods in the little studied Black Sea region countries. Atzheé BaSeFood Consortium
Meeting (October 2009)r shortlist of traditional foods was compiled by the BaSeFood
consortiumpartnergTable 2.1), with each of the Black Sea area country represeatat
selectinga traditionaldish in each of the following categories; (i) fruit, (ii) vegetables,

(iif) herbs and spices, (iv) oilseeds, (v) cereals and (vi) fermented {dattes 2.2 and

2.3

Table 2.1: BaSeFood project partners of countrisesunding the Black Sea

Project Partner Country
University of FoodTechnologies Bulgaria
Elkana Biological Farming Association Georgia
Academy of Economic Studies Romania
Moscow State University of Food Productio Russia
Yeditepe University Turkey
Uzhhorod National Universit@dessa Ukraine

National Academy of Food Technologies
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Table 2.2: Representative country of project partners and their chosen foods.

Country Vegetables Fermented Herbs & spices
Bulgaria Tikvenik Boza Mursaltea
Georgia Nettles andwalnutsauce n/a Wild plum sauce

Romania Sournettlesoup Socata Herbaldish
Russia Vegetableokroshka Southerrkvass n/a

Turkey Kale Pickledgreenbeans  Blacktea
Ukraine Ukrainianborscht Sauerkraut Dill

Table 2.3: Representative country ofgject partners and their chosen foods.

Country Fruits Cereals Oilseeds
Bulgaria Fruits of theforest Wheatbread Sesameeeds
Georgia Churchkela Doli wheatbread Flax oil
Romania Plum pmpomegranate = Mamaliga n/a

Russia Watermelorjuice Buckwheatporridge = Mustardoil
Turkey Persimmon Cornbread n/a

Ukraine Uzvar Sourrye bread Sunflowerseeds

Information provided by the BaSeFood project partners was used to determine the mair
ingredients in the dishes listed Trable 2.2 (work to determine the maimgredients of
the dishes presented irable 2.3 was carried out by Wendy Hollands, IFBK), and
where recipe information was not available from the project partners, systematic web
searches were performed using the search engine Gduoglev.google.com) to
determine the main ingredients of the dishes. Web searches were performed using either:
) the dishs name as given by the project partnerfi@.e get abl e okr o
i)y the name translated into thBecsptshbize2
sCteshadl 00
(i)  single keywords from the whole name using either of the aforementioned
met hods. i .e. fAokroshkaod or fACttsh ¢
Translation was performed using the Google Translate faditiegipes(date of access,
Nov. 2009)were deemed to be of use for determiningthesdh 6 s mai n i ngr e
T the recipebds website featured within t
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1 amajority of the ingredients were shared with other recipes in the search results
The main ingredients of each dish, alongside the proportion of the dish that thegnepres
are given inTables2.4and2.5. The sources for the information given in these tables are
presented inrable 2.7, numbered accordingly between tables. The main ingredients of

the dishes listed iable 2.3 are presented ihable 2.6.

Table 2.4: Main ingredients of the traditional dishes from tMedetables category
(Table 2.2, alongside the approximate percentage of each ingredient in the dish. n/a
ingredient forms the whole of the dish, i.e. close to 100%.nuddata availableSources

for the presented information are listedTliable 2.7.

Dish Main ingredients % of dish Sources
Kale n/a n/a i
Nettles and  Nettles nd il
walnutsauce Walnuts nd
Sournettle Nettle 80 i
soup Onion 10

Bors n/a

Carrots 5

Celery Root 5

Rice n/a
Tikvenik Pumpkin 92 \Y

Walnuts 7.7

Cinnamon 0.3

Flour, Sugar, Oil/Butter n/a
Ukrainian Beetroot 25 v
borscht Cabbage 20

Potatoes 25

Carrot 10

Onion 10

White beans 10

Parsleyroot, celery, garlic, tomato paste, n/a

kvass|emon,sugar,sour cream,dill
Vegetable Potatoes 35 Vi
okroshka Cucumber 30

Spring Onions 15

Carrots 10

Turnips 10

Radish 10

Kvass,dill, parsley,eggs,sourcream n/a
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Table 2.5: Main ingredients of the traditional dishes from tRermented and'Herbs
and spices' categories Table 2.2, alongside the approximate percentage of each
ingredient in the dish. nfaingredient forms the whole of the dish, i.e. close to 100%. nd

no data available for the percentage of this ingredient ipaas of the whole dish.

Sources for the presented information are listeThible 2.7.

Dish Main Ingredients % of dish Sources
Boza Millet nd Vil
Sugar nd
Socata Elderflowers nd viii
Lemons nd
Sugar,yeast nd
Southern kass Rye bread nd IX
Sugar,yeast -
Pickled green Green beans nd i
beans Onions nd
Sauerkraut Cabbage nd X
Mursaltea Sideritis n/a \Y
Wild plum sauce Plum nd Xi
Dill nd
Coriander nd
Herbaldish Parsley 40 Xi
Dill 40
Onion 19
Mint, sweet basilsage <1
Dill n/a n/a n/a
Blacktea n/a n/a n/a
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Table 2.6;: Main ingredients of the traditional dishes from tReuits’, ‘Cereals and

'Oilseeds categories Table 2.3), alongside the approximate percentage of each

ingredient in the dish. nfaingredient brms the whole of the dish, i.e. close to 100%- nd

no data available for the percentage of this ingredient in as part of the whole dish.

Dish

Main Ingredients

Sunflowerhulva

Uzvar

Sour rye bread
Mustard oll

Water melon juice
Buckwheat porridg
Plum jam
Mamaliga

Flax oil
Churchkela

Bread baked from
Akhaltsikhe Mesfhetion
tsiteli doli

Sesame seeds
Fruits of the forest
Wheat lvead
Persimmon fruit
Pomegranate

Fruit of the evergreen
cherry laurel

Corn bread
Cracked corn soup

Bulgar pilaf

Sunflower seeds, liquoricepcoa powder, raisins, vanilla,
sugar, molasses

Dried apple, pears and prunsgrup
Rye flour, yeast, sugar

n/a

n/a

Buckwheat

Plums

Water, salt, cornmeal

n/a

Walnut,hazelnut, almondéskins removed)dried fruits
grape juiceandcorn flour

Wheat flour Makhobeli (wild plant) grains

n/a

Fruits bearing resemblance to blueberries
Wheat flour

n/a

n/a

n/a

Corn
Corn, pinto beans, yoghurt
Bulgar, Chicken broth, onion, tomato, green pepper
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Table 2.7: Citations referreda in Tables2.4and?2.5.

No.

References

i
i
iii
iv
Y]

Vi

Vil

viii

Xi
Xii

(Yeditepe University 2009)

(Charl otteds VVeb 2009; World Heal
(Bucharest Academy of Economic Studies 2009; Eculinar 2009; Gastrc
2009; Retete Mancare 2009)

(University of Food Technologies 2009)

(Elena Filatova 2007; Gotovim 2009; Russland Journal 2009a; Say7 200t
Worldwide Gourmet 2009; Ukraine Orphans 2009)

(Moscow State University of Food Productions 2009; Gastronom 2009;-(
Cook 2009; Gotowvn 2009; Povarenok 2009; Russland Journal 2009b; Ru:
Foods 2009; Wikipedia (RU) 2009)

(Gotvarstvo 2009; Sulekha 2008; Wikipedia (BG) 2009)

(Bucharest Academy of Economic Studies 2009; Eufdiies 2009; Globa
Oneness 2009)

(Moscow Stag University of Food Productions 2009; The Kombucha Jou
2009)

(Boyko et al. 2009)

(Elkana- Biological Farming Association 2009)

(Dr Alexandru StroiaASE (personal communication), 11/12/2009)

2.1.2. Bioactive constituents othe main plant ingredients

Literature reviews were conducteging the online dabases Web of Knowledge and

PubMed, to determine main bioactive compoundstiie plant ingredientdetailed in

Section 2.1.1(the bioactive content of the food plants listed able 2.6 was reearched

by Wendy Hollands, IFRUK). The polyphenol database website Phenol Exphwas

also used to determine the phenolic content of food plants (Nevel2€18). along with

their total phenolic content (TPCRReviewed lieraturewas used to estimathe TPC of

any foods not present on Phenol Explor@tis information is presented ifiable 2.8,

with sources for the information listed ifable 2.9. The main bioactive compounds

found in the plant foods listed able 2.6 are presented ihable 2.10.
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Table 2.8: Plant ingredientdrom the categories/egetable§ 'Fermented and Herbs
and spices(Table 2.2 and thé& main bioactivecompoundsflasses, with compounds of
note given in bracketslongside The total phenolic contenTPC) of each food plat is

given as mg/100 gsources for the information presented here are listédlite 2.9.

Plant TPC Phenolics and other main loactives Sources
ingredient
Kale 177 Large number glycosides of kaempferol (foremo i

guercetin and isorhamnetin
Glucosinolates (brassigin
Carotenoi d=arofeheyt ei n & ¢

Nettles 110 Hydroxycinnamic acids il
Flavanol glycosides (egercetin
Anthocyanins

Walnuts 1625 Ellagic acid, gallic acid ii
Hydroxybenzoic acidévanillic and ferulic aciyl
Hydroxycinnamic acids

Onion 46  Flavanol gycosides (gercetin \Y
Protocatechuic acid

Carrot 58 Flavanoids (quercetin) v
Phenolics hydroxybenzoic/cinnamic acids
Carotenoidsf§-carotene)

Celery 59 Flavonoids (apigenin) \Y

root

Rice 95 Phenolics hydroxybenzoic/cinnamic acids iv

Pumpkin 16 Carotenoids (lutein anfolcarotene) Vi
Phenolicg hydroxybenzoic/cinnamic acids

Cinnamon 9700 Catechin, epicatechin, procyanidins (&igner) Vil
Cinnamaldehyde, caffeic acid

Beetroot 164 Betalains (betanin), flavmids (luteolin) viii

Cabbage 15 Flavonoids (quercetin and kaempferol glycosides) IX

Glucosinolates (sinigrin, glucoberin)
Hydroxycinnamic acids (sinapic acid derivatives,
p-coumaroylquinic acid)

Potatoes 31 Phenolics hydroxybenzoic/cinnamic acids X
White 138 Hydroxycinnamic aics (ferulic acid), sl v
beans guantities of flavasB-ols
Glycosides of quercetin and kaempferol
Cucumber 18 Flavones (luteolin), kaempferajuercetin \Y
Lignans (secoisolariciresinol)
Spring 107 Kaempferol and quercetin glycosides Xi
Onions Hydroxycinnamicacids (ferulic acid)

Flavones (baicalein) anftavanones (hesperidin)

52



Table 2.8: Plant ingredientdrom the categories/egetable§ 'Fermented and Herbs
and spices(Table 2.2 and thé& main bioactivecompoundsflasseswith compounds of
note given in bracketslongside The total phenolic contentT(PC) of each food planis

given as mg/100 gsources for thenformationpresentedhereare listed inrable 2.9.

Plant TPC Phenolics and other main loactives Sources
ingredient
Turnips 55 Glucosinolates (gluconapin), Xil

Glycosides of kaempferol, quercetin a
isorhamnetin

Radish 44  Lignans (pinoresinol) Xiii
Kaempferol
Glucosinolategglucoerucin and glucoraphenin)
Anthocyanins acylated with phenolic acids

Eldefflower - Caffeic acid derivatives, Xiv
Glycosides of kaempferol, quercetin and
isorhamnetin

Lemons 60 Flavanones (@odictyol, hesperetii iv

Rye bread - Ferulic acidJignans \Y

Green bean: 304  Catechin, epicatechin, procyanidin dimers XV
Kaempferol ad quecetin glycosides

Cabbage 15 ITCs (allylisothiocyanate, sulfaphane) XVi

(fermented)

Sideritis 480 Flavone glycosides (apigenin, hypolaetin, luteolir ~ xvii

Phenolicg hydroxybenzoic/cinnamic acids
Lignans (sesamin)
Di- and triterpenoids (siderogqualene)

Plum 410 Quercetin glycosides {®-rutinoside) v
(Epi)catechin, procyanidin dimers & trimers
Peonidin and cyanidin glycosides
Caffeic acid

Dill 208 Glycosides of kaempferol, quercetin a  xviii
iIsorhamnetin

Coriander 159 Ferulic, caffec & gallic acid XiX
Quercetin and kaempferol

Parsley 90 Gallic, protocatechuic and caffeic acid XX
Quercetin, kaempferol,
Luteolin, myricetin and apigenin

Blacktea 105 (Epi)catechin, procyanidins, theaflavins v
Kaempferol and queetin glycosides
Phendics 1 hydroxybenzoic/cinnamic acids
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Table 2.9: Citations referred to ifable 2.8.

No. References
I (Yeditepe University 2009; Neveu ak 2010;Kopsell et al. 2003; Sarikamis
al. 2008; Schmidt et al. 2010)
i (Chrubasik et al. 2007; Pinelli at. 2008)
i (Neveu et al. 2010; Jakopic et al. 2009; Shan et al. 2005; Stampar et al. 20!
iv  (Neveuet al.2010)
v (Neveu et al. 2010; Bub et al. 2000)
vi  (Neveu et al. 2010; Kurz et al. 2008)
vii  (Neveu et al. 2010; Peng et al. 2008)
viii  (Nevau et al. 200; Kujala et al. 200Xujala et al. 2001)
ix (Neveu et al. 2010; Mattila & Hellstrom 2007; Sousa et al. 2008; Tolonen
2002)
X  (Neveu et al. 2010; Mattila & Hellstrém 2007)
xi  (Neveu et al. 2010; Marinova et al. 2005; M. Parvu e2@1.0; Thompson et a
2005; Aoyama & Yamamoto 2007)
xii ~ (Neveu et al. 2010; Francisco et al. 2009)
xiii ~ (Neveu et al. 2010; Malik et al. 2010; Matsufuji et al. 2007)
xiv. (L. Christensen et al. 2008; Kaack@ristensen 2010)
xv  (Neveu et al. 2010)
xv  (Neveu et al. 2010; Hertog et al. 2002; Sarkams et al. 2009)
xvi  (Neveu et al. 2010; Tolonen et al. 2002)
xvii  (Gabrieli et al. 2005; Janeska et al. 2007; Koleva 2007)
xviii  (Neveu et al. 2010; Justesen & Knuthsen 2001; Justesen 2000)
xix  (Neveu et al2010; Hadjmohammadi & Sharifi 2009)
xXx (Neveu et al. 2010; Mi gan et al . .
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Table 2.10: List of plant ingredientérom the categorie$-tuits’, ‘Cereals and Oilseeds

(Table 2.3) and th& main bioactivecompoundsllasses, with compounds of noteen

in bracketsalongside.

Plant
ingredient

Phenolics and other main bioactives

Sunflower seeds
Liquorice
Cocoa powder

Raisins

Dried apple
Dried pear

Rye flour

Buckwheat

Flax oil
Almonds

Hazelnut

Grape juice

Wheat flour
mixed with
Makhobeli (wild
plant) grains
Pomegranate

Sesame seeds

Fruit of the
evergreen chern
laurel
Persimmon

Phenolics hydroxybenzoic/cinnamic acids
Flavanos (quercetin

Flavanols- epicatechin, catechin, procyanidins
Phenolics hydroxybenzoic/cinnamic acids

Phenolics hydroxybenzoic/cinnamic acids
Flavonols- quercetin3-O-rutinoside

Flavanols and phenoli¢but a reduced quantity due to dryin
Flavanols and phenoli¢but a reduced quantity due toyairg)

Phenolics hydroxybenzoic/cinnamic aciqgerulic, sinapic
andp-coumaric acid)
Lignans

Flavonols (rutin anatherquercetinglycosides)
Flavanols (catechin, epicatechin, procyanidins)

Lignans, phenolic acids

Flavanols' Epicatechin, catechin, epigallocatechin gallate
Flavanone$ Naringenin

Flavonolsi Isorhamnetin, Kaempferol, quercetin
Phenolics Hydroxybenzoic acid

Flavanols' Epicatechin, catechin, epigallocatechin gallate

Flavands,
Flavones (apigenin, luteolin),
Flavonols (kampferol, quercetin, myricetin)

Flavonoids and phenolic compounds

Anthocyanins (cyanidin, delphinidin)
Ellagitannins (punicalagin)
Catechins, procyanidins

Lignans

Anthocyanins

Flavanols- Catechingpicatechin, epigallocatechin,
Phenolics chlorogenicacid, caffeic acid, gallic acid
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2.1.3. Criteria for the selection of food plants

The following criteria were used to grade and rank the plant ingredients, from which the

top six would be chosen for further study.

(i) In-house expertise for bioactives - Preference was given to plants which
contained bioactives that members of lalrhadexpertise in. This criterjavhich
was further divided into the categories of main expertise (A) and additional
expertise (B D) is graded (high to low) as follows:

A. Plant contains flavonoids

B. Plant contains glucosinolates

C. Plant contains neflavonoidpolyphenols
D

. Plant contains nepolyphenolic, norglucosinolate bioactives

(i)  Proportion in final dish - Preference was given to plangredients which were
present in larger quantities in the final dish. The criteria is graded (high to low) as
follows:

A. 50 - 100% of the final dish
B. 25-49% of the final dish
C. 5-24% of the final dish
D. 0-4% of the final dish

(i)  Concentration of bioactives in plantingredients - Preference was given to
plantingredients which contain higher concentrations of bioactibesedon
information presented iMable 2.8 The criteria is graded (high to low) as
follows:

A. >400 mg bioactives/100 g fresh weight

B. 100- 400 mg bioactives/100 g fresh weight
C. 40- 100 mg bioactives/100 g fresh weight
D. 0-40 mg bioactives/100 g fresh weight
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(iv)

(v)

Prevalence of ingredients in WesternEuropean diets- Plantingredients which
featured less prominently in diets of western Europe were graded higher. This
criteria is graded (high to low) as follows:

A. Rare occurrence WesternEuropean diet
B. Occurs inWestern European diet to a lesser extent
C. Common inWestern European diet

Prevalence of ingredients in traditional dishes - Plantingredients which
appeared in more than one of the dishes listéthlries 2.2 and 2.3 werehigher
preferenceThis criteria is graded (high to low) as follows:

A. Appearance in more than 2 dishes
B. Appearance in 2 dishes

C. Appearance in 1 dish

2.1.4. Ranking of food plants

Plant ingredients were ged by criteria grades, with the criteria ranked in the following

order (headigs forTable 2.11givenin brackets alongside)

(i)
(ii)
(iii)
(iv)
v)
(vi)

In-houseexpertisgor bioactivesExpertise)

Proportion in final dist{Propor.)

Concentration of bioactives in plaimgredient§Conc.)
Prevalece of ingredients in WesteEuropean diet§Diet)
Prevalece of ingredients in traditional dish@ishe9

Additional lab expertise of bioactivéadd. expertise)

The final £lected foods are underlinedTiable 2.11 While plum was initially selected,

a sample of the fruit could not be obtained, so pomegranate was selected instead.
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Table 2.11: Plantingredients gradedby the criteria fromSection 2.1.3 The highest

grading foods which were selected for further study areuingd.

Plant Selectioncriteria

ingredient ~ Expertise Propor. Conc. Diet Dishes Add. expertise
Sideritis A C,D
Plum C
Kale B, C
Nettle C
Persimmon
Dill
Pomegranate
Cherry Laurel
Tea
Green Beans
Watermelon
Blueberries
Beetroot
Parsley
Cucumber
Elderflowers
Cocoa Powder
Raisins
Liquorice
White beans
Dried Apple
Dried Pear
Almonds
Spring Onions
Grape
Hazelnut
Onion
Turnips
Radish
Celery Root
Lemons
Sage
Mint
Celery
Mustard Oil

Oo000 O @]

OO0 00

B, C

®W>2>>>>>>>>>>>>>r>>>>r>>>>>>r>r>>>r>r>>r
>O0000000000000000000WWI®®>2>2>2>>P>I>TP>P
>0 0T mOO0O0O00WWWWwWwWwW>P>P>P>O0OWOW>POEEWEWEWE®EE>E >
O0O00000000000O2Z2ZT2>20002P200WOHOTOOT®I®>>HL>P
O0OO000000O0OZTO0O00000000000TOOOOOOO>TOOWLOTO
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Table 2.11 Plantingredients graded by the criteria fr@action2.1.3

Selection Criteria
Expertise Propor. Conc. Diet Dishes Add. Expertise
Cabbage B B A C
Buckwheat A
Sesame Seeds
Corn
Sunflower Seeds
Flax Seed Oill
Rye Flour
Wheat flour
Potatoes
Walnuts
Coriander
Cinnamon
Sweet Basil
Rice
Pumpkin
Carrots
Garlic

Plant-ingredient

D

COoOTOTOO0O000000000O0
OO0O>» 000 0O00W>>»>>>>>P
O0O0OW>»PW>O00O000T® > > O
OO0O>Z>T00002>2002>»2>0>2>>0
OWOOO0O0OWmWTITWOOOTOO

2.1.5. Detailed literature analysis of the bioactive contentor selected food plants

Through systematic grading lolefined criteria, the food plants dill, nettle, sideritis, kale,
pomegranate and persimmon were selected for study in this project. The literature was
studied exhaustively tdetermineall the phenolic compounds that had been identified in
each of plantsOnly studies which focused on the parts of the plant which would be of
focus in this project (i.e. the edible parts) would be used for determining their phenolic
content, these being the aerial parts of dill, nettle, kale and sideritis, persimmondruit an
pomegranate arils. The phenolic composition of the six plant foods are giVerblies
2.12t0 2.21 Thefood plants werealso analysed by Shikha Saha (JRRK), using a high
performance liquid chromatograghdiode array detectidmass selective detectio
system Compounds similar to those presented in the following tables were detected, and
thedatafrom these analysdss been publisheslsewheregby Hollands et al(2013).
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Table 2.12: Phenolic compounds identified in dill by previous studies.

Dill phenoliccompounds Refs.

Quercetin -3-O-glucuronide  (Justesen 2000)
-3-O-rutinoside
-3-O-galactoside  (Teuber&
-3-O-glucoside Herrmannl978)
Isorhamnetin  -3-O-glucuronide  (Justesen 2000)
-3-O-rutinoside
-3-O-galactoside  (Teuber &
-3-O-glucoside Herrmannl978)
Kaempferol -3-O-glucuronide  (Justesen 2000)

Table 2.13: Range of concentrations of phenolic compounds found in dill, and the

number of samples used to calculate values.

Dill phenoliccompounds mg/100 g fresh weight Refs. andno. of samples(n)

Quercetin aglycone 48-110 (Justesen &nuthsen2001)
Kaempferol aglycone 16- 24 (n=2)
Isorhamnetin aglycone 15-72

Table 2.14: Phenolic compounds identified in either nettle ldaf, Gtem §) or both, by

previous studies, the tin@ange of concentrations found in plant material.

Nettle phenoliccompounds  Leaf or mg /100 g Refs.
stem fresh weight
Quercetin3-O-glucoside L&S 8.5-60 (Grevsen et al. 2008
Quercetin3-O-rutinoside L&S 34-271 Pinelli et al. 2008)
Isorhamneath 3-O-rutinoside L&S 5-61
Kaempferol 30-rutinoside L&S 1.7-12
Caffeic acid derivative L&S 27-43 (Pinelli et al. 2008
Chrubasik et al. 2007)
p-Coumaric acid L&S 3.8-11.8 (Pinelli et al. 2008)
5-O-feruloylquinic acid - - (Grevsen eal. 2008)
5-O-caffeoylquinic acid (Grevsen et al.@8;
3-O-caffeoylquinic acid S 6.6- 15 Pinelli et al. 2008;
Chrubasik et al. 2007)
2-O-caffeoylmalic acid L 139- 334 (Pinelli et al. 2008
Grevsen et al. 2008)
Chlorogenic acid L&S 66- 216 (Pirelli et al. 2008

Chrubasik et al. 2007)

Peonidin3-O-rutinoside S 7-34 (Pinelli et al. 2008)
Peonidin3-O-( 6ONN;j S 0-34

coumaroyiglucoside)

Rosinidin3-O-rutinoside S 11-68

Scopoletin - (Chrubasik et al2007)
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Table 2.15. Phenolic componds identified in persimmon by previous studies, their

range of concentrations and the number of cultivars/samples used to calculate values.

Persimmonphenolics mg/100 gfresh Refs. andno. of cultivars and
compounds weight samples (n)

(-)-Epicatechin 05-1.49 (Gorinsteinet al.2001)(n=8)

(+)-Catechin 0.4-3.3 (Vebericet al.201Q
cultivars=11, n=15)

(+)-Gallocatechin 0.17 (Neveuet al.2010;Akagi et al.

Procyanidin dimer B1 0.13 2009 cultivars=5 n=3;

Procyanidin dimer B3 0.01 Suzuki et al. 2005cultivars=5

Procyanidin trimer B EY C 0.04 n=3)

Prodelphinidin dimer B3 0.30

Quercetin3-O-rutinoside Trace (Veberic et al. 2010

Quercetin3-O-glucoside cultivars=11, n=15)

Quercetin3-O-galactoside

Caffeic acid Trace

Gallic acid 1.8-221 (Veberic et al. 2010
cultivars=11, n=15¢orinstein et
al. 2001 n=8)

Ferulic 9.3-11 (Gorinstein et al. 2001=8)

Protocatechuic 5.7-6.9

Vanillic acid 0.50

p-Coumaric acid 56- 67

Number of other - (Li et al. 2010)

procyanidir prodelphinidin

oligomers vith E, ECG, EGC
and EGCG extender units,
and catechin, EGCG and
myricetin terminal units.

Abbreviations: E- epicatechin,C - catechin, ECG - epicatechirgallate, EGC-

epigallocatechin, EGCGepigallocatechirgallate.

Table 2.16: Range of concentrations of phenolic compounds found in kale, and the

number of cultivars/samples used to calculate values.

Kale phenoliccompounds  Cultivar mg/100 gfresh Refs. andno. of
weight samples(n)

Total phenolics Reflex 305478 (GAE) (Olsen et al 2009
Total flavonols Reflex 491- 831 (RE) n=>5)
Total hydroxycinnamic eids  Reflex 148- 250 (RE)
Kaempferol(as @lycong Reflex 52-61
Quercetin(as a@lycong Reflex 34-56
Kaempferol(as @lycong Vates 24-35 (Zhang et al. 2003
Quercetin(as alycong Vates 7.7-24 n=2)

Abbreviations: GAE gallic acid equivalent, RErutin equivalent
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Table 2.17: Phenolic compounds identified kale by previous studies.

Kale phenolic compounds Refs.

-3-O-(Glc/GnlSph/triGlc) (Lin & Harnly
-3-0O-Sph;7-0O-(Glc/diGlc) 2009; Velasco &
-3-O-Glc,-7-0O-Glc Francisco 2011;
-3-0O-Glc,-7-0O-Glc -4 &lc Schmidt et al. 2010
Olsen et al. 2009)

Non-
Acetylated

-3-O-(Fer/Sin/Caff/hFerSph
-3-O-(Fer/Sin/Caff/hFer/Coum$ph;7-O-Glc
-3-O-Sph;7-O-(Sin/Fer}diGlc
-3-O-(diSin/SinFer}triGlc,-7-O-Glc
-3-O-SinFertriGlc,-7-O-diGlc
-3-O-Sin-triGlc,-7-O-Sin-diGlc
-3-O-(Glc/Gnb/SphltriGlc)
-3-0O-Sph;7-O-(Glc/diGlc)
-3-O-(GlcltriGlc),-7-O-Glc
-3-O-Glc,-7-O-Glc,-4 ®lc

Quercetin

Acetylated

Non-
Acetylated

-3-O-(Fer/Sin/Caff/ hFer/Coum$oph
-3-O-(Fer/Sin/Caff/ hFer/Courmm$ph;7-O-Glc
-3-O-(Fer/Sin/Caff/ hFersph;7-O-diGlc
-3-O-SintriGlc,-7-O-diGlc
-3-O-(diSin/SinFer}triGlc,-7-O-Glc
-3-O-(diSin/FerSin/diFeritriGlc,7-O-diGlc
-3-O-(Glc/Gnb/Sph,triGlc)
-3-O-Gnb;7-0O-diGlc
-3-O-(Sph/Glc/Gnb)},7-O-Glc
-3-O-Glc,-7-O-Glc,-4 ®lc

Kaempferol

Acetylated

Non-

Isorhamnetin

Acet-

-3-O-Sin-Sph;7-0O-Glc

-3-O-FerSph;7-O-diGlc

-3-O-diSin-triGlc,-7-O-diGlc

3-(Caff/Coum)tquinic acid (Lin and Harnly
4-(Caff/Fer}yquinic acid 2009;Velasco et al.
Sinapic acid 2011; Olsen et al.

Sinapylglucoside 2009)
1-Sin, 2-(Sin/Fer}Gnb

1-Sin-,2-(Sin/Fer}, 2So+Gnb

Fer(diSin/Sin}triGlc

ylated | Acetylated

Hydroxycinnamic
Acids

Abbreviations:Glc - glucoside; Gnb gentiobioside; Sph sophoroside; Fer feruloyl;

Sin - sinapoyl; Caff- caffeoyl; hFer- hydroxyferuloyl;, Coum- p-coumaroyl. There is
some discrepancy between glycoside names in the literature (i.e. diglucoside instead o
sophoroside or gentiobiosidand triglucoside instead of sophorotriosi@@sen et al.

2009) so while these glycosides are listed separately, they may in fact be the same

compound
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Table 2.18: Phenolic compounds identified 8ideritis scardicaby previous studies.

Sideritis scardia phenoliccompounds Refs.

Isoscutellarein -7-O-Al o(1Y2) Gl c (Petreska
-7-0-[6"-O-Ac]-Al o ( 1Y2) Gl ¢ etal
-7-0-[2",6"-di-O-Ac]-Al o ( 1 Y2) GI 2011)
-7-0-[6"-O-Ac]-A | o (-[6"YO2A}]-Glc

4 ©- 7-O-Al o(1NK2) G (Gabrieli

Methylisoscutellarein et al.
-7-0-[6"-O-Ac]-Al o ( 1Y2) Gl ¢ 2005
-7-O-[6"-O-Ac]-A | o ( 3[6'-®-Ac]-Glc  Petreska e
-7-O-A1 o ( & &YAc]-Glc al. 2011)

Hypolaetin -7-O-Al o(1Y2) Gl c (Petreska

9 -7-O-[6"-O-Ac]-Al o ( 1Y2) Gl ¢ etal
S -7-0-[2",6"-di-O-Ac]-Al o ( 1Y 2) GI 2011)
T 3® 7-0-Al o(1Y2) Gl ¢

L. Methylhypolaetin

-7-0[6"-O-Ac]-Al 0 (1Y2) Gl ¢
-7-O-[2",6"-di-O-Ac]-Al 0o ( 1Y2) GlI

-7-O-Al o ( &"-D-Ac]-Glc (Koleva
-7-0-[6"-O-Ac]-A | o ( 3[6r-®-Ac]-Glc  2007;
Koleva et
al. 2003)
Chryseriol (Janeska e
al. 2007)
4 ®©-Methyl-luteolin ~ -7-O-[ 6 ®AG-Al o( 1 Y2) GI ¢ (Koleva
Apigenin -7-O-A1 o ( & &HAc]-Glc 2007)
Phenyéthanoids 3 éD-p-coumaroyi6 0-Ac-melittoside
Melittoside
Echinacoside (Petreska
Forsythoside A et al.
Verbascoside 2011)

Alyssonoside

Leucoseptoside A
Hydroxycinnamic 3-Caffeoyluinic acid (Koleva
acids 5-Caffeoylquinic acid 2007)

Abbreviations: Alo- allosyl, Glc - glucoside Ac - acetyl.

Table 2.19: Range of concentrations of phenatempounds found isideritis scardica

and the number of samples used to calculate values

S. scardicgphenolic compounds % dry weight  Refs. andno. of samples(n)

Isoscutellarein aglycone 0.08-0.19 (Janeska et a007, n=3)
360-methylhypolaetin agicone 0.07-0.20

Apigenin aglycone 0.05-0.12

Chryseriol aglycone Trace
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Table 2.20: Phenolic compounds identified promegranate arilgy previous studies.

Pomegranate henoliccompounds Refs.
o Delphinidin -3-O-Glc (Alighourchi et al.
= -3,50-diGlc 2008; Borges et
% Cyanidin -3-0O-Glc al. 2010; Robert
o -3,50-diGlc et al. 2010)
€ Pelargonidin -3-O-Glc
< -3,5-0-diGlc
EGC -delphinidin  -3-O-Hex (Sentandreu et al.
2 EC -3,5-0-diHex 2010)
£35 _EA
S & EGC -cyanidin -3-O-Hex
23 EC -3,5-0-diHex
£% EA
< § EGC -pelargonidin -3-O-Hex
S EC -3,5-0-diHex
EA
" Catechin (de Pascual
© Epicatechin Teresa et al.
e B1 Dimer 2000)
g B3 Dimer
= Gallocatechin
Epigallocatechin
Puricalagin A (Gil et al. 2000;
Punicalagin B Borges et al.
2 Punicalin A 2010)
< Punicalin B
8 Granatin A
2 Granatin B
I Ellagic acid

2-O-galloylpunicalagin
Ellagic acidO-hexoside

Abbreviations: Glc - glucoside Hex - hexoside EGC - Epigallacatechin EC -

EpicatechinEA - Epi-afzelechin
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Table 2.21: Range of concentrations of phenolic compounds found in pomegranate, and

the number of cultivars/samples used to calculate values.

Pomegranate enolic mg/100 ml Refs. andno. of cultivars and
compounds samples (n)
Cyanidin -3-0O-Glc 0.2-36 (Alighourchi etal. 2008
-3,50-diGlc 4.4-236 cultivars=15, n=3)
Delphinidin  -3-O-Glc 0.2-10 (Mousavinejad et ak009
-3,50-diGlc 0.3-530 cultivars=8, n=3)
Pelargonidin -3-O-Glc 0.1-24
-3,50-diGlc 0.01-0.1
Ellagic acid 0.7-16 (Mousavirejad et al2009
cultivars=8, n=3)
Total Anthocyanins 30- 252 (Alighourchi et al.2008
cultivars=15, n=3)
81.5- 776 (Mousavinejad et aR009
cultivars=8, n=3)
16.8- 133 (Sepulvedateal. 201Q
cultivars=8, n=10)
55° (Robert et al. 2010)
Total Phenolics 420- 93C¢° (Mousavinejad et al. 2009
cultivars=8, n=3)
68- 124 (Sepulveda et al. 2010
cultivars=8, n=10)
177 (Robert et al. 2010)

2 Measured byFolin-Ciocalteu assay;” Measuredby HPLC as cyanidir3-O-glucose
equivalent;® Measuredby HPLC as mavidin-3-O-glucose equivalent® Measuredby
HPLC as gallic acid equivalent. Additional details of phenolic concentrations are given in
(Borges et al2010) but were quantified basl on the extract volume (mdL) rather

than the quantity of plant materiahd so were not included
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2.2. General biochemical techniques for analysis of plant bioactivity

The following techniques were used throughout this wéok culture and analysis of
endothelialcells. All chemicals were purchased from Sig#krich unless otherwise

specified and water was of MilliQrade purity.DMSO was stored under nitrogen to
prevent contamination from moisture in the @&l.cells and growth media/supplements

were purchased from Lonza.

2.2.1. General cell culture techniques

Human umbilical vein endothelial cells (HUVECSs) wetesen as themodel forin vitro
experiments in this workSuch cells are commonly used in studies which focus on
signalling mechanisms in the endothelium, and as a mé&ansinderstanding the
molecularinteractions behindunctional outcomesseen in tissue culturgtudies.While
most veins carry deoxygenated blood through the body back to the theaumbilical
vein differs in that it carries oxygenated blofsrdm the phcenta to the foetuseart
Therefore, there is a similarity betwetre function ofarteries and the umbilical vein
However, the layer of smooth muscle surroundintipe umbilical vein endotheliumis
much thinner that would be normally found aroundehaotheliumof arteries and so it's
ability to contract and dilate is likely to be weaker. Ssiich cellsare relatively easy to
obtain,aswell as to characterise througimdothelial cell specific proteinsuch as von
Willebrand factor, PECAML (CD31)and endoglin (CD1%), and provide a good model
for endothelial cells in a nediseased stat&hey alsorepresent more affordable model
for signallingin the endotheliumin comparison to other sources for endothelial cells,
such aghe aortapulmonaryartery, or micro-vessels of lung or dermal tissue.

HUVECs weresupplied as frozen primaries (Clonetics, Lonza) and cultured at 37
°C to passage 4 (101 population doublings) in fully supplemented endothelial growth

media (EGM2) (basal media (EBA2) plusEGM-2 BulleitE supplements) before use
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in experiments, which were performed also at 37 °C. Prial teeatmend, cultures were
washed twice with warm EBM2, supplemented with Bulletkit antibiotics Post
treatment, cells were washed twice with cold PBS (Gibco, Téehnologies), the
remaining liquid was aspirated, and -io@d cell lysis buffer (1X concentration, Cell
Signalling Technologies (CST) #9803) was applied to cells. The lysis buffer contained (at
1X concentration): 20 mM TrBICI (pH 7.5), 150 mM NaCl, 1 M NaEDTA, 1 mM
EGTA, 1% Triton, 2.5 mM s-glyterophosphate,rlarh o s
NagVO, and 1 pg/ml leupeptin. It was supplemented with protease inhibitor (1X
concentration, Complete Mini, Roche), and, if target analyte(s) inclpbdesphorylated
proteins with phosphatase inhibitor (1X concentration, PhosStop, Roche). 1 mM
phenylmethylsulfonyl fluoridevas added to the lysis buffer shortly before use. Plates
were held at 4 °C for 2 minutes before harvesting the cells by sgrdpysates were
aspirated to eppendorfs, vortexed briefly, and kept on ice. Eppendorfs were vortexed a
further 3 times every 5 minutes, keeping on ice in between vortexes, and centrifuged (4
°C, 10 minutes, 17000 glysates were aliquoted as necessarystaced at80 °C until

further analysis.

2.2.2. BCA assay of total protein

The bicinchoninic acid (BCA) assay provides a fast mdansdetermining protein
concentration in a generallynonspecific fashion Protein structure, the number of
peptide bonds, andhé proportion of cysteine, tyrosine atmgptophanin the samplean
all affectthe colorimetric reactionf the BCA assaybut it is generally assumed that the
influence of these factors will be minor

A stock of 2 mg/ml bovine serum albumin (BSA) wasdiso prepare a standard
curve from which to measure protein concentrations in the lysates of each cell culture

dish/plate well. NaPi buffer (43.85 mM NagP,, 6.15 mM NaHPQ,, 5 mM EDTA)
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was used to dilute lysate samples and the BSA standard, and waasubed0 mg/mi
standard. Lysate aliquots wereldit ed 1: 20 and 25 ¢l of
pipetted into a 9ave | | plate in duplicate. 200 ¢l
copper (Il) sulphate pentahydrate was then added to each well, and the plate was
incubated at 37 °C for 30 minutékhe absorbance of each well was read using a Dynex
MRX Il spectrophotometer set at 550 nm, and the protein concentration of each lysate

was calculated.

2.2.3. Western blotting

For semiquantitative analysis of specific proteins in HUVEC lysate samples, western
blotting was chosen as a cadfective protein assay, were single samples could be
sequentiallyassayed for multiple proteins, far protein postranslation modification.

30 €g samples of total cRAGE gelp ([Expédeon;n v
12-well SDSPAGE gels (8% or 42%), RunBlue Rapid SDS buffer, DTT and LDS
sample buffer), according to the manufacturer's instructions. Separated proteins were
transferred to itrocellulose membranes (Biead) using XCell Il gel tanks (BieRad).
Western blot transfer buffer (192 mM glycine, 25 mM Tris base, 0.1% (v/v) SDS) and
TBST buffer (20 mMTris base, 137 mM NacCl, 0.1% (v/v) Twe0, pH adjusted to 7.6
with HCI) were pepared in house. Blots were washed with TBST (5 mins) after transfer
and after the blocking, primary antibody and secondary antibody incubation steps. HRP
conjugated antiabbit IgG antibody (CST, #7074), diluted 1:1000 in 5% w/v skimmed
milk powder/TBST,was used as the secondary antibody. Blots were incubated with
blocking buffer (5% w/v milk powder/TBST) for 60 mins, then overnight at 4 °C with
primary antibodies, and finally with secondary antibody at room temperature for 60 mins.
Blots were incubated wh reagents (2 ml each) from the SuperSignal West Pico

chemiluminescence detection kit (Pierce) for 5 mins at room temperature, protected from
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light. Blots were imaged using a BRad FluorS Imager. For staining with additional
primary antibodies, blots eve incubated with Restore Western Blot Stripping buffer
(Pierce) for 40 mins at room temperature, washed for 5 mins with TBST, and then re
blocked and probed as before.

Densitometry analysis of western blots was performed with the software ImageJ
(Abramdf et al. 2004) using the 'Analyze/Gels' menu to produce curves representative of

blot bands, and taking the area under the curve as the value represented by each band.
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Chapter 3

A broad-targeted approach to determine the
effects of quercetin on early endothelial
signalling events
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Chapter 3:A broad-targeted approach to determine effects of

guercetin on early endothelial signalling events

3.1. Abstract

Thereis a large body oévidencerom studies includingepidemiological and human
interventiontrials that quercetin a flavonol found in the plant foods selected in Chapter 2
and many others world widmaybe beneficial to humalnealth particularlyin the

context of thecardiovasculasystemTheearly molecular signalling everntisatunderly
these changes t@sculathealth, howevemre not well undetood It would beof interest

to studychanges t@ndotheliakell signallinginduced by quercetiand itshuman

metabolitesas well as to obsee if conjugation of quercetiaffectssuchbioactivity.

Confluent HUVECs were treated with quercetin aglycone (10 puM), a mixture of
guercetin human metabolites (total concentration 10 yuM) or vehicle for 60 min (n=3,
biological replicates). Subsequently, cell lysates were analy#ddmicroarrayslides
spotted with antibodiepresentie of 736 differenproteinphosphoryléion sites

A small number of protein misphorylation changg4d.7, quercetin metabolites vs
control; 29, quercetin vs controlyere significant(p < 0.05) but of these, only eNOS
phosphorylation at Serl177 could be confirmedwmsstern blotting There were no
significart resultsafter taking multiple testing into account (q < 0.08) is unlikely,
therefore,that the quercetin or a mix of its metaedi ha a strong effect on early
phosphorylation events in resting endothelial ¢etlespite the decrease to eNOS
phosphorylationThis is the largest reported antibodycroarraystudyto date, the first
antibody microarray study to assess HUVEC proteins in phosphorylated and
unphosphorylated states, and the first antibody microarray study to assess the intracellula

response to an individual pgligenol and its human metabolites.
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3.2. Introduction

A number of food plants were selected, as detailed in the previous chapter, for study of
their ability to improve markers related to vascular health, in cultured endothelial cells.
Of these, dill, nettle andalke hae been previously reported to contain relatively high
levels of the flavonoid querceti®ince quercetin ia majordietaryplant polyphenofor

which there is reasonable evidence of health benefits in humanas selected as a

relevant bioactivélavonoidfor further study.

3.2.1. Quercetin in the diet and its relationship with health

In 1785 Edward Bancroft patented the productmfran extract of black oak bavkhich,
being yellow in colour, he called quercitron (from thatin quercus citrind (Bancoft
1813).1n 1854 it was discoveredhat the extract's main constituent, quercitrin, could be
split by treatment with mineral acid to release rhamnose. The aglycone produced from
this reaction became known gsercetin (Ott 1873)As flavonols are widespread in the
plant kingdom, from bryophytes to higher vascularnfda(lwashina 2000 it is not
surprising that quercetin is present in a large number of the food plants consumed in
human diets (Larson et al. 2092lt is foundasthe aglycone(i.e. without sugar groups
attached)Fig. 3.1) asO-methylatedderivatives(i.e. isorhamnetifIR) and tamasietin)
and with glycosidic conjugationoften at the highly reactive3-hydroxyl group of the
flavond structure (RiceEvans et al. 1996 In nature, quercetin is almoskausively
found as glycosidesThe aglycone quercetin issually found in a limited number of
processed foods such as red wiHellman & Arts 2000)

Quercetin has received much interest iet @dnd health research as not only is it
consumed in foods worldwide, but there is mounting evidence for its beneficial health

effects in roles such as chemoprevention (Gibellini et al. R0ffprovement to drug
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resistance (Chen et al. 201@nprovementn exercise endurance (Kressler et al. 2011)

andpreventionof cardiovascular disease (PeMizcaino et al. 2006; Russo et al. 2012

Figure 3.1: Quercetin aglycone.

Concerningthe later, there are a number of reports showing tipagrcetin camreduce
blood pressure, as evidenced by intervention studies where volunteersywéhension

or prehypertensive symptoms were giviemge doses bquercetin (Larson et al. 2012b
Larson et al. 2010 Intervention studies lasting > 8 weeks have found evidence that
guercetin can reduce CVD risk factors in cigarette smokers (Lee281d), and, when
coupled with vitamin C, can reduce markers of oxidative stress and inflammation in fit
and healthy individuals (Askari et al. 2012 has also been reported that a dose of 200
mg of quercetin can cause acute increaseplasmaS-nitrosothiols and nitritesand
urinary nitratesn healthy volunteersyhich isindicative of increased production of the
vasodilator nitric oxide (NO)The same study also reped quercetifinduceddecrease

in urinary and plasma levels of the vasoconstrigndothelinl (Loke et al. 2008).
Whether or not quercetimediated reductions in blood pressure are products of the
improvements in NO bioavailability and endothelial function is notpyeven, although
there is onaeportwhich describes quercetimediateddecrease# blood pressurghat
areindependent of increased vasodilatory function (Larson et al.a20AZtudy using
healthy volunteers also showed decreased platelet aggregation after acute

supplementatiowith quercetinHubbard et al. 20064ubbard et al. 2004
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In animal models of hypertension, sevestlidies khve shown reductiors in blood
pressure and other factors related to cardiovascular disease-\iz@a&@no et al. 2009;
Larson et al. 2012b For instance, hypertensive rats fed daily with a 10 mg/kg dose of
guercetin saw a reduction in their blood pressamd augmented effects of vasodilator
compounds improvement in isolated aortic rings in an endothagpandentmanner
(GarciaSaura et al. 2005; Sanchez et al. 2008eatment with quercetin also attenuated
effects of vasoconstrictor compounds in aorings, with a reduced effect if an inhibitor
of endothelial nitric oxide synthase (eNO&s included (Nishida & Satoh 2009; Duarte
et al. 1993, or an increased effect if a cofactofr eNOS such agetrahydrobiopterin
(BHy4), was included (Romeret al. 2009.

Quercetininduced improvement of hypertension and endothelial function is
unlikely to be as a result of a direct antioxidant effget radical scavenginm vivo)
(Loke et al. 200B; GodyckiCwirko et al. 2010; Hollman & Cassidy 2011; Asket al.
2012, although it is possible thahanges to antioxidant enzymes, such as glutati8ene
transferases (GST) and glutathione peroxidases (GPX), evxmtant enzymes such as
NADPH oxidase may be involved. Quercetin treatment stemvnto reducesuperoxide
(O2) produced by NADPH oxidase, as well as expression of its subunit p4ZpHmasal
levelsin vivo (Sanchez et al. 20p@&nd ex vivo (Sanchez et al. 20Q.7Furthermore,
guercetin was shown to competaccessfullyagainst NO in scavengy O,, allowing
levels of the vasodilator to be maintainlédpezLopez et al. 2004

Further evidence ofjuercetin's ability to modulate markers of inflammation and
endothelial funton has been shown througtell culture studiegChirumbolo 2010;
Russo et al. 2012Additional antiatherogenic effects observed after quercetin treatment
include redued endothelial cell proliferation and migration (Donniet al. 2006,
Kuhlmannet al.2005), downregulad components of the apoptotic pathway activated by
oxidisedLDL (p38 MAPK, STAT3 and JAKR(Choi et al. 2007), and upregulation of

the apoptosis of intimalype vascular smooth muscle c@flerezVizcaino et al. 2006).
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Furthermoregxpressionand releasef the vasoconstriabn factor endothelinl has been
found to decreaseafter quercetin treatmentfrom both HUVECs andactivated
(aggregating) platete (Nicholson et al. 2008ue-Ying 1996). Quercetin haasobeen
shown to increase levels of cGMR a manner involving hyperpolarisationaridothelial
cell membrane potential (Kuhlmann et al. 2D05

A significant limitation to much of th& vitro work and tissue studigserformed
with quercetin to date is that studieave focused on the aglycone alone, and have not
included any of thenetaboliteghat arefound after consumption ofjuercetinrich meals
givennoted that there is little evidence that quercetin circulates in plasma as the aglycone
form. Three of the maiphase limetaboliesthat can bdound circulatingin plasma are
guercetinr3-glucuronide (Q3GIcA), 3methylquercetin3-glucuronide (IR3GIcA) and

guercetin3-sulphate (Q3'S)Mullen et al. 20®) (Fig. 3.2.

COOH

OH
OH

OH

Figure 3.2: Phase Il metabolites of quercetimuercetin3-glucuronide A), 3-methyt

guercetin3-glucuronide B) and quercetiB-sulphate C).
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Peak concentrationd quercetin metaboliteften measured as the quercetin aglygone
following deconjugation techniquem plasma can vary widely, ranging from nanomolar
guantitiestoashighs 9. 7 etMl. 201deHubbard et al. 2004; Lee et al. 2012

The bioactivity of quercetin is likely to be affected plyase2 conjugation. For
example glucuronidation of gercetin reduced its ability to protect dermal fibroblasts
from peroxideinduced damage (Spencer et al. 2083d attenuated proxidant effects
of quercetin aglycone, sh@s nitric oxide scavengingddi et al. 2008 Still, quercetin
glucuronides andsulphates (0.3 € Mdosg have been shown to reverse apoptosis in
hyperglycaemic HUVECs(Chao et al. 2009 inhibit VEGFinduced endothelial
functions such as migration and proliferation1 ¢ Mdose)(Donnini et al. 2006) and
reduce expressionf ¢he cell adhesion molecule VCAM ( 2 dos) NlTribolo et al.
2008. Metabolite concentrationsf r om 0.1 to 4 &M attenuse
synthesis of COX2 mRNA (important for vascular tonex vivo(though notin vivo after
consumptiorof a quercetin rich meal, despite concentrations of the metabolites reaching
4 €M in pl asTeedaet(@d2004P@scMa@Q3Gl cA was sho
signalling contrdling smooth muscle cell migration in rat aortic tissue (Ishazaw al.
2009, while Q306S caused increased c¢cGMP |
endotheliumindependent manner, and reduced inflammatory effects of

lipopolysaccharide in similar tissueSyri et al. 2010; AShalmani et al. 2031

3.2.2. Analysis ofvascular cell signalling

The past decade has seen the emergence of technologies that allow fansiouslt
analysis of increasingly larger numbers of phosphorylated proteins, utilising mass
spectrometry techniques or libraries of binder molecules such as antibodies (Schulze
2010; Kosako & Nagano 20L1The rise in numbers of unique phosgte specific

antibodies has allowed the development of phogpbtein antibody microarrays able to
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guantify specific proteins in terms of total levels and phosphorylated levels
simultaneously. The ability to target functionally important sites, rather than assess the
entire phosphg@roteome by mass spectrometry, provides a more convenient means of
analysis (Zhang & Pelech 2012; Yang et al. 2011; Borrebaeck & Wingren).2009
ANormlaaseod antibody microarrays 1invol ve
known locatims on a solid material, such as a glass microscope slide, similar to the
format of routine cDNA microarrays, while revefgiease protein microarrays require the
spotting of biological material, followed by antibody incubation (Silvestri et al. 2010).
These methods give the potential for tracking large subsets of phesuteins
equivalent to multiple signalling pathways over the course of one experiment.

The work detailed in this chapter will focus on elucidating changes to early
signalling events in emdhelial cells after introduction of quercetin, a flavonoid present in
a number of the food plants prioritised for studytha previous chapter. Cells will be
treated with quercetin aglycone, or a mix of quercetin metabolites alongside a vehicle
contol. By using antibody microarrays complementary for large a number of proteins
(phosphorylated and unphosphorylated), lysates will be analysed to determinthevhat
effects of the quercetin treatmentsn protein phosphorylatiorysing a broactargeted

appoach to phospheprotein analysis.
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3.3. Aims

The overallaim of the research described in this chaptes toidentify changesn early

signalling events in endothelial cells incubated with quercetin, a flavonoid found in a

number offood plants typical of traditional Black Sea area diets. Specificallye th

scientific objectivesvereto:

(i) Measurethe effecs of quercetin on protein phosphorylatigmofiles in human

vascularerdothelial cells.

(i)  Measurehe effecs of quercetinconjugate®n proein phosphorylatioprofilesin
human vasculaendothelial cells andetermine the impact dfuman metabolism

of quercetin on its bioactivity in this context.
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3.4. Methods

3.4.1. Materials

All water usedwas of MilliQ-grade purity, unless it is stated that deionisader (dHO)
was usednstead All cells and growth media/supplements were purchased from Lonza.
Human umbilical vein endothelial cells (HUVECs) were supplied as frozen primaries
(Clonetics, Lonza) and cultured to passage 41(I(opulation doublings) befe use in
experiments.Details of the general materials and methods used for the cell culture
experiments with HUVECsncluding analysis of cell lysates by BCA assay and western
blotting, are described iChapter 2 All purified compounds were stored single use
aliquots at-20 °C. Quercetin, sinigrin, allkothiocyanate (allylTC) (SigmaAldrich)
and sulforaphane (LKT Laboratories) were stored in DMSO. Quet8eBalphate
(Q36S), -3glucaronde QBGIcA) and isorhamnefglucuronide (R3GIcA)
were prepared by Dr Paul Needs (IRKK) according to a published protoddeeds &
Kroon 2006 and stored in water. TrHsuffered saline solution (TBS) was prepared with
tris base (20 mM) and NaCl (137 mMadjusted to pH 7.6 using HCAntibodies for
eNOS, peNOS (Serll177), VEGER p-VEGFRR2 (Tyr951) (Cell Signalling Technologies
(CST) #9572, #9570, #2479 and #4991 respectivehgpase®d and pcaspased (Serb7)
(FMB) were used as primary antibodies in western blotting. Antibody micr@array
(Phospho Explorer Antibody Microarray, PEX0) were purchased from Full Moon
Biosystems (FMB), who also providéds containing the following buffers and reagents
for processing the microarrays:
91 Blocking buffer, produced from 1.8 g dry milk powdessblved in 60 ml blocking
reagent solution
T Labelling reagent, produced from 1 m

dimethylformamide
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1 Coupling buffer, produced from 0.36 g dry milk powder dissolved in 12 ml coupling
reagent solution

1 Wash buffer, produceadm a stock solution diluted 1:10 in water

1 Coupling chambers, which were 4 xn8 rectangulaiwell plastic dishes, similar to
Nunclon #167063

91 Detection buffer, containing 0.5 ng/ml Gg&eptavidin conjugate (GE Healthcare)
dissolved in detection reagent

1 Cell lysis buffer and eppendorfs containing metal lysis beads to facilitate break up of
cell material

1 Stop reagent, for halting the reaction of protein bualrelling

The antibodymicroarrayslide featured two columns of 8 blocks consistind. 826 spots

in total, each spot printed using the manufacturertsoarrayprinting buffer. The spots

were featured on each microarray in duplicateoss two columnsso thatthe relative
location of thespots featured in thieft column matched the same relative location in the
right column The microarrgs were spotted with 1318 unigue antibodies complimentary
to phosphorylated and ngrhosphorylated versions of 582 phosphorylation sites
covering 320 different proteins, plas 1
unphosphorylated) covering 128fferent proteins. In total, 386 unique proteins were
covered by the microarrajthe namestargeted phosphorylation residuegs)d Uniprot
accession IDs of each protein covenmedhis microarray are listed iAppendix |. Each
column also contained twgositive control spots, four negative control spots, four blank
Aspotso (where no materials had been pi
housek e e pi n g -gctinanhdeGARDE. The positive controls contained antibodies
labelled with cyanine 3Qy3) dye, and sdemonstrate that fluorescence scanningas
working properly and highlighted the printing boundaries for the microarrayse

negative controls contained bovine serum albumin (BSA) (concentration n/a) in the
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microarrayprinting buffer. While the signal produced by these spots would likely be a
close representation of withgpot background signal, there was no evidence to suggest
that the signal produced from unspecific binding to BSA would be the same sigtil
produced from unspecific binding to th@croarrayprinting buffer, and so they were not

used (for calculating withispot background signal) as such.

3.4.2. Cell culture experiments, BCA assay and western blotting

General materials and methodsed for cell culture experiments with HUVECSs, unless
specified otherwise, are as described in Chapter 2. These imgtalks forthe analysis

of their lysates by BCA assay and westelatting.

3.4.3. Incubation of cell cultures with quercetin

Confluent monadyers of HUVECs cultured in 10 éndlishes were incubated for 60
minutes with either 10 OM quercetin, a
IR3GICA (ratio based on the relative levels of these compounds reported in plasma by
Mullen et al. (2006)), or aehicle control treatment (n=3, biological replicateéSjch
dosegepresentoncentrationslightly higher than what might be expectadvivo after a
high-quercetin mealThey are, howevemtended to assist in showing changes to protein
phosphorylationin cases wherase ofphysiological doses of quercetin or its metabolites
(low €M) would show small, but not measurably significamtangesFinal concentration

of DMSO in cell culture media for each treatment was 0.1% v/v.-iRogbation, cells
were wahed twice with cold 1X PBS (Gibco, Life Technologies). Any remaining buffer
was aspirated and 150 ¢l of FMB | ysis
detached using scrapers and aspirated into eppendorfs, to nveial lysis beads (FMB)
were added filling to approximately half the lysate volume. Eppendorfs were vortexed

for 3060 s and then held on ice for 10 minutes, repeating this fe804finutes,
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followed by centrifugation at 13000 x g. Lysates wdnaded into small aliquotand

stored at80 °C until analysis.

3.4.4. Analysis of cell lysates with antibody microarrays

Cell lysate aliquots containng 330 €g pr ot e i-80 °Cvstorage amde mo
brought to room temperature at the benc
taken from each and made up to 50 ¢l t ot
of 1.5 ¢l eagehttoleach. Egpeéndonfgwere incubated at room temperature for
120 minutes with shaking at 55 rpm. 25 ¢
and incubated for a further 30 minutes with shaking on a Luckham R100 Rotatest orbital
shaker (usetbr all subsequent incubations requiring shaking) at 55 rpm.

Alongside this, antibodynicroarray slideqdetails of microarray targets given in
Section 3.4.) were removed from 4 °C storage and equilibrated to room temperature
before removal from foil pa&aging. Throughout their usenicroarray slides were kept
antibodyside up. Slides were placed in 30 ml of blocking buffer in a 10dish. Dishes
were covered and incubated at room temperature for 45 minutes with shaking at 55 rpm.

After blocking, dishe were filled with TBS. Slides were then transferred to a new
dish containing 30 ml TBS, while being kept as horizontal as possible to reduce draining
of liquid, which would lead to drying of milk proteins in the blocking buffer to the slide
(communicationwith Full Moon Biosystems). Dishes were covered and incubated at
room temperature for 10 minutes with shaking at 55 rpm. Two more 10 minute washes
were then performed with fresh TBS each time. Slides were placed in 50 ml
polypropylene centrifuge tubes (fing) containing 45 ml dpD. The lid was screwed
on, and tle tube was shaken viguusly for 10 seconds. Slides were then transferred to
fresh dHO and shaken for another 10 seconds. This was repeated for a total of 10

washes, and upon completitme slides werekeptin freshdH,O. The three aliquots of
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biotin labelled cell lysatgroteinwere combined andidded to 6 ml of coupling buffer,
turning gentlyend over endto mix. The cell proteirncoupling buffer mixure was
decanted intaa coupling chambemvell, and a blocked antibodyicroarray slide was
submerged intat. The coupling chamber was then covered and incubated for 120
minutes at room temperature with shaking at 35 rpm.

Coupling chamber wells containimgicroarrayslides were filled with wash buffer
before transferring slides, keeping them as horizontal as possible, to & tislerfilled
with 30 ml wash buffer. 3 x 10 minute washes with fresh 1X wash buffer were
performed, with shaking at 55 rpm, followed by ten washes in polypropylene tubes with
45 ml dHO. Slides were then placed in a 10%aish containing 30 ml detection buffer.
Dishes were covered and wrapped in foil to proteetdetection ageritom light, and
then incubated at room temperature for 45 minutes with shaking at 55lides were
washed withwash buffer followed by d§D as described abovéfter the final wash, a

flow of compressed nitrogen at 20 psi was used t@vernwvater remaining on the slide.

3.4.5. Analysis of microarray slides

Antibody microarray slides were scanned using a GenePix 4000B microarray scanner
(Molecular Devices), connected to a computer running the software GenePix Pro v6.1
(Molecular Devices). The mho-multiplier tube (PMT) gain was adjusted to reddice
numberof saturated pixels to < 1% of total image pixels, and this PMT gain setting was
used for all the microarrays scanned. Slides were scanned at a resdiutioB o €¢ m/ p i
using a 532 nm excitation laser coupled with a 55B5.5 nm emission fér. Images
produced from the florescence scanning were saved as .tiff files, mmloarrayslides

were then placed into storage at room temperature, proteotadight. Slides were also
scanned using a 635 nm excitation laser coupled with a6860nm emission filter.

Images produced frorecanning a635 nm scanassessed by eye to identify high levels
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of signal generated by artifacts such as scratcleesha these could be taken into
account when analysing images produced fssanning ab32 nm

Analysis of theimagesproduced from scanning &82 nmwas carried out with
the assistancef Kate Kemsley (IFRUK), who dceveloped a program script for the
Matlab software environment that identified the outlines of the microarray spots in the
images produced from the fluorescence scans, and then calculated the median signal c
the fluorescence inside these outlinesfefred tohere as the foregrounagigna). The
median fluorescence intensity was calculated rather than the mean, as the median woul
be less affected by large outlier values, such as those produced by saturated pixel
resulting from scratches or specks ofstd The script also generated a composite of the
original image overlaid with thédentified outlines, and a score from 0 to 1 of the
accuracyof each spot outlinéFig. 3.3). The lowest circularity scores were found to
represent spots witimcorrectly identified outlines, and the median fluorescence of these
spots were calculated manually using Gend®ix Any additional incorrectly outlined
spots were identified by scanning the composite images by eye. The local background
fluorescence swounding each spot was also calculateg,either GenePi®Pro (in the

case of manually outlined spots)theMatlab program script.
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Figure 3.3: Example of fluorescentigcanned microarraypverlaid with circles

representing the scored spot boundareteated by the Matlab script.

Prior to statistical analysis, Microsoft Excel 2007 spreadsheets were used to organise

median spot fluorescence intensity (MSFI) values using the following labels:

1 unph- MFSIs representing an unphosphorythpeotein residue.

1 phph- MSFIs representing a phosphorylated protein residue.

1 nopair - MSFIs representing a phosphorylated (or unphosphorylated) protein residue
butlacking ad p ar t n e r dorregpandingltootiteyalternate unphosylated (or

phosphorylated) protein residuspotted on the microarray

Statistical analyses ohicroarrayslide data was carried out using the limma package for
the R software environment (Smyth 2005; Smyth 2004; R Development Core Team
2010, in accordanceavith documentation provided by the package developersphipbk

to unphratio for corresponding protein residues was calculated tlagsformed (to give

a Gaussian data distribution), and quantile normalised to adjust for variancés due
unspecific binding (Bolstad et al. 2003An empirical Bayes method, used to shrink
standard errors towards a common value, was applied to the data;vahee$ were

calculated for comparisons phph/unphratios between each treatment (i.e. quercesin
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control, quercetin metabolites vs control and quercetin metabolites vs quercetin).
Subsequentlyp-values wereadjusted to account for multiple testing (MT) using the
BenjaminiHochberg method (Benjamini & Hochberg 20@p-values adjusted for MT
are eferred to in this chapter asvglues). To determine significant changestpair
targets, MSFIs ofall protein targets were first corrected for changes in total protein
applied to each microarray, using the average MSFI of the Haeg®ng protein taegs.
As above, quantile normalisation and the empirical Bayes method were applied and p
and gvalues were calculated for comparisonsopair values between each treatment.

The distribution of foreground and background fluorescence values was also
assesed, comparing the spread of values between the left and right hand sides of

microarrays, and the spread of values between microarrays processed on the same day.

3.4.6. Bioinformatic analysis of proteins highlighted by the microarray experiment

Bioinformatic andysis of statistically significant changes (p < 0.05) to protein
phosphorylation was performed using the website DAVID (v6.7) (Huang et al. 2009;
Dennis et al. 2003 following instructions given on the website. A list of all the Uniprot
accession IDs ofhe proteins included in the microarray was used as the analysis
background list. A separate analysis was performed aliadpackgroundist of Uniprot

IDs as the backgroundnd experimental list to highlight the signal transduction

pathways represg¢ed by the microarray.

3.4.7. Ontological analysis of phosphorylated proteins highlighted by the

microarray experiment

Protein ontologies were studied using the websites PhosphoSite (Hornbeck et al. 2004
and Uniprot (The Uniprot Consortium 2012 determine:

()  The biological role of the proteffiProtein role")
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(i)  The effect of phosphorylation of the particular residue on protein function
("Effect/protein”)

(i)  The effect of phosphorylation of the particular residue on cell function
("Effect/cell)

(iv)  Upstream proteins #t may influence phosphorylation of the particular residue
("Regulated by")

This data was analysed to determine any links between the listed proteins, in the contex

of associated proteiprotein interactions and associated effects on cell function.

3.4.8. Confirmation of changes to selected phospharoteins by western blotting

Confluent monolayers of HUVECs cultured inw&ll plates were treated with either
quercetin, the m of quercetin metabolites or a vehicle control, in concentrations ranging
from 550 eM for 60 mi nut es. Bl ot s wer e
phosphorylation of caspa$e VEGFR2 or eNOS. For the eNOS assay, cells were pre
treated with epigallocatesfigallate (EGCG) to stimulate eNOS phosphorylation prior to
the above treatments. Etoposide was used as a positive control for the -6aapasg
and VEGF was used to stimulatf&GFR2 phosphorylation prior to the above treatments.
Densitometry values ofvestern blot bands were tested for significance, comparing
treatment against the vehicle control, using the Studetd'st. Details of the methods

used for western blotting are givenGhapter 2.
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3.5. Results

3.5.1. Pilot antibody microarray experiment

As a pilotexperiment, three PEX00 antibody microarrays were used to analyse lysates
from cell cultures treated with quercet
(0.1% DMSO), with the slides processed on the same day. All three microarrays suffered
from high fluorescence across the slide, affecting both background and foreground
values It was advised to increase the vigour of the water washes after the blocking step,
as milk proteins fronthis step may not have been properly removed in the images from
scanned microarray slides Shannon Zhang [Full Moon Biosystems], personal
communicationll May 2010. This was tested, using two Nuclear/Membrane Receptor
antibod/ microarrays (FMB) tanalyselysates from cell cultures treated with quercetin
(10 €M) or a vehicle control. This resul
andlow variationfor inter-microarray target replicates (n=6¢.of unique antibodies

56). The main study was then undertaken, and the initial problems with high fluorescence
were again encountered for the first microarray used. This was resolved after the additior
of a TBS wash step after blockin§hannon Zhang [Full Moon Biosystems], personal
communicationll May 2010)A key factor for the resolution of this issue may be the
manner in which the slide was kept horizontal during the transfer between’ Hisbes

(as opposed to the transfer from 10°aish to plastic centrifuge tube for the watvash

step), though this hypothesis was not fully tested.

3.5.2. Analysis of microarray images

The analysis of the first sample of cell lysate using the antibody microarrays resulted in
an image containing very high background signal, adversely affetttmcability to
extract meaningful fluorescence values from the spot foreground. As this effect was more

prominent on one side of the microarray than the other, the differences between
88



foreground and background signals of the left and right negative tepbts were used
to attempt to correct this, according to the following formulhich is explained inletail

in Appendix Il :

CSf = Sfi ([(Sbi LNb)/(RNb i LNb)] x (RNf - LNf)) i LNf +300

Abbreviations: Corrected Spot foreground (CSf); Spot fonarmuld Sf); Spot background (Sb);
average left negative control spot background (LNb); average right negative control spot
background (RNb); average left negative control spot foreground (LNf); average right

negative control spot foreground (RNf).

To deternme if the data from first microarray was of use, statistical significance testing
was performed on the data bgteither:
(i)  usingthe data without any correction

(i)  usingthe data but correcting it as described above
(i) not including the data from thedt microarray
Of these three, not including the data from the first microarray resulted in a greater
number of significant results (pG<05) (data not shown) and so this was the method used
to produce the final set of results. Significance tests wese pérformed with and
without use of quantile normalisation, do determine if its inclusion increased the number
of significant results found (p < 0.05), which it did (data not shown). The statistical
analysis was also tested by intentionally exaggeratinguraber of target values to
different degrees so that the and gvalues associated with these targets wowdd b
lowered in accordance, whithey werg(data not shown)

Density histograms of the raw MSFI data reveaedistinct difference between
the daa distribution of MSFIs from microarrays processed on the samétr@ayments
were processed so that no twuocroarrayg processed on the same day would represent

the samecell culture treatment)Hig. 3.4). This difference was no longer presexter
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ratios were calculated from the datadascribed irSection 3.4.5(data not shownData
distribution of the foreground and background showed a tendency for higher values in the

duplicateson left side of themicroarrays in both the foreground and background values

(Figs. 3.5, only foregroundiatais showr).

1 1
1000 10000

MSFI
Figure 3.4: Density histogram of MSFI values, from microarrays grouped by the day on

which they were performed. n=3 for daysu®d 4, n=2 for day 2 and n=1 for day 1 (the

first microarraythat was processed).
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=
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c
g - 4
:/ 713
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Figure 3.5: Density histogram of MSFI values, from microarrays grouped by the day on

which they were performed, and their left or right duplicate values. n=3 fer3lagpd 4,

n=2 for day 2.
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3.5.3. Changes to protein phosphorylation after incubation of HUVECs with

guercetin aglycone or quercetin metabolites

Before adjusting for multiple testing, analysis of lysates from HUVECSs for significant (p
< 0.05) changes to proteirh@sphorylation highlighted 17 protein residues for cells
treated with quercetin metaboliteés

Table 3.1) and29 for cellstreated with quercetin aglycon€&€able 3.2) when comparing
both treatments to a vehicle contrblowever, here were no significanthanges(q <

0.05) after adjusting for multiple testing.

Table 3.1: Quercetinmetabolites vs/ehiclecontrol. @ - nopair target, represented on the
microarray by an anfphosphoprotein antibody. - nopair target, represented on the

microarray by an arprotein (unphosphorylated) antibody.

p-value (unadjusted

PhosphaProtein for MT) Fold Change
Filamin A (pSer2152) 0.013 0.64
Stathmin 1§Ser37) 0.008 0.74
pP90RSK pThr359/Ser363) 0.011 0.82
Caspas® (pSer196) 0.029 0.86
JAK2 (pTyr1007) 0.047 0.87
IkB-U pSer32/36) 0.044 1.22
PI3K p85U / pryr467/199) 0.026 1.28
BLNK (pTyr96) 0.014 1.29
CREB (pSer142) 0.022 1.32
MER/SKY (pTyr749/681) 0.047 1.22
VEGFR2 (pTyr951) 0.031 0.68
eNOS (pSerl1177) 0.018 0.77
LCK (pTyr192) 0.039 0.85
CaMK4 (pThr196/200) 0.036 0.87
p130Cas (pTyrl65) 0.046 1.17
JAK1 (pTyr1022) 0.019 1.27
GRK1 (pSer21) 0.049 1.28
Casp6 (pSer257) 0.023 1.31
°SynucleinU ( pTyr 136 0.022 0.90
®Smad2 (pSer255) 0.047 0.81
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Table 3.2: Quercetin aglycone vgehicle control.? - nopair targd, represented on the
microarray by an anfphosphoprotein antibody. - nopair target, represented on the

microarray by an arfprotein (unphosphorylated) antibody.

p-value (unadjusted

PhosphaProtein for MT) Fold Change
Ezrin (pTyr353) 0.038 0.60
GluR1(pSer849) 0.031 0.67
Elk1 (pThr417) 0.016 0.72
Progesterone Receptor (pSerl9 0.028 0.76
p53 (pSer9) 0.044 0.77
ERU (pSer104) 0.049 0.78
NF-a Bp65 (pSer529) 0.049 0.80
PPART (pSerll2) 0.022 0.83
EGFR (pTyrl1l72) 0.038 0.85
PDGFRU (pTyr 849) 0.047 1.18
Met (pTyrl234) 0.017 1.21
kB-U (pSer22) 0.035 1.24
MKK6 (pSer207) 0.046 1.28
BRCAL (pSer1457) 0.043 1.37
Casp3 (pSerl150) 0.019 1.76
%Gab2 (pTyr643) 0.010 1.24
®Smad2 (Ser255) 0.030 0.76
Synapsin (pSer9) 0.021 0.60
eNOS (pSer1177) 0.005 0.68
STAT1 (pSer727) 0.013 0.72
Smadl (pSer465) 0.035 0.77
GluR2 (pSer880) 0.028 0.78
Connexin 43 (pSer367) 0.026 0.8
c-Jun (pSer243) 0.022 0.82
elF2A (pSerb51) 0.045 0.84
Chk1 (pSer345) 0.041 0.86
BCL-2 (pThr69) 0.048 1.19
AMPKA1 (pThrl74) 0.017 1.22
IKK-b (pTyr 188) 0.040 1.28
Casp6 (pSer257) 0.029 1.33
HDACS (pSer259) 0.002 1.55
PeNOS (Ser1179) 0.035 0.90
%E-Cadherin (pTyr731) 0.013 1.28
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3.5.4. Bioinformatic and ontological analysis of phosphorylated proteins

highlighted in microarray results

Analysis of the data sets resulting from significance testing (unadjusted for multiple
testing) of the microarray data, to determine statistically significant representation of
signalling pathways using the website DAVID produced no significant results (q < 0.05).
The information collected from the websites Phospled®its and Uniprot are listed in
Tables 3.3 and 3.4. Associations between proteins as indicated by the ontological study
for Q. metabolites vs control are givenkig. 3.6. A number of thephospheproteins

from the quercetin vs vehicle control comparisgere identified as beingssociated with

an antiapoptotic effectKig. 3.7). Analysis of all the unique Uniprot accession IDs in the
list of antibodies featured on the microarray using the website DASHowed the

microarray represented a large number of signal transduction pat(ivedos 3.5).

Table 3.3: Information regarding the descriptors givenSection 3.4.7, detailing the
effects of increased phosphorylation on proteins from the mion@y results (Q.

metabolites vs vehicle control).

Protein Description Information
Filamin A Protein role Cytoskeletal proteinpromotesranching of actin
(pS2152) filaments links actin to membrane glycoprotein
p =0.013 Effect/protein  Protein stabilization
F.C.=0.64 Effect/cell Regulatesytoskeletal reorganization
Regulaed by p90RSK, PAK1 JAK?2
CREB Protei Induces transcription in response to hormonal
rotein role . !
(pS142) stimulation of the CAMP pathway.
p=0.0383 . Enzyme activity, autgohosphorylationprotein
F.C.=0.85 Effectiprotein degradationregulates molecular associatson
Effect/cell Regulates cell growth
Regulaéd by CSFR EGFR
?p?'(l??TSSS;/(SSG?)) Protein role Einase of AGC family, activated in response
p=0.011 ornones, growth factors and neurotransmitters
F.C.=0.82  Regulaed by MKP-7
STMN1 Protein role Destabilisatiorof the microtubule filament system ¢
(pS37) destabilizing microtubules
P=0.008 Effect/protein Inhibition, degradation
F.C.=0.74 Effect/cell Cell cycleregulationand cytoskeletal reorganizatiot
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Table 3.3: Information regarding the descriptors givenSaction 3.4.7, detailing the
effects of increased phosphorylation on proteins from the microarray results (Q.

metabolites vs vehicle control).

Protein Description Information
PI3K p85U/ Protein role Regulatory subunibf PI3K. Mediatesinteractions
(pY467/199) with a subset of tyrosinphosphorylated proteins
p=0.080 Effect/cell Regulatedranscription
F.C.-0.80 Regulaeéd by CSFR, EGFR, HS1
eNOS Protein role  Synthesses nitric oxic
(pS1177) Effect/protein Enzyme activity
p=0.017 Effect/cell Cytoskeletal reorganization
F.C.=0.77 Regulaed by Aktl, AMPKAL, PKACa, PKG2
Caspb Protein role  Activation of caspase cascade, leadmgpoptosis
(pS257) Effect/protein Inhibition of enzyme activityf{Suzuki et al. 2004)
p=0.0447 Effect/cell Inhibits apoptosis
F.C.=0.84 Regulaed by AMPK-related kinas®
Casp9 Protein role  Activation of caspase cascade, leading to apoptos
(pS196) Effect/protein Inhibition of enzyme activity
p=0.0288  Loqulaed by Aktl
F.C.=0.86 g y
VEGFR, Protein role  Receptor tyrosine kinase, regulates angiogenesis
(pY951) Effect/protein Enzyme activity
P=0.03 Effect/cell Regulates cell motility
F.C.-0.68 Regulaed by VEGFR2
LCK (pY192) Protei Tyrosine kinase of the Src famjlgrucialfor antigen
_ rotein role ) L
p=0.039 receptor signalling in lymphocytes
F.C.=0.85 Effect/protein Inhibition, regulates molecular associaton
CaMK4 Protein rde Transcriptional activation c€REB proteinrmediated
(pT196/200) signallingpathways
p=0.0% Eff . Enzyme activity intracellulartrandocation, regulate:
_ ect/protein .
F.C.=0.87 molecular associati@n
Effect/cell Regulates transcription
Regulaed by BMP2, TOB1, TRRAP, BMPR1B
JAK2 Protein role Tyrosinekinase involved with cytokine receptol
(pY1007) signallingpathways, including I3, -5 and GMCSF
p=0.047 Effectiprotein Regulates molecular association, induce interac
F.C.=0.87 with SOCS1
Regulaéd by APS, FGFR1,AK2, LEPR, SHZ2B-beta, SOCS3
pl30Cas Protein role Docking protein coordinatestyrosinekinasebased
(pY165) signalling related to cell adhesion.
E_CO:OSB . Regulaed by PXN
IkB-alpha Proteinrole Reglatorypr ot ei n t hBt inhit
(pS32/36) . Enzyme activity intracellular trankcation
p=0.049 Effectprotein autghosphorylationprotein degradation
F.C.=0.78 Effect/cell Regulates transcription and apoptosis
Regulaed by PKD2, PLK1, SHIP, IKKb, IKK-J CK2-A1, IKK-U
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Table 3.3: Information regarding the descriptors givenSaction 3.4.7, detailing the

effects of increased phosphorylation on proteins from the microarray results (Q.

metabolites vs vehicle control).

Protein Description Information

JAK1 Protein role Tyrosinekinase  involved interferon  sign:

(pY1022) transduction pathways

P =0.026 Effect/protein  Inhibition

F.C.=0.80 Effect/cell Regulates cell motility
Regulaed by Tyk2, JAK3, PTPN2

GRK1 Protein role  Phosphorylates andanotivates rhodopsin

(pS21) Effect/protein Inhibition

p=0.022 Effect/cell Regulates transcription

F.C.=0.82 Regulaedby PKACU

BLNK , Adaptor protein regulates B-cell function and
Protein role

(pY96) development

p=0.022 Effect/protein Regulates moleculasaociation

F.C.=0.83 Effect/cell Regulates transcription
Regulaed by Syk

[Cas p][e Noc][Pl 3H MEK1/2 H ERK1/2 I

p90RS

— 1
CREﬂ[FLMq

Figure 3.6: Signalling and interactions between phosjpinoteinsfrom the microarray

results (Q. metabolites vs vehicle control), according to ontological information. Dashed

lines ndicate interactions between phosggroteins that are not necessarily supported by

the change in phosphorylation recorded by the microarray analysis. Greyed out lines

indicated an association between proteins, but not necessarily due to the phosphorylate

residue in question. Greyed out proteins indicate that they are not part of the microarray

results, but are required to show the signalling pathway.
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Table 3.4: Information regarding the descriptors givenSaction 3.4.7, detailing the
effects ofincreased phosphorylation on proteins from the microarray results (quercetin vs

vehicle control).

Protein Description Information
Caspb6 Protein role  Activation of caspase cascade, leading to apoptos
(pS257) Effect/protein Inhibition of enzyme activitySuzuki et al. 2004)
p = 0.029 Effect/cell Inhibits apoptosis
F.C.=133 Regulated by ARKS5 (AMPK-related kinase)
Casp3 Protein role  Activation of caspase cascade, leading to apoptos
(pS150) Effect/protein Enzymatic inhibition
p =0.019 Effect/cell Inhibits apoptosis
F.C.=176 Regulatedby p 38 U
HDAC5 Protein role Transcriptional regulation, cell cycle progression :
(pS259) developmental events
p = 0.002 Effect/orotei Intracellular translocatign regulates molecula
F.C.=1.55 ectiprotein association, induces interaction with-38b
Regulates cell differentiatiorell motility, chromatin
Effect/cell organization and transcription
Regulated by AMPKAL1, CaMK4
AMPKAL1 Protein role Regulates cellular energy in response to the bali
(pT174) between AMP/ATP, and intracellul@” levels.
p =0.017 Effect/protein Enzyme activity
F.C.=1.22 Regulated by ATM, LKB1, p27Kipl, PKCZ PPP2CA
MKK6 Protein role  Activates p38 MAK enzyme activity
(pS207) Effect/protein Enzymatic activation
p = 0.046 Effect/cell Regulates transcriptio
F.C.=1.28 Regulated by ASK1, Cot
STAT1 Transcription regulation inresponse to peptid
(pS727) Protein role hormone stimulus; NdB cascade Regulation of
p =0.0126 smooth muscle cell proliferation; induction
F.C.=0.72 apoptosis
Effect/protein Activatior_l, regulates molecular associatir
sumoylation
Effect/cell Regulqtes apoptosis, regulates cellvghg regulates
transcription
Regulated by MKKG6, Rafl
eNOS Protein role  Synthesses nitric oxia
(pS1177) Effect/protein Enzyme activity
p = 0.0046 Effect/cell Cytoskeletal reorganization
F.C.=0.68 Regulaéd by Aktl, AMPKAL, PKACa, PKG2
p53 (pS9) Protein role Transcription factoandtumoursuppressqregulates
p =0.0437 cellular responses to DNA damage
F.C.=0.77 Auto-acetyhtion, enzyme activity(Caporali et al.

Effect/protein
Effect/cell

2004)
Regulates apoptosis, cell cy@rdtranscription
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Table 3.4: Information regarding the descriptors givenSaction 3.4.7, detailing the
effects ofincreasedphosphorylation on proteins frorhe microarray results (quercetin vs

vehicle control).

Protein Description Information
BCL-2 (pT69) Protein role  Anti-apoptoticprotein,inhibits caspase activity
p =0.0476 Effect/protein Regulates molecular association, likelyt-apoptotc
F.C.=1.19 and inducible interaction with Bgoeng et al. 2006)
Effect/cell Regulates apoptosis
Regulated by JNK1
IKK-b Protein role  Degradesnhibitors of NFeB
(pY188) Effect/protein Activation
p = 0.0401 Effect/cell Regulates transcription
F.C.=1.28 Regulated by Src
kB-U ( p S . Inhibits NFeB by complexing with and trapping it i
p =0.035 Protein role the cytoplasm
F.C.=1.24 Effect/protein  Ubiquitin-mediated degradation.
Regulated by IKK
NFkB-p65 . Subunit of NBB transcription complexyegulates
Protein role . .
(pS529) inflammatory and immune responses.
p = 0.0489 Effect/cell Regulatedranscription
F.C.=0.80 Regulated by CDK5RAP3,CK2-Al
Ezrin (pY353) . Regulatescell surface structure adhesionignation,
Protein role .
(354) and organization
p =0.0377 Effect/protein Activation, regulates molecular association
F.C.=0.60 Effect/cell Regulat_es ceII_ moti!itycytoskeletal reorganizatior
induce interaction witRPI3K
Regulated by EGFR
Met (pY1234) Protein role A proto-oncogenic receptor tyrosine kinase.
=0.0174 . Enzyme activity autghosphorylation, induc
E.C. =1.21 Effect/protein inter)gction with G):bZ PRoSPTon
Effect/cell Regulates cell growtandmotility

Regulated by

EGFR, Ron

Chk1 (pS345)

Reguhbtes cell cycle arest in response to DN,

0 = 0.0407 Protein role damage
F.C.=0.86 Effect/protein Enzymatic activgtic_)nprotein degradatigrregulates
molecular associatien
Effect/cell Apoptosisandcell cycleregulation
Regulated by ATM, ATR, Cot, Aktl, EGFR, ERJ MCM7
EGFR Protein role Receptor tyrosine kinaseegulatescell growth and
(pY1172) differentiation.
p =0.0383 . Enzyme activity autghosphorylation protein
F.C.=0.85 Effect/protein degradatiopregulates molecular association
Effect/cell Regulates cell growth
Regulated by CSFR
Estrogen _ Protein role Regulates gene expression and cell proliferation
ReceptotU differentiation
(pS104) Effect/protein Enzyme activity regulates molecular associatson
p = 0.0492 Effect/cell Regulates transcription
F.C.=0.78 Regulated by CDK2, ERK2 , GSK3B
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Table 3.4: Information regarding the descriptors givenSaction 3.4.7, detailing the
effects ofincreasedphosphorylation on proteins from the microarray results (quercetin vs

vehicle control).

Protein Description Information
Progesterone Protein role Regulatgs gene expression and cell proliferation
receptor differentiation
(pS190) Effect/cell Regulates transcription
p =0.028
EC =076 Regulated by CDK2
c-Jun (pS243) Proteinrole  Component of the transcription factoPA
p =0.022 . Inhibition of enzyme activity autgphosphorylation,
F.C.=0.82 Effect/protein regulates molecular associatson
Effect/cell Regulates transcription
Regulated by PPP3CA, CK2A1, GSK3B
PPARD Protein role Regulator of adipogeses and lipid metabolisimr
(pS112) insulin sensitivity, proliferation and inflammation.
p = 0.022 Effect/protein Protein degradation
F.C.=0.83 Effect/cell Regulates differentiation, growtemdtranscription

Regulated by

Fyn, PARVB, PPP1CA, ERK2JNK1

elF2A (pS51)

Translation initiation factor, activiem the early step:

p =0.045 Protein role of protein synthesis

F.C.=0.84 Effect/protein Enzyme activityregulates molecular associatson
Effect/cell Regulates apoptosisell growthandtranslation
Regulated by GADD34, Nck1, Nck2, PKR, HRI, PERK, PPP1CA

PDGFRU Protein role Receptor tyrosine kinaseegulatesell growth, actin

(pY849) reorganization, migration and differentiation

E 2051718 Effect/protein Likely enzyme activity, no direct evidence though

Connexin 43 Proteinrole  Forms gap junctionsvith neighbairing cells

(pS367) Effect/protein Regulates cell motility

p = 0.026 Effect/cell Inhibition of enzyme activity

F.C.=0.80 Regulated by PKCE

GluR1 Protein role Membrane proteinregulatesynaptic transmission

(pS849)

p=0.031 Effect/protein  Enzyme activity

F.C.=0.67

GluR2 Protein role  Membrane proteirregulatesynaptic transmission

(pS880)

p=0.028 Effect/protein Enzyme activity

F.C.=0.78

BRCA1 Proten role Regulation oDNA damage repair, ubiquitination

(pS1457) Effect/protein Regulates molecular associatooimduce interactior

p =0.043 P with ATM

F.C.=1.37 Regulated by ATM, ATR
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Table 3.4: Information regarding the descriptors givenSaction 3.4.7, detailing the
effects ofincreasedphosphorylation on proteins from the microarray results (quercetin vs

vehicle control).

Protein Description Information

Synapsin Protein role Neuronal protein associates with synaptic vesicl
(pS9) ard binds to the ytoskeleton
p =0.021 Inhibits knding to phospholipids and dissociat
F.C.=0.60 synapsins from synaptiesicles

Regulated by CavIK1 and PKA
Regulatestranscription in responseto serum anc

Effect/protein

EIk1 (pT417)

p =0.016 Protein role growth factors
F.C.=0.72 Regulated by PRP4
Smadl Protein role Regulation  of  morphogenesis proliferation,
(pS465) differentiation and apoptosis
p :Of)35 Effect/protein Enzyme activity i_ntracelIulartranstocation regulates
F.C.=0.77 molecular associatien

Effect/cell Reguates transcription

A
A

E GF R— ,
Chk1 il

- | p38 | [ STATLZ Ee
Ezr BRCA ’
| lc[m][im] s e

Figure 3.7: Signalling and interactions between phosjpinoteinsfrom the microarray
results (quercetin vs vehicle control), according to ontological informatiaderlined
proteins are associated with an agpptotic effectDashed lines indicate interactions
between phosphproteins that are not necessarily supported by the change in
phosphorylation recorded by the microarray analysis. Greyed out lines indicated an
association between proteins, but not necessarily due to tsphurylated residue in
guestion. Greyed out proteins indicate that they are not part of the microarray results, but

are required to show the signalling pathway.
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Table 3.5: Signalling patlwvays represented on the antibody microarray, the number of

targets representative of these pathways, and their percentage of the total targets

Signalling pathway Count % Signalling pathway Count %
Neurotrophinsignalling 65 161 Adipocytokinesigralling 29 55
pathway pathway
ErbB signallingpathway 54  13.4 Acute myeloideukaemia 28 6.9
B cell receptosianallin Epithelial cellsignalling

PoBIg g 36 8.9 in Helicobacter pylori 22 55
pathway . .
infection
Prostate cancer a7 11.7 Bladder cancer 17 4.2
MAPK signaling pathway 76  18.9 Wntsignallingpathway 32 79
Chronic myeloideukaemia 42 10.4 JakSTAT signalling 32 79
pathway
Focal adhesion 64  15.9 Axon guidance 27 6.7

T cell receptosignalling 47 11.7 I\!OD-Il.ke receptor 18 45
pathway signallingpathway
Pancreatic cancer 37 9.2 Thyroid cancer 12 3.0
Fc gamma Rnedlated a1 10.2 Vascula_r smooth muscle 23 57
phagocytosis contraction
Glioma 34 8.4 Melanogenesis 21 5.2
Pathways in cancer 96 23.8 Type ll diabetes mellitus 14 3.5
Insulin signallingpathway 46  11.4 Longterm depression 17 4.2
Colorectal cancer 36 8.9 Endocytosis 29 7.2
Fc epsilon Reignalling 33 8.2 Pa’;hogen_lc Escherichia 14 35
pathway coli infection
Long-term potentiation 31 7.7 Tight junction 22 55
Regulation of actin a1 10.2 R_IG-I-I.lke receptor 15 3.7
cytoskeleton signallingpathway
Non-small cell lung cancer 27 6.7 Endometrial cancer 24 6.0
Cell cycle 38 9.4 Gap junction 16 4.0
Chemokinesignalling 47 11.7 Calciumsignalling 24 6.0
pathway pathway
Aldqsteroneregulated 11 57 TGFbetasignalling 15 3.7
sodium reabsorption pathway

. . Primary
GnRHsignallingpathway 32 7.9 immunodeficiency 9 2.2
Melanoma 26 6.5 Viral myocarditis 13 3.2

VEGF signallingpathway 28 6.9 Prion diseases 8 2.0
Natural_ k_|IIer cell mediated 37 92 Hematopoietic cell 13 3.2
cytotoxicity lineage
mTORssignallingpathway 23 5.7 Alzheimer's disease 19 47
Progesteronmgdlated 30 74 P_hosphatldyllnosnol 11 2.7
oocyte maturation signallingsystem
Adherens junction 27 6.7 Oocyte meiosis 31 7.7
p53signallingpathway 25 6.2 Renal cell carcinoma 24 6.0
Apoptosis 28 6.9 Small cell lung cancer 26 6.5
Toll-like receptor Amyotrophic lateral
signallingpathway 30 7.4 sclerosis (ALS) 20050
Leukocyte transendothelia 32 79

migration
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3.5.5 Western blotting of selected protein phosphorylation changes identified using
microarray analysis
Three of the proteins identified bsingsignificantly altered by quercetin treatment in the
microarray analysis were selected for further analysis using western bloffihg
selected protein changes selectazte:
(i) increased phosphorylation of casp&s€Ser257) by quercetin metabolites and
guercetin aglycone
(i)  decreased phosphorylation of VEGERYr951) by quercetin metabolge
(i)  decreased phosphorylation of eNOS (Serll1Ar)gbercetin metabolites and
guercetin aglycone
The increasan caspasé phosphorylation and decrease VEGFR2 phosphorylation
identified by themicroarray analysis could not be confirmed by western blotting. Bands
representing phosphorylateat unphosphrylated caspas& (34 kDa) could not be
confidently identified in blots of lydgas from cells treated witkither quercetinits
metaboliteor with etopodle (Fig. 3.8). Etoposidehas been shown previously to increase
caspasé phosphorylation at Ser25d@s perdocumentation for Abcam anptcaspasé®
(Ser257) antibody [#63440houghno reportscould be found which shosuch activity
in HUVECs or other endothelial cell linesvhich may explain the lack ahcreased
phosphorylatiorobserved heréVhile bands representing phosphorylated VEGiere
identified in blots of lysates from cells treated with VEGF, no clear bands could be
identified for other treatments, or in blots stained for total VE&eRta not shown
Blots of lysates from HUVECstreated with EGCG(to stimulate eNOS
phosphorylation and allow for more obvious detection-eN®©S decreasddllowed by
increasing doses of quercetin metabolites did regult in decreases in eNOS
phosphorylationas was putatively identifiedy the micoarray analysis Hig. 3.9).
Treatment of HUVECs with EGCG followed by incubation with quercetin aglycone,

however, did result in a dosependent decrease in eNOS phosphorylatagn @.10),
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which was significant at 50 €M ipg.3.¥). 0.0

Pearson's correlation coefficient was calculated for the-degendent decrease in eNOS

phosphorylation. The correspondirigstatistic showed the decrease to be edinke

significant (p = 0.056).

"

anti-p-Casp6(S257) ] vi

Figure 3.8: Western blotsfor Casp6 and {Casp6(Ser257jrom lysatesof HUVECs
treated for 60 minutes with 25 uM etoposidg),(50 pM quercetin @) and 50 uM
guercetin metabolite mixgm), alongside a vehicle atrol (V). The bands shown on the
anti-Casp6 blot could not be confirmed r@presentative of caspaéeMolecular weight
marker M) bands:20, 30, 40, 50, 60, 80, 100 120 and 220 kDa (bottom to top) n=3
(culture well replicates) for each treatment, gtder the quercetin metabolites treatment

(n=2).
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Figure 3.9: Western blots op-eNOS/eNOS fromysatesof HUVECS treatedwith 50

€ M E GfGr@0 minutes priortovr ar yi ng concentrations (¢
metabolites(in fresh culture mediajor 60 minutes alongside a vehicle contrGir().
Underlined treatments indicatéhat the assayetysateswere from cells used for the
original microarray experimeriho EGCG prdreatment) n=3 (culture well replicates)

for each teatment.Ratio of blot densitometrypfeNOS/eNOS$ shown inthe lower

panel.
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Figure 3.10: Western blots of lysates froMUVECSs treatedvith 50e M EGCG f or
minutes priortov ar yi ng concent r afnifresh sultufeanbthiadpr®d@ q u
minutes alongside a vehicle control treatmew). n=3 (culture wellreplicates) for each
treatmentexcept for the 20 puM treatment (n=2)
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Figure 3.11: Ratio of blotdensitometryfrom western blotshown inFig. 3.10. * - p <

0.05 vs vehicle control treatment (0 uM).
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3.6. Discussion

Analysis of lysates from endothelial cells treated with quercetin, a mix of quercetin
metabolites, or a vehicle otyol, with an antibody microarragomplimentaryfor a large
subset ofphospheproteins provided a small selection of changes that, while unable to
stand up to robust statistical testing, provided targets for validation by western blotting.
After stimulaton of phosphorylation of the enzyme eNOS, treatment with quercetin dose
dependently caused a decrease in phosphorylgtion 0.056) similar to what was

observed using the microarray analysis.

3.6.1. Endothelial signalling events in response to quercetin

While a large number of signalling proteins were measured in the endothelial cells, only a
small subset of these were shown to be significantly alteyegtie microarrayanalysis

There was a consensus amongst a number of the phpemiems highlighted byhe
guercetin treatment towards an aagpioptotic effegtalthough this could not be shown as
significant by bioinformatic analysisand so it is unlikely to be a real effect of the
guercetin treatmenfFFig. 3.7 and Table 3.4). Despite the fact thatugrcetin can have
strong cytotoxic effects at high concentrations, there is evidence that the dose of 10 uM
used in this study can improve cell survival in both endothelial anegendathelial cells
(Chao et al. 2009; Spencer et al. 200893, BCL:2 and cagase3 are three of the
phospheproteins highlighted by the microarray analysis of querdetiated cells that
were indicative of an antipoptotic response.Changes to these proteins have been
reported previously in cells treated with quercetinterms of changes to phosphorylation

or protein expression that areline with a decrease in apoptotic cgldhoi et al. 200;

Choi et al. 2005Choi et al. 2003)Such effects would not necessarily be related to the
decrease in eNOS phosphorylati@nZymeinactivation) observed as the main effect of

quercetintreated cellsasthis decreases associated with argiroliferationactivity rather
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than antiapoptosis(MataGreenwood et al. 2008Yhe dose of quercetin at which p
eNOS decrease was sigo#égnt(50e M) was part i culheinolyemdni g h ,
of quercetin'scytotoxidty with observedeffects/lack ofeffects should be considered in
future experimentsand cellviability assayscan be used to take cytotoxic effects into
account

The observatio that quercetin can decrease eNOS phosphorylationors
previous reports whicehow decreases BNOS activity and expressiaue to quercetin
treatment(Jackson & Venema 2006; Wallerath et al. 20@md while this decrease in
phosphorylation was notatistically significant in the microarray analysis for g < 0.05,
the western blotting resulssipporithis & areal effect(Figs. 3.10 and3.11). However, it
is also in contradiction to a number of animal studies which show improvement to
vasodilation, a effect which would be associated with increased eNOS phosphorylation
(at Serll177)Sanchez et al. 2006; Nishida & Satoh 2009; Khoo et al. 20id@ed,a
decrease in Serl177 phosphorylation of eNOS protein would be associated with increase:
vasculartone and could be indicativeof endothelial dysfunctionf such a decrease in
phosphorylation was to be maintained for irregular peridibkile improvements to
vasodilatory functiorhave beerseen in human studieghich record significantly dwer
blood pressurafter consumptiorof quercetin(Lee et al. 2011Egert et al. 2009)this
effect has also been reported as being independent of changesltaartr nitrites,
markers normally associated with changes to vast¢ahe(Larson et al. 2018).

The research reported here details effects in HUVECs after stimulation with only
a polyphenol treatmenBioactive effects due to quercetne often reportedn cellsthat
have beerco-treated with additional factorsuch as hydrogen pexide, oxidised low
density lipoproteins, TNl or hi gh ¢ on c e@haoeadl 2009 €hoietf g
al. 2009;Choi et al. 2003; Mochizuki et al. 200Resting HUVECs may be in a state
where quercetin or its metabolites cannot influence signa#isgpciated withprotein

phosphorylation to the extettiat isreported in studiewhere cells ardirst challenge
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with inflammabry factors It may be that the molecules involvedmediating signa in
endothelial cells after exposure to quercetin may first require translocation, or their
intracellular levels may be too low, and it is these stresses which can alter location or

expression of moleculemndallow signalling in response to quercetirta&e place.

3.6.2. Study of protein phosphorylation with antibody microarrays

Through the microarray analysis, the phosphorylation of a large saftesedothelial cell
proteins wastudied. Considering the size of the experiment, it is likely that a nurhber o
the proteins complimented by the antibodies present on the microarray have not beer
previously identified in endothelial cell cultures, specifically thdlsat are of low
abundance and are less likely to be identified by mass spectrometry analyseerdhere
secondary to the main objectives of thierk, evidence for the presence of previously
unreported proteins in endothelial cells is likely to have been found by this study, which
may be of use for future broddrgeted phosphprotein studies inendothelial cell
cultures (such evidence would of course be more robust hadfaeeetiontrol treatment

been analysed by the antibody microarrays alongside the experimental treatments, tc
measure levels of nespecific binding).

At the time of the micrarray analysis descridein this chapter, moseported
studies using phosphmrotein antibody microarrays were focused on a small subset of
signalling proteins, usually confined to one specific signalling pathway (He et al. 2009;
Zhong et al. 2008; Kangt @l. 2010. This highlights the novelty of such a technique
involving numbers of target analytes an order of magnitude greater than previous reports
Though not necessarily a symptom of this, there were a number of issues upon initial use
of the antibodymicroarrays.

While there appeared to be an additive effect of background fluorescence on

foreground signal in the microarrapageswhich sufferedrom high backgrounaignal
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normal levels (as per manufacturer's examples) of loagtgoaund did not appear to
have significant influence on foreground signal. In a numbercasfes,the signal
surrounding spots would be higher than the foreground spot skiggaB(3, e.g. bottom

row, 4th from the lejt suggesting that the blocking beiffproteins (if these are indeed

the main source of background signal) have lower affinity to the antibodies/spotting
buffer than to the glass slide. The manufacturer's recommendation for dealing with
normal levelsof background fluorescence was not fador it in to any calculations. A
similar case of lower foreground signal compared to background signal was reported in a
number of spots of the antibody microarray experiments conducted by Hecker et al.
(2012, however they did not ignore the local backgrd signal in their experiments.
Their strategy was tmcreaseall negative value$o a value ofl, after subtraction of the
background signalswhile this allows calculations to take into account any influence
high background fluoseence might have on foreground signal, information is likely to
be lost from spots representing low abundance proteins/phgspteins by truncating

their values. A third method would be to add a flat value to all spots after background
subtraction, toncrease lowest value to > 1. While twi®uld not necessarily affect
significance testing, there may be a need to take into account the fact thetdnlges

for these targets would be skewed.

Analysis of the microarrays was further complicated by aability of the
GenePix software to determine the boundaries of many of the spots in the .tiff image files
that were produced from the fluorescence scan of the microafirhgsmanufacturer
supplied .gal (genepix array list) file, which stores reéatocations of eacmicroarray
spot along with each spot's targebtein could not be used fahis task due to slight
discrepancies between tleeatiors stored in the .gal filand actual locations of spots on
the sldes. The issue appeared to be with the concentric nature of a number of the spots
and the negative/small differences between spot foreground and local background signals

The Matlab software scriptsed to analyse imagesade use of a package designed fo
10¢



detecting objects of a particular shape, and was able to cope much better with both o

these factors.

3.6.3. Analysis ofantibody microarray data

At the time of analysis, no reportsuld be founadvhich described statistical significance
testing of normaphase phosphprotein antibody microarray data. The analysis of
reversephase phosphprotein antibody microaryadata by Petricoin et al. (20D@etails
the use ofthe Wilcoxon rank testthough such a test is more appropriate foon
parametricdata The use of pvalues ismentioned in the report by He et al. (2009
though no description is given as to the method of significance testing used. The limma
package for the R software environment was designed arounddtalinear models for
analysing microarray dat#ts usefor handling large dataseis experimentsvith small
numbers of microarraydhas been welldocumented(Smyth 200% The method
development involved in this study highlights the of lack of established procedures for
performing antibody microarray analysis on a relatively large scale (in terms of analytes),
an issue disased in the reporauthoredby Hecker et al. (2032 where differences
between antibody/protein microarrays and cDNA microarrays, such as the distribution of
signal and the consistency of total signal across microarrays, were also highlighted.
Similar tootherrepored studiesBhola et al. (201)lmade no use of significance
testing and reported only fold changes, in a study that involvethfively small set of
analytes. Reported fold changes were high engudiowever, that changes to
phosphorylation are obvious, and do not necegsavirrant thorough significance
testing. This is in contrast to the fold changes recorded here for significant (p < 0.05)
changes to protein phosphorylation (0.60 to 1.76). Such fold changes are also relatively
low compared to what might be expected forviobs changes in mon®utine
biochemical techniques, such as western blotting assays or ELISAS, despitaltinesr

for significance.



Regardless othe fact that DAVID was designddr the analysis ofdata fromcDNA
microarray rather than antiprotein antibody microarrays, itis still capable of
determiningsignificant analyteelationshipsn the context of cell signallingvhether or

not the analyte is a gene or a protelierefore,pathway analysis software that is
designed with protein networks in mind, such as Ingenuity Pathway Analysis
(http://www.ingenuity.com), or MetaCore (ptt/portal.genego.com) are likely to have
produced similar results. The PhosphoSite and Uniprot websites proved a good source o
information on the functions of the protein phosphorylation events highlighted by the
microarray study. Though not exhaustieth sites are under constant development and
are likely to continue to be excellent data sources for these types of studies in, and for the
development of bioinformatics softwarethe future. Theonclusionfrom studying these
databaseghat an antiapoptotic effect was being represented by the changes in phospho
proteins was not backedby the statistical significance testing used in this stutlys

likely the majority of phospheproteins highlighted were simply chance occurrenaed,

that there were no strong effects on protein phosphorylation due to the 60 minute
incubations of either quercetin or a mix of its metabolites.

This is the largest reported antibody microgrstudy to date (1320 unique
artibodies per slide), surpasgi that of Bodet et al. (20D7@approx. 600 different
antibodie¥. Antibody microarrays capable of assessing > 100 targets at once are
produced by a handful of companies, with most taking protein phesf@®into account
(Zhang & Pelech 20)2While microarrays have a number of advantages over techniques
such as mass spectrometry analysis, including selectivity, improved reproducibility and
relative ease gberformanceit is still a relatively new method, and only one out of many
techniques that now exigor relative and absolute quantification of large numbers of
proteins simultaneously (Taussig et al. 2007; Ray et al. 2010; Roditgiderz &
Whetton 2013 Until such methods become economical enotayhroutine use with

their capabilitiesconfirmed throughpublished studigstheir limitations should not be
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underestimatedand compromises in study design wilbst likelyhave to be maddhe

large number of target analytes on the microarrays used mesrthéir design could

only include two replicates per microarray slide, and this may have been costly in
obtaining results able to stand up to robust significance testing. Despite this, the decreas
in eNOS phosphorylation shows that quercetisy have some effect on early signalling
events in resting endothelial cells. By focusing on a small number of markers related to
eNOS activity, further details as to the bioactivity of quercetin, or other polyphenols

found in the food plantsnay be uncovered.
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3.7. Conclusion

Quercetin, as a mix of its human metabolites and in its aglycone form, was used to treal
endothelial cells to determine early responsss cell signalling related protein
phosphorylation. To accomplish this, an antibadigroarray, designed to target a large
subset of signalling proteins in both their phosphorylated and unphosphorylated forms,
was used to analyse cell lysates. Significance testing provided a subset of proteins witf
altered phosphorylation levels (17 fouegcetin metabolites vs control, 29 for quercetin
aglyconevs control). Analysis of protein ontologies indicated an-aptptotic effect.

Using western blotting for validation of the microarray analysis results, quercetin
aglycone was shown to dedepenlently decrease eNOS phosphorylation, significant at
50 pM. More detailed analyses of eNOS activity and related signalling molecules may
provide further clues as to the bioactivity of quercetin or other bioactive compounds in

the food plants selected in @pter 2.

112



Chapter 4

Effect of polyphenols on vasodilatory
signalling molecules in endothelial cells
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Chapter 4:Effect of polyphenolson vasodilatory signalling

molecules inendothelial cells

4.1. Abstract

Quercetin, a polyphenol found in numerous foods consumed worldimicleding those
selected inChapter 2, was shown tosignificantly (p < 0.05)decreas eNOS
phosphorylationn HUVECSs, as determined lwestern blottingand antibody microarray
analysis eNOS is part of the nitric oxide signatjinpathway and involved in the
regulation of vascular tone, an important factor in the control of endothelial dysfunction.
It would be interesting to see if extracts of these and other selected plants could affect
eNOS or other molecules related to nitric oxide signalling in endothelial cells.

Food plantextracts were prepared usingot 70% methanofor treatment of
HUVECs alongside a number of pure compound treatments. Quercetin was tested in the
aglycone form and as a mix of phase Il human metabolites, alongsid&akhe
glucosindate sinigrin,allyl-ITC, phase Il metabolites of sulforaphane, and sulforaphane
itself. Phosphorylation (activation) of Akt and eNOS was wsdaby western blotting.
Changes to cGMP, total eNOS protein and secreted endethélii-1) protein were
guantified using ELISA. Levels of nitrates released into cell media were measured using
a nitric oxide analyser. Effects of the treatments on celltihhevere determined using the
WST-1 assay, and by making visual observations with a light microscope.

As evidencdor their potential to increase endothelial nitric oxide productiloa
persimmon and pomegranate extraad only these two treatments)ere able to
increase the phosphorylation of both Akt and eNO@FUVECS significantly reduce
levels of EF1 in theculturemediaover 24 hours (p < 001), andsignificantly increased
levels of nitrates/nitrites (p < 0.05)pmpared tovehicle contra, reported here fahe

first time.
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4.2. Introduction

4.2.1. Potential for polyphenols to affect production of itric oxide in the
endothelium

There is evidence that dietary consumption of polypheobl foods can improve
endothelial function and reduce hypertension in hunf8hskla et al. 2010; Manach et
al. 2005; Halliwell 2007; Schirierth et al. 2011based a in vitro andin vivo evidence,

as well as longerm intervention trial§Chong et al. 2010; Oude Griep et al. 20IHe
ability of plantderived polyphenols to regulate nitric oxide release would provide good
rational for these effects. Studies with ymhenotrich foods, such as cocoa and
chocolate(Flammer et al. 2012; Ried et al. 201@)ine (Li & Férstermann 2012)tea
(Hollman et al. 201Q)apple (Jensen 2009)cranberry (Dohadwala et al. 2011) and
pomegranatéLynn et al. 2012)have all shown impvements to markers associated with
CVD, such as hypertension. Medaalyses of intervention trials with foods such as these
provide stronger evidence for beneficial effects, as well as highlighting potential method
improvements so as to obtain results encomparable to previous studies by others in the
field (Kay etal. 2012; Hooper et al. 200Bgterson et al. 2012ntervention trials which
focus on pure polyphenol compounds, such as epicatgdiiménez et al. 2012)
guercetin (PerezVizcaino et al. RP09) epigallocatechuigallate (Brown et al. 2009;
Widlansky et al. 2007&nd chlorogenic aciMubarak et al. 2012)as well as subclasses

of polyphenols such as lignafReterson et al. 201@y flavonols(Hollman et al. 2010)
reinforce results from stlies focused on whole foods.

In the context of nitric oxide signalling or endothelnal®pendent vasodilation,
there are numerous studies showing positive effects in cells or tissues treated with
phenolic compound&Schmitt & Dirsch 2009; Schirerth etal. 2010) The anthocyanin
cyanidin3-O-glucoside(Sorrenti et al. 2007 gpicatechinRamirezSanchez et al. 2011;

Brossette et al. 2011kpigallocatechirgallate (Yamakuchi et al. 2008)esveratrol,
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guercetin(Appeldoorn et al. 2009and thearubigingLorenz et al. 2009have all been
shown to increase NO production or phosphorylation of eNOS (Serll77).
Epigallocatechirgallate has also been reported to decrease secretion-bf(Higer
2010) Many of these studies make use of antibodies complimentargidgoalling
molecules such as eNOS with and without phosphorylation of enagthaty related
residues. Other studies measure nitric oxide by way of its oxidation products or using
NO-sensitive fluorophores. Cell culture studies are matched by expesimerking with

whole tissue, measuring the relaxation of endothelntact and endotheliurdenuded
vascular rings. Rings are usually taken from rats, mice and pigs and used as a model fo
the human vascular system. In such studies, relaxant effects bemerdported with,
amongst others, epigallocatecigallate(Alvarez et al. 2006)procyanidingTokoudagba

et al. 2010)and grape juicéAnselm et al. 2007)Additional examples of plant extracts
reported to increase nitric oxide signalling include tresithof porcine vascular rings
with cranberry and lingonberry juicéfuger et al. 2011pand treatment of endothelial

cell cultures with black te@Anter et al. 2005pr grape seed extractkiu et al. 2012)
Tested compounds may be metabolisadvivo to form additional conjugated or
deconjugated forms, possibly with altered bioactivity. Such changes in bioactivity after
conjugation could provide clues as to which moieties of the original compound are
important for influencing cell signalling. For exampleg, has been reported that
polyphenol hydroxyl groups, and their positions, are important for mediating biological

effects(Auger et al. 2010)

4.2.2. Plant extract and representative pure compoundreatments for endothelial
cell culture experiments
The six food plants selected in Chapter 2 (dill, nettle, Kaideritis pomegranatand

persimmon)may be able to produce similar bioactive effedyg testing polyphenelich
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plant extracts and representative pure compounds in assegsuring changes to
molecules related to nitric oxide signalling, plants can be identified for further study, to
examine how and why they are able to affeasodilatory factorslt is likely that the
presence of compounds in the plant extratthe edotheliumin vivowill belimited by

human absorption and metabolidaneliminary work to understand the bioactivity of the
parent compounds has the potential to providees to the bioactivity of the
physiologicallyrelevant metabolitegshe measuremewtf which can be difficult unden

vivo conditions.Literature evidence for the phenolic contenthd# six food plants, given

in Tables 2.12- 2.21in Chapter2, demonstratedhat quercetin was a common flavonol

in a number of the extracts, and vwa&mwn to have effects on eN@8osphorylationn
Chapter3. It was included along with a mix of its human metabolitefey testing
alongside the plant extracts as a representative pure compound. As the extracts wer
likely to containother bioactivesbesides polyphenolthat may also be bioactivéhe
glucosinolate sinigrirvas tested, alongside itsothiocyanate (ITCproduct allyl-ITC

(found in kale). Phase Il metabolites of sulforaphane, and sulforaphane itself, were usec
in place of sinigrin metabolites, which were not available. Together, these treatments
would be used to study the effectspidint bioactive®n the phosphorylation (activation)

of Akt and eNOSafter short incubation periodgith HUVEC culturesand after longer
incubations,changes to levels ofhtracellularcGMP andtotal eNOS proteinand EF1

and nitratesitritesreleased into culture media
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4.3. Aim(s)

The aim of his study was to determine if polyphenamh extracts of selected plants
representative of traditional diets of Black Sea area countriespmsentativendividual
compounds identifiedrfom publishediterature were able to affecsignallingmolecules

involved with nitric oxideproductionand the regulation of vascular tone.
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4.4. Methods

4.4.1. Materials

All water usedwas of MilliQ-grade purity, unless it is stated that deionised wates@iH
was usednstead The antibodies for Akt (#9272), phosphorylateg At (#4060), eNOS
(#9572), and #NOS (#9570) were purchased from Caijnalling Technology (CST)
and used at their recommended dilutioA other chemicals were purchased from

SigmaAldrich and were of analyticajrade purity, unless otherwise specified.

4.4.2. Formulation of quercetin and sulforaphane metabolite mixes

A mix of quercetin metabolites (Q. met.) were prepared based on the relative
concentrabns of metabolites previously identified in human plasma after consumption of
onions (Mullen et al. 2006) Aqueous solutions of quercetftsulphate, quercetiB-
glucuronide (GIcA) and isorhamnetBaGICA were mixed in a molar ratio of 6:3:1.
Likewise, amix of sulforaphane metabolit¢S. met.) were prepared based on the relative
concentrations of metabolites previously identified in human plasma after consumption of
broccoli (Gasper et al. 2005Aqueous solutions of sulforaphaogsteine, sulforaphane
cysteineglycine, sulforaphanél-acetylcysteine and sulforaphagkitathione were
mixed in a molar ratio of 55:27:9:9. DMSO was also added to formulations before
treatment of cells cultures, so that fivel concentration of DMS@n culture media was

of 0.1%v/v.

4.4.3. Sourcing of plant materialsused to producepolyphenoktrich extracts

Plant material for dill, kale, nettl&ideritis pomegranate and persimmwere sourced
from countries surrounding thglack Sea between June and October 281 delivered
to our labin November 2010Aerial parts ofSideritis scardicawas collectedby those
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working alongside Dr Maria Glibetic at thistitute of Medical ResearcliIMR)
(Belgrade, Serbiafrom five different locationslong thePirin Mountainrange neathe
Macedonia/Bulgarian border. After collection, plants welaungunder a wooden roof
out of direct sunlightand airdried for a period of two monthsAerial parts of mettle
(Urtica ureng and dill Anethum graveolens) lwere collectedfrom private geders and
street markets in Uzloinod, Ukraine by those working alongside Dr Nadiya Boyko at
Uzhhorod National UniversitfUzhhorod, Ukraing These were then ovealriedat 5070
°C for aperiod of2-3 hours Persimmonfruit andaerial parts of &le werecolleded by
those working alongsid@ike Kocaoglu at Yeditepe University I§tanbul, Turkey.
Persimmon was purchased from a supermarket in IstaarziKale wascollectedfrom a
farm in Akcaabat, near Trabzpiurkey. Bothwere freezedried by Wendy Hollands
(IFR, UK). Pomegranate fruit was purchased from a farmers markgbiiisi by those
working alongside Dr Mariam Jorjadze at Elkaithiljsi, Georgia)and wasnot treated
with any drying procedure prior to extraction, buaskept efrigerated during transport

and storage

4.4.4. Extraction of polyphenolsand glucosinolatedrom plant material
All polyphenolrich plant extracts were prepared using hot aqueous methanol, with some
minor differences in the method used for each plant. Estigictill, nettle andSideritis
were prepared at the Institute of Medical Research, Belgrade, Serbia, in the same manne
described below.

A kitchen blendemwas used to preparer@mogenous miof freshly dehulled
pomegranate arils, or to redudeed pbant materiato powder Arils or the powdered dry
plant material were thedecanted int@olythene bags for weighingrior to extraction.
Powdered plant materialas decanted into glass containeetore addition of hot65-70

°C) 70% methanolrfethanoiwater, 70:3Q v/v; plant materialr0% methanal 1:10, w/v).
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Arils were decanted into measuring cylinders before additgnethano(arils:methanol;

30:7Q v/v). Methanolplant material mixtures wemmaintained a0 °Cfor 20 minutes,
resupending material halfway through by swirling. Supernatants were decanted through
muslin cloth held in a porcelainfilter/funnel (1 mm pores)and collectedin glass
containers. Plant material that had accumulated in the muslin cloth was wrapped and
presed to collect remaining liquichnd then back extractad the original container
using fresh solvent under the same conditions used previoBalk extraction was
repeated until an obvious difference in gupernatantolourwas observed, compared to

the colour of the firssupernatant producd#ale: 35 back extractions, persimmon:75
pomegranate: 2).

Methanolic supernatants pbmegranate, kale and persimmon were decanted into
50 ml plastic tubes and centrifuged in a Heraeus Megafuge 1.0r atpt2QB000 g) for
10 minutes.They were thenfiltered through muslin cloth into roudsbttom flasks (of
size 250 or 500 cfpand dried at 40 °C using a rotary evaporator, with further drying of
pomegranate and persimmon extracts by vacuum oven (40 °@y&tarr). When flasks
remained at a stable weight (measured in grams to 3 decimal @teegquilibration of
stopperediasksto room temperature) the dried extract was removed by scraping and
decanted into anew glasscontainer while keeping the adents of the flask and the
containerunder nitrogen as much as possilfleglass rodwas then usetb homogenise
theextracs.

All extracts were storedat room temperature (0¥20 °C in the case of
pomegranateunder nitroga and desiccaten parafilmsealed containers, in sealed
polythene bagsThe pomegranate extract was kept-20 °C, rather than at room
temperature, as it was found to adhere to itself and its glass container unless store

frozen
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4.4.5. Measurement ofphenolic content by Folin-Ciocalteu assay

Gallic acid SigmaAldrich) was dried in a vacuuraven (40 °C, 48 hour$ x 107 torr
pressurgand 31.85ngwere dissolvedn 1 ml of absolute ethanahaking up to volume

with water in a 25 criwvolumetric flask Dilutionsof 1 0 0 ewgré mmdde wittwater(in
triplicate) and the absorbance of each was measured using a NanodrdPO8DtO
calculate the extinction coefficient of gallic acid. The extinction coefficient was
calculated on two separate days and theaaee of these was used as the final value
(9443.81M' ‘cm §. Dilutionsof 500, 400, 300, 250, 200
then preparedto produce a standard curve for the Fdiimcalteuassay(Waterhouse
2001) Water containing 0.2%thanol( equi val ent to the 250 ¢
was used as a blank solution, and eppendorfs were prepared containing 0.79 ml watet
into which 10 ¢l o f each gallic acid st
vortexed. -Eibcaltedreagent waf adtled to easdimple, mixing by vortex,

and leaving to stand for 6% mi nut e s20% sbdiubn cardonate fvas addeith

mixing and sampleseremaintainedat 37 °C for 30 minutesdefore beinglecanted into
plastic cuvettedor measuremenof their absorbance at 795 nm. Alongside the 37 °C
incubation step, the absorbance of the
were measured &70 nm using &Nandrop ND-100Q Values obtainedavere then used

to confirm thenconcentation of the gallic acid solutionused to prepare the dilutigns
usingthe extinction coefficientcalculatedfor gallic acid. Total phenolics in each of the
extracts were then determined (measured as gallic acid equiveBAE) using the

gallic acid stadard curve.

4.4.6. Preparation of plant extracts and pure compounds for cell culture studies
Solutions of plant extracts were prepared using DM@ basal cell culture medium

supplemented with BulletKit antibiotic§Lonza) Stocks of pure compmds were
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prepared using DMSO, except in the case ofstiéoraphane or quercetin metabolites,
which were prepared in watdn all cases, treatments were stored in single use aliquots at

-20 °C andbnce applied to cells, the final concentration of DMS&W.1%v/v.

4.4.7. Cell culture experiments
Thegeneral materials and methods foe culture of HUVECsused in this workand the

analysis of their lysates by BCA assay and western blotting, are descriDedpter 2.

4.4.8. Analysis of cell viability by WST-1 assy and observations of cell morphology
Confluent monolayers of HUVECs cultured in-@@ll plates were treated with plant
extracts, pure compounds or a vehicle control and then washed once wit2 BBidre
incubation with EBM2 containing 10%v/v) WST-1 reagent (Roche). After 30 minutes,

the absorbance of the cell culture media in each well was measured at 450 nm using
microplate reader. The absorbance was read again after a further 30 minutes, and the
every 60 minutes after, for a total of 240 minufése absorbance values were plotted
against time angtatistics based aife slopes produced were used to compare treatment
effects on WSTL metabolism.In conjunction with the WSIL assay photographsof

cells viewed down a light microscope at 40X magaifion were recorded, as reduced

cell viability is associated with increased detachment of cells from the culture plate

surface, a common effect observed in unhealthy endothelialBelisbeli et al. 1996)

4.4.9. Treatment of endothelial cellswith plant extracts and pure compounds for

the study of signalling molecules relevant to vasodilation

Confluent monolayers of HUVECs cultured inwell plates were treated with plant
extracts, pure compounds or a positive or vehicle control for up to 60 minutes, for

analsis of p-Akt and p-eNOS.The flavanol epigallocatechigallate (EGCG) had been
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previously shown to be a good inducer of Akt and eNOS phosphory(dtamakuchi et

al. 2008)in HUVECs, and so was used as the positive control for these assays, after
confirmation of its bioactivity iFhouse (data not shown24 hourplant extract, pure
compoundor vehicle control treatments were performedanalyse changes tevels of

total eNOS protein, EL secreted into culture media, and nitrate/nitfitend in cultue
media. To show that eNOS phosphorylation waskp dependentan inhibitor of PI3K
(LY294002)(CST)was used to treat cells ford 60
during selected plant extract apdre compoundreatments, alongsideshicle contras.

For the analysis of levels of cGMP produced by HUVEs@sifluent monolayers afells
cultured in 6 cridishes were treated with 1 mM solutions Gfisobutyk1-
methylxanthingIBMX) for 4560 minutes prior to and durirf) minuteplant extracor

pure compound treatments alongside vehicle controls. IBMX inhibits
phosphodiesterasewhich hydrolyse cGMRo GMP, and treatment of HUVECs with
IBMX allows intracellularcGMP to increase to measite levels Sodium nitroprusside
was used as a positive control, akad been previously reported to increase cGMP in
HUVECs(Kung et al. 2007)

Posttreatment, cell lysates were prepared and the total protein concentration of
each sample measured by BCA assayalysis of Akt and eNOS phosphorylation was
performed by western blotting.This technique provides both a practical arabtc
effective analysis, due to the reusability and lsheglf life of the reagents and materials
involved. ELISA kits, which were available for both phosygroteins, would have
allowed for analysis of 48 samples (in duplicate) in a single assay, thealeguito
blotting four 12well gels, and provide quantitative analysis, while western blotting is
generally semguantitative and quantification of blot bands is often subjective. They are
relatively expensive, however, and at the time there were no kithwallowed for assay
of phospheprotein and total protein simultaneously within the same microplate wells.

Enzymelinked immunosorbent assaysLISAs) were usedhoweverto determine levels
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of total eNOS protein and cGMREI(ISA kits purchased fronR&D), and EF1 (Enzo
Biosciences), performed accordingttema nuf act ur e r Witk tha additionr u c
of extra wash steps (5 t i mes the number stated in

based on work by Amy Casgrd(ifrR, UK, unpublished))

4.4.10.Measurement of nitrate levels in spent cell culture media

NO is unstable when left in cell culture mediga<t4 minutegIsik 2005) and oxidises to
nitrites and nitrates in the presence ofadd superoxid¢Chen et al. 1998 Based ora
previous repdr(Boo et al. 2011)cells were incubated for 24 hours before spent media
samplesvere injectedn triplicateinto a reaction chamber containing a saturated solution
of vanadium chloride irhydrochloric acidheated to 95 °CThis reduced nitrates and
nitrites to nitric oxide, the levels of which were then measured asBigvers 280i Nitric
Oxide Analysetthat was connected to the reaction chambéutions (0.17 50 uM) of a
stock of sodium nitratevere prepareéor the production of a standard cuyé®m which

the concentration of nitrates and nitrites in culture media samples could be quantified.
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45. Results

4.5.1. Yields of extracted material
The weights of material used and obtained for the drying and extraction proegsses
given in Table 4.1 Quantities used/obtained during the drying of the plant matesfal

dill, nettle orSideritisby IMR (Serbia)were not available

Table 4.1: Quantities of material obtained after drying and extraction of plant material

Plant Fresh Weight  Yield Weight of Weight of  Yield
weight (Q) after (%) material for extract (g) (%)
drying (g) extraction ()
Dill n/a n/a n/a 135.0 24.61 18.2
Nettle n/a n/a n/a 132.4 12.96 938
Sideritis n/a n/a n/a 93.1 11.5 124
Kale 2999.7 312.4 10.4 2396 69.65 291
Pome@ranate 1119.9 n/a n/a 1119.9 139.75 125
Persimmon 4745.6 808.5 171 336.0 212.28 632

n/a- weight of material at the specific stage of preparation not available, or (in the case of

pomegranate, as arils were not dried before extraction) not applicable

4.5.2. Total phenolic content of extracs

Results from the Folu€Ciocalteu assay performed on samples of the plant extracts are
given inTable 4.2 which were used to determine the mass of extract required for cell
culture treatments, based on equivalent doskegphenolics. The highest levels of
phenolics were measured in tBeleritis extract, while the lowest levels were found in

the pomegranate and persimmon extracts.
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Table 4.2: Mean concentration of phenolics in each plant extract, = standard deviation.

Extract eg GAE/ mg met ha
Dill 58.07 + 0.11
Kale 42.60 + 0.06
Nettle 69.44 = 0.03
Sideritis 156.66 + 0.01
Pomegranate 9.85 + 0.20
Persimmon 5.62 = 0.45

4.5.3. Effects of plant extracts and pure compounds op-Akt and p-eNOS
Western blottingb | ysates from cells treated for
pure compounds, or 100 &g SE&isexndcts, showet h e
phosphorylation of Aktdt Ser473) or eNOSaf Serl177) was not increased by these
treatments in comparison to a vehicle control treatment. The assay was shown to be
performing correctly by the increase in phosphorylation seen from cells treated with
EGCG from the same experimdRigs.4.1to 4.4).

Treat ment o f cel | s heiponegrahd@leOandepgrsin®aArE / |
extracts for 80 minutes caused induction of Akt phosphorylat{bigs. 4.2 and 4.5),
while treatment of cells with 20 00 € g GAE/ ml of t he pome

extracts for 60 minutes caused induction of eNOS phosphioryl@&igs. 4.4 and4.6).
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Figure 4.1: Western blots op-Akt/Akt from lysatesof HUVECSs treated for 60 minutes
with 50 €M pure compounds alongsi de a
positive (+ve) control. n=3 (culture well repliea) for each treatmenRatio of blot

densitometry [§-Akt/Akt) is shown in thdower panel.* - p < 0.05 vs vehicle control

treatment
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Figure 4.2: Western blots op-Akt/Akt from lysatesof HUVECs treated for 60 minutes
with 100 mdg oGABI ant extracts alongsi de
used as the positive (+ve) control. n=3 (culture well replicates) for each treaRaént.

of blot densitometry@-Akt/Akt) is shown in the lower panet. - p < 0.05 vs vehicle

control treément.
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Figure 4.3: Western blots ofp-eNOS/eNOS fromysatesof HUVECs treated for 60

mi nutes with 50 €M pure compounds along
used as the positive (+ve) control. n=3 (culture well replicates) for eacmémaRatio

of blot densitometry@-eNOS/eNOS)s shown in the lower panéi.- p < 0.05 vs vehicle

control treatment.
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Figure 4.4: Western blots ofp-eNOS/eNOS fromysatesof HUVECs treated for 60
mi nutes with 100xtgaGAE/ el ongsptdana weehi
was used as the positive (+ve) control. n=3 (culture well replicates) for each treatment.
Ratio of blot é&nsitometry(p-eNOS/eNOS)s shown in the lower panei.- p < 0.05 vs

vehicle control treatment.
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Figure 4.6. Western blots obf p-eNOS/eNOS fromysatesof HUVECs treated for 60

mi nutes with differ emlof panegrasatet anch geisiomaon  (
extract. Blots representative of n=3 (culture well replicates) for each treatRadia.of

blot densitometry-eNOS/eNOS)s shown in the lower panel.- p < 0.05 vs vehicle

control treatment.

4.5.4. Total eNOS protein and sereted ET-1 from endothelial cells treated with
plant extracts and pure compounds
Treat ment of <celll cultures with 5 &M of
no effect on levels of total intracellular eNOS protftig. 4.7) compared to the vehicle
control. Secretion of ETL1 into cellculture mediahoweverwas sigificantly decreased
by quercetin(p < 0.001) and byhe quercetin metabolites migulforaphane metabolite
mix and sulforaphane treatments (p < 0.G®mpared to the vehicle control treatment
(Fig. 4.8).

Treatment of cell cultures with pomegranate and pe mmon e xt r act
GAE/ml for 24 hours resulted in significantly lower levels of-ETn the cell culture
media (p < 0.01) compared to the vehicle control treatmém pomegranate extract
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caused significantly lower levels of intracellular eNOS @irot(p < 0.@1), as did the

nettle extract (p < 0.05)The other extract treatments were not effective in these assays

(Figs.4.9and4.10.
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Figure 4.7. Mean kvels of total eNOS protein in lysates from HUVECSs treated with 5
eM pur e c¢omp ows Hsandard devidigh. nh6 (culture well replicates),

over two independent experiments, for each treatment.
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Figure 4.8: Mean kvels of ET1 secreted into culture media by HUVECs treated with 5
eM pure compounds for 2 4=6Holure svell reflicated),a n d
over two independent experiments, for each treatm&nt.- p < 0.001 vs the vehicle

control. *- p < 0.05 vs the vehicle control.
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Figure 4.9: Mean kvels of total eNOS protein in lysates from HUVECSs treated with 20
€g @G Bplant extracts for 24 hours, = standard deviation. n=6 (culture well
replicates), over two independent experiments, for each treatfttentp < 0.001 vs the

vehicle control. * p < 0.05 vs the vehicle control.
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Figure 4.10: Mean kvels of ET1 seceted into culture media by HUVECSs treated with
20 eg GAE/ ml o f pl ant extracts for 24
replicates), over two independent experiments, for each treatfttentp < 0.001 vs the

vehicle control.

4.5.5. cGMP production in cells treated with plant extracts and pure compounds
Analysis ofthe effects of pure compound or plant extract treatment on cGMP production
in HUVECs proved inconclusive. A number of data points for the experimental
treatments were below the limit aletection and could not be usdéurthermore, a

positive control treatment using sodium nitroprussidié not significanty increase
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cGMP production. The high degree of variance in results from the cedd&y(Figs.

4.11 and 4.12 may bedue to the lawv quantity of soluble guanylyl cyclase enzyme

present in HUVECSs.
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Figure 411: Meankevel s of <c¢GMP produced in HUVEC
GAE/ml plant extractssodium nitroprusside (+ve) or a vehicle contedterinhibition of
cGMP-degrading mzymes, * standard deviation, where replicates allow. n=3 (culture
well replicates) fothe kale, dill andSideritistreatments, n=2 for the pomegranate, nettle,

positive control and vehicle control treatments, and n=1 for the persimmon treatment
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Figure 4.12. Mean kvels of cGMP produced in HUECs after tr eat me
pure compoundssodium nitroprusside (+ve) or a vehicle contrafter inhibition of
cGMP-degrading enzymes, * standard deviation, where replicates allow. n=3 (biological
replicates) forthe sinigrintreatmentn=2 for the gercetin, quercetin metabolites, allyl

ITC and vehicle cotrol treatments, and=1 for the sulforaphane and sulforaphane

metabolites treatments
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4.5.6. Nitrates/nitrites released into culture media from endothelial cells treated

with plant extracts and pure conpounds

Treat ment of celll cul t ur sover @4 houhs hd&d neelMecto f
on levels of nitrates/nitrites released into cell culture media when compared to the vehicle
control treatmentFig. 4.13.

The dill, nettle and kale extracts all ra¢eed very high concentrations of
nitrates/nitrites when dissolved in EBRI(data not shown). To control for extract
nitrate/nitrites, celfree experiments were also performed with the extracts alongside a
vehicle control and a blank media control. Thisoalrevealed a basal level of
nitrate/nitrite already present in cell culture media (data not shown). Nitrate/nitrite values
from the cellfree experiments were subtracted from the cell experiment values. Cell
culturestreatedwith pomegranate and persimmernx t r act at 20 &g GA
resulted in a significant increase of nitrates/nitrites released into cell culture media (p <
0.01) compared to the vehicle control treatmevitile no difference was observed in
media from cells treated witliné Sideitis extract(Fig. 4.14), or the dill, nettle or kale

extracts Fig. 4.15.
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Figure 4.13: Mean kvels of nitrate/nitrite in culture media after incubation of HUVECs
with pure compounds (5 pM) for 24 hours, = standard deviation. n=3 (culture well

replicaes) for each treatment.
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Figure 4.14: Changes to meaeVels of nitrate/nitrite in culture media (compared to-cell
free experiments) after incubation of HUVECs witlderitis pomegranate or persimmon
extracts (20 pg GAE/ml) for 24 hours, * standard deon. n=3 (culture well replicates)

for each treatment. - p < 0.05 vs the vehicle control.
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Figure4.15: Changes to meamr\Velsof nitrate/nitrite in culture media (compared to €ell
free experiments) after incubation of HUVECs with dill, nettle oeK&0 ug GAE/ml)

for 24 hours, + standard deviation. n=3 (culture well replicates) for each treatment.

4.5.7. Effect of PI3K inhibition on the increase of Akt and eNOS phosphorylation
by extracts of pomegranate and persimmon

Incubation of HUVECs with the PI3kkhemical inhibitor LY294002 prior to incubation
with the pomegranate or persimmon extract reduced the levels of btith and p

eNOS, compared to cells treated without the PI3K inhibkay. @.16).
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Figure 4.16. Westernblots of p-Akt/Akt and peNOS/eNOS fronlysatesof HUVECs
treated for 60 minutes with or without the PI3K inhibitor LY294002 (LY), prior to
treatment with vehicle control, 50 pg GAE/ml of the pomegranate extract (Pom.) or 50
Mg GAE/ml of the persimmon extract (Perd9gr a further 60 minutes. Blots
representative of n=2 (culture well replicates) for each treatnfeatio of blot
densitometry g-Akt/Akt and p-eNOS/eNO%is shown in the two lower panefs.- p <

0.05 vs vehicle control treatme#t- p < 0.05 vs vehicle contrereatment and respective

plant extract treatment (i,e. Pom. + LY vs Pom.)



4.5.8. Effects of plant extracts and pure compounds on WST metabolism and cell
morphology
The rate of WST1 metabolism by HUVECSs after treatment with plant extracts at a dose
of 100 g GAE/mI for 60 minutes was significantly (p < 0.05) reduced in all cases except
for kale Fig. 4.17), compared to the vehicle control. The rate was reduced to 85% by dill,
to 59% by pomegranate, to 28% by persimmon, to 14% by nettle and to $tdditis
In contrast20 pg GAE/ml doses of each extraetusedsignificant (p < 0.05) increasé@s
metabolism of WSTL for dill, kale andSideritis (Fig. 4.18. Nettle was still reduced
(46% of the vehicle contrplas was pomegranate (91%) and persimmon (834dours
incubations of 10 pg GAE/ml doses of the extracts reduced the rate of-IWST
metabolism to less than 20% in all cases ex8aeritis which reduced the rate to 50%
(Fig. 4.19.

Treatment of cells with 50 uM of sulforaphane and allyC for 60 minutes had
no effect on WST1 metabolism compared to the vehicle contia(4.20. Similar
treatments with quercetin, quercetin metabolites, sinigrin and sulforaphane metabolites all
significantly (p < 0.001) increased W4T metabolism (by 16%, 7%, 6%nd 10%
respectively). 24 hour incubations of each pure compound treatment at 50 pM reduced
the rate of WSTL metabolism in all cases (data not shown). Cells treated with sinigrin
and quercetin metabolite treatments were the least affected in this régplegting this,
cells were treated with the pure compounds at 1, 5 and 10 uM doses (10 uM was the
lowest concentration used for the sinigrin and quercetin metabolite treatments due to the
relatively weak effects on metabolism of W&Tmentioned above). M-ITC and
sinigrin had no effect at these concentrations compared to the vehicle cbigrdl.21).
Sulforaphane and a mix of its metabolites both caused significant (p < 0.001) increases tc
metabolism of WSTL (by 14% and 30% respectively, 5 uM dosH).uM of quercetin

metabolites still reduced metabolism of W& Elightly, but significantly (p < 0.001), to
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93%. Quercetin dosdependently reduced metabolism of WETo 59% at 10 uM, to

78% and 5 uM and to 97% at 1 uM, compared to the vehicle control.
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Figure 4.17: Rate, normalised to the vehicle contrat, which WST1 reagent was
met abolised by HUVECS, after treat ment
of each extract, = standard errors6 (culture well replicags) for each treatment.- p <

0.05 vs vehicle control treatment.
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Figure 4.18. Rate, normalised to the vehicle contrat, which WST1 reagent was
met abolised by HUVECSs, after treat mefnt
each extract, + standard erros6 (culture well replicates) for each treatmenht: p <

0.05 vs vehicle control treatment
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Figure 4.19: Rate, normalised to the vehicle contrat, which WST1 reagent was
metabolised by HUVE s , after treat ment of cell s
each extract, £ standard error6 (culture well replicates) for each treatmeht: p <

0.05 vs vehicle control treatment
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Figure 4.20: Rate, normalised to the vehicle contrat, which WST1 reagent was
met abolised by HUVECSs, after treat ment
compounds, + standard errai6 (culture well replicates) for each treatment.p < 0.05

vs vehicle control treatment
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Figure 4.21: Rate, normalised to the vehicle contrat, which WST1 reagent was
metabolised by HUVECs, after treatment of cells for 24 hours with indicated
concentrations of pure compounds, + standard err@r(culture well replicatgsfor each

treatment* - p < 0.05 vs vehicle control treatment

It was observed that addition of pomegranate extract to cell culture media changed the
culture mediabs pH indicator from pink
free of cell cultues showed a change of 7.6 to 6.7 after addition of pomegranate extract
(at 50 pg GAE/ml). It is likely the extract contained organic acids (such as citric or malic
acid (Melgarejo et al. 2000¥rom the fruit arils.

Microscope images of cel[@0X magnifcation) after exposure t@0 ug GAE/ml
of the plant extract treatmentgigs. 4.22 to 4.28, or 5 pM of the pure compound
treatments(Figs. 4.29 to 4.34), for 24 hoursprovided little evidence of toxicity. For
example while all treatments resulted in ¢ggr numbers otletached, floatingells (as
demonstrated ifrigs. 4.22and4.23 where photographs were taken before floating cells
were washed awayjncluding the vehicle control treatmetitere was little evidence of
increaseddetachment oHUVECs from culture platesn comparisonto the vehicle
control, except in the case of quercetin and the nettle extract, where larfjeecalleas
wereclearly visible and persimmon, whesmaller gaps were visibl&he proportion of
cells missing du®& uM quercetintreatmentor 24 hours appeared to correspond with the

reduction in metabolism of WST for the corresponding quercetmeatment (78%).
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Figure 4.22: Photograph of HUVEC$40X magnifcation) after incubation with 20 pg

GAE/ml of dill extract for 24 hours.

Figure 4.23: Photograph of HUVEC$40X magnification)after incubation with 20 pg

GAE/mI of kale extract for 24 hours.

Figure 4.24: Photograph of HUVEC$40X magnification)after incubation with 20 pg

GAE/mI of nettle extract for 24 hours.
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Figure 4.25. Photograph of HUVEC$40X magnification)after incubation with 20 pg

GAE/ml of Sideritisextract for 24 hours

Figure 4.26: Photograph of HUVEC$40X magnification)after incubation with 20 pg

GAE/ml of ppmegranate extract for 24 hours
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Figure 4.27: Photograph of HUVEC$40X magnification)after incubation with 20 g

GAE/ml of persimmon exact for 24 hours
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Figure 4.28: Photograph of HUVEC$0X magnification)after incubation with vehicle

control (0.1% DMSO) for 24 hours

Figure 4.29: Photograph of HUVEC$40X magnification)after incubation wh 5 uM

guercetin for 24 hours
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Figure 4.30: Photograph of HUVEC$40X magnification)after incubation with 5 pM

guercetin metabolites for 24 hours.
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Figure 4.31: Photograph of HUVEC$40X magnification)after incubation withb uM

sulforaphane for 24 hours
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Figure 4.32: Photograph of HUVEC$40X magnification)after incubation with 5 uM

sulforaphane metabaés for 24 hours
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Figure 4.33. Photograph of HUVEC$40X magnification)after incubation with 5 uM

sinigrin for 24 hours.
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Figure 4.34: Photograph of HUVEC$40X magnification)after incubation with 5 uM

allyl-1ITC for 24 hours.
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4.6. Discussion

Assays measuring changes to signallimgjecules involved witlendothelialnitric oxide
productionand the regulation of vascular tomere used to test the affects of extracts
prepared from traditional foods characteristic of countries surroundin@lédo Sea
Phosphorylation (activation) of Akt and eNOS, and culture media nitrate/nitrite levels
were significantly increased, and HTsecretion was significantly decreased, by an
extract of persimmon and pomegranate, but not by extracts of r&tksitis, kale or

dill. There were no significant effects in response to treatment with quercetin, quercetin

metabolites, sulforaphane, sulforaphane metabolites, sinigrin cisgtiliocyanate.

4.6.1. Treatment of endothelial cells with plant extracts and pure comounds for

the study of signalling molecules relevant to vasodilation

The effects on Akt and eNOS phosphorylation, total eNOS proteifi, Edcretion and
culture media nitrate/nitrite levels in endothelial cells treated with bioadtlesxtracts

of dill, kale, nettle,Sideritisand persimmon (edible parts) ar@oeed here for the first
time. This isalsothe first report describing the effects of a persimmon fruit extract on
Akt and eNOS phosphorylatio(Figs. 4.2, 4.5 and 4.6), the effects of pomegnate
extract on phosphorylated and total eNOS protein in endothelial cells c|Figed.9),
andthe first to show increased nitrate/nitrite levelsddecreasedT-1 secretion due to
pomegranate or persimmon extré€igs. 4.10and4.14). The significant, though smaller,
decrease in the secretion of ETo cell culture media due to treatment with quercetin

a mix ofits metabolitegFig. 4.8) is in agreement with previous reports (Lodi et al. 2012;
Zhao et al. 1999)although this appears to be the first report of quercetin and its
metabolite lowering EAL secretion in resting endothelial cells, and the first to show
significant decrease (p < 0.0i) responséo sulforaphane or its human metabolitElse

stability of ET-1 in biological buffers has been previously demonstréfééng & Luo
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1999) and so it is likely that the pomegranate and persimmon extracts stitbegly
inhibit ET-1 secretion, perhaps as a direct consequence of the increased production o
nitric oxide (Bourque et al. 2011pr promote its degradation through another signalling
mechanism or by chemical means.

Persimmon and pomegranate have bgeviously reported to effect markers of
endothelial function and CVDGorinstein et al(2011) reported decreasquasma lipid
levels andreducedaortic atherosclerotic lesions in rats compared to control treatments,
after feeding dried persimmdruits to rats on a high cholesterol diet. An extract prepared
from the leaves of persimmdhut not the fruitivas also able to increase Akt and eNOS
phosphorylation in HUVEGswithin 15 minutes of exposure to cells (and at a dose
approximately 200 times weakéranthatused in this studyKawakamiet al. 2011), and
furthermore improved dilation of rat aortic tissue ex vivo in an endotheland NG
dependent manner (Yin et al. 2005). de Nigris et(2007; 200) reported that a
pomegranate extract could iease eNOS expression and slow down the progression of
atherosclerosis in atherogenic models of rats and mice, and increase eNOS enzym
activity in human endothelial cells. Ignarro et al. (2006) reported similar effects of
pomegranate on eNOS activity in Jbee endothelial cellsThe concentrations of
guercetin used in these experiments matched tubsd caused a significadiecreas¢o
eNOS phosphorylation in Chapter Bid. 3.1). For the work in that chaptercellswere
pretreated with EGCG tstimulate eNOS phosphorylation. No such-peatment was
performed in this study, however, which may explain why no effect on eNOS
phosphorylation after treatment of cells with quercetin was observed.

Despite a lack of effect in the other assays peréarnthe nettle extract was able
to significantly (p < 0.05) decrease total eNOS protein in cells over 24 (figrg.9
(but not over 60minutes Fig. 4.4)). While treatment with pomegranate extract also
caused a significant reduction (p < 0.001) in tefdOS proteintreatment of cells with

the persimmon extract did not. It could not, therefore, be concluded that the decrease ir
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total eNOS protein over 24 hours was in response to increased nitric oxide production. If
increased nitric oxide production domdeed reduce intracellular levels of eNOS protein
in the 24 hour period folloimg Akt and eNOS phosphorylation, this coldé confirmed
by pretreatment of cells with a chemical inhibitor of Akt activatisoch as LY294002

Nitric oxide binds to solule guanylyl cyclase, greatly increasing the rate that the
enzyme produces cGMP in smooth muscle cells, which ultimately leads to the relaxation
of the smooth muscle tissue. There are numerous other pathways dependent on cGMP fc
activity (Francis et al. 200), and sGC protein and activity have been reported in most
cells and tissues, including endothelial c€llakeuchi et al. 2004; Boulanger et al. 1990;
Potter 2011) Therefore it should have been possible to measure cGMP increase in
HUVECSs, after inhibion of phosphodiesterasasing IBMX, though this was obviously
not the casdt is possible that nitric oxide produced by HUVECs was either not reaching
sGC in the cells, perhaps due to its diffusion to cell culture medibe ®GC content was
too low in the cells to produce measurable levels of cGWRere cGMP levels were
recorded they were higher than those obtained by Donnini &28006) (pM cGMP/ug
HUVEC lysate protea compared to pM cGMP/mHUVEC lysate protein). It idikely
thatthe cGMP measurements presented hemexe false positivesespecially considering
the inability of the positive adrol to produce aonsistentresponsgand that a more
sensitive assay is required. It has also been reported that vascular smooth muscle cel
become desensitised to sGC activation by sodium nitroprusside once they have beel
passaged five or more tinfBoulanger et al. 1990}hough such effects have not yet been
reported fopassageéndothelial cells.

Despite the lack adbioactivity from the dill, nettleSideritisand kale extractsand
the pure compound treatments is still possiblethat compounds in thestod plants
could modulate signalling molecules related to vasodilatiowivo. Likewise, it is not
possible to conclude thatthe compoundswhich provide the bioactivity of the

pomegranate and persimmon extracts would cause similacteih vivo, due to
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metabolism and resulting structural changes to the compounds, and possible limits tc
their absorptionn the gastrointestinal systeifhe composition of the plant extracts used
in the in vitro work described herés likely to be quitedifferent from the profile of
compounds which would reach the endotheliumvivo. after preparation of the plants
(including storage and cooking), and consumption in the Fl@yphenolsalsotend to be
susceptible to oxidation in cell culture mediagre sothanwhen they are circulating in
plasma.This results in theidegra@tion while incubating with cell culturesyhich may
attenuate or augment particular bioactive effedtsirthermore, tie solubility of
compoundscan affect they're efficacyn vitro compared to thein vivo activity. While
none of the extracts were observed to produce precipitates when they were first
introduced to the cell culture media, observations mau#er the microscope at the
conclusion of cell culture treatments confirnted presence of particulate matter floating
in themedia. While this matter would have included dead cell debris, it is also likely that
compounds in the plant extracts will have come out of solution over time, possibly due to
their degradation. Nexperimats were performed to determine the solubitityer time
of the plant extract compounds in the cell culture media,usedigh it may be more
useful to perform such experents wth individual compounds that have been identified
as bioactive.

HUVECs wereused here aanin vitro cell modelfor endothelial signallingwith
the respectivan vivo situation being the signalling which occurs the endothelium
lining human arteriesVhile umbilical vein endothelial cells wigxperience oxygenated
blood flow smilar to the arteries, the blood pressure in umbilical vesmauch lower(6
mmHg at term(Pesolaet al. 2001) compared to~112 mmHg systolic/~64 mmHg
diastolic in healthy adultéSpurwayet al. 2012). The smooth muscle tissue surrounding
the endothelim of umbilical veinsis also much thinnercompared to adulhuman
arteries.Therefore it is unlikely that these cells behave exactly as endothelial cells do in

adult arteriesn vivo. This should be taken into consideration when drawing conclusions
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on the molecular outcomes in HUVECthat have been used tassaypolyphenol
bioactivity, even when thegolyphenolsused are the physiologically relevamtiman

metabolites

4.6.2. Effect of plant extracts and pure compounds on cekdhesion to culture plate
surfacesand metabolism of WST-1

It was clear that some of the treatments (notalhdy24 hourincubations of quercetin,
nettle and probably persimmon) wecytotoxic at the concentrations used to measure
effects on endothelial vasomodulatory factors, and this was taken into account when
analysing results from these assagsth microscope observations and restritsn the
WST-1 assay suggested that thessatiments were causing decreases to the number of
cells attached to the culture plates, compared to vehicle corfigis 4.17- 4.19, 4.21,
4.24, 4.27and4.29. It is interesting to note that the cytotoxicity of quercetin is reduced
when quercetin's sicture is altered to that of its phase Il metaboligssed on the
WST-1 results, 5 uM dossof the pure compoundsere used for subsequent 24 hour cell
culture experiments. 24our cell culture experiments with the plant extracts were
performed using a 20 ug GAE/ml dose, assgite large decreases to WS Tetabolism,
microscope images of cells did not suggdsit there weresignificantly detrimental
effects to cell cultures due to these treatments.

WST-1 is one of a number of tetrazoliumedythat are used to determine effects
on cell viability and metabolism. Upon metabolism by viable cells, Y¥Sdrms water
soluble formazan compounds that are yellow/orange in cqlssalian & Francoeur
1996. Experiments such as the LDH assay, which suess lactate dehydrogenase
released into culture media from burst cells, require the experimental media for proper
measurement. As the WSITreagenivas dissolved in fresh media before application to

cells, potential inference in light absorption measweets caused by the pigments of the
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plant extractswas avoided. The absorbance of the yellow colour produced can be
correlated with the metabolic activity of the celisough not always with cell viability.

For example, it is possible for metabolism oSW1 to continue, even afteell death
(Quent et al. 2010)Metabolism most likely occurs at the cell surface or the plasma
membrane via tranglasma membrane transport, due to the-ioglermeable nature of

the formazan compounds produg¢édgsalian & Fracoeur 1996)

It is possible that compounds in the extracts were attaching to the surface of cell
cultures, or interfering with cell membrane biology in a manner than allowed cells to
remain attached to the culture plate but still reduce metabolism ®fW&dependent of
cytotoxic/noncytotoxic effects. As the plasma membrane is the most probable location
for metabolism of WSTL (Liu et al. 1997; Berridge et al. 200Q5interference by
compounds here would impede the conversion of VW33 formazan dye,ral explain
reductions seen in the WSIT assay for cells treated with plant extracts for 24 hours,
despite the lack of obvious differences seen between cell cultures viewed down the

microscope.

4.6.3. Preparation of plant extracts

So as to give no bias to arpeular type of compound when extracting polyphenols and
other bioactives from the plant material, the same extraction method was used for eact
food plant. Aqueous methanol has been previously shown to act as a good solvent fol
leaching a wide variety gdhytochemicals from plant material in a reglective manner
(Tsao 2010; Robards 2003)hile care was taken to keep the majority of the extraction
met hod the same for each plant, t he- nat
specific changego the protocol such as ontiance of the drying steps for the
pomegranate arilsyere necessaryn this caseas thematerial waslready in a form that

could be easily extracted, degradation of bioactive compounds was assumed unlikely dug

to the short preparation time. Duritlge removal of water from the extract supeards,
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the pomegranate and persimmon extracts required a more intensive evaporatior
procedure than the kale extract. This was most likely due to the high quantity of sugars
extracted from the fruits (reports of > 10 g/100g fresh weiglew et al. 2005;
Melgarejo et al. 200Q)compared to, for example, < 0.1 g/100g fresh weight for kale
(Noichinda et al. 2007) which would m&e the extract more hygroscopicCare was

taken to ensure minimal exposure of the pomegranate and persimmon extract®to air,
avoid uptake of additional water into the extraci®e higher moisture/sugar content of
these extracts is highlighted by their low TPC valdeésb(e 4.2. Sugars such as sucrose

and fructose have begreviouslyreported to react withhe FolinCiocalteu reagent

Such increases, however, are likely to be igdge (Waterhouse 2001; Everette et al.

2010; Lester et al. 2012)
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4.7. Conclusion

Of the selected plant extract and pure compound treatments, only the pomegranate an
persimmon extacts provided consistent evidence that they could positively affect
vasomodulatory factors in a manner consistent with increased nitric oxide production.
They increasd Akt and eNOS phosphorylation in a PlR&kependenmanner, elevated
nitrate and nitrite concentrations in cell culture media and sharply decreased levels of
secreted ETL. It is clear that pomegranate and persimmon both contain compounds able
to affect nitric oxide signalling and ET secretion. Further investigation is requijred
however,to elucidate the effective compounds and the mechanisms involved in the

activation of Akt and eNOS by these extracts.
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Chapter 5

An investigation of the compounds and
mechanisms responsible for pomegranate
extract bioactivity
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Chapter 5:An investigation of the compounds and mechanisms

responsible for pomegranate extract bioactivity

5.1. Abstract

In vitro studies to measure molecules involved in nitric oxide signalling and vasodilation,
as detailed in the previous chapter, showed that methanolic extrgmisefranate and
persimmon were able to affect these molecules in a manner associated with increase
nitric oxide productionAs these extracts ammplex mixture of compounds, it is not
known whichwere responsible for the extrdacbioactivity, nor how they were able to
increasePI3K/Akt activity. The aim of the research described in this chapter was to
identify the compounds responsible and the underlying mechanisms by which the
pomegranate extrastduced niric oxide signalling.

Activity-guided fractionation in combination with EES analyses were used to
identify the compounds responsible for bioactivity of the extract. The molecular
signalling mechanisms underlying the bioactivity were investigated (&)repn antibody
microarray spotted with antibodies complementary for a selection of receptor tyrosine
kinases (RTK) that lie upstream of the Akt/eNOS pathway and (2) western blotting and
enzyme activity assays to determine affects on the phosphatase(RmieN reverses the
effects of PI3K, therefore suppressing Akt activation).

It was shown that procyanidins, &fze and concentration similar to those
observed in the pomegranate extract, were able to elicit a strong induction of Akt and
eNOS phosphorylation. No evidence could be found, however, that this was due to either
an increase in the phosphorylation antivation of RTKs upstream of Akt, or a rapid
inhibition of PTEN activity. Further research is required to establish the mechanisms

responsible for activation of Akt and eNOS by pomegranate polyphenols.
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5.2. Introduction

5.2.1. Polyphenol content of pomegranate arils

Pomegranates contain a variety of different phenolic compounds. In terms of those found
specifically in the edible arils, most fall into one of three subclasses:
1 flavan3-ols (and oligomers of flavaB-ols, proanthocyanidins) (de Pascual
Teresa et al. ZW; Sentandreu et al. 2010),
1 ellagitannins (Borges et al. 2010; MerteFalcott et al. 2006)
1 and anthocyanins (Alighourchi et al. 2008; Mousavinejad et al. 2009; Robert et al.
2010; Sepulveda et al. 2010).
A number of phenolic acids, lignans and flavanwiay also be present in relatively small
quantities, as evidenced by a recent study utilising-tlPaC-MS" analysis (Mena et al.
2012). While these polyphenols are common across most cultivars of pomegranate, the
guantities present in each can vary saisally.
Three ellagitannins punicalagin Fig. 5.1), punicalin and granatin have been
identified in pomegranate aril juice, in both théira n d anémeric forms. A galloylated
ester of punicalagin has also been described (Borges et al. 2010aGi2@00), as well
as dlagic acid and ellagic aci®-hexoside.
There are six main anthocyanins which give pomegranate fruit juice its deep red
and purple colours, these being3glucosides and 3;8i-O-glucosides of cyanidinHg.
5.2), delphinidin ad pelargonidin (Mousavinejad et al. 2009; Alighourchi et al. 2008).
Recently, a pentoside and rutinoside of cyanidin were also identified in pomegranate
(Fischer et al. 2011), as well as@3glucosides of peonidin, malvidin and petunidin
(Borges & Crozier2012), though no details of the material from which the pomegranate
juice was prepared were given. Peonidin has been identified as a component of
pomegranate peel (Zhao et al. 2012), and inclusion of peel phenolics in pomegranate

juices, depending on theqress used, would not be unusual.



Figure 5.1: (A) Punicalagin, an ellagitannin found in pomegranates$ 8) cyanidin-3,5

di-O-glucoside an anthocyanin found in pomegranates.

Despite a number of general and specific methods for the identificaifon
proanthocyanidins, the complex nature of their structure can complicate such analyses
(Himmer & Schreier 2008). Though catechin, epicatechin, gallocatechin and
epigallocatechin have all been identified in pomegranate, at present what is known of
their proanthocyanidin content is limited to procyanidin dimers and trimers (de Pascual

Teresa et al. 2000; Borges et al. 2010). The membranous sacs of pomegranate arils are
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likely source of procyanidins (DrFrancisco A. Torés-Barbean, personal
communication,24 March 2013), although in preparation of pomegranate juices,
particularly in commercial circumstancgsoanthocyanidins and other polyphenols from
additional parts of the fruit, such as the peel (Saad et al. 2012), are likelyrtcdluded in

the resuing productf Wang et al . 2010; T¢rkyél maz e

5.2.2. Upstream mechanisms for Aktinduction

Data presented i€@hapter 4 showed that the increased Akt phosphorylation was PI3K
dependeniFig. 4.16), i.e. dependenbn sufficient levels of PiPso that Akt may be
present at the plasma membrane to be phosphedylEherefore,ncreased Akt activity

is dependent orither increasedlass 1PI3K activity or a reduction in the activity of a
P1P; phosphatase.

Class 1A PI3Ks are activated by either receptor tyrosine kinases (RTKs) or
guanine nucleotideinding (G) protein coupled receptors (GPCRs), whereas class 1B
PI3Ks can only be activated by GRs (Shiama & Walsh 2002; Mrello et al. 2009).

Over 200 ®CRs and their activating ligands have been described in humans. They have
a severtransmembrane structure and couple witlprGteins consisting ob , b and
subunits upon acti vaindirestyan GUGR@andiarce ¢ tvla
2007; Strotmann et al. 2011). Activation of RTKs is accomplished by interaction of
growth factors with extracellular domains. RTKs are phosphorylated upeataxt and

may autophosphorylate furthewith assistance fronadaptor proteinsRTK pYXXM

motifs are able tdind PI3K's regulatory domajand exposés catalytic domainso that

it may act on phosphoinositides. Theitia&tion leads to the recruitment of proteins such

as Lyn, Fyn and Src, which can phosphorylate additional tyrosine residues or act to

recruit additional substrate molecules such as PI3K (Engelman et al. 2006). There are 5¢
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RTKs reported in humamn divided into 20 families, with the most extensive families
being VEGF, PDGF, ErbB, Eph and FGF (Lemmon & Schlessinger 2010).

While PI3K acts to increase levels of BIFhis behaviour is countered by the
phosphatases SHIP and PTEN. SHIP has two isof@mi1 and SHIP2. The former is
expressed mostly in haemopoietic cell lineages and in unlikely to be found in endothelial
cells (Liu et al. 1998), whereas SHIP2 is more broadly expressed (Erneux et al. 2011).
After activation, likely by phosphorylation ofrosine residues on SHIP, they convert
P1(3,4,5)R to PI(3,4)B. PTEN, on the other hand, converts £i® PI(4,5)B. PTEN is
held in an inactive state in the cytosol through modifications such as phosphorylation at
Ser380, Thr382 and Thr383 or acetylatain_ys158 and Lys138 (Singh & Chan 2011).
Removal of these modifications allows for its translocation to the plasma membrane
where it performsts phosphatase activity (Das et al. 2003). PTEN is also regulated
through ubiquitination in the t¢ysol and at the plasma membrane, leading to its
degradation (Maccario et al. 2010). The removal of PTEN from healthy cells is known to
lead to increased levels of Akt phosphorylation (Stambolic et al. 1998). Indeed, PTEN
has been well studied in models ftancer where the lack of its expression promotes
dysregulation of the cell cycle and activation of Akt (Chetram & Hinton 2012). It would
not be unreasonable to assume the basal level of Akt phosphorylation is maintained in
restingendotheliakells by tle activity of PTEN.

As described above, there are a several ways in which the pomegranate extrac
used in this worknight act on endothelial cells to increase Akt phosphorylation. In this
chapter, two of the possible mechanisms that could give rise eased Akt activity
were investigated. The activity of PTEN has been well characterised in HUVECs and
other endothelial cell models. Here, a number of assays were performed to measure
activity-related changet® PTEN protein. The possibilitthat exposure of the endothelial
cells to the pomegranate extraadtivaes cell surface receptsrupstream of PI3K was

also investigated. The relatively small number of human RTKs and ease of determining
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their activation through tlephosphorylation levels made them suitable for study in the
context of this project. On top of this, to determine which of the compounds in the
pomegranate extract might be responsible for increasing Akt phosphorylation and nitric
oxide production in erathelial cells, the extract was separated into fractions representing
the main phenolic compounds likely to be found in the extract. These were then tested,
alongside individual compounds identified in the extréatdeterminetheir ability to

increase Akt phosphorylation.
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5.3. Aims

The main objectives of the work described in this chapter were to
() determine which chemical class(es) of compounds were responsible for the
bioactive effects of the pomegrdeaxtract observed @hapter 4 and
(i)  to elucidate receptors or mechanisms upstream of Akt that may be mediating

these effects.
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5.4. Methods

5.4.1. Materials

C-18 columns were purchased from Biotage (Isolute Flash C18, 25 e20ldéphadex
was purchased from GE Healthcare. Malachite green solutioospphte standard,
purified PTEN (supplied as lyophilised stock formulated with various salts and buffer
compounds) and PiF#P-3908) were purchased from Echelon Biosciences. Antibodies
for ubiquitin (#3936), fPTEN (Ser380/Thr382/383) (#9549), PTEN (#9188d PTEN
conjugated to sepharose beads (#4326) were purchased from S@elhlling
Technologies. Antibodies for -pkt, Akt, p-eNOS and eNOS (CellSignalling
Technologies) were the same as those used in CHapI&S buffer was prepared with

20 mM trisbase, 137 mM NaCl and 10 mMthiothreitol (DTT), adjusted to pH 7.6
using HCI The procyanidifrich apple extractf v e s s e Frefadr&lQo in this chapter

as simply OPCwas kindlyprovided by Coressence L{dK). A sample of isolated apple
procyanidin tetramers was prepared from OPC extract by Dr Ana B. CerezdJBR,
Urolithins were chemically synthesiséathouse by Dr Paul Needs. Anthocyanins and
procyanidin dimer B1 were purchased from Extrasynthese (France). Punicalagin was
purchased as a- amidx arfmnrers from f Phyiolabs (Gebinany))-(
Epicatechin and all other chemicals were purchasen fBigmaAldrich and were of

analyticatgrade purity, unless otherwise specified. All water used was of Mifte@e

purity.

5.4.2. Cell culture experiments

General materials and methods for culture of HUVECSs, and the analysis of their lysates
by BCA assay and vetern blotting, are described @hapter 2, Sections 2.2.+ 2.2.3

The vehicle control in all cell culture experiments was 0.1% DMSO.
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5.4.3. Pomegranate extract fractionation

The fractionation process was based on the method by dzstdaeez et al. (2010),
which was developed to separate classes of polyphenol compounds from a red wine
extract. Pomegranate extract was dissolved in water/2.5% acetic acid to 100 mg/ml, aidec
by sonication. Aliquots were centrifuged (13000g, 5 minutes) to clarify the solution,
which was then loaded onto a polytetrafluoroethylene (PTFE) sample loop by glass
syringe, connected to ap®rt injection valve (set in the 'load’ position). A 25 ¢l&
cartridge was placed in line with a Gilson 306 pump (set for a flow rate of 30 ml/min), a
Gilson 805 manometric module and a Gilson 117 UV detector measuring absorbance a
205 and 270 nm. The Gilson pump was also connected to a container of water/2.5%
acetic acid (the first elution solvent). The Gilson modules were controlled by a PC
running theGilson Unipoint software, which was also set up to record traces of UV
absorbance over time. The cartridges were activated with methanol for approximately 5
minutes before equilibration with water/2.5% acetic acid until UV absorbance stabilised.
Thepumpwas stopped and the injection valve
line with the cartridge and Gilson system, and then restarted to load the pomegranate
extract onto the cartridge. The flow of water/2.5% acetic acid was maintained to elute
ellagitannins, sugars and other snm@dlar molecules into a glass container (eluent A),
until the UV absorbance was stable for at least 5 minutes. The pump was stopped and th
elution solvent changed from acidified water to ethyl acetate. The pump watetestar
elute flavonols, small phenolics, catechins and procyanidins (eluent B) into a new
container until the UV absorbance had stabilised once more for at least 5 minutes, and th
pump was stopped again. The elution solvent was changed to methanole gnanih
restarted to elute anthocyanins (eluent C) into a new container. Any other compounds still
bound to the column would likely be eluted at this point as well.

Eluent A was dispensed into 500 ml rotattom flasks to approximately 1/3

total volume, ad snapirozen by rotating the flask ian acetonebath chilled with dry
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ice. The ethyl acetate in eluent B and ethyl acetate/methanol in eluent C were first
removed by rotary evaporation over a 30 °C water bath, replacing evaporated solvent
with water peiodically, before snajfireezing. Flasks were placed on decg and flask
mouths were covered with muslin cloth secured by parafilm wrapped around flask necks.
Flasks were then placed in freetgers for 25 days to remove water. Fractions were
redissolve in acidified water and fractionated again, using the above method, to improve
the separation of polyphenol classes. These eluents were -fhieedeand then
fractionated a third time before pooling sinactions of eluents A, B and C.

Sephadex LF20 beads, activated in an excess of methanol at room temperature
for 2-3 hours, were packed into a glass column connected to an AKTA FPLC g@&em
Healthcarg for 24 hours (flow rate of 3 ml/min). After packing, E20 was equilibrated
with water/2.5% aceticcd for 2 column volumes (1 volume = 35 ml) at a flow rate of 3
ml/min. The dried fraction from eluent A was dissolved in water/2.5% acetic acid and
loaded onto a sample loop via syringe and then onto the column. The flow was reduced tc
0.1-0.2 ml/min andmaintained to elute sugars and other small molecules into a glass
container until the UV absorbance (270 nm) had stabilised for approximately 0.5
volumes. The pump was stopped and the solvent changed to methanol. The pump wa
restarted to elute ellagitamd into a fresh container. Methanol in the second eluent was
removed by rotary evaporation, similar to eluents B and C, and then both eluents were
snapfrozen and freezdried as described above. The resultind8column fractions
(PPF (Pomegranate Procydin Fraction) from eluent B and PAF (Pomegranate
Anthocyanin Fraction) from eluent C) and sephadex column fractions (PSF (Pomegranate
Sugar Fraction) from the first elution and PEF (Pomegranate Ellagitannin Fraction) from
the second) were prepared forabmsis by HPLC and for testing in cell culture
experiments. The pellet produced from centrifugation of the pomegranate extract solution
at the clarification step was airied, weighed, and dissolved in DMSO. It was labelled

as PIF (Pomegranate Insolubleétion).
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Fractions were dissolved in2Lml of water and pipetted into eppendorfs weighed before
and after addition of the dissolved frackon 2 0 0 ¢ | aliquots of e
into preweighed 2ml screwcap eppendorfsaand then frozen on dige, with caps left

on loose The remaining volume of each fraction wen calculated Once dry, the
eppendorfs were weighed again and the mass of aliquoted fraction was calculated. Fron
the total volume of dissolved fraction, the mass of each fraction was calculated. Further
aliquots were taken to (i) calculate the total phenobntent (TPC) of each fraction,
using the FolirCiolcateau method (details @hapter 4, Section 4.4.5: Measurement of
phenolic content by Fol#Ciocalteu assagyand (ii) to analyse their content by HPLC
(detailed below), alongside standards of pumigal for PEF, {)-epicatechin (EC) and
procyanidin tetramers (DP4) for PRIAd cyanidin3-O-Glc (C3Gilc), delphinidir3-O-

Glc (D3GlIc) and cyanidi3,5di-O-Glc (C35diGlc) for PAF. he presence of these
compounds, excluding DP4, was confirmed using masdrepegtry analysis, which was
carried out by Dr Shikha Saha (IFRK), using an Agilent 1100 HPLOAD-MSD

system as detailed in Hollands et al. (2013).

5.4.4. HPLC analysis of pomegranate extract and fractions

Before injection onto HPLC columns, sampldscoude pomegranate extract and PAF
were dissolved in 70% methanol @80water) acidified with 2.5% acetic acid. PEF and
punicalagin were dissolved in water acidified with 2.5% acetic acid, as ellagitannins have
been reported to be more stable dissolvedom-pH water as opposed to lepH
methanol(Lei 2002) Stocks of all other samples and standards were prepared in DMSO.
A preparation of the vehicle solvent used for each sample was used as the blank standa
in each case. For reverphase (RP) analysisamples were injected onto a Luna C18(2)

5 em column (250 x 4-4Z2E0)connettéddoran Agkentd20Q #

HPLC system and eluted at a flow rate of 1 ml/min. The solvents used for elution were
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acetonitrile/0.1% trifluoroacetic acid (solteA) and water/0.1% trifluoroacetic acid
(solvent B) A linear solvent gradient was used, varying in terms of solvent A as follows:
0-5 mirs: 0%; 1517 mirs. 17%; 22 mirs. 25%; 30 mis: 35% 35 mins: 50%40-50
mins: 100% 55-65 mins: 0%

For normalphase (NP) analysis, samples were injected onto a Luna Silica(2) 5
em column (250 x 4. 642MEB0) cokhéctechto ameAglient 1100# O |
HPLC system and eluted at a flow rate of 1 ml/min. The solvents used for elution were
dichloromethane (solvent A), methanol (solvent B) and water/50% acetic acid (solvent
C). Solvent Cformed 4% of the total solventompositionfor NP-HPLC analysis its
elution was isocraticA linear gradient was usddr solvents A and B, varying in terms
of solvent A as follows0 mins: 82%; 30 mins67.6%; 45 mins: 56.8% 50 mins: 10%;
55-65 mins: 82%.Where comparison of similar compounds between samples was
intended, such samples were injected into the HPLC system within the same run of
analyses, in sequence where possible.

To quanify standard compounds in the extract and fractions, increasing
concentrations of the respective compounds were analysed alongside extract/fractions s
that the concentration of the compounds in the samples could be interpolated from the
standard curve pduced. Samples of the extract/fractions, spiked with the standard
compounds at three increasing concentrations, were also analysed to determine if ther
were any matrix effects associated with the quantification of the compounds. Analysis of
procyanidins ad other compounds associated with PPF were performed hHREC,
using fluorescence detection for quantification. All other compounds were analysed by
RP-HPLC, with quantification of compounds associated with PEF performed using UV
absorbance at 370 nmmdquantification of compounds associated with PAF performed
using UV absorbance at 520 nm. The peaks of both punicalagin anomers were used for it

guantification.



5.4.5. Akt phosphorylation induced by pomegranate fractions and pure compounds

Confluent monolayersf HUVECSs cultured in éwvell plates were treated for 60 minutes
with:
) doses of pomegranat e extract fract
equivalent (GAE)/ml dose dhe crudeextract
(i) doses of compounds identified ihe extract Table 5.5 equivalent to what
would be expected (from HPLC analysis) in the concedotratof extract
fractionsin (i) orin5& g G A & Ivhole extract
(i)  doses of compounds identified in the extract (at segteactequivalent
concentrations) or metabolites of these compounds, including ellagic acid and
urolithins A, B and C.
Cell lysates were prepared and the total protein concentration of each savaple
determined by BCA assay. Analysis of Akt and eNOS phosphorylation was performed by

western blotting.

5.4.6. Inhibition of PI3K and the modulation of vasodilatory signalling molecules

by the cude pomegranate extract

Repeats of the total eNOS, HTand media nitrates/nitrites assays from Chapteere
performed using cells treated for 8 or 24 hours with eithez 20 G A Bf/then trude
extract or a vehicle control, with or without the PI3K inhibitor LY294002 (Cell
Signalling Technologies) (added to cell culture media 60 minutes prior to addition of
pomegranate or vehicle treatments). In this case, the media /nitrée assay was
performed without celfree experiments, as the results from Chagteshow that the
pomegranate extract by itself does not significantly increase levels of nitrate/nitrite in
culture media.Unpaired 2tailed studentt-tests were usedotdetermine differences

between cell culture treatments, with significance taken as p < 0.05.

17C



5.4.7. Phosphorylation of RTKs in endothelial cells treated with pomegranate

extract

Confluent monolayers of HUVECs cultured in 6cdlishes were treated with either
pomgr anate extract (50( 20y ,EBNRE( @l b, € pu IGIAE
vehicle control (0.1% DMSO) (n=2, biological replicates). Cell lysates were prepared and
the total protein concentration of each sample measured by BCA. Antibody microarrays
(Cel SignallingTechnologies, #7949) spotted with antibodies (n=2, technical replicates)
(Fig. 5.2) corresponding to pan Tyghosphorylated RTKsTable 5.1), and related
signalling moleculesTable 5.2 where antibodies correspotmlpanTyr phosphorylated
proteins unless the phosphorylated residue is specified), were used according to the
manufacturerds instructions. Af ter t he
nitrogen at 20 psi was used to remove remaining buffer from the surface of the slide,

which was then stored in a plastic holder, protected from light.
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Figure 5.2: Layout of antibodies for phospH®TKs and related proteins on microarray

slide, taken from product dasheet. Details of targets are givermiables5.1and5.2

Slides wee scanned fluorescently, using a Genepix 4000B microarray scanner, connectec
to a computer running Genepix software (versionl6) |, at a resolutio

a 635 nm excitation laser coupled with a @30 nm emission filter. The phaoto

171



mul tiplier tube (PMT) gain was adjusted
were saturated, Images produced from the slidensogrwere saved as .tiff files, and
microarrayslides were then placed into storage at room temperature, protected from light.
Slides were also scanned using an 532 nm excitation laser coupled with-8%55.1m
emission filter.Images produced dm scanning at 532 nm were assessed visually to
determine if there had been any signal produced through artifacts such as scratches on tt
slide, so that these could be taken into account when analysing the images produced b

excitation at 635 nm.

Table 5.1: Receptor tyrosine kinases, their RTK family, and corresponding spot number,

as featured in thmicroarraylayout ofFig. 5.2.

Spot No. Target Family  Spot No. Target Family
1 EGFR/ErbB1 EGFR 15 PDGFR PDGFR
2 HER2/ErbB2 EGFR 16 c-Kit/SCFR PDGFR
3 HER3/ErbB3 EGFR 17 FLT3/Flk2 PDGFR
4 FGFR1 FGFR 18 M-CSFR/CSFLR PDGFR
5 FGFR3 FGFR 19  EphAl EphR
6 FGFR4 FGFR 20 EphA2 EphR
7 InsR Insulin R 21 EphA3 EphR
8 IGF-IR Insulin R 22 EphB1 EphR
9 TrkA/NTRK1 NGFR 23 EphB3 EphR
10 TrkB/NTRK2 NGFR 24 EphB4 EphR
11 Met/HGFR HGFR 25 Tyro-3/Dtk AxI
12 Ron/MST1IR HGFR 26 AxI AxI
13 Ret Ret 27 Tie2/TEK Tie
14 ALK LTK 28 VEGFR2/KDR  VEGFR

Table 5.2: RTK-related phosphgroteins, their kinase family, and corresponding spot

number, as featured in tha@croarraylayout ofFig. 5.2.

Spot Target Family Spot Target Family
No. No.

29 Akt (Thr308) Akt 35 Zap70 Zap-70
30 Akt (Serd73) Akt 36 Src Src
31 ERK1/2 (Thr202/Tyr204) MAPK 37 Lck Src
32 S6 Ribosomal Protein (Ser235/2% RSK 38 Statl (Tyr701) Stat
33 c-Abl Abl 39 Stat3 (Tyr 705)  Stat
34 IRS1 IRS
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The imageproduced from scanning at 635 mwmas analysedavith the softwareGendix

Pro v6.1 using a manually aligned spot overlay, and the median spot fluorescence
intensities (MSFIs) wre calculated. Microsoft Excel 2007 spreadsheets were used to
organise datpoints, and statistical analysis was carried out using the limma package for
the R software envirmment Emyth 2004;Smyth 2005; R Development Core Team
2010). The data &s fitted to a linear model, an empirical Bayes method was applied to
the data to reduce statistical errors (Smyth 2004), aradlyes were calculated, adjusting

for multiple testing (MT) using the Benjamikiochberg method, for pearget
comparison of MS&Is between each polyphenol/extract treatment and the vehicle

treatment.

5.4.8. Changes to PTEN structure and activity in endothelial cells treated with

pomegranate extract

5.4.8.1.Phosphorylated and total PTEN

Confluent monolayers of HUVECs cultured inwell plates wee treated with
pomegranate extract at either 50 e©g GAE/
hours. Cell lysates were prepared and the total protein concentration of each sample
measured by BCA assay. Lysates from HUVECs treated for 60 mins with the
pomegranate extract were assayed for changes to phosphorylateddPitiEy¢ates from
HUVECSs treated for €4 hours with the extract were assayed for changes for total PTEN

protein bothby western blotting.

5.4.8.2.Ubquitinated PTEN

Confluent monolayers of HURCs cultured in 6cmdi shes were treat
GAE/mlI pomegranate extract or vehicle control for 60 mins. Cell lysates were prepared
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and the total protein concentration of each samgleme asur ed by BCA a
of cell lysate protein was diluted in 1X cell lysisffer (Cell Signalling Technologies)
containing 1X protease inhibitor (Roche)]
PTEN antibody conjugated to sepharose beads, according to the manufacturer'
instructions, overnight at 4 °C with gentle agitatioanfples were centrifuged (13000 g
for 30 s) and the pellets washed 5 times with fresh cell lysis buffer containing protease
inhibitor, with centrifugation between washes.

In preparation for loading onto SEFFAGE gels, the final wash of cell lysis buffer
was aspirated to |l eave approximately 13
beads. 2 ¢l of a 250 mM stock of DTT an
were added and the sample was spun briefly to mix before incubation at 100 °C for 4
minutes. Lysates were assayed for changes to ubiquitinated PTEN by western blotting,
usingantiubiquitin and antPTEN antibodies as the primary antibodids HRP-linked
antrmouse 1gG antibody (CST #7076) was used as the secondary antibody to-the anti
ubigutin antibody. For imaging PTEN protein in this assay, two secondary antibodies
were used: a mouskerived antirabbit IgG (conformation specific) antibody (CST
#3678) was used first, followed by tiRP-linked anttmouse antibody was described
above. Theantirabbit IgG (conformation specific) antibody is raised so that it will not
detectdenatured or reduced rabbit IgG heavy chain, which would be found in western
blots from this assay due to the aRTEN antibody contained in the immunoprecipitated
sampes loaded onto the SEFSAGE gels. Use of the conformatispecific antibody
avoids maskingf PTEN protein byrabbit IgGheavy chain (both are approximately 50

kDa).
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5.4.8.3.Measurement of PTEN phosphatase activity

Confluent monolayers of HUVECs cultured in 6cohi shes were treat
GAE/ml pomegranate extract or vehicle control for 30 minutes. Cell lysates were
prepared and the total protein concentration of each samgseneasured by BCA. 260

eg of cell | ysate proteC8Twasodl!|l ageéedl i
incubated with sepharose beads conjugated to arPaEiN antibody, according to
manufacturer's instructions, overnight at 4 °C with gentle agitation. Samples were
centrifuged (13000 g for 30 s) and pellets washed 4 times Wa®, centrifuging in
between washes. After the final wash, pellets were es pended i n 27
aspirated into wells of a 96 e | | pl at e, alongside bl ank
Ssubstrate only controls of 27 TBS) oflPRS pl
(PTEN substr atwas)added3to tlsel well® lcdataining HUVEC lysate

immunoprecipitate, and the plate was covered and incubated at 37 °C for 120 minutes.

Al ongside these sampl es, mi cropl ate v
15 ng/ el solution (in water) of purifiec
diluted in TBS to concentrations of 0, 4

Samples were incubated immediately at 37 °C for 5 mins, before additioa 6f 3 o f a
mM solution of PIR, followed by a further 30 mins incubation at 37 Turing the
substrate incubations, dilutions of a 1 mM phosphate solution were prepared, of
concentrations ranging from 4 to 48&f &M.
each standard were pipetted into plate v
was added to each sample, blank or standard. The plate was incubated at roon
temperature for 20 minutes, protected from light, after which the absorbance efedlach
at 620 nm was measured using a microplate reader.

Unpaired 2tailed student-tests were used to determine differences between cell
culture treatments, with significance taken as p < 0.05. To determine significant

correlation between the concentoat of procyanidin tetramers and PTEN enzyme
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activity, Pearson's correlation coefficient was calculated, along with its correspording p

value.
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5.5. Results

5.5.1. Fractionation of pomegranate extract

[ Pomegranate extract, dissolved igCHand centrifuged ]
|

I | |
Supernatant aspirated and filtered, loa|| Pellet airdried: Pomegranate
Insoluble FractiorfPIF)

onto G18 column
p—

[ Elute with HO ]

Pomegranate Water Soluble FractiGfWSF)

loaded onto Sephadex E2D column
I_I
[ Elute with HO ]

-[ Pomegranate Sugar Fractig?SF) ]

[ Elute with methanol ]

Pomegranate Ellagitannin Fracti(j?EF)]

[ Elute with ethyl acetate ]

[ Pomegranate Procyanidin FractiPF) ]

L

[ Elute with methanol ]

_[ Pamegranate Anthocyanidin FractiGRAF) ]

Figure 5.3: Flow chart depicting the steps taken to fractieriie pomegranate extract.

Table 5.3: List of acronyms used for each of the fractions produced from the crude

pomegranate extract.

Fraction Acronym
Pomegranate Ellagitannin Fraction PEF
Pomegranate Procyanidin Fraction PPF
Pomegranate AnthocyamFraction PAF
Pomegranate Insoluble Fraction PIF
Pomegranate Sugar Fraction PSF
Pomegranate Water Soluble Fraction PWSF
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The steps taken to fractionate the crude pomegranate extract are sHegn5i8 with

the names and acronyms used for each tmagiven inTable 5.3. The mass of the final
fractions produced and their corresponding TPC values are givehalae 5.4.
Originally, only use of a €8 column had been planned for separation of the
pomegranate extract. However, the ellagitannin fracti@t was produced, despite an
ability to increase Akt phosphorylation (data not shown), caused detachment of a large
proportion of the endothelial cell cultures from the culture plate surface (data not shown).
This was likely due to the decrease in pH,vehaby the discolouration of the pH
indicator in the culture medium. The inability to evaporate the fraction to dryness due to
its hygrcscopicnature, likely caused by the sugar content of the extract, in turn would
have been causing fruit acids andedic acid dissolved in the extract solution to be
retained, so decreasing the pH of the fraction (PWSEphadex LF20 material was

used to remove this interference, resulting in the high sugar/acid content fraction PSF, in
addition to PEFCentrifugation of the pomegranate extract, dissolved in acidified water,
was required to clarify the solution before it was loaded onto th8 €lumn. Thus, the
pellet produced (PIF) would be expected to contain compounds that, while soluble under
the original extraction conditions (70% methanol at 70 °C), are not soluble in acidified

water.

Table 5.4: Weight/yields of fractionpreparedrom pomegranate extract

Sample  Weight (mg) Yield (w/w % of TPC (mg TPC as% of crude
crude extract) GAE/mq) extract TPC)

Crude extract 1482.8 + 0.1C n/a 14.61 + 0.30 n/a
PIF 10.74+ 0.12 0.7 0.01 £ 0.001 0.1
PSF 882.35 + 1.58 55.4 1.33+0.01 9.1
PEF 2.80+0.21 0.2 0.42 +0.02 2.9
PPF 8.47 £0.21 0.6 1.61 + 0.05 11.0
PAF 8.55 + 0.58 0.6 1.86 +£ 0.07 12.7
Fraction total 842.17 +1.71 56.8 5.22 +£0.09 35.8
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5.5.2. HPLC analysis of pomegranate fractions and crude extract

Peaks from compounds identified in the crude pomegranate extract by mass spectrometr

are labelled in HPLC chromatograms of the crud#aek and extract fractions. The

fractionation of ellagitannins (the absorbance spectrum of which shows a characteristic

peak around 370 nm, as opposed to 520 nm for anthocyanins) into PEF is shogun in

5.4, demonstrated by the prominent peaksgdanicalagin.Peaks in the chromatogram

from PAF are of a magnitude of size smaller than those from PEF, with both fractions

injectedin similar quantitieg10 pug). Absorbance of PPF at 370 nm and 520 nm after

similar chromatographic analysis to PAF and PEF did not result in any peaks
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Figure 5.4. Chromatograms of absorbance at 370 nm froritHRRC-UV analysis of the

pomegranate fractions PEF and PAF, alongside the crude extract. Labelled pe&ks are (

punicalaginU , 2) p@nicalaginb  a 3) ellagic acid.



discernable from background noise (data not shown). Chromatograms for 520 nm

absorbance of PEF showed peak®magnitudeof size smaller than those of PAFig.

5.5), again with both fractionsjectedin similar quantities (1Qug).

0.6 PAF - 520 nm
0.4
0.2
0
0 5 ‘IIO 15 20 2I5 3IO ?:5
PEF - 520 nm
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Figure 5.5: Chromatograms of absorbance (measured as absorbance units (AU)) at 52C

nm from RRHPLC-UV analysis of the pomegranate fractions PEF and PAF, alongside

the crude gtract. Labelled peaks arel)( C35diGlc, @) D3Glc, @) C3Glc, @)

delphinidin3,5-di-O-Glc, (5) pelargonidir3,5-di-O-Glc and 6) pelargonidir3-O-Glc.
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Figure 5.6: Chromatograms of emitted fluorescence (measured as relative fluorescence
units (RFU) from NRHPLC analysis of the pomegranate fractions PEF, PAF and PPF,
alongside the crude extract. Peaks labelle#, &s ** and*** are presumed to each be

produced by similar compounds due to the shape of surrounding peaks.

Normal phase HPLC analgsiof PEF presented relatively small peaks, with stronger
responses from PAF and PHHRJ. 5.6). There did not appear to be consistent retention
times between peaks from different sampldss couldpossiblybe due todifferences in
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their matices i.e. the additional compounds present in each besides fZ&waés and
procyanidinsThe crude extract was initially dissolved in acidified water befgeetion
onto the HPLC system. PPF, howewequired DMSCfor it to solubilise so that it codl

be analysed by HPLGNhile DMSO was also tested as a solvent for the crude extract,
there wasa large loss of colour (purple to brown) in the extract, even when DMSO was
acidified with HCI.This is likely to indicate a change in structure of anthocyamind so
DMSO was not used as a solvent the crude extract. It would be interesting to
determine whethea DMSO solution of the crude extract would produce-HNLC
retention times similar to those seen for PBRen the current appearance of the PPF
and crude extract NP chromatograms;aould be concluded that compounds in PPF have
come off the HPLC column quicker than those in the crude ext&kastiming this to be
the case, peaks representing similar compoimdach chromatografmave been labelke

accordingly.
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Figure 5.7: Chromatograms of emitted fluorescence (measured as relative fluorescence
units (RFU)) from NPHPLC analysis of the crudeomegranate x t r act , Eves
extract and isolated procyanidin tetramers. Labelled peakslampi€atechin and 2)

procyanidin tetramers.

Procyanidins do not ionise particularly well, and so are difficult to identify by mass
spectrometry, unless present in high concentrations (Dr Shikha Saha, personal
communication, August 2012). NFPPLC analysis of te crude extract alongside the
procyanidintr i ch EvesseE OPC extract and a pur
(DP4) (Fig. 5.7) was conducted to provide evidence for the presence of procyanidins in
the extract. The pattern of peak retention produog the crude extract was similar to

that produced by the OPC extract, with one cluster of peaks showing very similar
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retention time to the procyanidin tetramers of the other samples. The peak pattern of the
OPC extract wouldalso suggest the identificath of the peaks inFig. 5.6 as (*)
procyanidin timers (**) tetramersand ¢** ) penamers.

Using a response factor obtained from the peak for the isolated tetramer standard
the concentration of procyanidin tetramers in the extract was calcuiated?za. 7 ¢ M p
€dg GAE/ ml dose of pomegranat e extract.
guantified in the extract fractions was also found to be reduced (to varying degrees)
compared to the crude extrathe quantification of other polyphenols idersd in the
extract are shown ifable 5.5 where their concentration in quantities of the extract
fractions is shown in most cases to be lower than their concentrations in equivalent
guantities of the crude extf indicating the fractionation process caused losses of

polyphenols in a number of cases (most prominently for punicalagin).

Table 5.5: Compounds identified in pomegranate extract and fractions, and their
equivalent concentrationsg) (n the crude ext@at ( ¢ M/ [iing3 Onl § ¢ , GIRE/ n
t he crude e xit) maheirtresgecti)fracéonsd/), where the quantity of

each fraction is equivalent ®0 € g GfAHe crode extradtolumn {v) shows the

reduction(% w/w) of compounds after fractionation.

Polyphenol 0] (i) (iii) (iv)
Punical agir 1701 93+04 0.9+0.01 10
Ellagic acid 0.16 £0.02 0.8zx0.1 n/a n/a
C35diGlc 021+0.03 11+0.1 0.8+0.01 73
D3Glc 037+0.05 19+0.3 0.5+£0.01 26
C3Glc 026+0.01 13+0.04 05+0.04 38
(-)-Epicatechin 0.06+0.01 0.3+£0.07 04001 -
Procyanidin tetramers 0.53 2.7 n/a n/a

RP- and NRHPLC analysis of PIF Hig. 5.8) showed the presence of phenolic
compounds. However, considerifgetconcentration the sample of PIF was prepared at

for HPLC analysis (100 mg/ml), and the size of peaks produced in contrast to those of the
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crude extract (prepared at 50 mg/ml) kigs. 5.4, 5.5 and 5.6, the concentration of

phenolic compounds this fraction are likely to be very small.
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Figure 5.8: Chromatograms of absorbane¢ 370 and 520 nm from RRPLC-UV
analysis and emitted fluorescenémin NP-HPLC analysis of the pomegranate fraction

PIF. AU - Absorbance Units; RFURelative Fluorescence Units.
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5.5.3. Increase in pAkt due to extract fractions or individual compounds

HUVECs were treated with the pomegranate polyphenol fractions at doses equivalent to
50 €g GAE/ ml of the whole pomegranate ex

Akt phosphorylation in HUVECS, with PPF producing the strongest effégt{.9).

Crude extract
(50 ug GAE/ml)

PEF (1.3 ug Pnclgn PPF (5.5 EC

Vehicle  GAE/ml) (1uM) g GAE/mI) (0.5 uM)

Crude extract PAF (6.9 ug C3Glc C3,5diGlc D3Glc
(50 ug GAE/ml) GAE/ml) (0.5 uM) (1 uM) (0.5 uM)

ST "
AL I e - — — T — - — — —

Vehicle

.

=

g
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<

Qo
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m 0_ 1 1 1 1 1 1 1 1 1 1
Extract Vehicle PEF PPF PAF Pnclgn EC C3Glc C35dGlc D3Glc

Figure 5.9: Western blots op-Akt/Akt from lysatesof HUVECstreaed for 60 minutes
with pomegranate fractions PEF, PPFofand
crudepomegranate extract (based on results showirabie 5.4), and cells treated with
individual compounds representative of these fractions, at coatiens equivalent to
what would be present in the fraction doses used (based on results shiatrei.5),
alongside the crude extract and vehicle controls. Abbreviations: Pnclgn = punicalagin;
EC = ()-epicatechin.n=2 (culture well replicates) for ehctreatment.Ratio of blot
densitometry [§-Akt/Akt) is shown in the lower panet. - p < 0.05 vs vehicle control

treatment.
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Cells were also treated with individual compounds identifiredhie extract at doses
equivalent to concentrations in the fraction and crude extract treatrreggss(9 - 5.11).

Of these, only DP4 was able to strongly increagékip(and peNOS). Punicalagin and
ellagic acid increased Akt phosphdation, but only at concentrations that were much
higher than those present in the crude extract treatmEigs. 6.12 and 5.13. The
resulting strong stain for phosphorylated protein in a number of western blots appeared tc
interfere with subsguent imaging for levels of total protein (resulting in a weak or absent
stain), despite the inclusion of extra stripping buffer washes. In these cases, imaging of
GAPDH in lysates was also included to demonstrate the relative levels of protein that had
been assayed in each sample. Urolithins, human metabolites of punicalagin and ellagic
acid were unable to increaseAgt at similar concentrations. Urolithins A and B were
likely in solution at a slightly lower concentratitiman that stated ikig. 513, howvever,

as precipitate was observed after they were diluted into cell culture media.
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Vehicl Crude extract ACNs Pnclgn ACNs + PC B1
enicle (50 ug GAE/mI) (4.2 M) (8.6 uM)  Pnclgn (1 M)

At L
Akt =l S - -t e — D G
GAPDH=> Sl 4 S S S e - - - .

Ratio of p-Akt/GAPDH

Vehicle  Extract ACNs  Pnclgn ACNs+Pncign PC B1

Figure 5.10: Western blat of p-Akt/Akt/GAPDH from lysatesof HUVECS treatedfor

60 minutes with a mix of ant hocG@lacni+ sl .(3A
C35dG), punicalaginRnclgn), a mix ofanthocyanins and punicalagior procyanidin

B1, alongside the crude extract and a vehicle comre. (culture well replicates) for

each treatmenRatio of blot densitometryp(Akt/GAPDH) is shown in lhe lower panel.

* - p < 0.05 vs vehicle control treatment.

18¢



Crude extract PSF (4.6 uyg OPC (17.5 DP4 DP4
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Figure 5.11: Western blat of p-Akt/Akt/p-eNOS/eNOS/GAPDH fromlysates of
HUVECst r eated for 60 minutes with PSF at
extract, DP4, andOPC extract (at a concentration containing approximately 2.7 pM
procyanidin tetramers), alongside the crude extract and a vehicle conf2o{culture
well replicates) for each treatmerRatio of blot densitometryp({Akt/GAPDH and p

eNOS/eNOS)s shown n the two lower panels.- p < 0.05 vs vehicle control treatment.



Crude extract Vehicle Pnclign C3Glc D3Glc C3,5diGlc
(50 ug GAE/ml) (50 pM) (50 pM) (50 pM) (50 uM)

p-Akt =i . - S —

AKE B o — ——— — —— ——— —

1.0-

*

Extract Vehicle Pnclgn  C3Glc  D3Glc  C35dGlc

0.5-

Ratio of p-Akt/Akt

0.0-

Figure 5.12: Western blat of p-Akt/Akt from lysatesof HUVECstreated for 60 minutes

with high concentrations of punicalagin (Pnclgn) and anthocyanins found in the crude
extract, alongside the extract and a vehicle contref.(culture well replicates) for each
treatment.Ratio of blot densitometryp(Akt/Akt) is shown in the lower panetl.- p <

0.05 vs vehicle control treatment.
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Vehicl Ellagic acid Urolithin A Urolithin B Urolithin C Crude extract
enhicle (50 M) (50 uMI) (50 uMI) (50 uMl) (50 ug GAE/mI)

p-Akt B
Akt mip GHD GED WD D G G S R D S ——
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]
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Figure 5.13: Western blat of p-Akt/Akt/GAPDH from lysatesof HUVECS treatedfor
60 minuteswith high concentrations oéllagic acidor urolithins, alongside the crude
extract and a vehicle contrai=2 (culture well replicates) for each treatmeRatio of
blot densitometry-Akt/Akt) is shown in the lower panel.- p < 0.05 vs vehicle control

treatment.

Treat ment of cells with PSF at a concenf
extract did not cause an increase in Akt phosphorylatan 6.11). HUVECs wee not
treated with a sample of PIF, due to the precipitation of this fraction when dissolved in
cell culture media. However, a sample of pomegranate extract with PIF removed was
prepared and used to treat cells. No difference in the levels of phosplbAddteere
observed between lysates from cétsated withthe crude extract and cells treated with

the PIFremoved extractHig. 5.14). It was also shown that adjustment of the culture
media pH, down to the same level measured after dilution inamedb f 50 ¢eg G/

the crude extract, did not increase basal levels of phosphorylated Akt.
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) Crude extract . Crude extract - PIF
Vehicle (50 ug GAE/mI) Vehicle (pH6.7) (50 ug GAE/mI)

p-Akt» — e — — e
Akt» G GED D —— — — —_—— e— e

Ratio of p-Akt/Akt

Vehicle Extract Vehicle (pH 6.7) Extract wio PIF

Figure 5.14: Western blat of p-Akt/Akt from lysatesof cellstreatedfor 60 minuteswith
the crude extract after removal of PIF, the vehicle contitil well media pH adjusted
using HCI andthe whole crude extractalongsidea vehicle controln=3 (culture well
replicates) for each treatmerRatio of blot densitometryp(Akt/Akt) is shown in the

lower panel* - p < 0.05 vs vehicle control treatment.

5.5.4. Role of PI3K in the modulation of additional vasodilatory signalling

molecules by the crude pomegranate extract

The crude pomegranate extract was again shown to significantly reduce both total eNOS
protein and ETl secreted into culture media, and to @age levels of media
nitrate/nitrite. Inhibition of PI3K significantly reversed both the increase of media
nitrate/nitrite and the decrease in secretedlHFigs. 5.15 and 5.16). This was in spite

of the PI3K inhibitor on its own causing a sifycent reduction in secreted EI, possibly

due to the increase in the number of cells detached from the culture plate surface that wa
observed postreatment, which also appeared to be reversed when cells were treated with
the crude extract alongside thehibitor (data not shown). The PI3K inhibitor
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significantly reduced the decrease in eNOS protein by the crude extract even further, ar

effect also seen in cells treated with the inhibitor on its dvign £.18.
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Figure 5.15: Concentratiorof culture media nitrate/nitrite after treatment of cells for 24
hours with crude pomegranate extract (Pom.) alongside a vehicle control, with or without
a PI3K inhibitor (LY). Data representative of meanSb. n=3 (culture well replicates)

for eachtreatment* - p < 0.05 vs the vehicle control-# < 0.05 vs crude extract treated

cells.
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Figure 5.16: Concentratiorof secreted ETL after treatment of cells for indicatéiches
with crude pomegranate extract (Pom.) alongside a vebaréol, with or without a
PI3K inhibitor (LY). Data representative of meansSb. n=3 (culture well replicates) for
each treatment** - p < 0.001 vs the vehicle control. ### < 0.001 vs crude extract

treated cells.
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Figure 5.17. Concentation ofintracellular eNOS protein after 24 hour treatment of cells
with crude pomegranate extract (Pom.) alongside a vehicle control, with or without a
PI3K inhibitor (LY). Data representative of meanSb. n=3 (culture well replicates) for

each treatmdn*** - p < 0.001 vs the vehicle control. #p < 0.01 vs vehicle control.

5.5.5. Analysis of RTK phosphorylation in cells treated with pomegranatextract

An antibody microarray slide, spotted with antibodies complimentary for a number of
pantyrosinephosphoylated RTKs, was used to analyse cells treated with the
pomegranate extract, PF punicalagin for 10 minutes. No increase in phosphorylation

of any of the multiple RTKs was observed in response to the treatments compared to the
vehicle control. Compams of the pomegranate extract against the vehicle control
treatment showed a significant (p < 0.05) decrease in the phosphorgiaiorumber of

RTKs featured on the slide, as well aseeRTK adaptormproteins, Src, IRQ and eAbl

(Table 5.9. The onlyincreases to protein phosphorylation in this comparison were to p
Akt (Serd73), pAkt (Thr308) and fFERK1/2 (Thr202/Tyr204). There were no significant
changes to protein phosphorylation in comparisons of PPF vs. vehicle control or

punicalagin vs. vehicleontrol.
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Table 5.6: Kinases with significant differencaa their levels of phosphorylation (p <
0.05) from cells treated with pomegranate extract, compared to cells treated with a
vehicle control. Positive fold change values describe increased phgspibo, while
negative values describe decreased phosphorylatien2 (culture well replicates) for

each treatment.

Phosphaprotein Fold Change p-value (adjusted for MT)
p-ERK1/2 (Thr202/Tyr204) 3.61 7.2E06
p-Akt (Thr308) 3.50 9.7E05
p-Akt (Serd73 5.25 1.3E04
p-ALK (pan-Tyr) -1.37 2.8603
p-Src (panTyr) -1.95 4.2E03
p-EphA3 (panTyr) -1.24 5.7E03
p-EphB4 (parnTyr) -1.27 1.4E02
p-FGFR3 (panTyr) -1.24 1.5E02
p-IRS-1 (panTyr) -1.29 1.5E02
p-FGFR4 (parTyr) -1.17 1.7E02
p-c-Abl (panTyr) -1.22 2.2E02
p-FGFR1 (parTyr) -1.18 2.7E02
p-TrkA (panTyr) -1.19 2.7E02
p-ErbB2 (panTyr) -1.16 2.8602
p-c-Kit (pan-Tyr) -1.15 3.7E202
p-Ron (parTyr) -1.15 3.7202
p-EphAl (panTyr) -1.13 4. 7602
p-IGF-IR (panTyr) -1.13 4. 7602

5.5.6. Effects of pomegranate extract treatment on endothelial cell PTEN protein

and enzyme activity

To determine if PTEN was being prevented from translocating to the plasma membrane
and dephosphorylatg PIP;, lysates from cells treated with pomegranate extract were
assayed to determine if phosphorylation or ubiquitination of PTEN was increased due to
the treatment, and if there were decreases in ioti@cellularPTEN protein Western

blots showed no change PTEN phosphorylationF{g. 5.18 or ubiquitination Fig.

5.19 in cells treated with pomegranate extract for 60 mins compared to a vehicle control.
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A reduction in total PTEN protein levels was observed following a 24 hour treatment
with pomeganate extractHig. 5.20. To determine if PTEN enzyme activity itself was
inhibited by the pomegranate extract, samples of immunoprecipitated PTEN from
HUVECSs treated with the extract for 30 minutes were incubated with a phosphoinositide
substratedr 2 hours, and the concentration of the phosphate released was quantified. NG
difference was observed between treatments with the pomegranate extract and a vehicl
control (Fig. 5.21). However, when purified PTEN was incubated for 5 mins with the
procyanidin tetramers fraction, its phosphatase activity was significantly reduced (p =

29E-9) in a dosedependent manner® 0 ¢Hiy)5.29.

Vehicle Pomegranate

p-PTENmp i -

PTEN=p P S T

1.5-

1.0-

0.5-

0.0-

Ratio of p-PTEN/PTEN

VeHicIe Ext;'act

Figure 5.18: Western blat of p-PTEN/PTEN fromlysatesof HUVECs treatedfor 60
minuteswith 50 € g AR anide pomegranate extraatpngsidea vehicle
control n=2 (culture well replicates) for each treatmenepresentative oftwo
independent experimentRatio of blot densitometryp(PTEN/PTEN)is shown in the

lower panel.
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Figure 5.19: Western bla of PTEN/ubiquitin fromant-PTEN immunoprecipitated
lysatesof HUVECst r eat ed for 60 minutes with 50
extract, alongside a vehicle contrdolecular weight markerM W) bands:20, 30, 40,

50, 60, 80, 100, 120and220 kDa (bottom to top)n=3 (culture well replicates) for each

treatmentrepresentative divo independent experiments
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Figure 5.20: Western blat of PTEN/GAPDH from lysatesof HUVECSs treated forthe

indicated time periodsvith the crude pomegranate extramotd punicalagin (Pnclgn),
alongside a vehicle controln=2 (culture well replicates) for each treatment
representative of two independnt experiments Ratio of blot densitometry

(PTEN/GAPDH)is shown in the lower panél.- p < 0.05 vs vehicle control treatment.
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Figure 5.21. Enzyme activity of PTEN from cells treated with pomegranate extract (50
eg GAE/ ml , 30 mi n payed to & vehidec doraral greatment data

representative of meanS3D. n=3 (culture well replicates) for each treatment.
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5.6. Discussion

Fractionation of the crude pomegranate extract, and subsequent HPL{®D aitch
analyses, showed the extract's bioactivity to be mostly due to its procyanidin content. The
increase toAkt and eNOS activity in endothelial cells was not due to changes to the
phosphatase PTEN or receptor tyrosine kinases, leading to the question of what the tru

nature of the underlying mechanigan this bioactivitywas.

5.6.1. Procyanidins as key polyphenol$or pomegranatebioactivity

The crude pomegranate extract had been shown to increase Akt phosphoiglation
Chapter 4. Being a mixture ofmostly ellagitannins, anthocyanins, procyanidiasd
flavan-3-ols, fractions enriched with #se compounds were prepaffedm the extract.
The procyanidin/flavat3-ol fraction (PPF)produced the strongest response with respect
to Akt phosphorylation(Fig. 5.9). NP-HPLC analysisalso suggested the presence of
procyanidin tetramers in ¢hcrude extractFig. 5.7), though their presence PPF could
not be confirmed due to apparent drifts in peak retention times, which may require further
work to resolve(Fig. 56). Neither the insolubldraction. the sugar fractionnor the
decreasen pH caused by the acidity of the extraegre responsible for argonsiderable
partof the extract's bioactivit{Figs. 5.11and5.14). Though smaller increases teAft
were seen rbm the ellagitannin and anthocyanin fractions, assays conducted using
individual compounds showed a strong increase to Akt phosphorylation after treatment of
HUVECSs with procyanidin tetramers, but not with procyanidin dimer Biegicatechin,
punicalagn or delphinidin/cyanidin glucosid€Eigs. 59 - 5.11). This is the first case in
which a fractionation method has been used to identify the compounds responsible for
pomegranate bioactivity.

While procyanidin tetramers in the pomegranate extract apfegolay a

significant role in increasingAkt phosphorylation in HUVECSs, they are unlikely to
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account for all of the extract's bioactivity. It has been reported that there is a correlation
between the degree of polymerisation J@Pprocyanidins and their bioactivity (Byun et

al. 2012; Kimura et al. 2011; Osborne & McNeill 2001; Kondo et al. 2006). This would
suggest that if larger procyanidin oligomers, such as pentamers or hexamers, were
present, only relatively small quantgief thesewould be needed to account for the rest

of the extractinducedp-Akt responseRunning the pomegranate extract on a preparative
NP-HPLC method, to isolate the peak presumed to be procyanidin tetravoetd,be a
sensible means for collecting further evidence of the procyanidins as the key polyphenols

responsible for the extracts ability to increas&kp.

5.6.2. Fractionation of pomegranate polyphenols

No previous reports were found which described the usetofity-guided fractionation

to separate pomegranate int® hajor polyphenol sublasses. Though the method used
was originally described for the separation of a red wine extract, it was effective for the
completion of this study's objectives, with Réhd NRPHPLC showing good separation

of the relevantompounds. It appeared that there warertcomings in terms of yields

for a number of compounds, comparing the fractions to the whole extract, though the
efficiency of the method was not reported ire tetudy in which it was originally
described (Garci&kstévez et al. 2010). As ellagitannins are less stable dissolved in
methanol(Lei 2002) its use for the second fractionation with tBephadex LH20
materialmay have been a factor in the loses for punicalagin after fractionation. As a
further explanation of lost yieldst was observed that during the evaporation of ethyl
acetate, small quantities of a clowdhite precipitate formed around the top of the reund
bottom flasks. Attempts were ade to redissolve and reclaim this precipitate but they

were unsuccessful.
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5.6.3. Additional bioactive compounds from the pomegranate extract

Besides procyanidin tetramers, other compounds found in pomegranate arils wéoe able
increase Akt phosphorylation, dagh the concentration required was too high to
conclude that they were responsible for a major part of the observed bioaufithiy
crude extractThe increase of-pkt by punicalagin Fig. 5.12 and ellagic acidKig.

5.13 isin concurrencavi t h reports from Chen et al
puni cal agi n an dO-galloypbnicadaiinndreasdeNQsf(Serl177) and
Akt (Ser473) phosphorylation and Ou et al. (2010) where ellagic acid was similarly
shown to ikrease Akt and eNOS phosphorylation. This was with a smaller dose of 5 uM,
though cells were also challenged with oxidig®a-density lipoprotein which decreased
Akt phosphorylation prior to ellagic acid treatment (the basal level of Akt
phosphorylationin this reportalso appears to be much higher than that observed in the
studies performed here). The study by Chen et al. also highlights that other ellagitannins
besides punicalagin may be present in the pomegranate eatrddhese may baore
effective at increasing-pkt.

Although it was not seen here)-Epicatechin has been reported to increase Akt
phosphorylation in HUVECs (Ramire&zanchez et al. 2012). It has been similarly shown
that the flavarB-ol epigallocatechirgallate can inaase pAkt as well (Yamakuchi et al.
2008), though this particular flavé8iol has not yet been identified in pomegranate.
Anthocyanins from black currants, including D3GlIc, were also shown to increase Akt
phosphorylation (Edirisinghe et al. 201againan effect again not seen in this study.
There are recent reports of flaval-anthocyanin adducts, identified by LESI/MS'
analysis (Sentandreu et al. 2011; Sentandreu et al. 2010). Whether condensation @
flavan-3-ols with anthocyanins could affect thpotential bioactivity of the individual
compounds remains to be investigated.

Pomegranates also contain a number of other secondary metabolites, such a:

alkaloids, organic acids, fatty acids and a number of volatile organic cmupo
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(Bonzanini et al. 209; Wang et al. 2010; ViudMartos et al. 2010; Johanningsmeier &
Harris 2011; Kumar & Vijayalakshmi 2011; Medjakovic & Jungbauer 2013; Lansky &
Newman 2007). No studies could be fouhdwever,that report an increase to Akt or

eNOS phosphorylation in eathelial cells due to these compounds

5.6.4. Evidence of beneficial effects of pomegranate on human health

Many reports have described the potential benefits of pomegranate, for a wide range o
aspects of human health. While much has been concludedifromtro and animal
studies such as effects on lipid metablissm gastric ulcer formatiorg number ohuman
clinical trials specially for prostateancer therapy/preventipmare reportedly now in
progresgColombo et al. 2013; Miguel et al. 2010h the context of vascular health, a
recent human study that measured effects on pulse wave velocity (PWV) and blood
pressure after consumption of pomegrarnjatce for four week$ound that, while PWV

was unaffected, systolic and diastolic blood pressure both significantly decreased
compared to the control drink, as did mean arterial pressure, though no underlying
mechanisms were proposed in this stfidynn et al. 2012)Such effects are consistent
with in vitro results showing changes to markers of reduced vascular tone, such as those
reported here.

The presence of procyanidins, of sizes large enough to be bioactive towards nitric
oxide signalling (i.e.DP4) has still to be confirmed, however, and cannot yet be
concluded as the mechanism by which pomegranate exerts health benefits in the
cardiovascular systemProcyanidin dimers (i.e. DP2) have been reported uman
plasma(Holt et al. 2002, but furthe development of analytical technologies may be

required before the presenadack of presencef largerprocyanidinscan be proven
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5.6.5. Underlying mechanisms of pomegranate bioactivity PTEN protein

Despite the potential for pomegranate arils to provideehcial effects to human
vascular health, little has been reportedtbe underlying mechanisms in endothelial
cells. The effect of pomegranate on eNOS activity has been well refflgnedro et al.
2006; de Nigris et al. 2005pbut besides this, @ence is limited to an ability to improve
levels of antioxidant enzymes in endothelial cédlls Nigris et al. 2007Nishigaki et al.
2008) The dependence of PI3K for the increase of endothelial nitric oxide production by
pomegranate extract, shown irethontext of Akt activation itChapter 4, was further
underlined in this chapter shown by the reversal to increased media nitrate levels aftet
incubation of cells with a PI3K inhibitofFig. 5.15. The reversal of decreased T
secretion by the crudextract by this inhibitor also provides strong evidence that the
inhibition of ET-1 is a direct result of the increase in nitric oxide produdfog. 5.16).

After studying a number of markers, there was no evidence to suggest that inhibition of
PTEN, a phosphatase which acts to limit Akt activity, was behind the H&iendent
pomegranate bioactivity. Though there was a reduction in total PTEN p(bigirb.20),

the relatively long period for this effect to occur would not help to explaintheh
quicker increase of Akt phosphorylatiofFhe marked reduction in PTEN enzyme activity
that was seen after incubation of the protein with procyanidin tetrgifigrss.22) is in
agreement with previous studies that have reported the capadjtgofiyanidins to bind

to proteins and inhibit enzyme activity (Cho et al. 2009; Huang et al. 2@ddgver this
observation could not be repeated with agell experimentThis is the first reported use

of immunoprecipitation to allow study ofehactivity of enzymes from endothelial cells
treated with polyphenols or polyphenath extracts. It should be noted that while the
experiments testing enzyme activity of immunoprecipitated PTEN featured controls for
the cell lysis buffer, no contile were used that took account of the immunoprecipitation

beads used in the assay. To ensure that the levels of free phosphate measured are cert
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to be a result of active PTEN from endothelial cells, this second control should be
included in the assay sign in any future repeats of this experiment.

While PTEN is a key regulator of Akt activity, SHIP1/2 proteins share similar
phosphatase activity. Therefore, study of markers for SHIP2 inhibition (as the presence of
SHIP1 in endothelial cells is not wetecorded) may be necessary, to rule out the

inhibition of phosphatase activity as an underlying mechanism.

5.6.6. Underlying mechanisms of pomegranate bioactivity RTKs

An investigation into the involvement of endothelial cell surface receptors in the
mediation of pomegranate extract bioactivity has not been previously reported. There are
previous reports, however, that show the effects of procyanidins on individual RTKs,
including reduced expression of ErbBRenny et al. 2004)the dephosphorylation of
which was reported in this study, and the inhibition of VE@FRRivity (Lu et al. 2010).

As the phosphorylation of a number of RTKs was shown to significaettyease (p <
0.05), the extract appears to interfere with either the activating ligdriR$Ks or RTK
autophosphorylation. It is a key feature of RTKs that their activation is facilitated by
increased tyrosine phosphorylation (Lemmon & Schlessinger 2010). If indeed there is a
trend of the pomegranate extract decreaghy phosphorylation of RTKs, or eme
inhibiting their phosphorylatiowvia other signalling moleculesthen this suggests that
increased PI3K activity through RTK activation is not the key mechanism for
pomegranate extragtduced Akt/eNOS phosphorylatian Alongsice the decreased
phosphorylation of RTKs, the phosphorylation of three RTK cofactors,1IRS8c and ¢

Abl, was also reduced. This phosphorylation decrease may be another indication of
interference by the pomegranate extract in the resting activity of RTksof course

still possible that an RTK expressed in human endothelial cells, but not represented by

the microarray, is responsible for increasing PI3K actidyly 12 of the 20 human RTK
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families are represented on thmécroarrayslide, thoughthere is evidence that all but one

of these are expressed in endothelial cells (Cantarella et al. 2002; Kamiyama et al. 2008
O6Donnel | et al . 1999; Song et al . 2012
2008; Lanckohr et al. 2010)dditionaly, it may be that compounds from the extract can
bind to the cell surface and cause RTK activation by interfering with the processes which
keep RTKSs in a state of low phosphorylation.

As expected, the crude extract increased phosphorylation of Ser473r&08 ©h
Akt. It is surprising that the PPF treatment did not also incre#dd m this experiment,
but this may be due to the short treatment fisued thelikelihood thatthe relative
concentration of bioactive compounds was reduced (through the fratodio process
seeSection 5.5.2)in comparison to therude extractThe crude extract also increased
phosphorylation of ERK1/2. These proteins are involved with a number of cellular
processes, including proliferation, cell survival and cell adhestmskoski 2012), and
have been characterised as a signalling molecule regulated by PI3K activity. Therefore, in
this case the increase to its phosphorylation does not appear to provide further
information as to the crude extract's underlying signallinghaueisms.

GPCR activation cannot be ruled out as the mechanism for increasing PI3K
activity. There are numerous reports detailing the activation of PI3K and Akt through
GPCRs, and the stimuli responsible for such activation (New et al. 2007; Oudit &
Pennirger 2009). Investigation of any dependence of Akt activation on GPCRslm®uld
performed by inhibiting the interaction betweerpfatein subunitsthrough the use of,
for example, targetted peptides (Chen et al. 1983%)the activity of PI3K, PTENAKt
and eNOS, in the context of nitric oxide production, takes place at the plasma membrane
it is also possible that exposure of endothelial cells to procyanidins results in changes tc
the membrane itself, independent of individual signalling receptdrish interfere with
signalling processes. For example, the translocation of PTEN to the plasma membrane

relies on electrostatic interactions between the membrane and cationic protein residue:
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(Das et al. 2003)Depolarisation of the membrane to a posifpotential could potentially
disrupt this interaction, and procyanidins have been reported to cause depolarisation o
mitochondrial membranes in breast cancer gétlamljak et al. 2005)however,most
results in endothelial cells show a hyperpisktion effect due to procyanidin treatment
(Byun et al. 2012; Matsui et al. 2009t is possible that hyperpolarisation of the
membrane may be an underlying mechanism for the activation of Akt and eNOS, but

exactly how, and in what manner, remains tonvestigated.
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5.7. Conclusion

The bioactivity of the pomegranate extract is reported here as being primarily due to its
procyanidin contenthough further work is necessary to confirm the presence of specific
procyanidin oligomers in the pomegranate extréiosphorylation, ubiquitination or
phosphatase activity of PTEN was not affected by the pomegranate extract treatment, an
the activity-related phosphorylatioaf a number ohumanRTKs did notincrease prior

to the phosphgtation of Akt and eNOS by the extract. Activation of a GPCR or an RTK
not covered in this study may explain theservedioactivity. Alternatively, interference

with the stasis of the plasma membrane, possibly through bindingofgmidins to the
membrane surface, may be behind the increased production of nitric oxide in endothelial

cells by pomegranate procyanidins.
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Concluding remarks and directions for future
work
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Chapter 6:Concluding remarks and directions for

future work

6.1. Identification and analysis of bioactive procyanidins

The studies detailed in this thesis sought to determine the effects of dietary polyphenols
on markers of endothelial function, and to understand the underlying mechanisms behinc
these effects. Tocaomplish this, a number of biochemical techniques were used to
analyse molecular changes in endothelial cell cultures after exposure to phenolic
compounds. Western blotting and ELISAs provided simple and practical means for
analysis of specific markers,hile antibody microarrays allowed analyses of a wide
range of targets and consequently provided large sets of data from which to draw
conclusions. The flavonoid quercetin was a common phenolic amongst the food plants
selected in Chapter 2, being presentdoying extents in dill, nettle, kale and persimmon
according to previous reports, and confirmed byanse analysis performed by Shikha
Saha (IFRUK) (Hollands et al. 2018. However, it was procyanidins, identified after
fractionation of the arde pomegranate extract, whidiad the greateseffect on
endothelial cell signalling. As with the crude extract, procyanidins increased both Akt
and eNOS phosphorylation in HUVECs, while incubation of cells with pomegranate
extract also increasedeMels of nitrate/nitrite in cell culture media, inhibited -ET
secretionn a PI3kdependent manneand decreased total eNOS protein over 24 hours.
As procyanidins and flavaB-ols constitute a large proportion of persimmon phenolics
(Hollands et al. 203b), it is likely that the persimmon extract's ability to effect markers

of endothelial function in a manner similar to the pomegranate extract is also due to the

presence of procyanidins or other oligomeric proanthocyani@RACS).
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Identification d the particular procyanidins responsible for pomegranate bioactivity
remains to be investigatetihere are likely to be features of the procyanidin structure that
contribute towards its ability to increase endothelial nitric oxide production, and so it
would be useful to determine the structure of the bioactive procyanidins so that these
features could be better understobdr example, besides the degreepofymerisation

(DP), the types of flavanol monomer from which proanthocyanidins are composed may
affect their bioactivity. It has been reported in animal studies that gallocatechins and
epigallocatechins can be more effective at producing vasorelaxant effects, compared tc
their catechin and epicatechin counterpéfisang et al. 1998; Sanae et al. 20@Rough

no studies could be found which show marked differences between epicatechin and
catechin monomers in the context of effects on endothelial function and CVFineste

are alsadifferentmanners in which mnomer units may be linked, such asdk B-type

OPAC bonds (Fig. 6.1), which at the very least may affect their rate of absorption
(Appeldoorn et al. 2009)Separation of procyanidins by DP can &ehievedusing
normatphase (NP) HPLC. Preparation obrpegranate extract fractions by HHPLC

would allow each set of procyanidin oligomers to be assayed for bioactivity towards p

Figure 6.1: Procyanidin dimers demonstrating)( A-type interflavan bond¢C2Y O-

C5/7,andC4Y C6/8)and @) B-type interflavarbonds(C4Y C6/8).
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Akt in isolation from other procyanidins and pomegranate phenolics. The particular DP
of procyanidinsthat areresponsible for the majority of the crude pomegranate extract's
bioactivity could be determined by this method.-NPLC is oftenlimited by poor
reproducibility of peak retention time between runs, however, which could create issues
duringpreparative HPLC runs, as the time points set for collecting each fraction would be
based on peak retention timespoévious rus. An alternative approach would be to use
hydrophilic interaction liquid chromatography (HILIC). As with MHPLC, HILIC
makes use of a polar stationary phase, often with additional fpoletionalgroups such

as diols, but also uses polar solvents such as até&rsimilar to reverse phase (RP)
HPLC (Buszewski & Noga 2012)Compared to NfHPLC, however, HILIC analysis
provides improved peak resolutions and a high level of reproducibility between
chromatography runs. Whereas -NIPLC is adequate for separatioh @PACs by DP

alone (Shoji et al. 206a; Sarnoski et al. 201Xelm et al. 2006) and in cases can
separate also by -Aor B-type interflavan linkage(Gu et al. 2002) recent reports
demonstrating HILIC analysis suggest that the technique is powerfuglerio not only
separate peaks by-Ar B-type interflavan linkag€Karonen et al. 2011; Robbins et al.
2009; Wallace & Giusti 2010)but in cases can separate individ@APAC isomers
(Furuuchi et al. 2011) It was alsodemonstrated byKalili et al. (2012) that
chromatography run times can be greatiguced while retaining peak resolution. Faster
HPLC runs alongside improved reproducibility madke repeatedollection of fractions
highly practical, allowing production of quantities of each fractioth®extent required

for incubation with cell cultures. There is potential for further increases to productivity if
ultracpressure liquid chromatography (UPLC) equipment is usedshasvn by the
comparative study b@rtega et al(2010) While this study used NP silica columnbg
compatibility of HILIC with UPLC equipment has beepreviously demonstrated

(Spagou et al. 2011)
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Chromatograms presented @Ghapter 5 (Fig. 5.8) demonstrate the resence of
compounds in the pomegranate anthocyanin and ellagitannin fractions which have similar
retention times to the peaks representative of procyanidins in the pomegranate
procyanidin fraction and crude extract. It would be expected, thereforerabdriation
of the crude extract to isolate procyanidins of specific DP would also isolate non
procyanidin compounds in the same fractions. Sephade2((€uevasRodriguez et al.
2010; Gu et al. 2002; Wei et al. 20Jdnd Toyalpearl HAWb0 (Xu et al. 2012; Li et al.
2010; Stringano et al. 201have been previously shown to be suitable materials for
preparingOPAC rich fractiors from crude plant extrast It was noted inChapter 5,
howeverthat fractionation steps can result in losses dhaephenolic compounds and so
it would be preferable to keep the number of fractionation steps to a minimum. If the
crude extract was to be fractionated by preparative HILIC, without prior purification
using LH20 or HW50 material, the HILIC fractionsotild be subsequently separated by
RP-HPLC, as has been recently demonstrated. This method has proved to be efficient a
separating isomers which share similar-NPLC or HILIC retention timegMontero et
al. 2013; Kalili & de Villiers 2009; Kalili & de Viliers 2013) The combination of HILIC
fractionation with subsequent RFPLC analysisvould allow identification of individual
compounds within the fractions by mass spectrometry, especially if reasonable quantities
of each fraction couldécollected.

Characterisation oODPACs can be performed by thiolys{Serez et al2009;
Saucier et al. 200XXu et al. 2013) or phloroglucinolysigHanlin et al. 2011; Bordiga et
al. 2011; Drinkine et al. 2007Wwhere aciecatalysed cleavage of infmvan bonds
releases flavanol monomer units. The released flavanols can then be analysed by HPLC
and mass spectrometry, so as to identify and quantify the terminal units, the extension
units (which become conjugated on release, allowing them to be dtfédesl from the
terminal units) and the mean DP. Electrospray ionisation mass spectrometiySIVS

provides a more certain means of identification @PACs in concentrated samples.
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Besides measurement of the degree of polymerisation, the fragmematiern can also
provide clues as to the flavanol composition of individDRIAC compounds(Sendker et

al. 2013; Tarascou et al. 2011; Sarnoski et al. 20 R)dividual OPACs can be isolated,
nuclear magnetic resonance spectroscapg circulardichroism spectroscopgan be
employed for confirming details of the interflavan bonds between monomer units, such as
whether linkages are of-for B-type conformatior(Li et al. 201Q Himmer & Schreier
2008.

HILIC coupled with RPHPLC-MS-ESI is one ofthe most powerful means for
separation and subsequent identificatiorO8#ACs currently available. Such a method
may be improved binitial isolation ofOPACs using LH20 or HW50 columns, and the
length of time to perform chromatography would cettaibe reduced using a UPLC
system, thouglsuch an approachmay not becurrentlyfeasible due to the cost of such
equipment. Isolation of groups @PACs according to their DP from the pomegranate
and persimmon extracts, with subsequent preparafithese compounds in reasonable
guantities, would allow more detailed analyses of their ability to increase Akt and eNOS
phosphorylation. There are currently commerciallyavailableOPACs of DP > 3, and
so the production of stocks of individuBIPAC oligomers/isomers would be of high
value. Concentrated solutions of pomegranate/persimmaaCORactions would make
identification by MSESI more practical, and if successful, may allow conclusions to be
drawn on the importance of specific structuratéees, such as the types of flavanols
from which they are composed, or whether galloylation of flavanol units is important for

OPAC bioactivity.

6.2. The mechanism by whichprocyanidins regulate Akt activity

The regulation of PI3K/Akt activity bypomegraate procyandinswas shown to be

independent of a number of changes to PTEN protein, and of increased activity of a
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subset of receptor tyrosine kinases. To date, there are no reports which investigate
endothelial signalling upstream of Akt and eNOSogwhorylation, inrelation to
incubation of cell cultures with pomegranate or persimmon extracts. There are, however,
a number of reports that show increased Akt phosphorylation in endothelial cells after
incubation with ORCs or flavanols extraetl from other sources. Increased
phosphorylation of Akt and eNOS has been reported after treatment of endothelial cells
with procyanidinrich fractions of a red wine extra¢Auger et al. 201Q)and with an
OPAC-rich grape seed extra¢Edirisinghe et al.2008) The grapeseed extract also
caused relaxation of rabbit aortic rings, but these effects were inhibited after methylation
of phenolic hydroxyl groups. The importance of specific flavanol hydroxyl groups for
eliciting their bioactivity has been preuvsly demonstrated. The 3" hydroxyl group of
epigallocatechirgallate (i.e. the 30H group of the galloyl moietyyvas found to be
required forits ability to increase Akt and eNOS phosphorylation, whereas methylation
of the 4" hydroxyl group caused no wetlon of protein phosphorylatiofKurita et al.
2013) As the hydroxyl groups are largely responsible for phenolic antioxidant activity
(Rice-Evans et al. 1996t is probable that O®C antioxidant activity plays some part in
its activation of Akt. The etivity of a number of signalling proteins, including AMPK,
eNOS and ET receptor B, can be regulated by localised redox ciidMayes & Michel
2012) For example, increased eNOS phosphorylation in endothelial cells has been showr
to rely on the availabily of nonglutathione oxidanteducing cysteine thiols inside cells
and at the cell surfad@anaka et al. 2005 he increase to eNOS mRNA in endothelial
cells by an ORC-rich purple grape juice was shown to be partly dependent on
intracellular ROS genetian, throughthe incubation of cells with membrane permeable
antioxidant enzyme@lhosin et al. 2013)

As was suggested in Chapter 5, it is possible that the exposure of cells to
procyanidinsinfluences the chemistry of the plasma membrane imaamner which

activates Akt.OPAC-rich extracts have been reported to cause hyperpolaris@ion
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decrease in the membramdectric potential) of endothelial ells and arterial tissue
(DalB¢ et al. 2008; Byuret al. 2013), and this change to membrane potential has been
shown to be reliant on Kchannels and was induced in less than three minutes after
treatment with an epicatechin trimer (procyanidin (Byun et al. 201D). The increased
levels of cell culture media nitrite/nitrate induced by procyanidin C1 treatment was also
shown to be partly due to*Khannel activity. Akt phosphorylation may not necessarily
be induced primarily by hyperpolarisation, howeudyperpolarisation of HUVECs by
bo-adrenoceptotreatment was discovered to be in response to increased nitric oxide
production, through increased uptake of the eNOS substaatgnine from cell culture
media, and so changes to membrane potential mayttesustaineNOS activity, rather

than initiae it (Queen et al. 2006 However, increased Akt activity fialso been shown

to be initiated by depolarisation of endothelial cell plasma membi(&tetdterjee et al.
2012)and endothelial cell mitodmdrial membrane@atakam et al. 2013)

It would be interesting to determine whether the pomegranate or persimmon
extract, or their isolated Q¥Cs, are able to hyperpolarise or depolarise the cell culture
membrane potential. Measurement of membrane rifgegpolarisation can be measured
using a number of potential sensitive fluorophores, includingIh&dibutylbarbituric
acid) trimethine oxonobisoxonolandrhodamine 123which can be introduced into cells
during a preincubation period before treagmt with phenolic compounds.”Khannel
blocking can be performed by treating cells with iberiotoxin, which could be used to
confirm that hyperpolarisation is necessary for Akt activatioma@iuretic peptide may
be used in such experiments as a positioetrol, as it has been previously shown to
hyperpolarise endothelial cell membrar{€smon et al. 2009)The involvement of cell
surface cysteine thiols could be investigated using the fluorophore-4#89\ followed
by analysisusing flow cytometry. Itwould also be interesting to determine if similar
effects to nitric oxide production are seen in these experiments when io8armged

HUVECs, such as through pmeatment with TNFU (Sawa et al. 2007)Inflamed
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HUVECs are a more commontgportedmodel,in relationto resting HUVECs, and so
such experimestcould provide more useful data for comparingother previously
published stuigs.

It has been shown th&nitrosylation of PTEN leads to increased Akt activity
(Numajiri et al. 2011) This particular modification to PTEN protein was not studied as
part of Chapter 5, and so it may be useful to determine levels of Biriikosylaton to
clarify whether or not PTEN protein is responsible for increasing Akt activity after
treatment of cells with pomegranate extract. This can be achieved through redu€tion of
nitrosothiols to thiols, incubation with a biotoonjugate followed by s#equent pull
down, and analysis by western blotting. Alternatively, thellular location of PTEN
at various timepoints could be tracked using fluorescently tagged recombinant PTEN. As
PTEN is required at the plasma membrane to inhibit Akt actigilgh an experiment
would provide strong evidence of PTENinvolvement in pomegranate extract

bioactivity.

6.3. Bioavailability of proanthocyanidins

To date, procyanidins larger than dimers are still to be reported in human plasma, thougf
studies with rats havidentified procyanidin trimers in plasma after feeding doses of
cocoa or other procyanidimch extractgSerra et al. 2013; Serra et al. 2009; Prasain et al.
2009) Reports of procyanididimers and trimers imat plasmahave also shown them to
beunaffected byphase limetabolism(Appeldoorn et al. 2009; Serra et al. 2010; Tsang et
al. 2007). Human studies have reported the presence of procyanidin dimer B2 after
consumption of cocoa, agell as a lack of phase Il metabolism of procyanidifslt et

al. 2002; Kahle et al. 2011Even though increased size of procyanidins has been shown
to correlate inversely with their transport across €acell cultures, it is still possible for

procyanidins as large as tetramers to pass through theséeks al.2012) The study
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by Zumdick et al.(2012)reported that the transport of tetramers is comparable to that of
procyanidin dimers, indicating the possibility that tetramers could be found in human
plasma It has been hypothesised that procyanidins bind tteijpin plasma, and that

this can interfere with their identification after feeding stud&woji et al. 2006). To test

this hypothesis, plasma samples from rats fed with apple procyanidins were treated with
urea, to reverse the binding of procyanidmplasma proteins. Following urea treatment,
procyanidins up to and including DP5 were then identified. It is likely, though, that the
size of OPAGs can limit their absorption in the gut. It would be interesting to determine
whether the rate of their abgbdion could be improved. The formulation of liposome
vesicles for improved transport of molecules has been demonstrated previously
(Parmentier et al. 2010)and as liposome encapsulation has been demonstrated for
epigallocatechirgallate(Gilseren & Corrdig 2013) it may be possible to prepare such
formulations forOPAGCs as well.To date though.there is little evidence to suggebat
proanthocyanidingre relatively bioavailable®d humansAny bioactive effects seen from
OPAC:s inin vitro experimentgannot yet thereforepe concluded as likely mechanisms

for theirin vivo health effects, with further human studies still requireddoclusively
understand the absorption and metabolism of these compdandsure, technological
developments may allovabelling of phenolic compounds such that they can be tracked
as native and metabolised compoundsvivo. Such advancements would allow the
destination of phenolics to be recorded with greater accumaoy provide a better

understanding of the specificetabolites that reach certain tissues.

6.4. Health benefits from consumption of pranthocyanidin-rich foods

Identifying the componds responsible for the reductionaafrdiovascular risk observed
in the patients and volunteers egidemiological and humantervention studies focused
on polyphenckich diets, as well as determining the underlying molecular mechanisms

for their bioactivity, can improve advice for prevention of CVD, and guide drug design
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for therapies. Continued investigation of the signallp@ghways which are activated or
inhibited due to exposure of cells to phenolic compounds provides development of new
biomarkers for future human studies. It is important that the physiologically relevant
forms of phenolic compounds remain the focus soich studies. While phase |l
metabolites of quercetin were used to treat celliapters 3 and 4, metabolites
produced by gut microflora are also present in plasma after consumption of quercetin
glycosides. To date, there do not appear to be any repottgde#swhich investigate the
effects of quercetin microbial metabolites on endothelial signalliNicrobial
metabolites of quercetin have been recovandtimanurine at 22% of the original dose
(Jaganath et al. 2006and saepresent a significant progion of bioavailable quercetin
metabolites.There appears to be verfew additional studies which quantify levels of
guercetinderived microbial metabolites in human plasma or urtheugh validated
methoddor performing suclanalysesare now aviable (Urpi-Sarda et al. 2009; Chen et
al. 2012) Future studies could make useaonir increasingly greater understandinglod
profile of bacterid specieswhich inhabit our gytand usen vitro cultures to determine
the microbial metabolites likely toe produced from certain polyphenaisvivo, coupled
with preparations of microbial metabolite mixes to then be used on human cell cultures,
to determine their bioactivity.

Data from appropriaten vitro studies in conjunction with human trials canveer
as strong supporting evidence in casébealth claimdor food productgAggett et al.
2005) Based on the results of studies described in this thesis, foods rich in procyanidins
and other ORCs would be strong candidates for studies focusedmankers of
endothelial function and reduced CVD risk. Cocoa has been shown to be @€AGs
(Kalili & de Villiers 2013)and its consumption can effect a number of markers of CVD
risk in human studiegArranz et al. 2013)including improvement of flw-mediated
dilation (Monahan et al. 2011and reduced levels of oxidised low density lipoprotein

(Khan et al. 2012)It is of note that cocoa produatand likely othetOPAGrich foods)
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are also rich in-j-epicatechin(Jiménez et al. 2012)vhich has digher rate of absorption
in the gutthan OPAGs (Spencer et al. 2001)-)-Epicatechinhas also been shown to
increase nitric oxide productipms well asnhibit NADPH oxidasein vitro (Ramirez
Sanchez et al. 2012; Steffen et al. 208AY improve FMDin vivo (Schroeter et al.
2006) In future studieghat report thebioactivity of anOPAGCrich food or extract, it
would be of interest to determine the proportion of actiditie tothe food's flavanol
monomersin comparisorto the activity due to tle procyanidinoligomercontent

It is likely that there are food plants besides pomegranate and persimmon, which
form part of traditional diets of countries surrounding the Black Sea, that are rich in
OPAGs. Itwould beuseful to identify such foods, and condurctitro and human studs
which assess markers of endothelial function such as Akt and eNOS phosphorylation, anc
seek to measure levels of procyanidins or their metabolites in human plasma. Results
from these studies could potentially provide good evidence for the ability stlbeted
foods to lower CVD risk, and would encourage their continued use as gadabfnd

nationaldiets.
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Appendix |

List of protein targets featurecés pairs of antrphosphorylated/unphosphorylated

antibodieson the PEX100 antibody microarray:

Uniprot ID Protein and phosphorylated residue(s)
P27348 14-3-3 theta/tau (Phosph®er232)
P63104 14-3-3 zeta (Phosph8er58)

P63104 14-3-3 zeta/delta (Phosphihr232)
Q13541 4E-BP1 (Phosphdhr36)

Q13541 4E-BP1 (Phosphd hra4b)

Q13541 4E-BP1 (Phospo-Ser65)

Q13541 4E-BP1 (Phosphd hr70)

060825 6-phosphofructe?-kinase/fructose,6-biphosphatase 2 (PFKFB2)
(PhospheSer483)

P00519 Abl1l (Phospheryr204)

P00519 Abl1l (Phospherhr754/735)

Q13085 ACC1 (Phospheser79)

Q13085 ACC1 (Phospheser80)

P6802 ACTIN Pan(fb/2) (PhospheTyr55/53)
P98177 AFX/FOX04 (PhospheSer197)
P31749 AKT (PhospheThr308)

P31749 AKT (PhospheTyr326)

P31749 AKT (PhospheSer473)

P31749 AKT1 (PhospheSer124)

P31749 AKT1 (PhospheSer246)

221



P31749
P31749
P31749
Q96B36
P31751
QIUM73
QIUM73
Q13131
Q13131
Q9Y478
P05067
P10275
P10275
P10398
P49407
Q99683
Q996&
P18846
P15336
P15336
P15336
P15336
P15336
P18848
P05023
P05023

P53396

AKT1 (Phospherhr450)

AKT1 (PhospheTyrad74)

AKT1 (Phospherhr72)

AKT1S1 (Phospherhr246)

AKT2 (PhospheSer474)

ALK (PhospheTyrl507)

ALK (PhospheTyrl1604)

AMPK1 (Phospherhrl74)
AMPK1/AMPK2 (PhospheSer485/491)
Ampkbl (PhospheSerl82)

Amyloid b A4 (PhospheThr743/668)
Androgen Receptor (Phospiser213)
Androgen Receptor (Phospiser650)
A-RAF (Phospherlyr301/302)
Arrestinl (Phospheser412)

ASK1 (Phospheser83)

ASK1 (Phospheser966)

ATF-1 (PhospheSer63)

ATF2 (Phospheberl12/ 94)

ATF2 (PhospheSer62/ 44)

ATF2 (Phospherhr69/51)

ATF2 (Phospherhr71/53)

ATF2 (Phospherhr73/55)

ATF4 (Phospheser245)
ATP1A1l/Na+K+ atpasel (Phospis®er23)
Atpase (Phosph&erl6)

ATP-Citrate Lyase (Phospk®er454)
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Q8WXE1
Q96GD4
Q96GD4
014965
Q92934
Q92934
Q92934
Q92934
Q92934
P10415
P10415
P10415
Q07817
Q07817
P11274
P11274
P55957
043521
Q8W\V28
P15056
P15056
P1956
P38398
P38398
P38398
Q06187

QINYB9

ATRIP (Phospheser68/72)
AurB (PhospheTyrl12)

AurB (Phospherhr232)

AURORA KINASE (Phosphérhr288)

BAD (PhospheSer112)
BAD (PhospheSer134)
BAD (PhospheSer136)
BAD (PhospheSer155)
BAD (PhospheSer91/128)
BCL-2 (Phospherhr56)
BCL-2 (Phospherhr69)
BCL-2 (Phospheser70)
BCL-XL (PhophoThr47)
BCL-XL (PhospheSer62)
BCR (Phosphalyrl77)
BCR (Phosphayr360)

BID (PhospheSer78)

BIM (PhospheSer69/65)
BLNK (PhospheTyro6)
B-RAF (PhospheSer446)
B-RAF (Phospherhr598)
B-RAF (PhospheSer601)
BRCAL (Phospheserl423)
BRCAL (Phospheserl457)
BRCAL1 (Phospheserl524)
BTK (PhospheTyr222)

C-Abl (PhospheTyr412)
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P62158
QIY2W7
Q14012
Q13554
Q16566
QoUQM?7
P29466
P42575
P55212
Q14790
P55212
P42574
P55211
P55211
P55211
P04040
P35222
P35222
P35222
P35222
P35222
060716
Q03135
P15391
P15941
P20963

P01730

Calmodulin (Phosphdhr79/Ser81)
Calsenilin/KCNIP3 (RospheSer63)
CamktU(PhospheThr177)
Camk2b/a/t (PhospheThr287)
Camk4 (Phosphd hr196/200)
CaMKIl (Phosphelhr286)

CASP1 (Phosph&er376)

CASP2 (Phosph&er140)

CASP6 (Phosph&er257)

CASP8 (Phosph&er347)

CASP9 (Phosphdhr125)
Caspas8 (Phospheserl50)
Caspase 9 (Phospigeri44)
Caspase 9 (Phospfigrl5s3)
Caspase 9 (Phospitg8erl196)
Catalase (Phospkbyr385)
Cateninb (PhospheSer33)
Cateninb (CTNNB) (Phosphelyr489)
Cateninb (PhospheSer37)
Cateninb (Phospherhr41/Ser45)
Cateninb (Phospheryr654)
Catenin deltal (Phospheryr228)
Caveolinl (Phospheryrl4)

CD19 (Phpsphdyr531)
CD227/mucinl (Phospheryr1243)
CD3Z (Phosphdyrl4?2)

CD4 (Phospheser433)
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P06127
P06493
P30304
P30304
P30305
P30305
P30307
P24941
P24941
Q00535
P50613
014757
014757
014757
014757
096017
096017
096017
096017
P05412
P05412
P05412
P0O5412

P05412
P05412
P05412

P48729

CD5 (Phosphd'yr453)
CDC2 (Phosphdyrlh)
CDC25A (Phosphdserl24)
CDC25A (Phosphser75)
CDC25B (Phosph&er323)
CDC25B (Phospo-Ser353)
CDC25C (Phosph&er216)
CDK1/CDC2 (Phosphdhri4)
CDK2 (Phospherhr160)
CDKS5 (Phospheryrl5)
CDK7 (Phospherhr170)
Chk1 (Phosph&er280)
Chk1 (Phosph&er286)
Chk1 (Phosph&er31)
Chk1 (Phospher345)
Chk2 (Phosphd hr383)
Chk2 (Phosphdhr387)
Chk2 (Phosph&er516)
Chk2 (Phosphd@ hr68)
C-Jun (Phosphdyrl70)
C-Jun (Phosphdhr239)
C-Jun (Phosph&er243)
C-Jun (Phosph&er63)
C-Jun (Phosph&er73)
C-Jun (Phosphdhr91)
C-Jun (Phosphdhr93)

CK1-U(PhospheThr321)
22t



P67870
P10721
015551
095471
P08581
P23528
P17302
Q14247
Q14247
P41279
Q96A00
P47712
P04049
P04049
P16220
P16220
P16220
P16220
P16220
P46108
P07333
P14635
P14635
P24B5
P30281
P24864

P24864

CK2-b (PhospheSer209)
C-Kit (PhospheTyr721)
Claudin 3 (Phosphdyr219)
Claudin 7 (Phosphdyr210)
C-met (Phosphdyr1003)

Cofilin (PhospheSer3)

Connexin 43 (PhosphBer367)

Cortactin (Phosphdyr421)
Cortactin (Phosphdyr466)
COT (Phosphahr290)
CPI17 (Phosphd hr38)
C-PLA2 (Phospheser505)
C-Raf (Phospheser296)
C-Raf (Phosphéserd3)
CREB (Phosphdhr100)
CREB (Phospherl21)
CREB (Phospher129)
CREB (Phospherl133)
CREB (Phospher142)
Crkii (PhospheTyr221)
CSFR (Phosphdyr561)
Cyclin B1 (phospheser126)
Cyclin B1 (phospheser147))
Cyclin D1 (Phosphd'hr286)
Cyclin D3 (Phosphdahr283)
Cyclin E1 (Phosphdhr395)

Cyclin E1 (Phosphdhr77))
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P05783
P05787
075553
075553
QOUHF2
QoUD71
QoUD71
QOUER?
P17844
P78527
P78527
Q99704
Q99704
060496
Q05193
Q01094
P13639
000418
P00533
POD533
P00533
P00533
P00533
P00533
P00533
P00533

P00533

Cytokeratin 18 (PhosphBer52)
Cytokeratin 8 (Phosph8er431)
DAB1 (Phospheryr220)

Dabl (Phospheryr232)
DAPP1 (Phosphdyrl39)
DARPPR-32 (Phosphdahr34)
DARPPR-32 (Phosphdhr75)
DAXX (PhosphaeSer668)
DDX5/DEAD-box protein 5 (Phosphoyr593)
DNA-PK (Phospherhr2638)
DNA-PK (Phospherhr2647)
Dok-1 (Phospheryr362)

Dok-1 (Phospheryr398)

Dok-2 (Phospherlyr299)

DYN1 (PhospheSer774)

E2F1 (Phosphdhr433)

EEF2 (Phosphdhr56)

EEF2K (PhospheSer366)
EGFR (Phosphdyr1016)
EGFR (Phosphdyr1069)
EGFR (Phosph&er1070)
EGFR (Phosphdyr1092)
EGFR (Phosphdyr1110)
EGFR (Phosphdyrl1172)
EGFR (Phosphdyr1197)
EGFR (Phosphd hr678)

EGFR (Phosphd hr693)
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P00533
P05198
P06730
Q04637
P19419
P19419
P19419
P29474
P29474
P29474
P11171
P29317
P54762
P52799
P98172
P19235
Q16659
P03372
P03372
P03372
P03372
P51813
P51813
P15311
P15311
P15311

Q13158

EGFR (Phosphdyr869)

EIF2a (Phosph&er51)

ElIF4e (Phosph&er209)

EIF4g (Phospheser1108)

Elk-1 (PhospheSer383)

Elk1 (Phosphe5er389)

Elk1l (Phospherhr417)
eNOS(PhospheSer1177)

eNGS (Phospherhr495)
eNOS(PhospheSer615)

EPB41 (Phosphdyr418/660)
EPHA2/3/4 (Phosphdyr588/596)
EPHB1/2 (Phosphdyr594/604)
Ephrin B (Phosphdyr330)

EphrinB1 (Phosphelyr317)

EpoR (Phosphelyr368)

ERK3 (Phosph&serl189)

Estrogen Recepta (PhospheSer104)
Estrogen Recepta (PhospheSer106)
Estrogen Receptaa (PhospheSer118)
Estrogen Receptaa (PhospheSerl167)
ETK (Phospheryr40)

ETK (PhospheTyr566)

Ezrin (Phosphdyr353)

Ezrin (Phospharyr478)

Ezrin (Phospherhrs66)

FADD (PhospheSer194)
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Q05397
Q05397
Q05397
Q05397
Q05397
Q05397
P16591
P11362
P11362
P11362
P21333
Q12778
Q12778
043524
P01100
P53539
Q12778
Q12778
Q13283
Q13480
Q13480
P18505
P17677
P15976
P15976
P42261

P42261

FAK (PhospheTyr397)

FAK (PhospheTyr407)

FAK (PhospheTyr576)

FAK (PhospheTyr861)

FAK (PhospheSer910)

FAK (PhospheTyr925)

FER (Phosphdyr402)
FGFR1 (Phosphdyrl54)
FGFR1 (Phosphdyr654)
FGFR1 (Phosphdyr766)
Filamin A (Phosph&ser2152)
FKHR (Phospheser256)
FKHR (Phospheser319)
FKHRL1/FOXO3A (Phosphder253)
Fos (Phosphdhr232)

Fosb (Phosph&er27)
FOXO1/3/4PAN (Phospherhr24/32)
FOXO1A (Phosphser329)
G3BPR-1 (Phospheber232)
GABL1 (Phosphelyr627)
GABL1 (Phosphelyr659)
GABA-RB (PhospheSer434)
GAP43 (Phosph&er4l)
GATAL (PhospheSer142)
GATAL (PhospheSer310)
Glurl (Phospheser849)

Glurl (Phospheser863)



P42262
Q13322
QoUQC2
Q15835
P25098
P49840
P49841
P49840
Q9HOH5
P08631
Q13547
Q92769
015379
P56524
QoUQL6
QoUQL6
QOUBN?
Q9BY41
P04626
P04626
P04626
P21860
P21860
Q15303
P16104
P68431

P41235

Glur2 (Phospheser880)

GRB10/Growth factor receptdoound protein 10 (Phosptioyr67)

GRB2 (Phosph&erl59)

GRK1 (Phospheser2l)

GRK2 (Phospheser29)

GSK3 (PhospheSer21)

GSK3 (PhospheSer9)

GSK3U-b (PhospheTyr216/279)
GTPase activating protein (PhopspBer387)
HCK (Phosphelyr410)

HDAC1 (Phospheser421)
HDAC2 (PhospheSer394)
HDAC3 (Phospheser424)
HDAC4 (PhospheSer@2)
HDACS (Phospheser259)
HDACS (Phospheser498)
HDACG6 (PhospheSer22)
HDACS8 (PhospheSer39)

HER2 (Phosphdyrl221/Tyr1222)
HER2 (Phosphdyr1248)

HER2 (Phosphdyr877)
HERS3/erbb3 (PhephaTyrl222)
HERS3/erbb3 (Phosphdyr1289)
HER4/erbb4 (Phosphdyrl284)
Histone H2A.X (Phosph&er139)
Histone H3.1 (Phosph8erl0)

HNF4U (PhospheSer304)
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014964
Q00613
Q05469
Q05469
P04792
P04792
P04792
P08238
P08238
Q16543
P05362
P08069
P08069
P11717
P25963
P25963
Q15653
000221
015111
015111
014920
014920
QIY6K9
QIY6K9
Q13651
P78552

P01589

HRS (Phosphdyr334)

HSF1 (Phosph&er303)

HSL (Phospheser552/563)

HSL (PhospheSer554)

HSP27 (Phosph&erl5)

HSP27 (Phosph&er78)

HSP27 (Phosph&er82)

HSPO® (Phosno-Ser254)
HSP9® (PhospheSer226)
Hsp90 cechaperone Cdc37 (PhospBerl3)
ICAM-1 (Phospheryr512)
IGF-1R (Phosphdyr1161)
IGF-1R (Phosphdyr1165/1166)
IGF2R (Phosphder2409)
lkb-U(PhospheSe32/36)
Ikb-U(PhospheTyr42)

Ikb-b (Phospherhr19)
Ikb-O(PhospheSer22)

IKK -Ub (PhospheSer180/181)
IKK -U(PhospheThr23)

IKK-b (Phospheryr188)

IKK -b (PhospheTyr199)

IKK -GAMMA (PhospheSer31)
IKK gamma (Phosph&er85)
IL-10R-A (PhospheTyr496)
IL-13R/CD213al (PhospHbyr405)

IL-2RA/CD25 (Phosph&er268)
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P26951
P24394
P05556
P05106
P05106
P15260
P06213
P35568
P35568
P35568
P35568
P35568
P35568
P16144
P23458
P23458
P23458
P45983
P17275
P17275
P17535
P05783
P05787
P10721
Q8IVT5
P22001

P02545

IL3R (Phospheryr593)
IL-4R/CD124 (Phosph@yrd97)
Integrinb-1 (phospherhr788)
Integrinb-3 (Phospheryr773)
Integrinb-3 (Phospheryr785)
Interferono receptorUchain precursor (Phospiityrd57)
IR (Phospheryr1361)

IRS-1 (Phospheser307)

IRS-1 (Phospheber312)

IRS-1 (Phopho-Ser323)

IRS-1 (Phospheser636)

IRS-1 (Phospheser639)

IRS-1 (Phospheser794)

ITGB4 (Phosphelyr1510)
JAK1 (Phospheryr1022)

JAK2 (Phospheryr1007)

JAK2 (Phospheryr221)
JNK1/2/3 (Phogho-Thr183/Tyr185)
Junb (Phosph&er259)

Junb (Phosph&er79)

Jund (Phosph&er255)

Keratin 18 (Phosph&er33)
Keratin 8 (Phosph&er73)

KIT (PhospheTyr936)

KSR (Phosph&ser392)
Kv1.3/KCNAS3 (Phospheryrl35)

Lamin A (Phospheser22)
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P02545
043561
043561
P06239
P06239
P06239
P06239
P53667
Q15831
Q15831
P07948
P49137
P49137
P29966
P29966
P07333
Q00987
Q02078
Q02078
Q02078
Q06413
Q02750
Q02750
Q02750
Q02750
Q02750

P36507

Lamin A/B(lamin A/C) (Phosph&er392)

LAT (PhospheTyrl71)

LAT (PhospheTyr191)

LCK (PhospheTyrl192)

Lck (Phospherlyr393)

LCK (PhospheTyr504)

LCK (PhospheSer59)

LIMK1 (PhosphaThr508)
LKB1 (PhospheThr189)

LKB1 (PhospheSer428)

LYN (PhospheTyr507)
MAPKAPK2 (PhospheSer272)
MAPKAPK2 (Phospherhr334)
MARCKS (Phospheser158)
MARCKS (PlospheSer162)
M-CSF Receptor (Phosptigrr809)
MDM2 (PhospheSer166)
MEF2A (Phospherhr312)
MEF2A (Phospherhr319)
MEF2A (Phospheser408)
MEF2C (Phospher396)
MEK1 (PhospheSer217)
MEK1 (PhospheSer221)
MEK21 (Phospherhr286)
MEK1 (Phospherhr291)
MEK1 (PhospheSer298)

MEK-2 (Phospherhr394)
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P35240
P35240
P08581
P08581
075030
P46734
P46734
P52564
014733
P28562
P28562
Q9BUB5
075582
075582
075582
Q13043
P42345
P42345
P42345
P01106
P01106
P01106
P01106
P24844
Q12968
Q04206

Q04206

Merlin (PhospheSer10)

Merlin (PhospheSer518)

Met (Phospheryr1234)

Met (Phospheryr1349)

MITF (PhospheSer73)

MKK3 (PhospheSer189
MKK3/MAP2K3 (PhospheThr222)
MKK6 (PhospheSer207)
MKK7/MAP2K7 (PhospheSer271)
MKP-1 (PhospheSer359)
MKP-1/2 (Phosph&ser296)

Mnk1 (Phospo-Thr385)

MSK1 (Phospheser360)

MSK1 (Phospheser376)

MSK1 (Phospherhr581)
Mst1/Mst2 (Phosphd hrl183)
MTOR (Phospherhr2446)

MTOR (PhospheSer2448)

MTOR (PhospheSer2481)

Myc (Phospherhr358)

Myc (PhospheSer373)

Myc (Phospherhr58)

Myc (PhospheSer62)

Myosin regulatory light chain 2 (Phosplserl8)
NFAT4 (PhospheSer165)
Nfkb-p100/p52 (Phosph8er865)

Nfkb-p100/p52 (Phosph8er869
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P19838
P19838
P19838
P19838
P19838
Q04206
Q04206
Q04206
Q04206
Q04206
Q04206
Q04206
Q05586
Q13224
P35372

P56945
P56945
P38936
P46527
P46527
Q16539
Q16539
Q16539
P27361
P27361
P04637

P04637

Nfkb-p105 (Phosph&er927)
Nfkb-p105/p50 (Phosph8er337)
Nfkb-p105/p50 (Phosph8er893)
Nfkb-p105/p50 (Phosph8er907)
Nfkb-p105/p50 (Phosph8er932)
Nfkb-p65 (Phosphdhr254)
Nfkb-p65 (Phospo-Ser276)
Nfkb-p65 (Phosphder311)
Nfkb-p65 (Phosphdhr435)
Nfkb-p65 (Phosphder468)
Nfkb-p65 (Phosphder529)
Nfkb-p65 (Phosphder536)
NMDAR1 (PhospheSer897)
NMDAR2B (Phospheryr1472)
Opioid Receptor (Phospkeer375)
p130Cas (Phospkbyrl65)
p130Cas (Phospkbyr410)
p21Cipl (Phosphdhrl45)
p27Kipl (Phosphderl0)
p27Kipl (Phosphdhrl87)

p38 MAPK (Phospherhr180)

p38 MAPK (PhospheTyrl182)

p38 MAPK (Phosphelyr322)
p44/42 MAP Kinase (Phosphbhr202)
p44/42 MAP Kinase (Phosphbyr204)
p53 (Phospheserls)

p53 (Phospheahrl8)
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P04637 p53 (Phospheser20)

P04637 p53 (Phospheser315)
P04637 p53 (Phospheser33)
P04637 p53 (Phospheser37)
P04637 p53 (Phospheser378)
P04637 p53 (Phospheser392)
P04637 p53 (Phospheser46)
P04637 p53 (Phospheser6)

P04637 p53 (Phospheser9)

P23443 P70S6K (Phosphdhr229)
P23443 P70S6K (Phodpo-Ser371)
P23443 P70S6K (Phosph&er411)
P23443 P70S6K (Phosph&er418)
P23443 P70S6k (Phosph®hr4d21)
P23443 P70S6K (Phosph&er424)
Q9UBSO P70s6kb (PhospheSer423)
015350 P73 (Phosphdyr99)
Q15418 PO90RSK (Phosph®hr359/Ser363)
Q15418 P90RX (PhospheSer380)
Q15418 P9ORSK (Phosph@hr573)
060934 P95/NBS1 (PhosphBer343)
Q13153 PAK1 (Phospheser204)
Q13153 PAK1 (Phospherhr212)
Q13153 PAK1/2 (Phospheserl199)
Q13153 PAK1/2/3 (Phosphderl41)
Q13153 PAK1/2/3 (Phosphdhr423/402/421)
Q13177 PAK2 (Phospheser192)
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075914
P49023
P49023
P16234
P09619
P09619
P09619
015530
Q15121
P16284
P27986
P06803
P17612
P17252
P17252
P05771
Q05655
Q05655
Q02156
P17252
Q04759
Q04759
Q05513
Q05513
Q15139
Q15139

Q15139

PAK3 (Phospheserl54)

Paxillin (Phospheryr118)
Paxillin (Phospheryr31)

PDGF RU(PhospheTyr849)
PDGF Rb (PhospheTyrl021)
PDGF Rb (Phospheryr740)
PDGF Rb (Phospheryr751)
PDK1 (Phosphser241)

PEA-15 (Phosphserl16)
PECAM-1 (Phospheryr713)
P13-kinase p85subunit alphajamma (Phosphdyr467/Tyr199)
Pim-1 (Phospherlyr309)

PKA CAT (Phospherhr197)
PKC U(PhospheTyr657)

PKC Ub Il (PhospheThr638)
PKC b/PKCB (Phosphser661)
PKC U (Phospherhr505)

PKC U (PhospheSer645)

PKC U(PhospheSer729)

PKC pan activation site (Phospho)
PKC theta (Phosphdhr538)
PKC theta (Phosph8er676)
PKC zeta (Phosph®hr410)

PKC zeta (Phosph@hr560)
PKD1/PKC mu (Phosph8er205)
PKD1/PKC mu (Phosphdyr463)

PKD1/pkcmu (Phosph&er910)
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Q9BZL6
P19525
P19525
Q01970
Q01970
P19174
P19174
P16885
P16885
Q13393
P62136
P67775
Q15648
P37231
PO&01
P60484
P60484
P60484
Q14289
Q14289
Q14289
P63000
P43351
P04049
P04049
P04049

P04049

PKD2 (Phosph&ser876)
PKR (Phosphdhr446)
PKR (Phosphdahr451)
PLC-b (PhospheSer1105)
PLC-b (PhospheSer537)
PLCG1 (Phosphdyr771)
PLCG1 (Phosphdyr783)
PLCG2 (Phosphdyrl217)
PLCG2 (Phosphdyr753)
PLD1 (Phosphayr561)
PP1lalpha (Phosphbhr320)
PP2AU(PhospheTyr307)
PPARD (Phospherhr1457)
PPART (PhospheSer112)
Progesterone Receptor (Phos{8er190)
PTEN (Phosphder370)
PTEN (Phosphder380)
PTEN (Phosph&er380/Thr382/Thr383)
Pyk2 (Phosphdyr402)
Pyk2 (Phosphdyr580)
Pyk2 (Phosphdyr881)
Racltdc42 (Phosph&er71)
RAD52 (Phosphelyr104)
Rafl (Phospher259)
Rafl (Phospher338)
Rafl (Phosphdyr341)

Rafl(Phospheser621)
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Q13972
P06400
Q13972
P06400
P06400
P06400
Q04864
Q01201
P07949
QS8TDA3
Q15418
Q92736
P62753
P45983
P45983
P45985
P45985
P45985
P29353
P29353
Q06124
Q06124
Q13094
Q15797
Q15797
Q15796

Q15796

RasGRF1 (Phosph&®er916)

Rb (Phospheser608)

Rb (Phospheser780)

Rb (Phospheser795)

Rb (Phospheser807)

Rb (Phospheser811)

Rel (Phospheser503)

Relb (Phosphder552)

Ret (Phosphdyr905)

Rho/Rac guanine nucleotide exchange factor 2 (PheSph85)
RSK1/2/3/4 (Phosph&er221/227/218/232)
Ryr2 (Phospheser2808)

S6 Ribosomal Protein (PhospBer235)
SAPK/INK (Phosphdhrl183)
SAPK/INK (Phosphdyr185)
SEK1/MKK4 (Phospherhr261)
SEK1/MKK4 (PhaspheSer80)
SEK1/MKK4/JNKK1 (PhospheSer257)
Shc (Phosphdyr349)

Shc (Phosphdyr4d27)

SHR-2 (Phospheryr542)

SHR-2 (Phospheryr580)

SLP-76 (Phosphalyr128)

Smadl (Phosph8erl87)

Smadl (Phqsho-Ser465)

Smad2 (Phosph®hr220)

Smad2 (Phosph8er250)



Q15796
P84022
P84022
P84022
P84022
P84022
Q14683
P08047
P12931
P12931
P12931
P36956
P11831
P11831
075886
P42224
P42224
P52630
P40763
P40763
Q14765
P42229
P42229
P51692
P42226
P42226

P16949

Smad2 (PhosphB8er467)
Smad?2/3 (Phosphdhr8)
Smad3 (Phosph®hrl79)
Smad3 (Phosph8er204)
Smad3 (PhosphB8er213)
Smad3 (Phosph8erf5)
SMC1 (Phospher957)
SP1 (Phosphdhr739)
Src (Phosphdyr418)
Src (Phosphdyr529)

Src (Phosphéer75)

SREBR1 (Phospheser439)

SRF (Phosph&er77)

SRF (Phosph&er99)
STAM2 (Phospherlyr192)
STAT1 (Phosphealyr701)
STAT1 (Phosph&ser727)
STAT2 (Phosphd'yr690)
STAT3 (Phosphd'yr705)
STAT3 (Phosph&ser727)
STAT4 (Phosphd'yr693)
STAT5A (PhospheTyr694)
STAT5A (PhospheSer780)
STAT5B (Phospheser731)
STAT6 (Phosphalyr641)
STAT6 (Phospha'hr645)

Stathmin 1(Phosph8erl5)
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P16949
P16949
015392
P43405
P43405
P17600
P17600
P21579
P21579
P37840
P37840
043318
P10636
P10636
P10636
P10636
P10636
P10636
P10636
P10636
P10636
P10636
P10636
QINYV6
P11388
Q16620

P49815

Stathmin 1(Phosph8er24)
Stathmin 1(Phosph8er37)
Survivin (Phosphdhr117)

SYK (Phospheryr348)

SYK (Phospheryr525)
SYN1-Synapsinl (Phospk®er62)
Synapsin (Phosph8er9)
Synaptotagmin (Phosphithr202)
Synaptotagmin (Phospeer309)
Synuclein alpha (Phosphio/r125s)
Synuclein alpha (Phosphio/ri33)
TAK1 (PhospheThr184)

Tau (Phosphd'hr181)

Tau (Phosphdhr205)

Tau (Phosphdhr212)

Tau (Phosphéer214)

Tau (Phosphdhr231)

Tau (Phosph&er235)
Tau(PhospheSer262)

Tau (Phosph&er356)

Tau (Phosph&er396)

Tau (Phosph&er404)

Tau (Phosph&erd22)

TIF-1A (PhospheSer649)
TOP2A/DNA topoisomerase Il (Phospls@r1106)
Trk B (Phospheryr515)

Tuberin/TSC2 (Phosphohr1462)
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P49815
P29597
P07101
P07101
P07101
P07101
P50552
P50552
P15498
P52735
P17948
P35968
P35968
P35968
P35968
P35968
P18206
P42768
Q92558
P98170
P43403
P43403

P43403

Tuberin/TSC2 (Phosph8er939)
TYK2 (PhospheTyrl054)

Tyrosine Hydroxylase (Phospt&erl9)
Tyrosine Hydroxylase (Phospt&er31)
Tyrosine Hydroxylase (Phospt&er40)
Tyrosine Hydroxylase(TH) (Phospkser8)
VASP (Phospheserl57)

VASP (Phospheser238)

VAV1 (PhospheTyrl74)

VAV2 (PhospheTyrl42)

VEGFR1 (Phosphdyr1333)
VEGFR2 (Phosphdyr1054)
VEGFR2 (Phosphdyr1059)
VEGFR2 (Phosphdyrl1175)
VEGFR2 (Phosphdyrl214)
VEGFR2 (Phosphdyr951)

Vinculin (Phospherlyr821)

WASP (Phosphdyr290)

WAVEL1 (Phospheryrl25)

XIAP (PhospheSer87)

Zap-70 (Phospharyr292)

Zap-70 (Phosphd'yr319)

Zap-70 (Phosphd'yr493)
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List of protein targets featured as eithan antiphosphorylated oran antk

unphosphorylated antibgan the PEX100 antibody microarray:

Uniprot ID
P63104
P00519
Q07912
P35611
P31749
P31749
P31749
Q13315
014965
QoUQB9
P30530
Q07812
P10415
P41182
Q8WV28
Q13882
Q06187
P00519
QoUQM7
P22681
P22681
P20273

P10747

Protein and phosphorylated/unphosplorylated residue(s)
14-3-3 zetah (Ab-184/186)

Abl1l (Phospheryr412)

ACK1 (Phospheryr284)

ADD1 (Ab-726)

AKT1 (Ab-129)

AKT1 (Ab-308)

AKT1/2/3 (Ab-315)

ATM (Ab-1981)

Aura (Ab-342)

Aurb/C (Ab-202/175)

AXL (PhospheTyr691)

BAX (Ab-167)

BCL-2 (Phospheser87)

BCL-6 (Ab-333)

BLNK (PhospheTyr84)

Breast tumor kinase (Phosphgrd47)
BTK (PhospheTyr550)

C-Abl (PhospheTyr245)

Camk2 (Phosphdhr305)

CBL (Phospheryr700)

CBL (Phospheryr774)
CD22/BL-CAM (PhospheTyr807)

CD28 (Phosphdyr218)
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P31994
P08575
P30304
P30307
014757
014757
P48729
P56747
P13726
P46109
P61073
P24863
P24385
P30279
096020
P78527
P00533
P23588
P29474
P98172
Q8TDO8
P25445
P36888
P36888
P36888
P01100

P01100

CD32 (fcgammariib) (AK292)
CD45 (Phosphéer1007)
CDC25A (Ab178)

CDC25C (Phosphdhra8)

Chkl1 (Phosphaer296)

Chk1 (Phosph&er301)
CK1-A/A2 (PhospheTyr294)
Claudin 6 (Phosphdyr219)
Coagulation Factor Il (Phosp¥eer290)
Crkl (Phospheryr207)

CXCR4 (PhepheSer339)
Cyclin C (Phospheser275)
Cyclin D1 (Ab-90)

Cyclin D2 (Ab-280)

Cyclin E2 (Ab392)

DNA-PK (Ab-2056)

EGFR (Ab998)

EIF4b (Phosphdserd22)
eNOS(Ab-1179)

Ephrin B1/B2/B3 (PhsphoeTyr324)
ERKS8 (Phosphd'hr175/Tyrl177)
FAS (Ab-291)

FLT3 (Ab-599)

FLT3 (Phosphelyr842)

FLT3 (Phospherlyr969)

Fos (Ab374)

Fos (Phosph&er362)
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Q12778
Q8WU20
P06241
QoUQC2
QoUQC2
QINRY4
P25098
P04626
P04626
QOUPZ9
P17936
P25963
Q15653
015111
P16871
P05556
P17181
P06213
P35568
P35568
P10721
Q14721
043561
P53667
Q15831
Q13233

043318

FOXO1A/3A (PhospheSer322/325)
FRS2 Phosphelyr436)

Fyn (Phosphd'yr530)

Gab2 (Ab623)

Gab2 (Phosphdyr643)

GRF-1 (Phosphelyr1105)

GRK2 (Phospheser685)

HER2 (Ab1112)

HER2/erbb2 (Ab686)

ICK (PhospheTyr159)

IGFBP-3 (Ab-183)
Ikb-U(PhospheTyr305)

Ikb-b (PhospheSer23)

IKK -Ub (Ab-176)

IL7R/CD127 (Phosphdyr449)
Integrinb-1 (Ab-789)

InterferonUb receptordchain (Ab466)
IR (Phospheryrl1355)

IRS-1 (PhapheSer1101)

IRS-1 (Phospheser612)

KIT (PhospheTyr703)
Kv2.1/Kcnbl (Phosphdyrl28)

LAT (Ab-161)

LIMK1/2 (Ab-508/505)

LKB1 (Ab-334)

MAP3K1/MEKK1 (Phospherhrl1381)

MAP3K7/TAK1 (Ab-187)
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043318
P41279
P49137
015151
Q14814
Q12866
QO9YKO
014733
075582
075676
014974
014974
Q99640
Q14934
Q14934
Q00653
Q04206
Q04206
Q12879
Q09472
P04637
P04637
P04637
P04637
Q9H3D4
P23443

P23443

MAP3K7/TAK1 (Ab-439)
MAP3K8/COT (Ab-400)
MAPKAPK-2 (PhospheThr222)
MDM4 (PhospheSer367)

MEF2D (Phospheser444)
MER/SKY (Phospherlyr749/Tyr681)
Met (Phospheryr1356)
MKK7/MAP2K7 (PhospherThr275)
MSK1 (Phospheser212)

MSK2 (Phospherhr568)

MYPT1 (Phospherhr696)

MYPT1 (Phospherhr-853)

MYT1 (Ab-83)

NFAT3 (Ab-168/170)

NFAT3 (Ab-676)

Nfkb-p100 (Phosph&er872)
Nfkb-p65 (Ab-281)

Nfkb-p65 (Ab-505)

NMDA NR2A/B (Phosphelyr1246/1252)
P300 (Ab89)

P53 (Ab376)

P53 (Ab387)

P53 (Phosph&er366)

P53 (Phosphdhr81)
P63(Phosph&er45s5)

P70S6K (Ab427)

P70S6K(Phospherhr389)
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Q13177
Q13177
096013
P09619
Q15121
P27986
QoY2I7
P31323
Q05655
Q05655
Q05655
Q15139
P19174
014939
P53350
P18433
Q14289
Q06609
Q06609
P04049
Q13905
P06400
Q08999
015492
P61586
P29350

Q15796

PAK2 (Ab-197)

PAK2 (Phospheser20)

PAK4/PAK5/PAKG (Ab474)

PDGF Rb (Ab-1009)

PEA-15 (Phosphser104)

P13-kinase p8&alpha (Phosphdyr607)

PIP5K (Phospheer307)
PKA-R2B (PhephoSerl13)
PKC delta(Phospheryr52)

PKC delta (Phosphoyr313)

PKC delta/PKCD (Phosphbyr64)

PKD1/2/3/PKC mu (Ab744/748)

PLCG1 (Phosphdyrl253)
PLD2 (Phospha'yrl69)
PLK1 (Ab-210)
PTPRA(PhospheTyr798)
Pyk2 (Phosphdyr579)
RAD51 (Ab-309)

RAD51 (Phosphd'yr315)
Rafl (Ab289)

Rapgefl (Phosphdyr504)
Rb (Phospharhr821)
Rb-like-2 (RBL2) (Ab-952)
RGS16 (Phosphdyrl68)
Rhoa (Ab188)

SHR1 (Phospheryr536)

Smad?2 (ak245)
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Q15796
P84022
P12931
P42229
P43405
P37840
P78347
P36897
P37173
Q02763
Q9Y4F6
P04629
P04629
P04629
P04629
Q16620
P49815
P15498
P33151
P30291
P30291
Q96KM3

P43403

Smad2 (Ab255)

Smad3 (Phosph8er208)
Src (Phosphd'yr216)
STAT5A (Phospheser725)

SYK (Phospheryr323)

Synuclein alpha (Phosphio/ri36)

TFII-1 (PhospheTyr248)
TGFBR1 (Ab165)

TGFBR2 (Ab250)

TIE2 (Phospheryr1108)
TLK1 (Ab-764)

Trk A (Ab-496)

Trk A (PhospheTyr680/681)
Trk A (Phospherlyr701)

Trk A (Phospherlyr791)

Trk B (Phospheryr705)
Tuberin (Ab981)

VAV1 (Ab-160)
VE-Cadherin (Phosphoyr731)
WEE1 (Ab53)

WEEL1 (Phosphder642)
WWOX (Phospheryr33)

Zap-70 (Phosphd'yr315)
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Appendix Il

To correct for he high variance in spot values on the first microarray slide processed for
the main microarray study @hapter 3, estimation of unspecific binding was performed
using the values of the negative control spots. This calculation (equation given at the

bottam of page) was performed for each of the protein targets on the first microarray:

Firstly, the difference between the background of protein target's Spptafd
the mean background of the left negative control sgdtb | was calculatedalongside
the difference betweethe meanbackground of the right negative control spd@Nb)
and the mean background of the left negative control sphdib)( The ratio between
these two differences was then calculat®b[i LNb )/(RNb 7 LNb)]. This ratio was
then sed to multiply the difference between the mean foreground of the right negative
control spots and the mean foreground of the left negative control $etsi (LNf).
This calculation, therefore, uses the differences in background fluorescence of the
aforanentioned spots to the estimate the proportion of the fluorescence at the location of
the protein target in question that is due to unspecific binding. The value of this
unspecific binding is then subtracted from the protein target's spot fluores&énceng
mean foreground of the left negative control spbiéf{ is also subtracted, and a value of
300 is added to ensure that all values calculated by this method remain over 0. The

eqguation used is shown here:
CSf = Sfi ([(SbT LNb)/(RNb i LNb)] x (RNf - LNf)) 7 LNf +300

Abbreviations: Corrected Spot foreground (CSf); Spot foreground (Sf); Spot background (Sb);
average left negative control spot background (LNb); average right negative control spot
background (RNb); average left negative control sfmweground (LNf); average right

negative control spot foreground (RNf).
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Abbreviations

Ac Acetyl

ACN Anthocyanin

Alo Allosyl

AMPK 5' adenosine monophosphatetivated protein kinase
BH4 Tetrahydrobiopterin

BKCa Large conductance Ca(2+4nd voltageactivated potassium channel
BSA Bovine serum albumin

C35diGlc Cyanidin3,5-diglucoside

C3Glc Cyanidin3-glucoside

CaMKll Ca2+/calmodulirdependent protein kinase Il
cGMP Cyclic guanosine monophosphate

Coum Coumaryl

CST Cell Signalling Technologse

Cy3 Cyanine 3

D3Glc Delphinidin3-glucoside

dH20 Deionised water

DMSO Dimethyl sulfoxide

DP4 Degrees of polymerisation 4 (procyanidin)
DTT Dithiothreitol

E. acid Ellagic acid

EA Epiafzelechin

EBM-2 Endothelialbasalmedia

EC Epicatechin

ECG Epicatechingallate

EDTA Ethylenediaminetetraacetic acid

EGC Epigallocatechin

EGCG Epigallocatechirgallate

EGM-2 Endothelialgrowth media
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EGTA

eNOS

ET-1

EU

EuroFIR

Fer

FMB

FMD

FP7

FPLC

GAE

GAPDH

Glc

GIcA

Gnb

GPCR

GPX

GST

Hex

hFer

HHDP

HILIC

HPLC

Ethylene glycol tetraacetic acid
Endothelial nitric oxide synthase
Endothelinl

Europea Union

European Food Information Resource Network
Feruloyl

Full Moon Biosystems

Flow Mediated Dilation

Framework Programme 7

Fast protein liquid chromatography

Gallic acid equivalent

Glyceraldehyde phosplate dehydrogenase
Glucose

Glucuronic acid

Gentiobioside

G-protein coupled receptor

Glutathione peroxidase

Glutathione Sransferase

Hexose

Hydroxyferuloyl

3,45,3',4' 5'hexahydroxydiphenoyl
Hydrophilic interaction liquid chromatography

High pressure liquid chromatograpy

HPLC-DAD-MSD High pressure liquid chromatograpjode array detectiomass

spectrometry detection

HPLC-MSn

HRP

HUVEC

I-CAM

High pressure liquid chromatograpyass spectrometry in series
Horseradish peroxidase
Human umbilical vein endothelial cells

Intracellular adhesion molecule
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IFR
IMR

IP3

ITC
LC-MS
LDL
LDS
LPH
MAPK
M-CSF
MCT
MRP2
MSFI
MT
MW
MYPT1
NADPH
NaPi
NO

nopair

resi due,

Institute of Food Research (UK)

Institute of Medical Research (Serbia)
Inositol trisphosphate

Isorhamnetin

Isothiccyanate

Liquid chromatographynass spectrometry
Low-density lipoprotein

Lithium dodecyl sulfate

Lactasephlorizin hydrolase
Mitogentactivated protein kinase
Macrophage colongtimulating factor
Monocarboxylate &nsporters

Multidrug resistancessociated protein 2
Median spot fluorescence intensity
Multiple testing

Molecular weight

Myosin phosphatase target subunit 1
Nicotinamide adenine dinucleotide phosphate
Sodium phospate

Nitric oxide

"MSFIs representing a phosphorylated (or unphosphorylated) protein

but | acking a o6partneré antibody

phosphorylated) protein residue, spotted on the microarray"

NP-HPLC)
OPAC
OPC
PAF
PAGE

PBS

Normal phase HPLC

Oligomeric proanthocyanidin
EvesseE pviohapplaextracti n
Pomegranate anthocyanin fraction
Polyacrylamide gel electrophoresis

Phosphate buffered saline solution

252



PC Procyanidin

PEF Pomegranate ellagitannin fraction

PEX-100 Phospho Explorer AntibgdMicroarray

PGG 1,2,3,4,6pentagalloyl glucose

phph MSFIs representing a phosphorylated protein residue
PIF Pomegranate insoluble fraction

PIP2 Phosphatidylinositebisphosphate

PIP3 Phosphatidylinositetrisphosphate

PKA Protein kinase A

PKB Protein kinase B

PKG Protein kinase G

Pnclgn Punicalagin

PPF Pomegranate procyanidin fraction

p-X (whereX is a protein, i.e. fAkt) phosphorylated version of X (where is a protein)
PSF Pomegranate sugar fraction

PTEN Phosphatase and tensin homolog

PTFE Polytetrafluoroethylene

PWSF Pomegranate water soluble fraction

PWV Pulse wave velocity

RE Rutin equivalent

RNA Ribonucleic acid

RP-HPLC Reverse phase HPLC

RTK Receptor tyrosine kinase

SDS Sodium dodecyl sulfate

Ser Serine

sGC Soluble gianylyl cyclase

SGLT1 Sodiumglucose transport protein 1

SHIP Srchomology 2containing inositol Sphosphatase
Sin Sinapoyl
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Sph
TBS
TBST
Thr
TNF-U
TPC
Tris
Tyr
UDP
unph
UPLC
uv
V-CAM
VEGFR2
VSMC
WST-1

XO

Sophoroside

Tris-buffered saline solution

Tris-buffered saline solution plus Twe20
Threonine

Tumor necrosis factor alpha

Total phenolic content
Tris(hydroxymethyl)aminomethane

Tyrosine

Uridine diphosphate

MFSiIs representing an unphosphorylated protein residue
Ultra pressure liquid chromatography
Ultraviolet

Vascular cell adhesion molecule

Vascular endothelial growth factor receptor 2
Vascular smooth muscle cells

Water soluble Tetrazolium salt 1

Xanthine oxidase
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