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Abstract

Background: Consumption of dietary anthocyasihas been associated wilarious
health benefitsHowever,anthocyaninareknownto bevery poorly bioavailable, and
this has led to the concept thiagereis an importaninterplaybetween anthocyanins and
the human gut microbiotavhere the gut microbiotreable tobreakdown anthocyanis
into various metabolites, anthat anthocyaninsaand/or their metabiés may alter the
composition of the gutnicrobiota However,theseinteractionsare still not clealand

much remains to be understood

Objectives: (i) Investigate thein-vitro metabolism of black rice and bilberry
anthocyanins by the gumicrobiota and(ii) explore the impact of anthocyasion the
structure and function of the gut microbiota.

Approaches Incubate black rice and bilberry anthocyaronsr 24 hwith human faeal
samples usingan in-vitro batch colonfermentationmodel andcollect sampledor
quantifying anthocyanins andnthocyanin metabolitessing HPLC-DAD and UPLC-
MS-MS. Assess the gut microbiota composition differences between anthocyanin treated
andnortarthocyanin treatettuman colon modedamplesusingwhole-genome shotgun

metagenomics.

Results: It was shown thablss of anthocyaninsaspartly spontaneous and partly due to
thegut microbiota Anthocyanins wersubject to high intemdividual variatiors in both
spontaneous and gut microbiatapendentdegradation and modestintra-individual
variations. The gt microbiotametabolisn{enzymaticf anthocyaningeneratesarious
ring-fissionmetabolitesand variousnicrobial metabolic pathways were determined such

as [Cya3Glc Y PCA Y catech9dlphl ¢ Chanldticn
[ Cya3Glc Y dihydroferulic -methylcatecholl.Ttheé hy dr
production of the microbial anthocyanin metabolisegh as catechol, dihydrocaffeic

acid, dihydroferulic acid, and-shethylcatechol were completely microbiatapendent,
providing strong evidence that the gut microbiota is important for the metabolism of

anthocyanins. In contrast in the absence ofive gut microbiotaand in anaerobic



Emad Shehata PhD Thesis, 2022
The University of East Anglia

conditions anthocyanins underweitassic pHdependent transformation to gi@ya
hemiketalGlc, Cya  chalcon&slc, Cya  chalcone  anioniGlc and
trihnydroxyethenylbenzen@&lc (all colourless)But under aerobic conditi@thee was a
substantial increase in the numbeaanthocyanirbreakdown products formexhd these
included PCA, PGA, coumarktlc, di and trihydroxyphenyloxoacetic acid, and
trinydroxyphenylacetic acidAlthough there was a small increaseBaicteroidetesver
Firmicutesat 6and 12h andsmall increase dBacteroides vulgatuat 6h, no significant
changes wereobservedin the gut microbiota profilein responseto anthocyanin

treatments.

Conclusiors: Anthocyanins are rapidly and completely degradettienhuman colon by

a combination of spontaneous and microba¢@endenprocesses generating a series of
ring fission metabolites, but thejd not significantly affectthe structure and function of
themicrobiome.These dataxtend ouunderstandingf the important role afhehuman
gut microbioteon thebioavailability of consumednthocyanis.
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Chapter One

Chapter 1: General introduction

1.1. Scope ofthe research in this thesis

The consumption of anthocyanins, a subclass of polyphenols, in high quantities is
associated with health benefits in humahlowever, anthocyanins are very poorly
bioavailable and there is evidence that anthocydenved metablites are the main
forms found in the circulation. Therefore, it is hypothesised that the beneficial effects of
anthocyanins are due to anthocyanin metabolites interacting with human cells. Currently
it is not known what processes lead to anthocyaniakioleevn and to what extent the gut
microbiota is involved. Thus, the research in this thesis focuses on the degradation of
anthocyanins due to both the human gut microbiota activity and also as a result of
spontaneous degradation. The interaction betweé&moeyanins and the human gut
microbiota will also be investigated. Therefore, this general introduction will include
sections focused on what is currently known about the spontaneous degradation of
anthocyanins, the microbietiependent degradation of aatlyanins, the formation of

the anthocyanin metabolites, and the effects of anthocyanin exposure on the structure and

functionof gut microbiota.

1.2. Dietary (poly)phenols

Chemically, the word (poly)pherstefer to compounds comprising at least two pheno
units Figure 1. 1) in their structures. However, in the field of food bioactives research,
polyphenols refer to compounds containing onenore phenol units in their structures

and even include compounds that contain no phenol moieties, for exanapie
cinnamic acid. Polyphenols are the biggest group of natural products and are widely
distributed in planbased foods. There are two pathwafpr the biosynthesis of
polyphenols by plants, the shikimic acid and the phenylpropanoid path@&srently,

up to eight thousand phenolic compounds are chemically known, and half of these are
categorized as flavonoidsNaturally,manypolyphenols exist in glycoside for(where

a sugar moleculis boundto polyphenolia a glycosidic bond) aror acylatedwith other

moleculesat different positions of the polyphenol skeleténs
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OH

Figure 1. 1. Chemical structure of a phenol (hydroxybenzene).

There are different ways to classify polyphenols. The easiestnmaysl common
classification is based ae chemicalof the aglycone moietywherepolyphenols are
classified into two main groups, ndlavonoids,and flavonoids. Each group is divided
further into subgroupsKigure 1. 2). The nonrflavonoid groupshemicallycomprise at

least one phenolic unit in their structur&sg(re 1. 3). There arecommonlysix sub
groups of nofflavonoid polyphenols, namely hydroxybenzoic acids (e.g., gallic acid),
hydroxycinnamic acids (e.g., caffeic acid), coumsfe.g.,7-hydroxycoumarin), tannins
(e.g., gallotannin), lignans €.g., secoisolariciresinol), and stilbenes.d., resveratrol)
(Figure 1. 3). These compounds linked to several health benefits such as antioxidant,
anti-microbial, anticancer, anttliabetic, and hepati@nd cardieprotective activities.

The main source athese nofflavonoid polyphenolss fruits andvegetables such as
broccoli, carrot, tomateg curry leaves, aubergine, kale, brussel sprouts, spinach, and red
beet*. Whereagyrapes and wine derivativpsovidethe highest sources of stilberfes
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POLYPHENOLS

A

v \,
Non-flavonoids Flavonoids
Hydroxybenzoic acids Flavanols
Hydroxycinnamic acids Flavones
Coumarins Flavanones
Tannins Flavonols
Stilbenes Isoflavones
Lignans Anthocyanins

Figure 1.2. General dassification of dietary (poly)phenols.
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Figure 1. 3. Chemical structure of nonflavonoid (poly)phenols.
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Flavonoids are another important class paflyphenolsfound in plants, and thus
commonly consumed in human diets. Flavonoidsiauallyfound naturally as flavonoid
glycosides where the aglycone is attached to a glycone unit (sugar moiety) by a glycosidic
bond 8. Foods witha high flavonoid content include parsley, onion, garlic, broccoli,
berries(e.g., blueberrie}, black tea, green tea, bananas, soybean, all citrus fruits, red
wine, and dark chocolai@vith a cocoa content of 70% or greatéf. Flavonoids are
commonlydivided into six main categories, namely flavonols (e.g., quercetin), flavones
(e.g., apigenin), isoflavones (e.g., daidzein), flavanones (e.g., naringenini:3talsa

(e.g., catechin), and anthocyanid(ns., cyanidin), where they are chemically similar in
terms of their agC3hCHdN ea smai egteyn ewiatl h -sit C & ¢
type compoundsHigure 1.4). The two C6 units (Aing and Bring) arephenolic nature
however, the @ing (the chromane ring) is a C3 unitnthocyamns differ from other
flavonoids as the oxygen atom in thei@yg is positivelycharged (+). Severaéportsin

the literatureeportedhat flavonoids exert various beneficial effects such as antioxidants,

antrinflammatory, hypocholesterolaemind cardioprotective agerits

The main focus of my project was anthocyanihas,this class will be described in more

detail.
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Figure 1.4. Chemical structure of flavonoid (poly)phenols.
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1.3. Anthocyanins

Anthocyanins are an important subclass of flavonoids that give the natural colour to many
fruits, flowers, seeds and other parts of plaht¥he word anthocyanins originated from
Greek words (anthos means flower; kianosanseblue). Anthocyanins are responsible

for many of the regbrange to blueviolet colours present in plant organs such as fruits,
flowers, and leaved!. Anthocyanins are harmless and dissolve in aqueous media,

therefore they areommonly useés natural watesoluble colourant’’.

1.3.1. Chemical structure of anthocyanins

Structurally, anthocyanins are in the form of glycoside whereas anthocyanidins are known
as aglyconesAnthocyanins are formed when an aglycone moiety (anthocyanidin)
attaches to a sugar moiety. Anthocyanidins are devestiof the flavylium form

(2- phenylbenzopyrylium) where the €B3-C6 structure is the general backbone
flavonoid3, Therefore, anthocyanidins consist of three rings, & and Grings)
(Figure 1.5). The A and C rings are fused together while ther is bonded to the B

ring by a carborcarbon bond *° Anthocyanidins are grouped into- 3
hydroxyanthocyanidins, -8eoxyanthocyanidins, and -@ethylated anthocyanidins.

Whilst anthocyanins are anthocyanidin glycosidésch can also carrgicylatedgroups

1.3.2. Types and distribution of anthocyanins

Anthocyanidins are polyhydroxy and polymethoxy derivative compounds. Many
different anthocyanidins have been identifiédand thei differences come from the
number and position of the hydroxyl (OH) and/or methoxy (@Girbups, but only 6 are
predominant in natur€. The A and G rings of anthocyanidmare identical, therefore
substitution differences on-Bng give different anthocyaniditype compounds, namely
pelargonidin (Pel), cyanidin (Cya), delphinidin (Del), peonidin (Peo), petunidin (Pet), and
malvidin (Mal) Figure 1.5). Like other flavonoids, anthocyanidins mainly exist in a
glycosidic form (anthocyanins) where a glycosylic bond is linked to a sugar molecule on
a hydoxyl group of anthocyanidin aine or more athe 3, 5, 7positions. The sugar
moieties arenostusually glucose (Glc), galactose (Gal), rhamnose (Rha), or arabinose
(Ara) and may be present as mardti-, or trisaccharide form<:*8 In addition, acylated
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anthocyanins are also found naturally where phenolic compoargigpcoumaric acid
and ferulic acid) are attached to amemoreof the sugar moieties of anthocyantf$®

The aglycone moiety (anthocyanidin) is mainly responsible for the colour of
anthocyanins. The chemical structures of And Crings are identical in all
anthocyanidins; therefore, the number of OH and/or ©@téupsin the B-ring is
responsible for the colour shift of anthocyanidins and anthocyanins. With the increase of
attachedOH groups, the visible colo of themolecule shifts from orange to violet and
goes toward redness if more OCgtoups are preseft?? In addition, the presence of
sugar moieties to anthocyanidins results in additional reddening of anthocyanins, whereas
aliphatic or aromatic acyl moieties cause no colour change or alslighshift? 2>,

Naturally, anthocyanins can form complex associationspigmentation) with other
compounds such as flavonoidalkaloids, amino acids, organic acids, nucleotides,
polysaccharides, metals other anthocyanin€. This phenomenon generates a change
or an increase in the colour intensity by producing a hyperchromic effect and a

bathochromic shift in the UWis regim *2.

Nevertheless,an-methylated anthocyanidins are found in 80 % of pigmented leaves, 69
% of pigmented fruits and 50 % of coloured flowers. Cya, Del, ancifeethe most
distributed in nature, where 90% of the naturally occurring anthocyanins are based on
only six structures (30% on Cya, 22% on Del, 18% on Pel and the rest 20% being the sum
of Peo, Mal and Pet)’. The glycosylated anthocyanidins withn®noglycosides, -3
diglycosides, and 3;8iglycosides are most commonly sugmmund anthocyanidins.
Moreover,the3-monoglycoside derivative occurrence is 2.5 times higher than derivatives
containing the other glycosides and cyani8i@®-glucoside (Cya3Glc) is the most

abundant anthocyanin type found in nattfre
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Anthocyanidin R, R, Colour @
PelargonidinPe) H H Orange
Cyanidin(Cya) OH H Orangered
Peonidin(Peo) OCH, H Blue-red
Delphinidin(Del) OH OH Blue
Petunidin(Pet) OH OCH, Blue-violet
Malvidin (Mal) OCH, OCH, Violet

Figure 1.5. Basic structure and numbering system o&nthocyanidins (Anthocyanin aglycones).
The visible colair of the entire molecule shifts from orange to violehen attached hydroxyl groups

increased. 2 Data adapted frorareportpublishedoy Ananga?’.
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1.4. Anthocyanin -rich foods and daily intake

High consumption of anthocyanmch foods is associated with beneficial health effects

in humans through the activation of letegm cellular adaptive physiological
processe$®?° Anthocyanins are mainly found in fresh berries, fruits, and some
vegetables with coloured skin. Chokeberries, redberries, blueberries, elderberries,
blackcurrant blood orange, red grape and red wine are the most common and richest
sources of anthocyanins among a long list of other human dietary sbut¢esever, in
processed foods (i.e., canned foods, bread, cereals, and baby foods) where anthocyanin
rich raw materials were added, anthocyanins generally are not detéctée lack of
detection of anthocyanins added to processed foodsbeale to their low chemical

stability and possible degtation during processing, in particular the thermal protess

Anthocyanin levels vary considerably in different plants as well as in the same plant
according to the cultivar, level of maturation, storage conditions, and environmental and
agronomic factors?33 For example, the red colour of blood orange juice significantly
reduces with increasing storage temperat@if@ Additionally, within different plants,

the average anthocyanin content ranges betweenrl18@5 mg/100 g fresh weight
(FW) 2920 For example, the anthocyanin content in chokeberry, blackcurrant, blueberry,
red raspberry, red grape, and strawberry were 1480, 476, 386, 92, 26, and 21 mg/ 100 g
FW. More data on the total anthocyanin contamd thepredominant anthocyaniype

of various anthocyaninch fruits and vegetables are presented Table 1. 1.
Furthermore, the types of anthocyanins are considerably different among food sources.
For example, black raspberry contains the highest levels of cydpmiranthocyanins

(669 mg/ 100 g FW), while black currant contains the highest levels of delphiyp#in
anthocyanins (333 mg/100g F\#?)

Dietary reference intakes amt currently exist for anthocyanitsand the average daily
intake of anthocyanins bBabeen shown to be considerably differentoaig various
racial/ethnic groups. Variations in daily intakes of anthocyanins depend on various factors
such as the dietary habits of a populattbejrgender, season, and culilpracticesFor
example, the average daily intake of anthocyanins for naeged from 19.8 mg

(Netherlands) to 64.9 mg (ltaly), whereas for women the average daily intake was 18.4
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mg (Spain) to 44.1 mg (Italy). Higher consumption by Italians may result from their
Mediterranean diet, which includes rich sources of anthocyanafs asiberries, other

red and blueoloured fruits, and red wine and the availability of these fd8dn
addition, although they are estimated watlconsiderably higher average, the average
daily consumption of anthocyanins has been estimated at 215 mg during the summer and
180 mg during the winter in tHgnited States®.

Recent studies suggestiaily intake of anthocyanins to be 82, add12.5 mg/day in
Finland, China, and the UnitéStatesrespectively''3”. Some dter reports estimated that

the daily intake is somewhere between 3 to 215 mg/day, but theseamdstdbe
underestimatedaily intakes because they are estimated from questionnaires and dietary
recalls, as anthocyanins are poorly represented in availalllecémoposition databases.
Nevertheless, doses ranging from 400 to 500 mg of anthocyanins can easily be obtained
from one serving80 g) of berries and some juices such as blackberries (35833
mg/serving), blueberries (579705 mg/ serving), black cwamts (533 mg/serving) and

blood orange juice (500 mg/servint)
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Table 1.1. Total anthocyanins content andoredominant anthocyanins in common dietary sources.

Total anthocyanins content

Predominant

Food (mg/100 g) ? anthocyanins Reference
Purple corn 600-8200 Cyanidin-3-O-glucoside 39.40
Cranberry 140 Peonidin-3-O-galactoside 3041
Cyanidin-3-O-sambubioside 30,42
Elderberry 2001816 Cyanidin-3-O-glucoside
Cyanidin-3-O-galactoside .
Chokeberry 410-1480 Cyanidin-3-O-arabinoside
Red grape 30-750 Malvidin -3-O-glucoside 45.46
Black grapes 39.23 Malvidin -3-O-glucoside 2947
Apple 0.6 Cyanidin-3-O-galactoside 3048
A mixture of anthocyanidins(cyanidin-, delphinidin-, peonidin-,
Bilberry 300698 petunidin- and malvidin) 3-O-monosaccharide (galactose, 49,80
glucose, and arabinose)
Raspberry 20-687 Cyanidin-3-O-sophoroside 51853
A mixture of anthocyanidins €yanidin-, delphinidin-, peonidin-,
Blueberry 25495 petunidin- and malvidin) 3-O-monosaccharide (galactose, 54856
glucose, and arabinose)
Blackberry 82.5325.9 Cyanidin-3-O-glucoside 5157
Plum 5-173 Cyanidin-3-O-rutinoside 58,59
Strawberry 13-38 Pelargonidin-3-O-glucoside 51,6061
D elphinidin-3-O-rutinoside, 22.62.63
Eggplant 750 delphinidin-3-(p-coumaroylrutinoside}5-glucoside
Cabbage 322 Cyanidin-3-O-diglucoside’5-O-glucoside 36,64
Black rice 23-327 Cyanidin-3-O-glucoside 65067
Red wine 16.4-35° Malvidin -3-O-glucoside 68,69
Pomegranate (Juice) 44> Cyanidin-3-O-glucoside, Cyanidin3,5-O-diglucoside 70873
Pistachio nut 7.5 Cyanidin-3-O-galactoside 80,74

2Fresh weight (FW)

bThe content of anthocyanins presented asg/100 mL
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1.5. Chemical stability of anthocyanins

Anthocyanins are chemically unstable compounds, and their stability is affected by a
range of factors including temperature, pH, light, metal ions, enzymes, and dXygen

which may cause loss of colour ageault of chemical or spontaneous degradation.

1.5.1. Effect of environmental factors on anthocyanin stability

The degradation of anthocyanins occurs during preharvest and postharvest’stages

to different environmental factoraffecting anthocyanin stability and leading to bes

of colour. In the preharvest stage, anthocyanin stability is affected by vacuolar pH, growth
temperature, enzyme activity, formation of metal complexes, and the level of maturation
576 However, althougithe main postharvest factors dhe storagedurationand the
storageconditions enzymatic and neenzymatic factors play a part. For example, the
red colour of blood orange juice was shown to be significantly reducdmwiteasing
storage temperaturés® Whereas the high storage temperature of strawberries increases
the anthocyanin conteht Regarding enzymatic factors, three main enzymes have been
linked with anthocyami degradation: namely polyphenol oxidagegjlucosidases, and
peroxidases®. Generally enzyme activitiese affected by a variety of factors such as

temperature, pH, enzyme concentration, substrate concentration, and’fnatrix

The majority of anthocyanins are stable at low phtjspontaneous degradation occurs
at higher pH. Therefore, the pH of the medium msimportant factor influencing
anthocyanin stability. At an acidic pH, anthocyanins appear in a form of flavylium cation
(ahighly stabldorm compared to other formg/hichis water solubleand redpigmented.

As pH increases to neutral, colourless carbinol psiease and chalcone structures are
formed; and then as pH becomes alkatiionic quinonoidal structures are fornf&d.
Another factor affecting anthocyanin stability is temperature. Agpégature increases,
anthocyanin stability decreas¥s Although anthocyanins are sensitive to temperature,
anthocyanidins are less stable than anthocyanins. Additionally, anthocyanins are light
sensitive where fluorescent light stimulates the masgradatiorf®. In addition,
anthocyanin stability is reduced when expotetigh levels of oxygeff. Furthermore,

at high concentrationanthocyanins can interact with each other increasing their stability
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and it has been suggested that this may increase anthocyanin stability more than structural
differences in the Bing. Water contentlso adversely affestanthocyanin stability.

These variables illustrate the delicate nature of anthocy&hins

1.5.2. Effect of chemical structure on anthocyanin stability

The sugar moiety considerably increases anthocyanin stability, therefore the majority of
reports in the literature have bedaocused on the spontaneousdegradation of
anthocyanidins Han on their respective anthocyaniti$’. This was highlighted by
Hanske and others wheported thaCya3Gicis more chemically sble than Cy&®. In
addition, disaccharide anthocyanins are more stable than monosaccharide
anthocyanin$®. Furthermore, the stability of the anthocyanin aglycone (anthocyanidin)
is heavily infllenced by thestructureof the Bring, with the presence @&dH groups
reducing stability, whilsthe presence of OGHjroupsincreasinghe moleculestability.
Therefore,Cy3glc (which has tw®H groups on the Bing), was reported witlhigher
chemical stattity than Dektype anthocyanin@hreeOH groupson B-ring) and Petype
anthocyaningtwo OH groups ananeOCH; group on Bring) *°.

153 Appearance of breakdown products of chemical degradation of

anthocyanins

Anthocyanins undergo chemical degradation due to var@uwsronmentalfactors
However, pH is the most commamvironmentafactor which causethe spontaneous
degradation of anthocyanins. Although anthocyanins show stability in acidic medium (pH
1-3), they undergo structural rearrangement with increasin@yw#rts neutral pH. This
rearrangement results in anthocyanins forming colourless chalcones and other
intermediates’t. Nonethelesssmall molecular weight coropnds were reported as a
result of chemical degradation of anthocyanins as well as anthocyaffidir¥é The
formation ofthose small molecular weight compounslshe respective phenolic acids
and phenolic aldehyddsrmed fromthe A- and Bring structure. Since the chemical
structure of the Aing is identicako all anthocyanidig, phloroglucinol aldehyde (PGA)

has beenreported as a chemical breakdown product of adthocyanins and/or
anthocyanidins(Figure 1. 6). However, different phenolic acids were detected

corresponding to the chemical structural variations of theng within different
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anthocyanidins Therefore,4-hydroxybenzoic acid, protocatechuic acid (PCA), gallic

acid, vanillic acid, 30-metyhylgallic acid, and syringic acidere reported as breakdown

products ofPel, Cy, Del, Peo, Pet, and Mal, respectively. However, there is conflicting

evidence in the literature regarding the recovery de¢beesakdown products due to the

spontaneous degradation of anthocyaff{§88.90.91.93.94

Ry
OH

HO

HO o*
c
1 OH

R1
OH
o S
R2
OH
Phenolic aldehyde Phenolic acid

Phloroglucinol (PGA)

Anthocyanidin Corres_pond_mg B-ring breakdown phenolics References
Phenolic acid R1 R2

Pelargonidin 4—Hydrgéi3:jben20|c H H 87
Cyanidin Protocatechuic acid OH H 38,8789,91,95

Delphinidin Gallic acid OH OH 87,93,94
Peonidin Vanillic acid OCH; H 89,91
Petunidin 3-O-methygallic acid OH OCHs %
Malvidin Syringic acid OCH; OCHs 89,91,96

Figure 1.6. The spontaneous degradation of anthocyanins and formation of-fing and B-ring

breakdown products.
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1.6. Bioavailability and metabolism of anthocyanins

The term bioavailability refers to thextent a bioactive substance or drug enthes
systemic circulation and becomes completely availabteaoh any specifidestination

and reaches the site of acti®h®® However, compared to other flavonoids, the
bioavailability of anthocyanins is very poor. For example, relative urinary excretion of
the iseflavone daidzin indicatethat it is highly bioavailable (43%f dos¢ compared to

that of anthocyanins (0.3%f dos¢ °. Moreover, only a small fraction of ingested
anthocyanins is aorbed by humans and a majority of studies have recorded a recovery
of < 2 %3797.99.10 The maximal plasma concentration is attained within@tbafter the
consumption of anthocyanins. In addition, the absorbed anthocyanins are cleared from
the circulation rapidly. In animal studies, following the consumption of berries or grapes,
the sysemic bioavailability of anthocyanins is estimated to be 125 %. In human
studies, maximum plasma levels of total anthocyanins are in the rang&Qgf aM°’.

As such the biological health effects of anthocyanins are strongly associated with their

aborption and metabolisam-vivo within the gut and also through phase Il metabolism.

Anthocyanins are rapidly absorbed and detected in the circulation after consumption of
their parent forms as a result of absorption thrahglgastrointestinal tract, ingoticular

from the small intestin®1%2 Prior and others reported that anthocyanins required 0.5 to

2 h to reach their maximum concentrati@x4y) in plasma which is relatively faster than
other flavonoids'® Although there islittle information about the absorption of
anthocyanins in the oral cavity; the quick appearance of anthocyanins in the circulation
afteringestion (approximately 30 min) suggested that anthocyanins may be able to cross
the upper gastric intestinal tract and reach the circuldfié?® These findings were
supported inn-vivo and situ models (using mainly rat magjethich reported that about

20% of the total absorbed anthocyanins were absorbed from the stomach in their intact
forms 19419 This may be due to the acidic gastric juices increasing the stability of
glycoside forms71%4 In fact, the mechanism of anthocyanin gastric absorption remains
unknown and there is controversial information whether the stomach is only an
absorption organ aametabolizing organ®® However, the vast majority of animal and

human studies suggest that the intestine is the major site of anthocyanin ab$®ption
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After passinghroughthe stomach, anthocyanins arrive in the small and large intestine
where more basic conditions are presd@mtlavera and othie reported that the intact
methylated and conjugated forms of anthocyaninsyirtgis of absorptionn the small

and large intestine¥. They also reported that anthocyanin absorption is associated with
enhanced aatity of several hydrolysiseleasing enzymes such as lactpkmorizin
hydrolase (LPH) in the brush border of the small intestine. In additiargs reprted

that aglycones undergo phase Il transformation in the enterocytes, produtatgdsul
glucuronidated, and/or methylated forms through the respective action of
sulfotransferases, uridirie-diphosphate glucuronosyltransferases and catéghol
methyltransferases®”. On the other hand, unabsorbed anthocyanins reached the colon
where substantial structural mfidation occur including ring fusion and phase Il
metabolisnwhich ledto the production of many smaller molecules such as phenolic acids

and their conjugate's®,

Generally, the absorption of anthocyanins is dependent on thiscuer structure. In
human and rat studies, the glycosylated forms are poorly absorbed compared to the
aglyconeforms ®. This may be due to the higher molecular weight of the glycosylated
forms which makes their absorption less efficient. Nevertheless, anthocyanins carrying
the same sugar moiety weeportedio be absorbed in the following order: pelargonidin

> cyanidn > delphinidin > malvidin. This may be a result of the greater number of
hydroxyl groups in delphinidin or the greater hydrophobic nature of malvidin. Similarly,
anthocyanins with the same aglycone type weperted to bén the order: galactoside >

glucoside > arabinoside.

Comparing the amount of the intact anthocyanins absorbed and excreted in urine to the
total ingested doseanthocyanins appear to have low bioavailabiiith a recovery of

< 1% of consumed doses aithocyanins in the majority of studi€§. Manach and others
reviewed 97 human interventions that invesedathe kinetics and extent of polyphenol
absorptiont'y, They found that the concentration of anthocyanins measured in plasma
ranged from 160 nmol/L and the meatime to reachCmaxwas 1.5 h for plasmafter
anthocyanin consumptiodditionally, the concentration of anthocyanins excreted in
urine was 0.1 % of the intake and the mean time was 2.5 h. Others reported that the

concentrations of anthocyanins were ie tlange of I 100 nM in plasma and urine
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following the consumption of berries and graffes-urthermoreanother studyeported
low concentrations of Cya3Glc (36.47 ng) in plasma, urine, and faeces after the
consumption of 500 mg dfC-labelled Cya3GId®. In Table 1.2, a summary othe

measured bioavailability of intaeinthocyanins in humarnspresented

Explaining the high bioactivity of anthocyanins despitinar low recovery
(bioavailability) was the most pressing issUderefore, few reportsuggested that the
bioavailability of anthocyanins has been underestim&tedhey claimed thathe main
methodsused inthe analysis were based on measuring anthocyanins in their coloured
acidified forms (flavylium ions) and theret other colourless forms had not been
quantified!'?. However, this suggestiaimes noexplain entirely the low recovery. Others
suggestd that the reason fothe reported low bioavailability of anthocyanins is that
anthocyanins are subject to extensive metabolism and biotransfordfavidere he gut

microbiota most likely plays an essential role in this biotransformétion

Anthocyanin metabolism has been reported to start in the oral cavity as a result of
interaction with alivary proteins and digestive enzyrt&sin saliva samplewhichwere
collected from healthy volunteef@ho participated ira human interventiostudywith
several derivatives of black raspbgrranthocyanins were detected including their
hydrolysed érms (anthocyanidis), glucuronidated conjugates and low quantities of
PCA. The formation of all these derivatives was repottedea result off -glycosidase
activity derived from oral epithelial cells or as a result of oral microbidtin fact, the
degradation of anthocyanins into smaller moles(such as phenolic acigs the most

likely event and here are several reports supporting this notion. For example, Prior and
Wu reported that 8®0 % of the anthocyanins disappeared from the gastrointestinal tract
within 4 h after a meal; and jusery low concentrations of intact compounds were
observed, suggesting that anthocyanins were transformed into othetfdmeddition,

30 to 44% of blood orange anthocyanins were found as PCA in plasma supporting the
notionthat anthocyanins undgy extensive metabolism*3 This notion was confirmed
afterusing isotopicail labelled anthocyanina two reports byCzank and De Ferravgho
reporteda substantial number and amount of breakdown products derivedi&m

labelled anthocyanins and about 43% of[f#i€] dose was recoverd&'®
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Table 1.2. Pharmacokinetics of anthocyanins following oral consumption in human subjects*

Period Dose Urinary recover Crmax tmax tie

Source h) (mg) y(% ) y (nmol/L) (h) (h) Reference
Aronia berry 24 500 0.004 12 1.6 - 114
Cranberry juice 4 94.47 0.79 4.64 1.3 - 115
Strawberry 24 200 1 274 1.1 2.1 116
Chokeberry 24 721 0-15 96-1 2-8 1.5 17
Hibiscus extract 7 147 0-018 7-6 1.5 2:6 118
Red grape juice 7 283 0-23 2227 05 18 19
Red wine 7 280 0-18 955 1.5 20 119
Blackcurrant 7 145 0-04 o} o} 1.7 120
Elderberry 7 147 0-37 0 0 1.7 120
Chokeberry 24 1300 0-048 592 0 o] 121
Strawberries 24 77 19 o} o o} 122
Blackcurrant 4 716 0-05 356 0-7 d 123
Blueberry 4 1200 0-003 292 4.0 ) 124
Blackcurrant 7 1000 0-039 o} o} o} 125
Elderberry 24 720 0-08 974 0 o] 126
Blueberry 6 690 0-004 0 0 0 126
Elderberry 0 500 0-05 0 0 ) 127
Blackcurrant 5 153 0-03 o} o} o} 128

Cmax, maximum concentration derived from serum or plasma datasd;, time to reach maximum concentration derived from serum or plasma

data; t2, half-life of elimination. The table is adapted fronKay (2006)n addition to some recent studies.

*Values represent total anthocyanins and include anthocyanin metabolites when identified
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1.7. Anthocyanins and human health

Anthocyanins have been shown to protect against a myriad of human diseases.-The free
radical scavenging and antioxidant capacities of anthocyanins are the most commonly
reported biological activities through which these bioactive compounds maseteas
therapeutic intervention targets in huméafisHowever, research suggests that other
mechanisms of action are also responsible for delivering thefib@l health effects of

these bioactive compoun#& 131, For example, anthocyanins may confer their effects by
providing protection from DNA cleavage, or through altering estrogenic activity, enzyme
inhibition, boosting the prodtion of cytokines, antinflammatory activity, lipid
peroxidation, decreasing capillary permeability and fragility, and membrane
strengthening'®? 134 In both in-vitro and in-vivo research trials, anthocyanins have
demonstrated considerable ability to inhibit tumour formatiéh With regard to
cardiovascular disease protection, anthocyanins are strongly linked to oxidative stress
protection'®®. Other reports suggest that anthocyanins can aid in the prevention of obesity
and diabetes through the modification of insulin and glucose metabdfi&m
Anthocyanins have also beeaportedto enhance memory, and prevent -aglated

decline in neural functiot?2

Despite the growing evidence for the beneficial health properties of dietary anthocyanins
especially as cardioprotective agents, the mechanisms of action involved remain poorly
defined due to a limitedunderstanding of their bioavailability, metabolism, and
elimination®"9%1% This may be partly because many studies have ignored the role of the
human gut microbiota in anthocyanin bioavailability and metabolism. Anthocyanins
absorbed in the gastrointestinal tract, are mainly found in methylated, sulfated forms or
as ntact glycosides at extremely low levels in plasma and uriné 2000 nM®.
Therefore, intact anthocyanins most probably remain in the gastrointestinaanchct
therefore, either spontaneouslggiade and/or continue to enter the colon where the
majority of gut microbiota are located and subject the anthocyanins to extensive
metabolism to generate a wide range of potentially bioactive metabolites that are absorbed

into circulation®:97:99.137
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1.8. The role of gut microbiota in human health

1.8.1. What is gut microbiota?

The term fAmicrobiotao is a recent but n
community of commensal, symbiotic and pathogenic microorganiSthshich exist in

various parts/organs of multicellular organisms such as insects, animals, plants and
humans. In addition, microbiota refers to all microorganisms such as bacteria, archaea,
protists, fungi, and viruses. The harrassociated microbiota is estimated to include at
least 40,000 bacterial strains in 1800 genera which collectively harbour at least 46 million

nonthuman geneg®149

The collective microorganism communities found in the human gastrointestiriareac
termed At he huma nh cgngtitutesra large prbportion af dhe kumanc
microbiota®®4! The human gut microbiota represents a biomass of up to 2 kg in adult
humansg3®and contributes to a wide range of physgptal functions in the host including
immune development, maturity and modulation, host energy metabolism, cell signalling,
pathogenic bacteria colonization resistance, gut mucosal integrity, and regernéfation
The human gut microbiome is taxonomically ordered into phylum, class, order, family,
genus, and specieBigure 1. 7). The majority of microbes in the g(the gut microbiota)

come under the phyla Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria,
Verrucomicrobia, Cyanobacteria and Actinobacteria wiihmicutes and Bacteroidetes

accounting for over 90% in most casés
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Figure 1.7. Taxonomical classification of gut microbiotacompositions.
The highest order from the pie chart radgto thelower genus order. Light blue colour=phylum, brown colour=Class, yellow highlight=Order, blue highlight=Family,
green highlight=genus. Due to the diversity of microbial species, speeiestancluded in this figure but will be referredwherever necessary in the text.
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1.8.2. The relation between gut microbiota and human health

The gastrointestinal tract is the primary site of interaction betwleerhost immune
system and both symbiotic and pathogenic microorganisms delivered with'fliets
Furthermore, the relation between gut microbiota and human health has increasingly been
recognised. It is now well establishedat a normal gut microbiota considerably
contributes to the overall health of the hidatAlthough each individuél gut microbiota

is shaped in early life as its structure depends on some infant events/factors (i.e., birth
gestational date, type of delivery, methodsmok feeding, and weaning period) and
external factors such as antibiotic u§hegut microbiota in infargtis dynamic but starts
resembling the adult gut microbiota structure by the age of 33/éarben, the struaral

variations in temporal and spatial gut mi

These individua and their healthy native gut microbiota remain relatively stable in
adulthood but differ between individuals due to factors such as geugahlocation,
exercise frequency, lifestyle, and cultural and dietary habits. Therefore, it is difficult to
define an optimal gut microbiota composition since there are both tich inter
individual variations. However, large microbial diversgygonsidered more beneficial to

the host!*8148 Many studies have shown the humar gicrobiota is not only critical

for nutrient and energy absorption, digestion, vitamin synthesis, and metabolism but also
essential for maintaining physiological homeostasis and thus can determine an
i ndi vi dual 0¥y Theraeforethégutimiratiota has been associated with
immunologic'44, andhormonal and metabolic homeostdsis>2 For ekample, microbial
imbalance (dysbiosis) in the gutshbeen linked to several complex diseases such as
anxiety, depressiotr® and metabolic diseases such as obesity, cardiovascular diseases,
nonalcoholic fatty liver disease and diabet&81°11% Experimental data have
demonstrated this by showing that higih diets, high red meat and lefiiore diets, are

linked to increased relatwabundances of undesirable microorganisms and thus increased
production of undesired compounds/metabolites including the etxximant
trimethylamine (TMAQ) %157 Consequently, the modulation of the gut microbial
population is a promising approach for potential health treatments or decreasing the risk
of many chronic/metabolic diseas&S. These observations emphasise that the gut

microbiome is a vital element in maintaining human eeiing. Not only has the gut
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microbiome been shown to be critical for the metabolism of essential dietary precursors
and nutrients, but there is also now further evidence that the gut microbiotaemay b
involved in the metabolism of food bioactive compounds such as polyphenols including

anthocyaning®d 160

Initially, the Firmicutes/Bacteroidetes ratio was proposed to determine disease
phenotype, with a higkirmicutes/Bacteroidetes ratio being indicative of diseaseh

as type Il diabetes, obesity éf¢. However, further studies, have suggested whule

this ratio, may indeed be important in classifying some disease phenotypes, alterations in
other phylamay influence this ratio and that dysbiotic changes in other phyla are not
necessarily reflected by Firmicutes/Bacteroidetes t&iGurther efforts have been made

to characterise the gut microbiactampositionof each individual based on clusters of
bacterial communities termed enterotypes, which include; Enterotype I, predtgninan
consisting of the genuBacteroideswith a functional capacity to metabolise food
components such as animal fat, carbohydrates and proteins found in the Western diet,
enterotype Il which is predominantBrevotellawith a functional capacity to metalss

simple sugars and carbohydrates mainly found in glahtdiets consumed by nen
westernised agricultural communities and western communitigbeolMediterranean

diet (Agrian), and Enterotype Ill which is predominarfdlyminococcu$ut in infants,

other genera including Enterobacteriaceae,and Bifidobacterium as well as
Proteobacteria also exist. It is noteworthy that the concept of enterotypes has also
become a subject of debate due to other studies demonstrating that there is no clear
demarcation étween groups, but gradients may exist. Additionally, it has been
demonstrated that other genera than the original genera contributing to the enterotype
group may predominate the enterotype clusters (as in the case of Methanobrevibacter in
Enterotype 11153 Nevertheless, this calls for a better classification of disease phenotypes
associated microbiota structures that will allow the modification of the gut microbiota
towards a beneficial microbiome through therapeutic targets sushprabiotics,

prebiotics, and faecal microbiota transplantation.

Such approaches are compromised by the fact that the precise composition of the gut

microbiota is subject to the variations between individuals where a wide range of factors
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can influencethe microbial composition, including, but not limited to age, gender
antibiotic use, cultural habits, diet, disease and lifesfyle

1.9. |Interactions between anthocyanins and human gut microbiota

Some anthocyanin metaboliteBave been identifiedpost the consumption of
anthocyaningsin particular phenolic acids and simple phenols which have been reported
to have potential health benefit8>1% These phenolics (metabolites) have been
suggested to be produced by the human gut microbiofathocyanins have also been
suggested to change the composition and profile of the human gut micté6t6taThe
changesn gut microbiota structure are closely related to several physiological effects,
and the modulation of the gut microbiota has been considered a possible mechanism by
which phenolic compounds may exert their effect. Evideiocemicrobialdependent
anthocyanin metabolism is much less extensive than that of many other flavonoids, with
the metabolic consequence(s) of anthocyanins still a matter of much &&bates is

owing to the fact that the gut microbiota has only started to be considered as a metabolic
organ, hence contributing to the metabolism of polyphenols and, consequettilir to
bioavailability and their biological effecté® Therefore, it has been hypothesised that gut
microbiotagenerallyinteracts with dietary polypheno{gcluding anthocyaningh two

ways Figure 1. 8): (i) the human gut microbiota metaboligelyphenolsinto potential
bioactive molecules and/or (ii) the polyphenols and/or their metabolites act as prebiotic
agents to change the structure and function of the gut micrdffota

There is evidence of high concentrations of anthocgab&ing found in the distal
intestine, cecum, and colon because the majority are not absorbed in the upper
gastrointestinal tract. For exatap85% of blueberry anthocyanins were reported to reach

the colon'®®. Therefore, the colon is being considered an asttedfor metabolism rather

than a simple excretion route and has recently been receiving much attention as a subject
of further research’®. Therefore, colonic metabolism is important for the absorption and
the biological activities of dietary polyphenols, not only due to the direct bioactivity of
the polyphenol breakdown produdisit also because of their prebiotic activity in
reshaping the structure and function of the gut microbf§td1’> However, the role of

the gut microbiota in anthocyanin metabolism, the influence of anthocyanins on gut
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microbial populations, and how this may affect overall health is not well understood and
has only been investigated by few studies as will be discussed in the next

sectiort3"160.168 and this relationship is shown Figure 1. 8.

Dietary Anthocyanins

Anthocyanin Human
Metabolites Gut Microbiota

Figure 1. 8. Bidirectional relationship between anthocyanins and the human gut microbiota.
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1.9.1. Metabolism of anthocyanin by human gut microbiota

A human intervention studshowed that anthocyanin degradation products and derived
metabolites are the bioavailable forms in circulation after anthocyanin consutfiption
Therefore, the human gut microbiota was considenegicive organ for the metabolism

of anthocyanins.

The majority of dietary anthocyanins are not absorbed in the upper gastrointestinal tract,
therefore consumed anthocyanicen reach thdwuman colon where the colongut
microbiotacan bio-transformanttocyaninsinto their metabolite€®. These anthocyanin
metabolitesarethenabsorbed and entthe circulatory systenf® To investigate the

role of the gut microbiota metabolism, faecal samples were used as a source of gut
microbiotg specfically the colonic microbiota. Therefore, eartyvitro studieson the
metabolism of anthocyanins by the gut microbiota were conduayedhcubating
anthocyanins with faecal samples collected from animals such as pigs or rats. For
example,two reportsused the content of the larger intestine of slaughtered pigs and
showved a decline in the incubated anthocyanins in the presence of pig faecal samples
within a few hours (2 and 6 h, respectivel§f°. Keppler and others investigatbdth

monc and disaccharide anthocyanin compounds (i.e., Cya3Glccgadidin3,50-
diglucosidesCya3,5GIg) &°. They observed that the addition of sugar moieties increased
the stability of anthocyanins. A few othiarvitro studieshave usetiuman faecal samples

to investigate thanthocyanin metabain by the human faecal microbioteor example,

a studyincubated 100 uM of Cya3Glc with filtered (to eliminate the bigger organic
matter) human faecal samplEd They reported that Cya3Glc fully disappeared at 2 h
incubation in he presence of active human gut microbiota and PCA was identified as a
B-ring metabolite of Cya3Glc, but a snaldecline was observed in the presence of
inactive gut microbiotaAnother reporalso investigated the metabolism of anthocyanins

by the humarfaecal gut microbiota and 90% ttie initial concentrationCnitial) Of
incubated Cya3Glc disappeared after 2 h incubattoin another study100 pM of
incubatedCya3Glc completely disappeared within &rid subsequently, therhg- PGA

and A-ring-PCA appeared adegradedproducts®. Although the incubationsof the

aforementioned studies were carried out using simple buffer solufemstudiesused
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nutrient media such as Basal nutrient medium and Gifu anaerobic toediay out the

incubationgt 4175

All investigations were set up with the initial pH at neufbetween 5.5.5). However,

there were smallariationsin pH, for exampledifferent useddifferent pH such as.5,

6.8, 7.2 and 7.81173175176 Tg my knowledge, onlpnein-vitro studyhasused a model
where thepH was controlled to remain in the range between 6.8 andf 7 Although
Hidalgo and others investigatethe microbial metabolism ofanthocyanins the
spontaneous degradation of anthocyamms not investigatedn their reporthowever,

they showed that in the presence of faecal microbiota, syringic acid and gallic acid were
detected as Bing products of Mal3Glc anBel3Glc, respectively. Furthermaqrgyringic

acid and tyrosol were reported as the main microbial metabolites generated from a

strawberry extract’”.

Several epidemiological, clinical, and-vitro studies have demonstratéide health
benefits of consuming polyphenoth diets against cardiovascular disease, hormone
dependent cancers and other metabolic disé&Sétowever, there is large variability in
outcome measures, very limited reproducibility between studimesjrasome cases, a
disparity between the results of clinical tridl€ Recently more evidence support that
there are interand intraindividual variations in the metabolism of dietary bioactive
compoundst®® As the majority of polyphenols are metabolised in the human gut, this
may result in variable bioactive microbial metabolites in the small and large intestine
consequently they may have a different impact on the'shibstlth lefore or after
absorptioninto the circulatory system. This variability might be due to individual
differences in gut microbiota structure at phyla, genera as well as species®ievel
resulting in variability in metabolic profiles in the circulation and consequently excreted
metabolites (metabotypes). These metabolic differences are hypothesised to impact the
effects of the m@bolites or parent phenolic compounds on hé&ftio my knowledge,

nothing has been reported on iatend intraindividual variations of anthocyanin
metabolism by the human colonic microbiota although some studies have been conducted
using other polyphenolic compounds. For example, a study suggibstqulitative
existence of three metabotypes in the production of fk®vahcolonic metabolite$®.

Three metabotypes were defined and characterized based on the appearance of
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flavan 3- ol microbial metabolites during the camsption of green tea and green coffee
bean extracts over 8 weeks. The characterisation was based on the excretion of different
amounts of trihydroxyphenyl-valerolactones, dihydroxyphengtvalerolactones, and

hydroxyphenylpropionic acids.

Variability in gut microbial composition between individuals can lead to the selective
production of specific metabolites. This has been demonstrated with equol, where
metabolism by the colonic gut microbiota potentially determines the benefits associated
with the consmption of the isoflavone daidzei®®*. Moreover, the metabotype
differences in the production and excretion of colonic microbial metabolites are not
restricted to a single agpound but might include a set of metabolites originating from
the same parent compound. For example in the case of urolithins, ellagtianned
microbial metabolites, can be classified into three urolithin metabotypes according to the
qualitative andjuantitative proportions of different urolithins excreted after consumption
of ellagic acid or ellagitannin$® with Metabotype A only producing urolithiA (Uro-

A), Metabotype B producing urolithiB , isourolithinA, andUro-A and Metabotype O
which produces none of the afore mentioned metabolfffeCrucially, the benefits
associated with rich sources of ellagitannins (i.e., pomegranate and walnuts) may be

related to each specific metabotyp&/s'88

1.9.2. The impact of anthocyanins on the structure of the human gut

microbiota

Phenolic compounds, including anthocyanere associated with a favourable change in
the microbiota composition with the beneficial effects being reflected in changes in
inflammatory markers, involving the dowrgulation of the transcription factor NB
signalling pathwayf®'% For example, bladk raspberry showed intestinal anti
inflammatory effects and changes in microbiota commufiityMoreover, a review paper
reported that consuming anthocyantas increase the growth of beneficial gut bacteria
and/or inhibit the growth of some bacterial species that are known to have negative

implications for human healt{°.
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Other reports have observed that anthocyanin metabolites appeared as a result of
anthocyanin metabolism Wize human gut microbiota. F@xample, PCA, caffeic acid,
PGA, and ferulic acid have been reported as anthocyanin metapatitesed byhuman

gut microbiota activity:’>. Therefore, anthocyanins and their metabolites are considered
as important molecules that may modulate the gut microbiota structure and function as
observed with the modulation of berogdl gut microbiota, particularly an increase in
Bifidobacteriumstrains®%. Additionally, anthocyanindegradatiorpathwa involved

have been shown to vary depending on the strdias are incubated witlihe
anthocyaning®l, Anthocyanins have been shown to increase the relative abundances of
specific microbial communities includirBifidobacteriumspp %% For example, am-

vitro study with bacterial strains reported that black rice anthocyanins increased the
growth of Bifidobacteriumand Lactobacillus species!®?. Furthermore, incubation of
Mal3Glc with faecal microbiota enhanced total bacterial growth, including
Bifidobacteriumspecies and.actobacillusspecies, whereas gallic acid, the microbial
anthocyanimetabolite, reduce@lostridiumhistolyticumbut had no effect on beneficial
bacterial”’. In agreement with this, another study reported that the growt@. of

histolyticumin human faeces was deased when incubated with red wine extrdtt

In regardsto animal and human studies, there are relatively few studies that have
investigated the effects of anthocyanin consumption on the gut microbiota structure.
However, most of these studies have used plant anthocyanin extracts, not pungfied
compounds. For example, one mouse stggprtedthat a black raspberry anthocyanin
supplement increased the abundance Eafbacterium rectale, Faecalibacterum
prausnitzij andLactobacilluswhereasDesulfovibriospecies andnterococcuspecies
were shown to be inhibited*®* Another mousestudy reported that dietary
supplementation with genetically modified apples (with high anthocyanin content)
increased the relative abundanc@&iidobacteriumspecies®. Likewise, a human study
reported that there wassignificart increase imBifidobacteriumspecies after -Gveek
consumption of a blueberry dridf. However, it should be noted that some studies have
reported no #ect of anthocyanin consumption on gut microbiota composition. For

example, no effect of purple sweet potato anthocyanins was shown on the composition of
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the microbiome’®®. In addition, no increase was observed Bifidobacterium or

Lactobacillusspecies as reported by othé&ts

From the data in the literature, in bathvitro and animal studies, anthocyaniae
hypothesised to be associated with flourisheBiidobacteriumand Lactobacillus
species. Many of these species were shown ve jhaylucosidase activity and thus can
catabolise polyphenolic compounds and enrich the bacterial medium with glucose.
Moreover, these bacterial species are reported with an antimicrobial effect against
pathogenic organisms by producing skarain fatty aids as well as via competing for

substrates and adhesion sites needed for microbial gtdwth

although the evidence of changing gut microbiota structure by anthocyanin consumption
is still little, the evidence of anthocyanin catabolism by gut microbiota was shown to be
critical in the appearance of anthocyanin metabolites. For example, in ligeastuvell

as in chapter 6, various metabolites (i.e., PCA, PGA, -catechol, PGCA,
dihydroferulicacid, and dihydrocaffeic acid) were shown in the presence of live faecal
microbiota from black rice anthocyanins. However, as far as literature searches have
shown, no current reposthave focused on the impact of anthocyanin metabolites on the

structure and function of gut microbiota, opening a major area for future research.
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1.10. Aims and objectives of the research

The principle aims of the thesis were to investigate the role of the human gut microbiota

in the metabolism afinthocyaningnd to investigate the impact of anthocyanins on the

structure and function of the human gut microbiota. The following objectives we

addressed.

VI.

To produce an Hhouse solvent extraction method for purifying
anthocyanins from suitable food sources to generate the quantities required
for subsequent anthocyanin metabolism experim&tigagter 3)

Investigatethe loss of anthocyanins oveéime in the presence of human
faecal microbiota and the within and between donor variatiohagiter 4).
Determine the relative contribution of spontaneous degradation and
microbiotadependent degradation of anthocyanins and anthocyanidins in
the colon Chapter 4).

Identify the products of spontaneous degradation of anthocyanins and the
influence of environmental variableSl{apter 5).

Identify the products of microbiotdependent degradation of anthocyanins
and the metabolic pathwaySHapter 6).

Invesigate the impact of anthocyanins on the structure and function of the
human gut microbiota using metagenomics and bioinformatic analyses

(Chapter 7).
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Chapter 2: Materials and methods

2.1. Extraction and quantification of anthocyanins

Al water used JQavater,JaBd sdgntsovere dfl higktformance
liquid chromatography (HPLC) grade. All authentic anthocyanimdsirds were
purchasd from Extrasynthese (Genay, France). Other chemicals and reagents were

purchased from Sigma unless otherwise stated within the text.

2.1.1. Preparing plant materials for anthocyanin extraction using green

solvents

Black rice grains wre purchased from the Belazu Ingredient Company (UK) and were
ground using a coffee blenddfigure 2. 1A) and then stored in the dry and dark at
ambeent temperature. The freedeed bilberry powderKigure 2. 1B) was purchased

from Biokia® (Finland) and stored in the dry and dark at ambient temperature.

Figure 2. 1. Raw plant materials of black rice and bilberry.
FigureA is black rice powder whereas figuBes bilberry powder

2.1.2. Batch extraction procedure for glycerol/water solvent composition

assays

1 g of plant powder was mixed with 50 mL of varying concentrations of aqueous glycerol
(107 90% wl/v) in a stoppered glass bottlegure 2. 2). All glycerol solutions were
mixtures with water and from here on will just be referred to in terms of the percent

glycerol. The ground powder was subjected to extraction under stirring at 600 rpm with
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a Teflon-coated magnetic stirrer, for 180 min, abmo temperature (23 £ 1 °C). At 180
min, 1 mL samples were collected and centrifuged at 10,000xg for 10 min. The clear

supernatant was used for further analysis.

Figure 2. 2. Borosilicate stoppered glass bottles containing yterol/water solvents and anthocyanin
rich powders.
2.1.3. Batch extraction procedure using 80% glycerol solventfor liquid -

to-solid ratio (Rus) assays

A range of plant powder masses (0.5, 0.625, 0.833, 1.25, and 2a&8@gighed out and
separately mxed with 50 mL of 80% glycerol in a screw top glass bolgyre 2. 2).

The plant powders were subjected to extraction under stirring at 600 rpm, Tefloa

coated magnetic stirrer, for 180 min, at room temperature (23t1 °C). Samples were
collected at 180 min, then centrifuged at 10,000xg for 10 min. The clear suptrnatan

were used for further analysis.

2.1.4. Batch extraction procedure using green solventfor the effect of

temperature assays

0.833 g of each of the plant powders was mixed with 50 mis é80) of 80% wi/v
glycerol in stoppered glass bottles. The plantger was subjected to extraction under
stirring at 600 rpm, with &eflon-coated magnetic stirrer, for 180 min, at different
temperature(50, 60, 70, and 80°C) usiran oil bath(Figure 2. 3). Samples were taken

for analysis at 5, 10, 15, 20, 30, 60, 120 and 180 min. Samples were centrifuged at

10,000x%g for 10 min and the clear supernateagused for further analysis.
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Figure 2. 3. Oil bath used for the extraction of anthocyaninrich powders at various temperatures.

2.1.5. Determination of total polyphenol yield in aqueous glycerol

extracts

In a 1.5mL Eppendorf tube, 20 puL dhe sample was diluted with 780 pL #illi -Q

water, and 50 pL of the reagent (Feliocalteu) vasadded and vortexed. After exactly

1 min, 150 uL of a freshiprepared aqueous sodium carbonate 20% w/v was added. Then

the mixture was vortexed and allowed to stand at room temperature inrkhéod#®0

min. The absor banc gy andtlse totakepalgpheaot concenttatiom m ( o
was calculated from a calibration curve, using gallic acid as a standard. The content of

total polyphenols was determined as mg gallic acid equivalents (GARDPeay of dry

weight (dw). The measurements were carried out usingveeliénicroplate where 300

pl of aliquots were spiked and the absorbawescarried out ora UV-vis plate reader

(Molecular Devices, LLC VersaMax, California, United States). Thekidample was

prepared from MiliQ water.

For a standard curve, a fresh 1 mg/mL gallic acid standard was prepared in methanol. A
series of gallic acid concentrations (0, 10, 50, 800200 pg/mL) were prepared in M#li

Q water. The standards were analysethe same way dbhe samples described above.
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2.1.6. Determination of total pigment yield in aqueous glycerol extracts

An aliquot of 100 pL ofthe sample was mixed with 900 pL of 0.25 M HCI solution
(prepared in ethanol) and the mixture was left to equilibrate for 10 min. The absorbance
a t (s20amywas obtained with 0.25 M HCI in ethanol as blank and the total pigment yield
was determined as cyame3-glucoside equivalents (C3GE). In a®éll micro plate,

300 ul of aliquots were spiked and the absorbance was carried out otvigibl§ plate

reader (Molecular Devices, LLC VersaMax, California, United States).

In external stadard curve preparation, a stock solution of 2 mg/mL cyaf8djtucoside
was prepared in acidified methanol (1% aqueous HCI). Serial dilutions (0, 5, 10, 50, 100,
200 pg/mL) were prepared in acidified ethanol (0.1% HCI) and serial dilutions treated in

thesame way as samples.

2.1.7. Determination of total anthocyanins in aqueous glycerol extracts
using HPLC 6DAD

To measure the concentration of anthocyanins, the glycerol extracts were cahatfuge
10,000xg for 10 min. 500 pL of the supernatants wereadil&fold with 4% aqueous
formic acid. The final water percent was 75%. Samples were vortexed well before

injection onto HPLC.

HPLC Agilent 1100 series coupled withdiode array detector (DAD) was used. The
method was performed using a reverse phase eoamd with gradient elution. 20 Lof
thesample was injected onto a Kinetex XB.8 column (100 x 4.6 mm; particle size 2.6
em) at 40AC using 5% aqueous formic acid
(eluent B).The gadient was 5% B with injein for 2 minutes, increased to 7% at 10

min, 10% at 15 min, 13% at 16 min, 20% at 18 min, and thegudibrated to initial
conditions over 6 min. anthocyanins were identified against authentic standard®Tising

and theim/z(M-H) . Ant hocyanins peaks wemme quant.i

For standard curves, five authentic anthocyanins (Del3Glc, Cya3Glc, Peo3Glc, Pet3Glc,
and Mal3GlIc) were purchadgdérom Extrasynthese (Genay, France). Stock solutions of
1000 ¢ g/ mlauthéntcrantroeyanim compound were prepared in 0.75 mL of
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glycerol/water solvent (10%, 40% and 80% glycerol/water ratios were used). 0.75 ml of
4% aqueous formic acid was added to the mixture to give a final anthocyanin
concentrati on o XtureSMasOvortexgd wellLfor 1 imih and afterwards
the standard curve was plotted against various concentrations of working solutions
ranging from O to 250 pg/mLT@able 2.1).

Table 2.1. Preparation of standard curve for authentic anthocyanins

Prepared . Glycerol/
W.Sa Antho?:yanin Volume added_from higher \)//vater 4%FA

(ng/mL) concentration (uL) (uL) water (uL)

1 250 500(from S.S)) 0 500

2 125 500 (from W.S. 1) 125 375

3 62.5 500 (from W.S. 2) 125 375

4 31.25 500 (from W.S. 3) 125 375

5 15.625 500 (from W.S. 4) 125 375

6 7.8125 500 (from W.S. 5) 125 375

7 0.00 0 250 750

aWorking Solution
2.1.8. Determination of anthocyanin content in acidified ethanol extracts

using HPLC 8DAD -MS

Theblack rice and bilberrgxtract powders were prepared by dissolving in acidified water
(4% FA). HPLC Agilent 1100 series coupled with diode array detector (D&iz)an
Agilent single Quade mass spectrometas used. The method was performed on a reverse
phase column using gradient elution.30of sample was injectadto Kinetex XB-C18
column (100 x 4.6 mm,; particle size 2-61) at 40°C using 5% aqueous formic acid
(eluent A) and 5% formic acid in acetonitrile (eluent Bhe gadient was 5% B with
injection for 2 minutes, increased to 7% at 10 min, 10% at 15 min, 13% at 16 min, 20%
at 18 min, and then +equilibrated to initial conditions over 6 miinthocyanin degction

was achi eveghonon DAD at o

2.1.9. Statistical Analysis

Unless otherwise statedasistical analysis was performed in GraphPad Prism (version
9.3 for Windows, GraphPad Software, La Jolla California US&w.graphpad.coi
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For dependentsamples,ewmeay anal ysi s of wvariance (ANO
Comparison Test was used to quare the means of the control and experimental samples
and p < 0.05 was considered statistically significéatues of p< 0.05 were considered
significant (*, p < 0.05; **, p < 0.01; ***, p< 0.001; **** p <0.0001).
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2.2. in-vitro colon model fermentation

Al water used JQavater,JaBd sdWgntsovare dfl higktformance
liquid chromatography (HPLC) grade. The anthocyaith extract powders prepared
from black rice and bilberry were purchased frtme Beijing Gingko Group (BGJ;
China. Cyanidin3-O-glucoside (Kuromanin chloride), delphinid8iO-glucoside
(Myrtillin chloride), Peonidir3-O-glucoside (Peonidi3-glucoside chloride), Malvidin
3-O-glucoside (Oenin chloride), PetunidgrO-glucoside (Petunidi3-O-glucoside
chloride) and pelrgonidin3-O-glucoside (Callistephin chloride) were purchased from

Extrasynthese (Genay, France).

Other chemicals and reagents were purchased from Sigma unless otherwise stated within
the text.

2.2.1. Donor recruitment for in-vitro colonic fermentation experiments

Stool samples used in thie-vitro colon model experiments were collected from
participants recruited onto the Quadram Institute Bioscience (QIB) Colon Model study.
Demographic information was collected, and recruited participants, from botierge

who aged between 25 and 54 years older, who live or work within 10 miles of the Norwich
Research Park. The participants who were declared to be in good health and had not
ingested antibiotics for at least 4 weeks before giving faecal sample wetdeetmi
participate onto the study. In addition, participants were required to have a normal bowel
habit which meant regular defecation between three times a day and three times a week,
with an average faecal type Gf3on the Bristol Stool Chart. Moreoygarticipants who
declared no diagnosed chronic gastrointestinal health problems, such as irritable bowel
syndrome, inflammatory bowel disease, or coeliac disease were eligible to enrol onto the
study. Participants were also asked additional questiongdmately prior to donating a

stool sample to confirm that they had not experienced a gastrointestinal complaint, such
as vomiting or diarrhoea, within the last 72 h, were not tested positive GO¥1Bing

lateral flow test, were not currently pregnantoeastfeeding, had not recently had an
operation requiring general anaesthetic, were not taking multivitamin supplements. The
study was approved by the Quadram Institute Bioscience (formally Institute of Food

Research) Human Research Governance committ€ge01/2015), and London
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Westminster Research Ethics Committee (15/L0O/2169). The informed consent of all
participating subjects was obtained, and the trial is registered at
http://www.clinicaltrials.gov (NCT02653001).

All faecal samples that weused in the studies reported in this thesis have a specific code
S uc hdors01-810, where each donor iis defl)gnat
and the sample numbe$]) indicates the distinct stool sample provided by a donor on a

specific day.

2.2.2. Preparation of fresh faecal slurries

Fresh faecal samples were delivered by donors to the Quadram Clinical Research Facility
and were collected immediately on the day of the experiment. In the safety cabinet, a
faecal slurry was prepared in a stomadilear bag by diluting faecal sample 10 fold

(1/10, w/v) with autoclaved 0.01 M phosphatgffered saline (PBS) (which was placed
overnight in the anaerobic cabinet prior to the day of experiment) and then homogenized
in a stomacher (Seward Stomacher 4@@ator) for 45 sec (230 rpm). The filter was
separated from the stomacher bag and then discarded. The remaining solution was used
for inoculation of then-vitro colon model. Later, for the preparation d¥ilfaecal colon

media, 10 mL faecal slurry (1% faecal sample) was added to 90 mL of colon model

media.

2.2.3. Preparation of glycerol-frozen faecal stock with a final faecal

concentration of 37.6 %

Autoclaved 50 mM potassium phosphate buffer and glycerol solutions were kept in the
anaerobic cabinetvernight before use. In the safety cabinet, 50 g of a fresh faecal sample
was weighed into a stomacher filter bagdthen 50 mL of autoclaved phosphate buffer
was added. The mixture was homogenised in the stomacherdé& 36 at 230 rpm. The

filter was separated from the bag and then discarded. In the remaining mixture, 33 mL of
autoclaved glycerol was added to achieve a final glycerol concentration of 25% (v/v) and
a faecal concentration of 37.6 % artotal of 133 unit of slurry (w/v). Aliquots wer

prepared in 15 mL Falcon tubes and stored88fC until use. For reus¢he frozen
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glycerolfaecal stock tubes were thawed by placing them in the anaerobic cabinet (37°C)
for 1 h.

2.2.4. Setting up the in-vitro batch colon model

300 mL colon vessel$={gure 2. 4 were set up, sealed, and then autoclaved before the
experiment. After autoclaving, the vessels were filled with 89 mL autoclaved colon model
media which was prepared previously as describebiayyWalshand othersg®’. Briefly,
before autoclaving and in 1 L MHly water, the colormodel media was prepared by
adding 2 g each of peptone water, yeast extract and NgHCICOg NaCl, 0.04 g each of
K2HPO; and KHPQy, 0.01 g each of MgSLrHO and CaCGl6H:.0, 2 mL Tween, 10

pL vitamin K, 0.5 g each of cysteine and bile salts, and 0l@wgn (after dissolving in

few drops of 0.5 M NaOH). iglucose was added after autoclaving by dissolving 10 g in
a 30 mL autoclaved colon modeind then reintroduced again into the colon media
through a 0.45 um syringe filter (Sartorius). After addingail®claved colon media into
vessels, the media was gassed overnight witir€@ N> to set up an anaerobic condition.
Then pH probes were introduced into vessels and thegsddjusted to between 6.6 to
7.0 using acid (0.M HCI) and alkali (0.5 M NaOH)Beforethe addition of the faecal
slurries, the temperature of the colon vessels was set at 37°C using a watEigiaéh (
2.5).

2.2.5. Incubating anthocyanins with the faecal microbiota using in-vitro

colon model fermentation

All incubations were carried out by inoculating 1% w/v faecal sample in a total

experiment volume of 100 mL. Therefore, for vessels containing live faecal mierobiot

10 mL of fresh faecal slurry (or 2.6 mL from glycefmzen faecal stock) was inoculated

into a90 mL medium (89 mL colon media + 1 mL treatment). The 1 g of faecal sample

used in each fermentation vessel is expectec
microorganism¥?, For vessels containing autoclaved faecal microbiota, 10 mL of fresh

faecal slurry was autoclaved before adding to the vessels. For the treatments,
anthocyanirrich extract powder of black rice or bilberry was dissolved in 1 mli @il

water and immediately filtered through a 0.45 pum syringe filter, then added to the growth

media (1% faecal sample). For control vessels, no anthocyanin extract powder was
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introduced. Samples (0.5 mL) were collected at 0, 1, 2, 4, 6, 8, 10, 12, 20 hnohixed
with 0.5 mL of 4% v/v aqueous formic acid. Samples were stor&D&C until analysis.

«——[05MNaOH

0.5M HC] ——

— ]

| sampling port

‘Warm Water
inlet

stirrer

Figure 2. 4. Schematic of the colon model vessel.
The vesselasset up witha total reaction volume of 100 mL arajas cordiner volume of 200mL. The

top figure shows the vessel with all connected ports for supplying warm water, nitrogen, acid and alkali
solutions, and injection and sampling ports. Do&#ompicture shows the real vessel in the laboratory.
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[ Nitrogen supply ]

~

| Actual pH
0682
00O

o O

Set pH window
6.6 -7.0

[ Water bath ] [ Colon model vessel ] [ Aciti and alkali s-t-)-lrl;tions ] pH unit

Figure 2.5. Schematic of the human invitro colon model.
The modelwasset up with the colon model vessel, the pH unit, acid & alkali solutions, nitrogen supply, and water bath.
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2.2.6. Preparation of colon model samplesfor chromatography and mass

spectrometry analysis

Colon model samp&ewere thawed at room temperature for 1 h, vorteged,then
centrifuged at 17,000xg for 10 min. 250 pL of supernatant was transferred into HPLC

vials (300 pL inserted amber glass)

2.2.7. Determination of anthocyanins in colon model samplesusing
HPLC 6DAD

To measuregherate of loss of the incubated anthocyanins from black rice and bilberry,
HPLC Agilent 1100 series coupled withdiode array detector (DAD) was used. The
method was performed on a reverse phase column using gradient eluttarofZamj e

was injectednto Kinetex XB-C18 column (100 x 4.6 mm; particle size 216) at 40°C
using 5% aqueous formic acid (eluent A) and 5% formic acid in acetonitrile (eluent B).
The gadient was 5% B with injection for 2 minutes, increased to 7% at 10 nttat0

15 min, 13% at 16 min, 20% at 18 min, and theeqeilibrated to initial conditions over

6minnAnt hocyanin detectiononmmas achieved on

2.2.8. Determination of anthocyanin metabolites in the colon model
sample using UPLCOMS/MS

Multiple reaction monitoring (MRM) technique was used tbe quantification of
anthocyanin metabolites on UPHUES/MS. The 1 ul sample (concentration of 20 ug/ml)
wasinjected into a Water HSS T3 (C18) (100 x 2.1 x 1.7 u) connected to an Agilent 1290
UPLC equipped witha binary pump, degasser, cooled astmpler, DAD detector and
column oven (Agilent Technologies, Waldbronn, Germany) and an Agilent 6490 mass
spectrometer (Agilent Technologies, Waldbronn, Germany) and eluted at a flow rate of
0.40 ml/min. The column temperature was maintained a&iC3%=Iution was achieved
using a gradient of increasing solvent B (containing 10 mM ammonium acetate in
acetonitrile adjusted to pH=5.00 using acetic acid) from solvent A (10 mM ammonium
acetate in water adjusted pH= 5.00 using acetic acidfhe gadient was 1% B at
injection for 1 minute, increased to 5% at 3 min, 60% at 8 min, 99% at 8.5 min and then

re-equilibrated to initial conditions over 3.5 min
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2.2.9. Observing the appearance of anthocyanin metabolitesn the colon

model samples using UPLGTOF Analysis

This is another detection technique and was used for observing the formation of
anthocyanin metabolites. Samples were analysed using a Waters Synapt G2si time of
flight (TOF) mass spectrometer coupledat®Waters Acquity UPLC. Chromatography

was performed using a Waters HSS T3 100 x 2.1 mn® X¥3eparating column at 37°C

and a binary gradient of solvent A (10 mM Ammonium acetate in Water) and B (10 mM
Ammonium acetate in Acetonitrile, pH= 5) at a flovter@f 400>L/min. The gadient

was 1% B with injection for 1 minute, increased to 5% at 3 min, 60% at 8 min, 99% at
8.5 min and then requilibrated to initial conditions over 3.5 min. Sample injections were
2>L. The TOF was operated in negative electrag@and full scan mode, 1200 amu

with a 0.3 sec scan time

2.2.10. Statistical Analysis

Unless otherwise statedasistical analysis was performed in GraphPad Prism (version

9.3 for Windows, GraphPad Software, La Jolla California USA, www.graphpajl.com
Oneway ANOVAwi t h Tukey6s Mutest wapuked to Campgreatmei s o n
concentration means of spontaneous and microbligp@ndent at specific timepoint and

p < 0.05 was considered statistically significavidlues of p> 0.05 were considered
significant (*, p < 0.05; **, p < 0.01; ***, p< 0.001; **** p <0.0001).
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2.3. Spontaneous degradation of anthocyanins

Al | water used JQavater,Jakd sdWwgntsovere dil highiformance

liquid chromatography (HPLC) grade. Cyanid#rO-glucoside (Kuromanin chloride),
cyanidin (Cyanidin chloride), and delphinidin (Delphinidin chloride) were purchased
from Extrasynthese (Genay, France). Other chemicals and reagents were purchased from

Sigma unless otherwise stated.

2.3.1. Incubating Cya3Gilc in colon media and phosphate buffer solution

On the day of the experiment, a fresh stock solution (SS) of Cya3Glc (2 mg/mL) was
prepared by dissolving 2 mg of the authentic compound in 1 mL DMSO.

The anaerobic incubation of Cya3Glc
A colon media (0.5 mM K phosphate, pH 7.0) was prepared and argddlzen placed

in the anaerobic cabinet overnight. Inside the anaerobic cabinet and in a 10 mL vial, a
168.5 pL of SS was added to 4831.5 pL media to give a final volume of 5 mL with
Cya3Glc concentration of 150 uM, then immediately the first samplé atdks collected

into a 1 mL HPLC vial, capped, taken to HPLC analysis. Other samples were collected
for injections at the times to determine the Cya3Glc concentration. External standard
curves of serial concentrations of Cya3Glc were prepared in aciddied model media

(4% vl/v formic acid).

The aerobic incubation of Cya3Glc
A phosphate buffer (10 mM K phosphate, pH 7.4) and colon media (0.5 mM K phosphate,

pH 7.0) were prepared and autoclaved. On the day of the experiment, a fresh stock
solution (S$ of Cya3Glc (2 mg/mL) was prepared by dissolving 2 mg of the authentic
compound in 1 mL dimethyl sulfoxide (DMSO). In 1 mL HPLC vials and separate days,
two experimental vials (n=2) were prepared for each medium by adding 168.5 uL of SS
to 4831.5 puL medim) to give a final volume of 5 mL and a Cya3GIc concentration of
150 uM, then immediately the experimental vials were put if0AD autosampler for
injections at the times to determine the Cya3Glc concentrafiom.eternal standard

curve of serial concerations of Cya3Glc was prepared in acidified phosphate buffer or
colon media (4% v/v formic acid).
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2.3.2. Incubating anthocyanidins (Cya and Del) aerobically in phosphate

buffer solution

On the day of the experiment, a fresh stock solution (SS) of Cgg2Ghg/mL) was
prepared by dissolving 2 mg of the authentic compound in 1 mL DMSO.

A phosphate buffer (10 mM K phosphate, pH 6.8) was prepared and autoclaved. On the
day of the experiment, a fresh stock solution of Cya (1 mg/mL) was prepared by
dissolvirg 1 mg of the authentic compound in 1 mL DMSO. In a 1mL HPLC vial, 100
pL of SS was added to 900 pL phosphate buffered solution to give a final Cya
concentration of 222 uM, then immediately the experimental vial was incubated in LC
DAD autosampler at 37°@nd then injections were carried out at the times to determine
the Cya concentratio.he eternal standard curve of serial concentrations of Cya was
prepared in acidified phosphate buffer (4% v/v formic acid). Each experiment was carried

out once.

2.3.3. Quantify Cya3Gilc, Cya, and Del concentrations and their break
down products using HPLC-DAD -MS

The chromatographic separation was carried out on a repkese HPLC column. 20ul

of thesample was injectedto Kinetex XBC18 column (100x 4.6 mm; partckize 2.6

em) at 40AC using 1% aqueous formic acid (elu
(eluent B) at a flow rate of 1 mL/min. The gradient started with 2% B at O min, increased

to 10% B at 15 min, 15% at 20 min, 30% at 25 min, 50% at 27 mithandeequilibrated

to initial conditions over 2 min. The autosampler temperature w&s. 3he MS was set

up on full scan mode and negative ionisation polarity.

2.3.4. Monitoring the formation of the break down products of Cya3Gilc,
Cya, and Del using UPLC -TOF method

This is another detection technique that was used for observing the formation of
anthocyanin metabolites. Samples were analysed using a Waters Synapt G2si time of

flight (TOF) mass spectrometer coupled to a Waters Acquity UPLC. Chromatggraph

was performed using a Waters HSS T3 100 x 2.1

and a binary gradient of solvent A (10 mM ammonium acetate in water) and B (10 mM
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ammonium acetate in acetonitrile, pH=5) at a flow rate ofe4@in. The gadient was

1% B with injection for 1 minute, increased to 5% at 3 min, 60% at 8 min, 99% at 8.5
min and then requilibrated to initial conditions over 3.5 min. Sample injections were 2
¢ L The TOF was operated in negative electrospray and full scan mod&200@&mu

with a 0.3 sec scan time

2.3.5. Statistical Analysis

Unless otherwise statedaststical analysis was performed in GraphPad Prism (version

9.3 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com).
Differences between controls (pueid Cya3Glc standard spiked directly into acidified
medium att=0) and experimental conditions (aerobic and anaerobic spontaneous
degradation of Cya3Glc in colon media or phosphate buffer) were carried out using one
way analysis of variance (ANOVA)withkuey 6 s Mul t i pl e Compari s
was considered statistically significant. Comparison between aerobic and anaerobic
spontaneous degradation of Cya3Glc was analysed by unpagstdntith twaotailed p-

value and p < 0.05 was considered statiyicsignificant. Values of p> 0.05 were
considered significant (*, p < 0.05; **, p < 0.01; ***,90.001; **** p <0.0001).
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2.4. Changes of the gut microbiota structure and function

The black rice extract powder was purchased ftbenBeijing Gingko Group (BGJ;
China. FastDNA 2mL Spin Kit for Soil was purchased from MP Biomedicals (Germany).
Al | water used JQavater,JaBd sdWgntsovare dfl higktformance
liquid chromatography (HPLC) grade.

Other chemicals and reagents were purchased from Sigma unless otherwise stated.

2.4.1. Study design for incubating anthocyanins with faecal gut

microbiota using in-vitro colon model

Batch fermentatiom-vitro human colon model egpiment was carried out as previously
described in this chapter where section (2.2.3) for preparing 10% fresh faecal slurry,
section (2.2.5) for setting up the batch colon model, and section (2.2.6) for incubating the

anthocyanirrich extract in the batctolon model.

Briefly, 14 colon model vessels were prepared and filled with 89 mL autoclaved colon
media the night before the experiment. 7 vessels for the treatment with black rice
anthocyanins, 7 vessels as controls with no addition of black rice antiegyand 2
vessels used as contamination controls where only autoclaved colon media was added.
On the day of treatment, a fresh human faecal sample was diluted 1/10 w/v with phosphate
buffer and homogenised to generate the faecal slurries that weresusedwuda. Then 10

mL of faecal slurry was addet each vessel of treatment and control (except for
contamination control vessels). In the treatment vessels, 1 mL of filtered black rice
anthocyanins solution (18 mg/mL of black rice powder) was added. fiRia¢
concentration of anthocyanins in a total volume of 100 mL was 133.3 uM. Samples (5
mL) were collected at O, 6, 12, and 24 h and immediately stor80°@ until extracting

the DNA.

2.4.2. Extraction of DNA from colon model samples

Sample preparation
The frozen samples were thawed on ice, then vortexed (5 sec) and 2.5 mL of 1% w/v

faecal sample erealiquoted in sterile 5 mL Eppendorf vials and centrifuged for 10 mins
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at full speed (14,000 x g). The supernatant was discarded carefully (decy aatiche
sediment was kept. The pellet was resuspended again using molecular grade water (400
puL for 0 h samples, 500 pL for 6 h samples and 600 pL for 12 and 24 h samples).
Afterwards, 400 pL was transferred into Lysing Matrix E Tubes, then froze80&C

until DNA extraction.

DNA extraction
The DNA extraction was cded out as previously described Kgllingray and otherg®®

using FastDNAE SPIN Kit for Soil Briefly, samples were thawed on ice a®80 pL
sodium phosphate buffer and 120 pl MT buffer were added to the sample and then
vortexed. Samples were placed in a refrigerator (+4°C) for ~ 1 h. Then, samples were
lysed in a Fastprep machine for 60 s three times (speed: 6.5 m/s). Afterwards, Lysing
Matrix E Tubes were centrifuged for 15 min at 14000 x g. The supernatant (650 uL x2)
was transferred into a clean 2 ml Eppendorf tainel then @ded 250 ul PPS reagent and
mixed by shaking the tube by hand 10 times (invert). Samples were centrifuged for
min at 14000 x g to precipitatde pellet. The supernatant (750 pL x2) was then
transferred into a sterile 5 ml Eppendorf tube, and 1 ml of Binding Matrix Suspension
was added to the supernatant. The tubes were inverted by hand for two minutes and were
then left to stand in a rack for 3 min (to allow settling of silica matrix). Approximately 1
mL of supernatant was removed and discarded,ttredninding matrix was resuspeed

into the remaining supernatant. Approximately 700 (x2) pL of the mixtureérevasterred

into a SPIN Filter tube and centrifuged for 2 min at 14,000 x g. Thetfosugh was
decanted and 500 pl SE\ANS was added into the SPIN Filter tube and then centrifuged
for 1 min at 14,000 x g. The flothrough was decanted again to perforr\&EeM wash
altogether three times. the flethrough was decanted and centrifuged for 5 min at full
speed (14,000 x g) to OMwagh&Golutidnerhemthd SPiINx o f
Filter was removed and placed into a fresh Catch Tube, then it wastletSPIN Filter

for 10 min to dry at room temperature. Afterwards, 65 ul DES (DNase/Pyrogen Free
Water) was added and the matrix was gently stirrati@fiiter membrane using a pipette

tip for efficient elution of the DNA. Air dry samples for a fewmnwas carried out, then
centrifuged for 2 min at full speed (14,000 x g) to elute DNA (or at 6,400 x g with open

lids). The collected samples were storeeR@fC until preparation for sequencing.
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2.4.3. Shotgun metagenomicssequencingfor extracted DNA f rom colon

model samples

Samples concentrations were normalised to 5 ng/pL using molecular grade water and 15
pUL samples were pipetted into a-@&ll plate. DNA samples were then quantified using
Qubit broad range reagents according to manufacturer guadelifhermefisher,
Cambridge, UK). Afterwards, NanoSeq (a DNA library preparation and sequencing
protocol based on Duplex Sequencing) was run for all samples to create a library which
was then pooled together into one tube. Metagenomics shotgun sequemasig
performed by Novogene European Headquarters (Cambridge, UK), using lllumina
NovaSeq, to generate 150bp paissdl libraries to a sequencing depth of ~30 million
reads. Dr Perla Rey (Bioinformatician at QIB) checkeldaned,and analysed the
sequence ata using irhouse bioinformatic tools and performed taxonomic and

functional profiling of the metagenomics dataset.

2.4.4. Read processingfor metagenomicssequencingdata

The hostDNA contamination is expected in metagenomics datasets, and thus the first
step in processing metagenomics sequencing data is to remove host sequences. A tool
commonly used for the pqgrocessing of metagenomics dataset is KneadData v0.10.0
(https://github.com/biobakery/kneaatd), which uses bowtie and bowtie indexes for the

removal of host reads. In addition, KneadData is also used to remove adapter sequences,
andperform quality control using Trimmomafi®. Trimmomatic: A flexible trimmer for
lllumina Sequence Data. Bioinformatics, btul70] and remove other contaminant
sequences. The human (hg37) reference database (which irtblelkesian genome and
transcriptome) is based on the Decoy Genontig:(/www.cureffi.org/2013/02/01/the

decoygenome/). Other contaminant sequences were taken Boetwieserand others

201 Finally, bacterial rRNA reads from SILVA were also removed.dtii®ata was used
with the optionirun-trim-repetitive for shotgun sequences to trim overrepresented
sequences. Only highuality trimmed, and neeontaminant paired reads (in which both
reads passed filtering) are used for downstream analy/Bsswork wasperformed by

Dr Perla Rey, QIB

2.4.5. Microbial Community Profiling for metagenomicssequencingdata
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High-quality and trimmed reads are used to estimate the microbial composition profiles
using MetaPhlAn v3.0.20229% MetaPhlAn identifies the microbes and their abundance
from metagenomics reads by mapping them to the ChocoPhlAn database of unique clade
specific marker gees. Clades aragroup of organisms and clagpecific markers are
coding sequences that are strongly ~cons
sufficiently different to any sequence outside the clade. The marker genes in the
ChocoPhlAn database wedentified from over 17,000 reference genomes from bacteria,
archaea, viruses and eukaryot®sAn initial exploratory analysis is performed using a
Multidimensional Scaling, MDS plot. An MDS plot is an ordination plot where points
represent objects, in this case, samples, in which closetspare more alike than those
further apart. The points on the plot are arranged so that the distances among each pair of
points represent the dissimilarity between those two sanfiés work wasperformed

by Dr Perla Rey, QIB

2.4.6. Metabolic recongruction and pathway analysis using HUMANN3

for metagenomicssequencingdata

The HMP (Human Microbiome Project) Unified Metabolic Analysis Network,
HUMANN, is a method for profiling the abundance of microbial metabolic pathways and
other molecular functia from metagenomic sequencing data. It infers community
function directly from short DNA read$* It uses KEGG Orthology to estimate
abundance ofaeh orthologous gene family in the community. Orthologous families are
groups of genes that perform roughly the same biological roles. Pathways are sets of two

or more genes with a similar function.

For the analysis of the metagenomics dataset, theVatssotn of HUMANN, HUMANNS3
(v3.0.0.alpha.3) is used. The analysis starts with a search in different levels: first, a
taxonomic search maps short reads to clmezific marker genes to identify community
species (using MetaPhlAn v3.0.2 anile nucleotidedatabaseChocoPhlAn database
v296_201901), second, mapping reads to community pangenomes of identified species
(using bowtie v2.4.4), and finally, alignment of unclassified reads to a protein database
(using DIAMOND v2.0.11). Mapping results are thendise estimate the pepecies

and community total gene family abundances which considers alignment quality, gene
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length and coverage. Then, genes are mapped to metabolic reactions, and pathway
guantification and coveragegeestimated. A pathway is a sdttwo or more genes.

The analysis with HUMANN3 was done using nucleotide mapping and translated search
to provide organisrspecific gene and pathway abundance profiles from ourdughity

shotgun metagenomic reads. Gene families are annotated usingf@idRfinitions®®,

which is a protein databe, it is the UniProt Reference Clusters that provide clustered
sets of sequences. UniRef90 is built such as each cluster is composed of sequences that
have at least 90% sequence identity and 80% overlap with the longest sequence of the
cluster. Pathwaysra annotated using MetaCyc definitioi?8 2%, MetaCyc is a curated
database of metabolic pathways from all domains of life. It contains 2,937 pathways from
over 3,000 different organisms. Humann3 was used with the defatidns (minimum
percentage of reads matching a species: 0.01, identity threshold for nucleotide
alignments: 0.0), using uniref90 to annotate gene families. To be able to compare gene
families and pathway abundances between samples with different seguesains, we

used normalised val ues usi-nogmalisationpoireéaive per mi | | i
abundance. Furthermore, using the gene family abundances, HUMANN3 is used to
reconstruct the abundanoé enzyme commission (EC) categories in the miooia

using the function humann_regroup_tallbis work wasperformed by Dr Perla Rey,

QIB.

2.4.7. Statistical associations with MaAsLin2 for metagenomics

sequencingdata

MaAsLin2 is used to find associations between community total abundances with the
effect of the treatment over tin3€. Specifically, MaAsLin2 is usebly selecting Linear

Model (LM) method to test the association between Pathway relative abundances and the
effect ofanthocyanis in the microbiome. The same was done using EC categlative
abundances. Relative abundances are normalised using TSS normalisation and AST
transformation. The following formula is used for the Linear Model, where the relative
abundance of the Pathway or EC category (expression) is determined by th¢ionmterac
between treatment (control, anthocyanin) and TimePoint (Oh, 6h, TRis)work was

performed by Dr Perla Rey, QIB
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Chapter 3: Preparing anthocyanin-rich
extracts from black rice and bilberry
using green extraction processes

3.1. Abstract

Background: Anthocyanins are present in plant tissues in very small concentrations. The
conventional extraction techniques for anthocyanins usually involve the use of high
amounts of organic solvents which are expensive and toxic, hence highly purified
anthocyaninsra very expensive to purchase. However, in the last few yearfjendly
extraction approaches have been developed with a promising recovery of bioactive
compounds from plant materials. Thus, there is considerable literature -Gmeadby

i g r e e machegoprgcoveing plant bioactive compounds.

Aim and approach: The overall aim of research presented in this chapter was to prepare
anthocyanirrich extracts using green solvents, and then use these anthedghnin
extracts for subsequent investigais into microbial metabolism of anthocyanins by the
human gut microbiotal he focus of the research reported in this chapter was to carry out
a stepby-step optimisation of an eddendly extraction methodology to recover
anthocyanins from black rice gna and bilberry fruits. The specific steps wereijo (
choosethe optimum solvent mixture composed of glycerol and water with the highest
anthocyanin recoveryijif investigate the optimum liquith-solid ratio Rus) for high
extraction efficacy of antlayanins; theniij) examine the effect of temperature on the

recovery of anthocyanins from the extraction mixtures.

Results: The chemical composition of anthocyanins was determined in black rice and
bilberry after their extraction using a conventionalsat. Cya3Glc was the predominant
anthocyanin in black rice with 84.3% w/w of the total anthocyanins (179 mg 1av).
Whereas a mixture of fourteen anthocyanins which were predominantly delphinidin,
cyanidin, petunidin, peonidin and malvidin derivasvwere detected in bilberry fruits
with a total concentration of 1775 mg 106 dw. The alternativesolventof 80% wi/v

glycerol/water showed better extraction efficiency for anthocyanins from black rice
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(211mg 100 ¢ dw) and bilberry(2635mg 100 g* dw) compared to the conventional
solvent. In addition, the liquitb-solid ratio Rus) = 60 mLg ! was shown to be the
optimum ratio for higher recovery of anthocyanins, providing corresponding anthocyanin
concentration of 190 mg 100w black rice powder and 2600 mg 100 dw bilberry
powder. Extraction temperature showaedignificant effect on anthocyanin recoveries,
and the extraction process at 80°C gave the highest anthocyanin recoveaisisdider
extraction time of 20 mifor black rice (211 mg 100%gw) and 15 min for bilberry (3119

mg 100 ¢* dw).

Conclusion: Compared toheconventional solvent, the extraction efficiency of black rice
and bilberry anthocyanins was higher when using 80% glycerol/water solvent. However,
the recovered concentrations were relatively éo inlarger volumes mainly consisting

of glycerol. As sub it was concluded that this would not be ideal for subsequent

experiments investigating the gut microbial metabolism of anthocyanins.

3.2. Introduction

The extraction approaches for platgrived phytochemicals are varied and they depend

on different paraeters such as tim#he number of aqueous and organic solvent phases,

impact on the environment, and type of extraction meditfm The extractiorsolvent

used for polyphemis is mainly a mixture of both agueous and organic solgent

Polyphenols including anthocyanins, are present in plant tissues in very small
concentrations. Therefore, extraction processes of polyphenols using conventional
techniques usually involve the au®f high amounts of organic solverffs. In these

processes, petroleubased solvents are used usually consisting of volatile organic
components such as halogenated hydrocarteogsahloroform), aromatic hydrocarbons

(e.g., hexane and toluene), alcohoks.d., methanol), etherse(g., diethyl etter), and
ketones€.g.,acetone). Many of these organic solvents are either toxic, highly flammable

or detrimental to the environmeAt? In the last few years, edor i end | vy Angr een
extractiono approaches have been mwmxfpanded enc
phytochemical yields, meanwhile being ddendly to the environmert’>, The fgr een

e X t r aisusually defined as extraction processes which involve one or more of these

factors: less time, less energy, and/or less harm to healthesmvironment. Thus, there
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is considerable literature on ex¢tion, separation, and purification of phytochemicals
using ecefriendly approaches. Other alternative solvents have also been investigated
including ionic liquid, superheated water, surface active agents, supercritical fluids, bio
derived solvents, deegutectic and natural deep eutectic solvéHtsFor extraction of
anthocyanins, the conventional medium used is acidified aqueous ethanol or methanol
65214 Due to their notoriously poor stability, the ffization and separation of
anthocyaninsireusually carried out using columns rather than solvent evaporation

This technique is laborious and is associated with high consumption of organic solvents.

In the literature, few reports have been published on the extraction of anthocyanins using
ecofriendly solvents. However, the most commonly used solvents were supercritical
fluids and deep eutectic solvents (usually a combination of a constituent termed as
hydrogen bond donor and another one termed as hydrogen bond acé&ptBor
example,a reportshoweda choline chloridebased deep eutectic solvent, containing
oxalic acid with 25% water, was more effective for extracting the bacgle rice
anthocyanins aopared tanagqueous menthol solvéit In addition,another reporalso
obtained promisinganthocyanin yield from blueberry by using natural deep eutectic
solvents compared to conventional solvent (acidified aqueous methi&nofnother
solvent alternative reported in the literature was glycerol/water medium. A mixture of
90% wi/v glycerol/water was the optimum medium for phenolic recoveries from two
different species of Artemisfa’. Similarly, glycerol/water (90% wi/v) showed to be the
optimal solvent for extracting phenolic and pigment compounds from onion solid waste
218 These findings showed that the mixture between glycerol atdrvihasa high
potential for extracting anthocyanins from their plant materials. In this context, a
glycerol/water medium, as a cexffective and green alternative solvent, was used to
extract and preparn anthocyanirrich extract from two commercial aerials of black

rice and bilberries.

3.3. Objectives

The overall aim was to develop an extraction approach for preparing anthedganin
extracts which will subsequently be used for the investigation of anthocyanin metabolism

by the human gut microbiatarhe approach was to use green solvents to recover
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anthocyanins from black rice and bilberry raw materials. The specific objectives were to:
(i) identify the anthocyanins and determine the anthocyanin composition of black rice and
bilberry, (i) investigate how different mixtures of glycerol and water affect the amount
of anthocyanins extractedy) determine the relationship between the liguaigolid ratio

(Rus) and the amounts of anthocyanins extracted; anddetermine the effect of
tempeature on the amounts of anthocyanins extracted @ndetermine the amounts

extracted using a combination of the most effective conditions.

3.4. Results

3.4.1. Identification of anthocyanin composition of black rice and

bilberry powders

The anthocyanin composition of black rice and bilberrys hbeen reported
previously®219222 However it was necessary to determine the anthocyaniteaband
composition of the black rice and bilberry sampigkich were used to prepare
anthocyanirrich extractsRaw plant materialsf bothblack rice grains and bilberry fruits
were purchased and then groufiigure 2. 1) using a domestic coffee grindeFhe
extraction of anthocyanins was carried out using acidified aqueous ethanol (60% v/v)
separately for each plant material. The determinatioanthocyanin composition was
accomplished using HPLI-DAD-MS (Chapter 2, section 2.1.8

The concentration of total anthocyanins in black rice powder was 178.9 mg (100 g dw
powder)t. Ad20 nmp-seven peaks were detect&ih(re 3. 1) in black rice extract at
different retention timesRT) with different masses as shownTable 3. 1. Cya3Glc
(m/AM+H]* 449.1;RT 13.7) was shown to be a predominant anthocyanin (84.4 % w/w
of the total anthocyanins) in black rice powder followed bg3&dc (m/AM+H]* 463.1;

RT 18.4) with 11 % w/w of the total anthocyanins. These anthocyanins were identified
using reference standards, retention tiateés20 nmand MS data. In addition, five other
peaks wer e dEch are putatizdy identified as follows: Umbwn 1
(m/gM+H]*  737; RT 3.9), Cya35diGlc (m/ZM+H]* 611.1; RT 12.0), Cya3Glecp-
coumaratgm/ZM+H]* 595.1;RT 16.4), unknown 2ri/ZM+H]* 465.1;RT 18.7), and
Peo3Glep-coumaratdm/4M+H]* 609.3 RT 19.2).
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Table 3.1. The content of anthocyanins in black ricepowder

Parent ion . . Content

peae £, " Fegmeions ot 15

[M+H] * y d.w.)

1 39 737.1 287.1 Unknown 1 1.02
(Cya type)

2 120 6111 449.1,287.1  Cya35diGlc 1.72

3 137 4491 287.1 Cya3Glc 150.92

4 164 5951 287.1 Cya3Glep- 1.92
coumarate

5 18.4 463.1 301.1 Peo3Glc 19.7°

6 18.7 465.1 303.1 Unknown 2 Traces

7 192  609.1 465.1, 4331  Feo3Clep- 3.7b
coumarate

Total 178.9

a=expressed as Cya3Glc
P=expressed as Peo3Glc

In bilberrypowder f ourteen different anthoseyani n
(Figure 3.2) and quantified with a total anthocyanin content of 1774.6 mg (100 g dw
powder)t. All individual bilberry anthocyanins are presented with their parent ion
[M+H]*, fragment ions, andontents. Although, various anthocyanins were identified,
only monosaccharidanthocyanins were identified and no disaccharide or acylated
anthocyanins were detected.

Five peaks were identified using reference standards and retention tim¥ss B MS
data as follows: Del3Glmi/4M+H]* 465.1;RT 10.2),Cya3Glc(m/AM+H]* 449.1;RT
13.8),Pet3Glc(m/AM+H]* 479.1;RT 16.8), Peo3Glcni/AM+H]* 463.1;RT 18.4), and
Mal3Glc (m/4ZM+H]* 493.1;RT 18.9). The remaining nine anthocyanins were putatively
identified using their mass dasad from literaturé?® as follows: Del3Glc ii/AM+H] *
465.1;RT 8.3), Cya3Gali/ZM+H]* 449.1;RT 11.3), Del3Ara fn/ZM+H]* 435.1;RT
12.1), Cya3Arafi/4M+H]* 419.1;RT 15.0), Peo3Galni/AM+H]* 463.1;RT 17.5),
Pet3Ara (n/AM+H]* 449.1;RT 17.9), Mal3Gal fn/AM+H]* 493.1;RT 18.6), Peo3Ara
(m/dM+H]* 433.1;RT 18.7), and Mal3Arari/ZM+H]* 463.1;RT 19.2).
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Table 3.2. The content of anthocyanins in bilberry powder

Peak RT Parent ion Freilgrrrsent Identified Content
(min) [M+H]" M +H]* anthocyanin (mg 100 g' d.w.)
1 8.3 465.1 303 Del3Gal 172.4#
2 10.2 465.1 303 Del3Glc 272.02
3 11.3 449.1 287 Cya3Gal 107.3°
4 12.1 435.1 303 Del3Ara 161.32
5 13.8 449.1 287 Cya3Glc 221.4°
6 15.0 419.1 287 Cya3Ara 182.4°
7 16.8 479.1 317 Pet3Glc 177.3¢
8 17.5 463.1 301 Peo3Gal 22.1¢
9 17.9 449.1 317 Pet3Ara 54,5¢
10 18.4 463.1 301 Peo3Glc 99.6¢
11 18.6 493.1 331 Mal3Gal 74.3¢
12 18.7 433.1 301 Peo3Ara 17.64
13 18.9 493.1 331 Mal3Glc 161.5¢
14 19.2 463.1 331 Mal3Ara 51.0¢
Total 1774.6

a=expressed as Del3GHRsexpressed as Cya3Gfeexpressed as Pet3Glsexpressed as
Peo3Glc, and=expressed as Mal3Glc
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Figure 3. 1. DAD chromatogram at 520 nm showing anthocyanins identified in black rice powder.

One gram of black rice powder was subjected to the extraction processstinihg at 600 rpm with 50 mL acidified aqueous ethanol (60% v/v) for 180 min at room
temperature. 20 pL of the extracted solution was injected onto Kinete€ 28Bcolumn (Reversed phase; 100x 4.6 mm; particle sizen2)&t 40C using a gradient
sepaation by 5% aqueous formic acid (eluent A) and 5% formic acid in acetonitrile (Buent
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Figure 3. 2. DAD chromatogram at 520 nm showing anthocyanins identified in bilberrypowder.
One gram of bilberry powder was subjectedatoextraction process under stirring at 600 rpm with 50 mL acidified aqueous ethanol (60% v/v) for 180 min at room

temperature. 20 uL dheextracted solution was injected onto Kinetex-KB8 column (Reersed phase; 100x 4.6 mm; particle siz¢ 2pat 40C using 5% aqueous
formic acid (eluent A) and 5% formic acid in acetonitrile (eluent B).
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3.4.2. Effects of the glycerol to water ratio on the amounts of

anthocyanins extracted from black rice and bilberry

For a fAgreeno extr act-friendly gndacosteffecivesoheent a |l t
mixture of glycerol/water was tested. To assess how different ratios affected the total
quantity of anthocyanins extracted, nine different ratios ranging from 10 to 90% wi/v
glycerol/water were preparef 1 g of black rice or bilberrpowders wereubjected to

an extraction process using 50 mL of solvent for 180 @hapter 2, section 2.12). A

control solvent of acidified aqueous ethaf&f) % v/v)was also used for comparison. At

the end of extraction, samples were collected, and spectrophdtomethodsvereused

to quantify total polyphenols and pigme(@hapter 2, section 2.1.5%), whereas HPLE

DAD was used to quantify total anthocyani@hépter 2, section 2.17). Polyphenols

were quantified as gallic acid equivalents (GAE), while pigmevdse quantified as
Cya3Gilc equivalents (C3GE).

For black rice powder, 80% wi/v glycerol/water solvent was the most effective mixture to
extract anthocyaning=igure 3. 3). No significant difference in total pigments between
conventional solvent and various mixtures of glyderatersolvents (60, 70, and 80%,
w/v) was observed. However, the 80% w/v glyceml/ent showed better anthocyanin
and polyphenol recoveries comparedti@ conventional solvent. For example, the
recovered anthocyanin concentrations were 211 mg 1@vgowder when using 80%

w/v glycerol/water solvent, while it was 178 mg 10& dyv powder when usinghe
conventional solvent. Furthermore, there was a significant differgmd@0001) in
recovered polyphenols between the 80% w/v glycerol/water extraction and the
conventional solvent extraction (900 + 25 and 520 + 20 mg 160y powde,
respectively). However, no significant differences in extracted pigments between
conventional solvent (360 + 5 mg 100 dw powder) and 80%w/v glycerol solvent (335

+ 10 mg 100 g dw powder) were observed. Regarding solvents of glycerol/water ranged
from 10 to 50 % wl/v, the extracted polyphenols, pigments, and anthocyanins were
considerably lower than using the conventional solvent of aqueous ethanol (60%, v/v).

Similarly, for bilberry powder, the 80% wi/v glycerol/water solvent gave the highest
recovey of bilberry anthocyaninsF(gure 3. 4). Significant differences were observed

between conventional solvent and solvents of 80 and 90 % w/v glycerol/water on the
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recovery of polyphenolsP&0.0001) and pigmentsP€0.0001). For exaple, the
conventionalsolvent gave a polyphenol concentration of 2850 + 60 mg 10wy
whereas 80 and 90 % w/v glycerol solvents showed better polyphenol recoveries of 3550
+ 150 and 3420 + 50 mg 100" glw, respectively.However, the 80% glycerol samnt
showed slightly better extraction of total polyphenols than the 90% w/v glycerol solvent.
Although there was no significant difference in the extracted polyphenols between 80 and
90% wi/v glycerol/water medium, the quantified recovered anthocyanin® bpd@90%

w/v glycerol/water solvents were significantly hegt{P<0.0001)at 2635 and 2716 mg

100 g! dw, respectively, compared to control solvent (1775 mg 106vg powder). In
addition, the total extracted pigment was similar between 80 and 90% ydergl
solvent with 2067.4 mg C3GE 1001gand 2046.7 mg C3GE 100'gw powder,
respectively. Furthermore, solvents of glycerol/wdtangng from 10 to 50 % w/y
showed lower extractioaffectivenessn polyphenols, pigments and anthocyanins than
usingthe conventional solvent of aqueous ethanol (60%, Vv/v).

Therefore, 80% w/v glycerol/water solvent was selected as a suitable solvent mixture for

extraction of anthocyanins from both black rice and bilberry powders.
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Figure 3. 3. Bar plot showing quantification assays and recoveries from black rice powder achieved by various glycerol/water medisiranging betweenl10-

90%.

A 1 g plant powder was added to 50 stlvent All extractions were performed at room temperature (231 °C) and 600 rpm for 180 min. Samples were taken at 180
min to quantify total polyphenol®\) and pigment$¢B) by using spectrophotometer methods wherdas@GDAD was used to quantify total anthocyan{@y (Chapter

2, section 2.1). A medium of acidified aqueous ethanol was used as a control. The data shown are 3 replicates for polggfign@sataranalysis, but one injection
onto HPLC for anthocyaningalysis. Values represent means + SD for polyphenols and pigments and **** significance from @wr@@Q001) which represent

quantified extracts from using ethanol medium, usingwrse y

analysis of wvariance
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Figure 3. 4. Bar plot showing quantification assays and recoveries from bilberry powder achieved by varioggycerol/water mediums ranging between10-

90%.

A 1 g plant powder was added to 50 stlvent All extractions were performed at room temperature (231 °C) and 600 rpm for 180 min. Samples were taken at 180
min to quantify total polyphenol®\) and pigmerd (B) by using spectrophotometer methods whereas HBAD was used to quantify total anthocyan{@ (Chapter

2.1). A solventof acidified agueous ethanol was used as a control. The data shown are 3 replicates for polyphenols and pigments amalygectimn onto HPLE

DAD for anthocyanins analysis. Values represent means + SD for polyphenols and pigments and **** significance fromp e0rd 1), ** significance from control

(p <0.01), which represent quantified extracts from using ethandumedsingonavay anal ysi s of variance (ANOVA) with D
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3.4.3. Determining the most effective liquid -to-solid ratios (Rus) for
anthocyanin extraction using 80% w/v glycerol /water medium from black

rice and bilberry

The next variable of the extraction process that was tested was thetdicpalid ratio

(Rus) of plant material to solvent. This was assessed using various amounts of ground
powders Table 3. 3), which were subjected to extraction using 50 mL of 80% wi/v
glycerol/water for 180 min Ghapter 2, section 2.13). To evaluate the extraction
efficiency of anthocyanins, three different assays were carried Samples were
collected at the end of extractiandthen used for the quantification of total polyphenols
and total pigments using spectrophotometric metli@tspter 2, section 2.1.5%)., and
quantification of total anthocyanins using HRD&D (Chapter 2, section 2.17).

Table 3.3. Calculated liquid-to-solid ratio (Rus) based on different sample weights (g) in the 50 mL
solvent

Solvent volume  Sample weight  Liquid -to-solid ratio

No. (mL) ©) (Rus)
1 50 0.5 100
2 50 0.625 80
3 50 0.833 60
4 50 1.25 40
5 50 2.5 20

To determine the most effectis for best anthocyanin extractioa rangeof various
Rus 20 t0100 mL g*were examinedrFor black rice powder, no significant differences in
the concentrations of extracted polyphenols between the extractioRwithf 100 and

80 wereobservedFigure 3.5), although significant differencep£0.013) were observed
betweenRys of 100 and 60 (1150 + 50 and 1050 + 60 mg 180rgspectively), which
was highly significant wittiRus of 40 (P<0.0001) with 790 + 30 mg 100'gRegarding
theextractedpigmentcontent there was no significant difference betw&er= 100 and

60 but a highly significant difference was observed betviRegr 100 and 40F<0.001).
For example, the extracted pigmemtith R/s of 100 and 60 were 430 £+ 11 and 400 % 15
mg 100g !, respectively but the recovered pigment at 40 was 370 + 15 mg 100
Furthermore, the extracted anthocyanins showed very small differences between
quantified anthocyanins within various,/Rin corresponding solid amounts in the same

solvent volume (50 mL). For examplBys of 100 showed an extracted anthocyanin
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contentof 196 mg 100 @, whereasRs= 20 showed a recovered concentration of 190
mg 100 g* of black rice anthocyanins. TteforeRys= 60 was found to be best, giving a
total polyphenol concentration of 980 + 60 mg 10@lw, total pigments of 400 + 15 mg
100 g?, and a total of anthocyanins of 190 a@p g*dw powder.

For bilberry powder, th& swas also examined withia range varying from 20 tb00

mL g?. No significant differences in the yields of polyphenols betwRess 100 (4300

+ 400 mg 100 4g) andRs= 80 and 60Kigure 3.6) were observed. However, significant
differences f=0.001) were observed betweRns= 100 and 40 (3200 + 50 mg 100y

In regardto recovered pigments, although no significant differences bet®eenl00
(2160 + 50 mg 1009 and 80, 60, and 40 were observed; a significant difference
(P<0.0001) was observed wifR/;s=20 (1850 + 25 mg 1007). In addition, the total
anthocyanins shwed small differences in recovery in association with increasing
amounts of plant material in the same volume of medium (50 mL). For exdrgte,

100 extracted a total of anthocyanins at 2627 mg 180whereasR s= 20 recovered
2419 mg 100 ¢. TheeforeRys= 60 was found to be the most effective ratio to extract
polyphenols from bilberry with a total polyphenol concentration of 3850 + 130 mg 100
g* dw powder, total pigment concentration of 2100 + 40100 g* dw powder, and a
total anthocyaninsoncentration of 2600 mt00 g dw powder.

For anthocyanin extraction from both black rice and bilberry powéeks; 60 was an

ideal ratio for maximum recovery of anthocyanins.
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Figure 3.5. Bar plot showing various quantification assays and recoveries achieved by usiagnedium of 80% wi/v glycerol with different ratios of liquid-to-

solid (Rus) from black rice powder.

A 0.5,0.625, 0.833, 1.25, and 2.5 g plant powder was separately added tosverit All extractions were performed at room temperature (231 °C) and 600 rpm
for 180 min. Samples were taken at 180 min to quantify total polyph&kjdsd pigment$B) by using spectrophotometer methods (chaptsegtion 2.15-6) whereas
HPLC-DAD was used to quantify total anthocyan{i@® (chapter 2section 2.17). The data shown are 3 replicates for polyphenols and pigments analysis, but one
injection onto HPLC for amibcyanins analysis. Values represent means + SD for polyphenols and pigments. The significance difference from cprttbD@dth
represented by ****p <0.001 represented by *** anu<0.05 represented by *, (where control was extracts quantified etiirmnol medium) using otveay analysis

of variance (ANOVA) with Dunnettdéds Multiple Comparison Test
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Figure 3. 6. Bar plot showing various quantification assays and recoveries achieved by usiagnedium of 80% wi/v glycerol with different ratios of liquid-to-

solid (Rus) from bilberry powder.

A 0.5, 0.625, 0.833, 1.25, and 2.5 g plant powder was separately addedhtosblvent All extractions were performed at room temperature (23+1 °C) and 600 rpm
for 180 min. Samples were taken at 180 min to quantify total polyphghjoésd pigment$B) by using spectrophotometer methods (chapteeétion?2.15-6) whereas
HPLC-DAD was used to quantify total anthocyan{@) (chapter 2. section 2). The data shown are 3 replicates for polyphenols and pigments analysis, but one
injection onto HPLC for anthocyanins analysis. Values represent means + SD for polyphenols amispighe significance difference from control witk0.0001
represented by ****pn <0.001 represented by *** angl<0.05 represented by * (where control was extracts quantified from using ethanol medium,) usiray one

analysis of variance (ANOVA) withDnnett 6s Mul ti pl e Comparison Test.
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3.4.4. The effect of temperature on anthocyanin extraction from black

rice and bilberry over time

Having selected 80% w/v glycerol/water as a suitable solvent afl«of 60 as the

most effective for anthocyanin extractiéor both plant powderghe next step was to
investigate the effect of temperature on anthocyanin extraction. To do thisifferemd
temperatures (50, 60, 78d80°C) were tested on anthocyanin recovery from black rice
and bilberrypowders using 80% w/v glycerol/water afl;s of 60 ml gt. Samples were
collected at time points over 180 mdHapter 2, section 2.14). The tdal concentrations

of polyphenols and total pigments were quantified using spectrophotometric methods
(Chapter 2, section 2.1.%) and total anthocyanins were quantified using HHRAD
(Chapter 2, section 2.17).

For black rice powder, different temperatures showed different extraftectiveness

for polyphenols, pigments, and anthocyankigyre 3.7). At 50 and 60°C, the recoveries

of polyphenols, pigment and anthocyanins increased over the first 60 min of the
extraction, then plateaued, with a small decline between 120 and 180 min. Whereas the
extraction occurring at 70 and 80°C showed a rise in the pehgls, pigments, and
anthocyanins over the first 30 min, and then declined after 30 min. The decline after 30
min was insignificantregardingpolyphenols but was significant with pigments and
anthocyanins. For example, at the end of extraction (at 180 timénvariation in the total
polyphena$ at 50, 60, 70, and 80°C were not significantly different and were as follows:
1015 + 20, 100& 15, 990 + 46, and 1033 + 7 mg GAE 100, gespectively. However,

the variation of the pigmentas well asanthocyanins at 180 minyere significantly
different between the extraction at lower temperatures (50 and 60°C) and higher
temperatures (70 and 80°C). For example, the pigmentstfr@extraction process at 50

and 60°C were 434 + 6 and 431 + 11 mg 180rgspectively, while, during the extraction

at 70 and 80°C, the quantified pigments were remarkably lower with 374 £ 20 and 359 +
22 mg 100y !, respectively. Likewise, the quantified anthocyanins at 180 min were
higher during lowetemperature extracms at 50 and 60°C with 200 and 196 mg 100 g

1 respectively: and lower during highemperature extractions at 70 and 80°C with 166
and 132 mg 10074 respectively.
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However, within the four extractions at different temperatures, the highest recovered
content occurred during the black rice extraction at 806G polyphenol concentration

of 1100 + 40 mg 100 fat 30 min, pigment concentration of 460 + 11 mg 18&ig20

min, and anthocyanin concentration of 211 mg 100'migo at 20 min. Thereforehe

ideal extraction condition for higher anthocyanin recovery from black ricexelasved

by using a solvent of 80%w/v glycerol/water withddf 60 at 80°C for 20 min to obtain
approximately Cya3Glc concentration of 188.7 rmgig powder and a total #ocyanin

of 211 mg 100 gdw of black rice powder.

For bilberry powder, extractions at different temperatures showed different extraction
behaviours of pigments and anthocyanins but similar behaviour with polyphenol
extraction Figure 3.8). For example, extractions at 50, 60, 70, and 80°C shiveedthe
polyphenols were increasing over time until the end of extraction time (180 min), while
pigments and anthocyanins increased over the first 30 min of the extraction period, then
showed a plateau with extraction temperatures at 50 and 60°C or shdee€lthe with

high extraction temperatures at 70 and 80°C. For example, for each extraction condition,
the highest recovered contents of polyphenols were achieved at 180 min (at the end of
extraction time). However, compared with all different conditidims higher temperature
(80°C) showed higher polyphenol recoveries. For example, quantified polyphenols of
4090 * 114 mg 100bdw recovered after 180 min extraction at 50°C, whereas during
extractions at 60, 70, and 80°C were 4210 + 120, 4330 + 895%#i+ 130 md.00g?,

respectively.

Regarding pigment recoveriethere were dierent extraction behaviours at different
temperatures. For example, during the extraction process at 80°C, the content of pigments
was elevated over time until 30 min, withadal recovery of 2110 + 50 mg 100 gw,

then started to decline to reach content of 1600 + 17 mg i@ gHowever, during the
extraction process at 70°C, the content of pigments was lower with 2070 + 125 mg 100
gl dw at 30 min, and higher conteritl890 + 75 mg 100§dw at 180 min. Furthermore,

the extraction at lower temperatures (50 and 60°C) showed similar behaviourthhere
content of pigments was increased until 60 min then plateaued to end up with a quantified
content of 2100 + 22 and 206040 mg 100 g dw, respectively.
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In regard to anthocyanin recoveries, extraction at different temperatures showed two
stages.The first stage was an increase anthocyanin content over time. The second
process showedlplateau irnthecase of 50 and 6C or a decline ithecase of extractions

at 70 and 80°C. For example, the anthocyanins increased during the first 30 min (except
80°C was until 15 min) after which, the quantified anthocyanins plateaued over time with
extractions at 50 and 60°C aweclinal over time which was faster ithe case of
extraction at 80°C compared to extraction at 70°C. For example, at 180 min, the total
anthocyanins were 3125, 3024, and 277810@g * at 50, 60,and70°C, respectively,

while it was considerably lower2{18 mgl00g?l) with the highest extraction

temperature at 80°C.

Within the four different extraction temperatures, the highest content occurred during
extraction at 80°C where the highest total polypheootdéent wast 180 min with 4517

+ 135 mg 100 g, total pigment at 30 min with 2109 + 54 mg 100, @nd total
anthocyanins at 15 min with 3119 mg 108. ¢giowever, only the total anthocyanins
during 50°C extraction at 60 min was slightly higher (3163 mg 1f0tgan the
anthocyanins during 80°C exttéon at 15 min. Therefore, the ideal extraction condition
with thehighestanthocyanin recovery from bilberry powder was achieved using a solvent
of 80% w/v glycerol/water with Rs of 60 at 80°C for 15 min to obtaia total
anthocyaningontentof 3119 ng g* dw of bilberry powder.

73



Chapter Three

- 50 C - 70 C - 50C - 70 C - 50 C - 70C

1150+ - m7C = 80 C 480~ -~ m—c - &),C 225+ - G)_C - &)*C
1100 460-
_ 200
o T 10501 3 M0 2
e £ 40 § 3
. - |
£ & 10001 g8 gﬂm 175
$9 5 3 k<!
S5 9 T 2 o
g (é)» I9 O 3801 g E 150-
F £ 900 2 2
= —= 360
1007 50 L
50
50+ .l 25- 1 ] l
0- 0- 0
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Time (min) Time (min) Time (min)

Figure 3. 7. Different assays showing recoveries from black rice powder over 180 min at various temperatures (50, 60, 70, &) using 80% wi/v glycerol

and Ruys=60 mL g1.
All extractions were performeat 600 rpm for 180 min. Samples were taken at 5, 10, 15, 20, 30, 60, 120, and 180 min and immediately centrifuged at X@,000xg fo

min. Samples were taken at 180 min torifg total polyphenol¢A) and pigment$B) by using spectrophotometer methods (chaptee&ion 2.15-6) whereas HPLE
DAD was used to quantify total anthocyan{@y (chapter 2section 2.17). The data shown are 3 replicates for polyphenols and pigments analysis, and values represent

means * SD, but one injection onto HPLC for anthocyanins analysis.
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Figure 3. 8. Different assays showing recoveries from bilberry powder over 180 min at various temperatures (50, 60, 70, and 80°C) usirtg 8@v glycerol

and Rus=60 mL g

All extractions were performeat 600 rpm for 180 min. Samples weeken at 5, 10, 15, 20, 30, 60, 120, and 180 min and immediately centrifuged at 10,000xg for 10
min. Samples were taken at 180 min to quantify total polyphéAdland pigment$B) by using spectrophotometer methods (chaptee&ion 2.15-6) whereas HPC-

DAD was used to quantify total anthocyan{@y (chapter 2section 2.17). The data shown are 3 replicates for polyphenols and pigments analysis, and values represent
means * SD, but one injection onto HPLC for anthocyanins analysis.
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3.5. Discussion

The overall aim of this chapter was to prepare -effgictive, green anthocyanirch
extracts from black rice and bilberry powders to be used for the investigations of

anthocyanins metabolism by the human gut micrabi

The main findings in this chapter were that (i) Cya3Glc was the main anthocyanin in
black rice powder, whereas the bilberry anthocyanins consisted of 14 different
anthocyanins (ii) the extraction of anthocyanins from black rice and bilberry wag highe
using the alternative solvent of 80% wi/v glycerol/water compared to the conventional
solvent of aqueous ethanol, (iii) the solid ratio over the solvent volume showél that
=60 mL gtwas the best for anthocyanin recoveries from black ricéiinerry powder,

and (iv) increasing temperature also increased recovery but this varied with the time of
incubation, where longer incubation times with higher temperatures, reduced the stability

of anthocyanins and therefdiee effectivenessf their reovery.

The data presented here demonstrate for the first time that aqueous combinations of
glycerol up to 80% (w/v) can significantly increase the total extracted yields of
anthocyanins with 211 and 2635 mg 100dgv from black rice and bilberry, respestly.
However,a higher percentage of glycerol of 93% and 90% (w/v) were reported to be
suitable glycerol/water mixtures for the extraction of polyphenolic contents from olive
leaves and Artemisia species, respectivéiy?* This was significantly different from

the total anthocyanin yields obtained from using aqueous mixtures with ethanol, a widely
used medium to extract phenolic compounds from their plant sdiféésFor example,

from the data presented in this chapter, the aqueous ethanol (60% v/v) recovered only
total anthocyanins of 179 and 1775 mg 10@ig from black rice and bilberry powders,
respectively. Theffectivenesf aqueous glycerol solvent was previously investigated
which showed better recovery of polyphenols from other plant matéfiaisreport by
Rupasinghend otherseported that solvent polarity is a critical factor that affected the
recovery of molecules from plant matrices and thifferent fractions can be obtained
through modification of the polarity of the extraction solv&htThis might be afforded

by reducing the dielectric c¢ongygydemmwhichof water

has a | ower dielectric constant (&= 42.5)
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effectivenes®f polyphenols and anthocyanins. However, other parameters might affect
the extraction efficiency of the solvents suchtlassolubility of phenols in different
solvents and the intermolecular forces (mainly hydrogen bonds) between them and the

solvent?!’,

In addition, incrasing the solid material over the solvent volume showed that the
efficiency ratio for the recovery of anthocyanins wRgs=60 mL g for both black rice

and bilberry, providing corresponding total anthocyanins of 190 and 2600 mg:d@0 g
This effect was ascribed tbhe improvement ofmass transfer between the solid and the
liquid. For example, mass transfer is greater when a higher4icugdlid ratio is applied.

If the amount of solvent is not sufficient to allow adequate diffusiothe dispersed
solids, thus resistance to mass transfer from the solid particles to the liquid phase is
predictable. Therefore, a walkfined Rus is important to achievan adequate mix
between solid and liquid as well akigh diffusion rate of sole during extractio®’. In
contrast with the data presented in this chapter, for exaRpienf 100 mL g* was the
most effective ratio for maximum yield of polyphenols frémemisiaspedes using 90%

glycerol/water solveRt’.

Furthermore, increasing extraction temperature increased anthocyanins recoveries from
black rice and bilberry. However, high temperature dolong time was shown to
adversely affect the stability of anthocyanins. Data presented in this chapter shows that
extraction of anthocyanins is significantly different at different tempematiraddition,

the extraction duration is an important factor, which is also demonstrateikovaand
others’?8, In fact, extraction tempetae and duration are correlated, and they are defined

as the most essential factors in phytochemical extraction prééeskhough it has been
undeniably show that in most casesncreasing temperature up toi 80°C produced

higher polyphenol yields, longer extraction time not only makes a process -€nergy
ineffective but also offers no benefit for higher extracted yields. This is because in most
cases the extracted yields obey seeondorder modeP*°231 Forexample, at 80°C, the
recovery of anthocyanins increased only until 20 and 15 min for black rice and bilberry,
respectively. After reaching the highest (at 15 and 20 min) extraction yields, whether the
total extracted anthocyanins decline or stay at theeseoncentrations depends on the
plant and the temperature used. It is well known that anthocyanins degrade spontaneously
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in media at neutral pH inta simple phenolic compound like PCA and P&&’. This
might be supported by the rise in quantified total polyphenols from the same samples over
time in both black rice and bilberryFigure 3. 7 and Figure 3. 8). Therefore, higér
recovery of anthocyanins could be achieved by using high temperature for short time or

at lower temperature for longer time.

Although, in both black rice and bilberry powder, the extracted yields of anthocyanins
were higher using glycerol/water solvent than acidified ethanol/water solvent, the
anthocyanirrich glycerol extracts were unsuitable to be used for the incubation in the
batch colon model due to two issues: (i) the glycerol/water is hard to remove and the
abolute amounts that would need to be added to colon models renders it not useable (e.g.,
the concentration of Cya3Glc in black rice glycerol extract was 30.4 pg/mL, thus 20 mL
glycerol extract will be needed to prepare 60 pug/mL Cya3Glc in a total voluh@Oof

mL), (ii) adding glycerol means another carbon source for the microbes in the colon
model,and (ii) the extraction does not likely just extract anthocyanins but also various
phenolics which would need to be removed through one or more additionatpke #mat

would be timeconsuming and expensive (large scale preparative chromatography).
Therefore, highly purified commerciallgvailable anthocyanin extracts will be used for

future experiments instead.

3.6. Conclusions

The research presented in thigpter focused on usiramecofriendly extraction process

to prepare costffective anthocyaninich extracts from raw materials of black rice and
bilberry using aqueous glycerol solvent, and to be used later for further investigations. A
glycerol concenation up to 80% (w/v) witliR./s of 60 provided very satisfactory contents

of extracted total anthocyanins from black rice and bilberry. The most effective extraction
temperature was 80°C for 20 min for black rice and 15 min for bilberry. In both black
riceand bilberry, longer extraction time adversely affected anthocyanins stability and thus
anthocyanins degraded into low molecular weight compounds. The main black rice
anthocyanins were Cya3Glc (84%) and Peo3Glc (11%) of the total black rice
anthocyanins,while in bilberry a range of fourteen different monosaccharides of

delphinidin, cyanidin, petunidin, peonidin and malvidin derivatives of anthocyanins were
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detected. Although the extracted anthocyanins using aqueous glycerol solvent was better
than aqueousthanol solvent, the extracted anthocyanin concentration, from both plant
powders, vasrelatively low due to the higher volume needed to be used in the incubation
vessels to study the gut microbial metabolism of anthocyanins. Therefore, the highly
purified commerciallyavailable anthocyanin extracts will be used in the investigation
with the human gut microbiota which will be presented in the following chapters
(Chaptes 4, 6, and 7).
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Chapter Four

Chapter 4: The metabolism of
anthocyanins by the human gut
microbiota

4.1. Abstract

Background: Numepous reports on anthocyanins show that they are very poorly
bioavailable,and this has led to the concept that the beneficial effects of consuming
anthocyanirrich foods and diets are caused by breakdown products and metabolites
rather than the anthocyanitisemselves. The seminal report from a study of human
metabolism of pentf3C] labelledcyanidin-3-glucoside (Cya3Gic) rsaprovidedmore

clarity as to the nature of human metabolites of this anthocyanin and confirmed that
breakdown products and their metabolites are found in blood and urine at orders of
magnitude higher concentrations than the intact anthocyarttowever, it is not clear

if these breakdown products are produced through spontaneous degradation or
microbiotadependent transformation, or a combination of biedhw studies reportetie
degradation of anthocyanins tine presence of the human faegatrobiota,and these

have used simple ngvH-controlled colon models and, apart from one, have not tried to
distinguish between spontaneous and microkief@endent degradation.

Objective: The work presented in this chter aimedto investigate (i) the relative
contribution of the microbiota and spontaneous processes in the degradation of
anthocyanins, (ii) the withiperson and (iii) between person variation of these processes,
and (iv) whether there are differencesamthocyanin degradation between colon models

with and without pH control.

Methods: An in-vitro pH-controlled human colon model was used to incubate two
different anthocyankunich extracts from black rice and bilberry, with human gut
microbiota. Black ricand bilberry extracts were incubated in media with faecal inoculum
over 24 h and HPLDAD was used to quantify the concentration of anthocyanins over
the incubation time. The colon model was inoculated with both fresh human faecal

samples and autoclaved rhan faecal samples to represent micredegpendant
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metabolism and spontaneous degradation respectively. Similar incubations were
performed using a nepH-controlled colon model also und@nanaerobic environment.

The feasibility of using glycerdrozenfaecal stocks to inoculate the colon model was
also investigated. Intraand intefindividual variatiors were determined by conducting
experiments with faecal samples collected from the same donor on different days and
faecal samples collected from diffatelonors, respectively.

Results Loss of anthocyanins occurred both in the presence and absence of live faecal
inoculum. However, the rate of loss of anthocyanins was considerably faster in the
presence of live faecal inoculum compared to autoclavedesadhe rate of loss of
anthocyaninsariedbetween donors but also for faecal samples collected from the same
donor but on different days. In the npHhl-controlled colon model, the rate of loss of
anthocyanins was much slower and only occurred overrgiesth of incubation and did

not proceed to completion, probably due to reductions in pH caused by organic acid
production (and consequent reduction in pH) by the microbiota. The breakdown of
Cya3Glc was shown to occur at similar rates in glyeodenfaecal stocks compared

to the corresponding fresh faecal sample. The tdt®ss of anthocyanins varied and the
differences wreshown to depend on therihg substitution pattern and the type of sugar
moiety, both for spontaneous and microbidépendediegradation.

Conclusion The degradatiof anthocyaninsvas faster in the presence of live faecal
microbiotacompared to autoclaved faecal microbidthis result suppasthe hypothesis
that the human gut microbiota is involvedaimthocyanimmetabolsm and their microbial
metabolites should be considered when evaluating the effeeatstiodcyanis on host
health. Thereforefurther studies orthe spontaneouand microbialdegradation of
anthocyanis were carried out and presentéa the following chaptes (chapter 5and

chapter 6, respectively
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4.2. Introduction

There have been challenges to demonstrate physiolagleabnt mechanisms of action
underlying the health benefits of anthocyanis important reason for this relates to the
very poor availability of anthocyanins which are poorly absorbed from the intestinal tract

and are hardly detected in serum and/or uithe

The human gastrointestinal tract is the magatmn of the human gut microbiota which
comprises 1 10" resident microorganisms, including bacteria, viruses, fungi, and
protozoa, that are commensal within the hurgat?33. In recent years, morevielence

has shown the link between the status of gut microbiota and either gastrointestinal
functions and/or nogastrointestinal diseasés’. Meanwhile many scientific articles

have been published recently showing the importance of the mutual relationship of the
human gut microbiota with our diets, and how this relationship strongly influenceshuma
health?®4 Our diets contain numerous bioactive compounds, and, therefore, any dietary
changes can cause rapid microbial diversity and structural as well as metabolite shifts.
These alterations play a signifiearole inthe modulation of the risk of several chronic
diseases such as type 2 diabetes, obesity, inflammatory bowel disease, and cardiovascular

disease$®®.

Therefore, several investigations have beenductedto understand this interaction
between dietary bioactive compounds, including anthocyanins, and the human gut
microbiota, especially the intestinal microbiota metabolites which are different from
those that can be generated by human enz{hés the last 10 years, many reports have
been published that investigated the relahip between anthocyanins and thenan

gut microbiota. The main reason wé#sat the bioavailability studies showed that
anthocyanins are hardly detected in urine or serum (less than 2% of anthoctakgn

% However, the knowledge regarding the interaction between anthocyanins and the
human gut microbiota is still limited. Firstly, most of these investigations have focused
on mutual interactions between polypherioh diets and the gut nmicbiome?%. For
exanple, Cheng and others proposed that the human tngnsain bioreactor where tea
polyphenols and gut microbiota have reciprocal interactions where the polyphenols

modulate gut bacteria composition and gut microbiota metabolise polyphenols to form
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metabdites 2’. Several reports have been receptiplished investigating in more detail
the subcategories of polyphenols such as the flavonoid classes flavonols, isoflavones,

flavones, flavanones, and flav&rols.

Anthocyanins also have been investigated like other flavonoids but still need more
detaled investigations using the human microbiota and including proper controls. For
example, severah-vitro and in-vivo studies were conducted using animal models to
investigate the relationship between anthocyanins and gut microbiota which may not be
representative of metabolic processes occurring in hunf&n#n addition, previous
humanin-vitro studies (where human faecal samples were used), have used anaerobic
models without pH controP*1”3 In contrast,Hidalgo and othersinvestigated the
degradation of individual anthocyanins by the human gut microflora usirgpptrolled

colon modeld’’. However, they did not report the role of the microbiota versus
spontaneous @mical degradatiosuch as incubating anthocyanins with hieattivated
human faeces. Other reports used individagdterialisolates represented in the human
gut microflora to investigate the anthocyanin degradation by individual human microbes
whichis a simplification ofthe complex multorganism structures present in the human
gut . To my knowledge, the investigation of the intaamd interindividual variations

have not been reported yet using establisheghH-controlled model withappropriate
controls. Uhderstanding the contribution of complex microldapendent degradation

and that of spontaneous degradatamjhow they determine inténdividual and inta-
individual variations in metabolites produced is critical for clarifying mechanisms
involved inthe beneficial effects of anthocyanins and their metabolites. There is evidence
suggesting that metabotypes can determine the beneficial effects of polypi&nids

date the interactios of anthocyania with the human gut microbiotare still not fully

understood.

The overall aim of this chapter, therefore, is to investigate the metabolism of anthocyanins
by the human gut microbiota using a-pbintrolled batch colon fermentation, including
appropriatecontrols by incubating anthocyanins with inactedtfaecal samples and
investigating inter and intrendividual variations using faecal samples from different

donors or the same donor respectively
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4.3. Objectives

Theoverallaim of the research presented in this chapter and chapter 6 was to investigate
the metabolism of dietary anthocyanins by the hugwmmicrobiota irfmoredetail. The

focus of the research reported in this chapter was to understand the role of the microbiota,
and betweeterson differences, in the disappearance of anthocyanins. Subsequently,
chapter 6 reports the various metabolic transformations that occur and is therefore focused
on the production of (rinfission) metabolites and their further metabolism. iFhetro

human colon fermentation was used as an experimental model and the metabolism of two
sources of dietary anthocyanins (black rice and bilberry) was investigateefore the

studies described in this chapter were focusedi)omonitoring the disappearareof
anthocyanins duringn-vitro colon fermentationin the presence of live and heat
inactivated human faecal microbiptéi) exploring the éss of anthocyaning the
presence as well as the absence of the human gut microbiot@j aim¥estigating he

intra andinter-individual differenceson theloss of anthocyaninduringin-vitro colon

fermentation.

4.4. Results
44.1. Chemical characterisation of the black rice and bilberry extract
powders

In chapter 3, the use of green solvents (glyeesatiermixtures) to extract anthocyanins
from raw black rice grain and bilberry fruits was reported. Howedegpite this
extraction process by efficient for extraction of anthocyanins from black rice and
bilberry, the final extracts didot contain anthocyans at a high enough concentration
which wouldresult inrequiring large quantities of glycerol to be addedh® colon
model. At this time, commercially available anthocyanan extract powders prepared
from both black rice and bilberry were purchaedh the Beijing Gingko Group (BGl;z
China(Appendix 1). According to a representative of BGthe black rice and bilberry
were extracted usingqueous alcoha@nd then thanthocyaninsverepurified by passing
the extractshrough achromatographgolumnbefore he purified solutions were dri¢d
give anthocyaninrich powders(Dr Paul Kroon, QIB, personal correspondenddje

content and compositionof anthocyanins inboth extracd were determined

84



Chapter Four

HPLC- TOF MS was used talentify the various anthocyanins in the extrg@bsapter

2, section2.29). Then,HPLC-DAD wasinitially used to quantify thanthocyanins using
520 nm(Chapter 2, section2.27). In addition thestandard addition method was carried
out to confirm the quantityfanthocyanis inblack riceextract powder. Moreovethe
extinction coefficierd for several commercially available HPLgtade purified
anthocyaninsvere determinedisinga spectrophotometeat 520 nm(Appendix 2) for

checking the concentrations of stored standard stocks over time

The HPLCTORMS data showed that the black rice extramivdercontained 6 different
putative anthocyanins based ontfig peak of absorbance at 500 nkigure 4. 1), (ii)

the presence of a signal corresponding tontiie[M+H] ™ of the parent anthocyanins
(Table 4. 2 andFigure 4. 2), (iii) the presence of m/AM+H]* 287.058(corresponding

to cyanidin aglycone) or em/ZM+H]* 301.073 (corresponding to peonidin aglycone
(Figure 4. 2), and (iv)the majority ofthese identifications being consistent with the
anthocyanins that were reported previodéty

The quantitative analysis was first carried out using themdatafrom the HPLGDAD

run (Chapter 2, section 2.Z), with quantification done by comparing the peak area
obtained for the black rice extract with peak areas obtained for a range of known
concentrations of Cya3Glc reference standards (i.e., an external standard-igunes;

4. 3). Using this quantitative method gave a Cya3Glc content of 284.8 + 4.8 mg/g dry
weight of black rice powder. The same method giescontent ofunknown 1 (Cya

type), Cya3,5diGt, Cya3Glep-coumaratePeo3Glc, andnknown?2 (Cyatype)for 1.8
+07,24+0.346+0.2,19.9+£ 1.1, and 6.8 + 1.2 mg/g dry weight of black rice powder,
respectively. The total anthocyanin was calculated as the sum of the individual

anthocyanin contents 320.2+ 8.3 mg/g dry weight of black rice powder

85



Chapter Four

BR 1 maiml

_-.-._E=:;f- Sm (Mn, 23 e
ap]
TOF-MS °
=
2]
-
- =
w
Lo
o -t - b
%.; - > [ -t
T o A =
v Y s o
R [ e A
) 2 ease .:. 5 /_\ —
o sbs 700 .00 3.00 10,00 oo | 1200 1300 | W00 1500 2.0 700 18.00 300 2
Ba-t
2+ DAD
41
22e
20614
1.8e-1
1 '_‘f‘q
2 1481
1.2e1 w;
1.0e-1 - (o] : - At
=
802 =4 L
-2 = = a~ =
8.0e2 g ] ;: o
4.0ed n_‘ ﬂ-l — n"
20e2 842 1188 0 s oy e
. 783 e 1000 1 /\ A
' 200 ! 7.00 ' 8.00 ) 3.00 ' 10.00 ! 11.00 12.00 13,00 15.00 ' 18,00 ' 17.00 ' 18.00 o ' 2

Figure 4.1. MS and DAD chromatograms of anthocyanins in black rice extract powder.

A fresh stock solution of black rice extract powder (1 mg/mL) was prepared in acidified watier@oacid). A 10 uL of prepared stock solution was injected through

HPLC-ESI-TOF. Both low and higtenergycollisions were scanned alongside with DAD detector at 500@radient elution was pormed using 1% v/v formic acid
in water as solvent A, andd.v/v formic acid in acetonitrile as solvent.
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Figure 4. 2. Signals corresponding tan/z[M+H] * of anthocyaninsin black rice extract.

A fresh stoclksolution of black rice extract powder (1 mg/mL) was prepared in acidified water (2% formic acid). A 10 uL of preparemnlgiookgas injected through
HPLC-ESI-TOF in positive modeBoth low and higkenergycollisions were scanned alongside with DAD detor at 500 nmGradient elution was prmed using
1% v/v formic acid in water as solvent A, and 1% v/v formic acid in acetonitrile as solvent B.
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Figure 4. 3. External standard curve for cyanidin-3-O-glucoside (Cya3GIc).

A fresh stock solution frortheauthentic compound of Cya3Glc (1 mg/mL) was prepared in acidified water
(2% formic acid). In the same matrix, serial dilutions were prepared and then injected through a-reversed
phase column. Peaktdetion was achieved usimgDAD detector at 520 nm.

In addition, the standard addition method was used to quantify the Cya3Gilc in the black
rice extract. The black rice extract prepared in acidified water was mixed with either
acidified water (n@ddition) or increasing volumes of Cya3Glc (in acidified water; from

the same stock as used to prepare the external standard curve) and appropriate volumes
of acidified water so that all samples had a final volume of 1(fdble 4.1). The

Cya3Glc content of the black rice extract powder was estimated by plotting the DAD (520
nm) peak area against the added concentration of pure Cy@3@lce 4.4), which was

333.6+ 15.3mg/g dry weight powder (33.4 % w/w)hereas 15 different anthocyanin
compounds in bilberry extract powdesere quanfied using(Figure 4. 7) the same

approach described above.
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Table 4.1. Preparation of standard addition for Cya3Glc

. Pure Added I Peak
Vials Blazcli)rlce Cya3Gilc Cya3Gilc WA;[fr'féeﬁ) area
H (uL) (uM) ") (520 nm)
0 0.00 0.00 0.0000 1000 0.000
1 250 0.00 0.0000 750 79.32
2 250 50.0 1.7215 700 122.8
3 250 150 5.1645 600 216
4 250 250 8.6075 500 314.2
5 250 500 17.215 250 543.9
600
5001
4001
(1)
Q
(‘5 ~—
~ E 300
L O
o N
oL 2001
< Slope=27.11 + 0.18 (Peak arasil)

Y-intercept when X=0.0 77.88+1.6

18

109' X-intercept when Y=0.0 -2.872+0.1
P R%=0.9999
s
6 -4 -2 2 4 6 8 10 12 14 16
-100-

Cya3Gilc added to black rice V)

Figure 4. 4. Standard addition for cyanidin-3-O-glucoside (Cya3Glc).
A fresh stock solution of black rice extract powder (16.6667 pug/mL) was prepared in acidified2%ater
formic acid). A pure authentic standard of Cya3Glc was also freshly prepared in 2%v/v aqueous formic
acid with 34.430 uM (15.462 pg/mL) concentration. 250 pL of black rice stock solution was added
separately in 5 different 1.5 rEppendorf tubes. A sat volume from pure Cya3Glc stock was added in
only 4 of the Eppendorf tubes. A blank sample was prepared using only acidified aqueous 4%v/v formic
acid. All tubes were faped up to 1rh using the same acidified water. All samples were voatgkthen
injected through HPLEDAD and all measurements were taken at 520 nm.
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Table 4.2. The content of anthocyanins identified in black rice extract powder*

RT RT . . o % of total
Parent ion Other ions Identified Content? .
Peak TC()nI?i—nl\)/IS D'(Argi;z)o“m m/z[M +H] * m/z[M +H]* anthocyanin (mg g*d.w.) anthocyanins

1 8.42 3.55 737.170 575.118, 423.07287.058 Unknown1 (Cyatype) 4.68+ 0.082 1.22
2 13.13 10.42 611.160 449.108287.058 Cya3,5diGlc 5.98 £0.07? 1.56
3 14.06 11.72 449.110 287.058 Cya3Gilc 333.44+5.4 87.21
4 15.90 15.08 595.166 287.057 Cya3Glep-coumarate 6.26+0.182 1.64
5 17.81 17.92 463.124 301.073 Peo3Glc 23.48+1.88 6.14
6 19.80 18.71 609.309 525.288287.057 Unknown 2 (Cyaype) 8.49+1.34? 2.22
Total 38233+ 8.95 100

"Identification of anthocyanins in black rice extract powaas achieved bfresHy preparing three different concentrationsolzck riceextract powder

(1, 0.05, and.0333mg/mL) in 2%v/v formic acid invaterand10 uL was injected through HPLESITOFin positive modeBoth low and higkenergy
collusionswere scannedlongside UWVIS detection at 500 nnGradient elution waseformed using 1% v/v formic acid in watas solvent A, and 1%

v/v formic acid in acetonitrile as solvent Bowever, the quantification method was performed by uairaglditional standard curve for Cya3Glc lant
external standard curve for other compounds. All peaks were detected at 52HRI@DAD using agradient elutiorof 5% v/v formic acid in water

as solvent A, an8% v/v formic acid in acetonitrile as solvent Bhe content was calculated using the average of three different concentrations of black
rice extract powder.

#\/alues areexpressed as mearSD.

azexpressed as Cya3Glc equivalent
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Figure 4.5. HPLC-DAD chromatogram of black rice anthocyanins at 520 nm.
Quantification was performed by using an external standard curwgvdoauthentic anthocyanin(Cya3Glc and Peo3GIch 20 uL sample was injected onto the

reverseephase column using a gradient elution of 5% v/v formic acid in water as solvent A, and fsnic acid in acetonitrile as solvent B.
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The HPLGTORMS data showed that the bilberry extrpotvdercontained 15 different
putative anthocyanins based on (i) the presence of a signal correspondiagMeH] *

of the parent anthocyaninggble 4.3 andappendix 3, (ii) the presence of the fragment
ions of anthocyanidins suchm$dM+H] " 287.058 corresponding to cyanidin aglycone),
301.073 (corresponding to peonidin aglycpn@31.083(corresponding to malvidin
aglycone), 303.052 (corresponding to delphinidin aglycone), 317.067 (corresponding to
petunidin aglycone), 301.072 (corresponding to peonidin aglycémgyré 4. 6), and

(iii) the literature where the majority of these identifications being consistent with the

bilberry anthocyanins that were reported previogdly

The quantitative analysis tfie content of anthocyanins in bilberry extract powder was
carried out using the #50 nmdatafrom the HPLGDAD run (Chapter 2, section 2.7),

with quantification done by comparing the peak area obtained for the black rice extract
with peak areas obtained for a range of known concentrations of reference standards
(Appendix 3). Using this quatitative method gave individual anthocyanin contents
(Table 4.6). The total anthocyanin was calculated as the sum of the individual anthocyanin

contents aR62.9 + 5.48ng/g dry weight obilberry powdet
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Figure 4.6. TOF MS spectrum for the identified bilberry anthocyanins.
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Table 4. 3. Identified anthocyanins and their contents in bilberry extract powder

Peak T OETM s D A';;Onm Parent ion+ rﬁ)/;h[?v'r LOI—T]S; Identified_ Contlent# % of tota!
(min) (min) m/z[M +H] anthocyanin (mgg-dw.) anthocyanins

1 11.16 7.22 465.104 303.052 Del3Gal 36.87+ 0.66 14.0

2 12.22 8.91 465.104 303.052 Del3Glc 34.89+ 0.67 13.3

3 12.93 9.97 449.108 287.057 Cya3Gal 26.49+ 0.53 10.1

4 13.25 10.65 435.093 303.052 Del3Ara 32.19+ 0.68 12.2

5 14.28 12.35 449.109 287.057 Cya3Gilc 25.55+ 0.68 9.7

6 14.93 13.03 479.119 317.067 Pet3Gal Traces 0

7 15.13 13.65 419.099 287.057 Cya3Ara 29.71+ 0.6P 11.3

8 16.01 15.63 479.118 317.067 Pet3Glc 21.58+ 0.40 8.2

9 16.68 16.38 463.124 301.072 Peo3Gal 2.75+0.12 1.0

10 16.99 16.99 449.109 317.067 Pet3Ara 6.80+ 0.15 2.6

11 17.84 18.08 463.124 301.073 Peo3Glc 10.39+0.18 4.0

12 18.00 18.32 493.135 331.083 Mal3Gal 8.24 +0.18 3.1

13 18.49 18.49 433.113 301.073 Peo3Ara 1.67 +0.1¢ 0.6

14 18.85 18.76 493.135 331.083 Mal3Glc 20.53 £ 0.37 7.8

15 19.65 19.06 463.124 331.082 Mal3Ara 5.20+0.12 2.0
Total 262.9 +5.46 100

#The quantification method was performed by usingxternal standard curve at 520 nm on HADAD. The content was calculated using the average
of five different concentrations of bilberry extract powder. Values are expressed as Biean

a=expressed as Del3GRsexpressed as Cya3Gfeexpressed as Pet3Glsexpressed as Peo3Glc, &adxpressed as Mal3Glc.
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Figure 4.7. HPLC-DAD chromatogram of bilberry anthocyanins at 520 nm.

The quantification method was performed by usamgexternal standard curve féive authentic anthocyanin(Del3Glc, Cya3Glc, Peo3Glc, Pet3Glc, and Mal3GAc)

20 pL was injectednto the reversegbhase column using a gradient @uatof 5% v/v formic acid in water as solvent A, and 5% v/v formic acid in acetonitrile as
solventB.
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4.4.2. The disappearance of Cya3Glc during incubationof a black rice

anthocyanin extract in the human in-vitro colon model.

In order to gain an understanding of the rate at whiclati@ocyanis disappear during

the microbial colonic fermentations, how long it takes for all thethocyanis to
disappear, and what would be a suitable starting concentration, preliminarygatress

were carried out. First, black rice extract was incubated with human fresh faecal samples
in the batchin-vitro colon model(Figure 4. 8) as described imetail in Chapter 2
(Section2.2). Two different concentrations of black rice extract powder were tested
(Figure 4.9 andFigure 4.10). Control vessels were inocutat withahuman fresh faecal

sample but without blackce extract.

No Cya3Glc was detected in aofjthesamples from the control vessels arabdetected

in samples from vessels treated with black rice extract. Howevennitia¢ quantified
concentration@initiar) of Cya3Glc at 0 h wasignificantly lower than the initial theoretical
concentratiorfCineq 66.80 UM) with a 42.26 and 44.9% reductiorwhen using théaecal
slurriesfrom donor 01S1 and donor 6&1, respectivelyCya3Glc concentration declined
rapidly over time with completdisappearance of Cya3Glc by 8 h in doneSQland by

4 h in donor 04S1 Figure 4.9). The initial rate of loss of anthocyanin was estimated
by canparing the concentration of Cya3Glc at 0 h with that at theai@e point. The
initial decline rate was 7.75 pM/h for donor-81 and 13.08 pM/h for donor &31.

A higher starting concentration of black rice extract was also tested (133.60 uM Cya3Glc)
(Figure 4. 10). Only one faecal sample was used from doneSR1The quantified
Cya3Gilc at lhwas73.3 pMwith a reductiorof 45.1% thanthe initial Cineo (133.36 UM).
However, the initial decline ratd the Cya3Glc concentration over the first 2 h was 13.95
uM/h, which was almost twice as fast as for the same don8dGlample result obtained

at half the Cya3GlIc concentratidfigure 4.9). At the higher concentration of Cya3Gilc,

the time required fothe complete disappearance of C@E®8 was somewhere between 8
and 24h and therefore not observed in this experimAithough inFigure 4.9 there is

only a small reduction in the rate of loss of Cya3Glc over the time of its disappearance
(i.e. largely straighiine loss of Cya3GlIc over time), at the higher concentratienrae

of loss or Cya3Glc noticeably slowed over the time co(Fggure 4. 10).
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Black rice extract
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Figure 4. 8. Schematic ofexperimental design for investigating the metabolism of black rice

anthocyanins (Cya3Glc) by the human faecal microbiota using #itro human colon model.

Black rice extract powder was incubated with live faecal slurry. Control vessel was prepared Iaiigocu
sterile colon media with livéaecal inoculum and no black rice extract was added. Incubation was carried
out at pH 6.67.0 and 37°C, over 24 h. Samples (0.5 mL) were removed at the times shown in the figure,
mixed with 0.5 mL of #% v/v aqueous fonic acid, and after sample preparatiohgpter 2, section 2.2,6
analysed using HPL-DAD to determine Cya3Glc concentration.
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Figure 4.9. Loss of Cya3Glc during batch in vitro colon model fermentabns of a black rice extract

(Ctheo Of Cya3Glc = 66.8 uM).

Black rice extract (9 mg, containing 33.86 w/w Cya3Glc) was dissolved in 1 mL water, filtered and
immediately added to a colon model vesselfpled with sterile media (89 mL) and human faeshirry

(20 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration

of 66.80 uM (30 pg/mL). The media was also 4aquilibrated with nitrogen overnight prior to sample
inoculation to maintain anaerobicity. Corltvessels were prepared by incubating fresh faecal inoculum in

the same colon model media but without black rice extract. Incubation was carried out at/® &hé

37°C, over 24 h with continuous nitrogen flow. Samples (0.5 mL) were collected at &sestiown in the

figure, mixed with 0.5 mL of 46 v/v aqueous formic acid, and after sample preparativapfer 2, section
2.2.6)analysed using HPL-OAD to determine the Cya3Glc concentration. The experiment was repeated
once on a separate occasion usingtool sample from a different donor. No Cya3Glc was detected in
control vessels lacking black rice extract (data not shown). Each donor is designated by a unique donor
number (here donor 01 and donor 04) and the sample number indicates the distisetnspdelprovided

by a donor on a specific day; 6ésample 18 here i nc
they donated that was used in the studies reported in this thesis. No Cya3Glc was detected in control vessels
lacking black riceextract (data not shown).

99



Chapter Four

Since there may be significant individual variations in the rate of loss of Cya3Glc, more
sampling points at 10, 12 and BOwere added as it was likely for Cya3Glc to fully
disappear beforthe 24 h sample point.

The time between introducing the black rice extract to the vessels and the first time point
sample (0 h) is rangdidom 1 to 3 mins. It is possible that part of Cya3Glc broke down
immediately once black rice extract was been added as anthot/axireméy unstable

in neutral pH&28’. In addition, before introducing the black rice and inoculating the colon
media with faecal slurry,osne of the acid (HCI 0.5 M) and/or base (NaOH 0.5 M)
solutions were added initially and automatically into vessels to normalise the colon media
pH to 6.67.0 if the pH is out of this range. This addition of acid and/or base may cause
dilution to the initid concentration of the Cya3Glc. Therefore, it was decided that the
final volumes inside the vessdls be measured at the end of each experiment which
would then be used to work out the total volume in the vessel and correct for this in the
final Cya3Glc oncentration at each time point. All upcoming figures will present the
guantified concentration of Cya3Glc from the first time point sampling as 0 h samples.
Therefore, any concentrations or ratest correlatavith the initial concentration, will be
preented in this thesis based on ihdial quantified concentratiofCinitia1) collected

from sample at O h, not based on tiheoretical concentratiaiCineo).
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Figure 4.10. Loss of Cya3Gladuring batch in vitro colon model fermentations of a black rice

extract (Cineo Of Cya3Glc = 133.6 uM).

Black rice extract (18 mg, containing 33.836w/w Cya3Glc) was dissolved in 1 mL water, filtered and
immediately added to a colon model vesselfpled with sterile media (89 mL) and human faecal slurry
(20 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration
of 133.60 uM (60 pg/mL). Control vessels were prepared by incubating fresh faecal inoculumaméhe s
colon model media but without black rice extract. Incubation was carried out at pD66d 37°C, over

24 h with continuous nitrogen flow. Samples (0.5 mL) were collected at the times shown in the figure,
mixed with 0.5 mL of 6 v/v aqueous formiacid, and after sample preparatichdpter 2, section 2.2,6
analysed using HPL-DAD to determine the Cya3Glc concentration. No Cya3Glc was detected in control
vessels lacking black rice extract (data not shown).
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4.4.3. The contribution of the faecal mi crobiota to the disappearance of

Cya3Glc during in-vitro colon fermentation

Having observed that Cya3Glc disappears during a iBdubation in a humaim-vitro

colon model, the next question that was addressed was whether this was entirely, partly
or notat all caused by the activity of the faecal microbiota. In order to explore this,
incubations of black rice anthocyanin extract with a human faecal inoculum were
conducted with both fresh and autoclaved faecal sl(ffigure 4. 11), where the
autoclaving process served to kill all the viable microorganisms in the faecal slurry and
therefore representing spontaneous degradation. A control vesstlining non
autoclaved faecal slurry, but no black rice extract was also included in the experimental

design.

No Cya3Glc was detected in any samples taken from the control vessels that had not been
supplemented with black rice extract. In the vessgdplsmented with black rice extract,
Cya3Glc was detected in thehGimepoint sampleat 109 + 17.1 and 110.2 + 6.1 uM
concentrationin vessels containg fresh faecal slurryand autoclaved faecal slurry,
respectively(Figure 4. 12). Comparedo the initial Cineo 0f Cya3Glc (133.36 uM), the

Cinitial Of Cya3GlIc were significantly lower, with 18%4 and 17.5 % reductioim fresh

faecal slurry and autocladdaecal slurry, respectively.

In the vessels containing live faecal microbiota, Cya3Glc declined over the time course
with an initial rate of 16.8 + 7.8 uM/h over the first 2 h. In contrast, in vessels containing
autoclaved faecal slurry, Cya3Glc declirst significantly slower rate (12.7 £ 5.2 uM/h
over the first 2 h) compared to similar vessels containing live faecal microbiota. In
addition, at 24 time point sample, Cya3Glc was detectable at 30.8 £ 27.3 uM in samples
taken from vessels containing taclaved faecal slurry, whereas Cya3Glc was not

detectable in any samples taken after 8 h from vessels containing live faecal microbiota.

These data demonstrate that the disappearance of Cya3Glc (the black rice anthocyanin)
incubated anaerobically at pH667.0, 37°C and in the presence of live faecal microbiota
is partly microbiotadependent and partly not due to the activity of the faecal microbiota.

It is widely known that anthocyanins are not stable at near neutrd} aktl the non
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microbiotadependent componenbf Cya3Glc disappearance likely reflect chemical
i nstabil ity ansphontanebus defgradatioce.f er red t o 0
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Figure 4.11. Schematic of experimental design for investigatingie difference between the
spontaneous and the gut microbiotalependent degradations of black rice anthocyanins (Cya3Glc)
using in-vitro human colon model.

Black rice extract powder was incubated with live faecal slurry and separately with autoclavesldiagcal
Control vessel was prepared by inoculating sterile colon media witfieleeal inoculum and no black rice
extract was added. Incubation was carried out at pH ®.&nd 37°C, over 24 h with continuous nitrogen
flow. Samples (0.5 mL) were removed the times shown in the figure, mixed with 0.5 mL cfedv/v
aqueous formic acid, and after sample preparatibagter 2, section 2.2,6analysed using HPLOAD

to determine Cya3Glc concentration.
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Figure 4.12. Loss of black rice anthocyaninsCineo 0of Cya3Glc = 133.6 uM) over time was partly
spontaneous and partly due to gut microbiota.

Black rice extract (18 mg, containing 33.86w/w Cya3Glc) was dissolved in 1 mL water, filtered and
immediately added to colon model vesselsfiled with sterile media (89 mL) and human faecal slurry
(10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration
of 133.60 uM (60 pg/mL). Similar vessels wereepared but containing autoclaved faecal slurry rather
than fresh faecal slurry. Control vessels contained fresh faecal inoculum and media, but no black rice
extract. Incubations were carried out at pHB.8 and 37°C, over 24 h. Samples (0.5 mL) weresctdld

at the times shown in the figure, mixed with 0.5 mL d¥dv/v aqueous formic acid, and after sample
preparation¢hapter 2, sectiob.2.6), analysed using HPLOAD to determine the Cya3Glc concentration.
The data shown are for 3 replicate incubatifor each condition using a single donor faecal sample: donor
017 S3 (n=1), donor OR2 S1 (n=1), and donor 05S2 (n=1). No Cya3GlIc was detected in control vessels
lacking black rice extract (data not shown). Values represent means3iaéistical anlysis was carried

out with oneway ANOVA with Tukeymultiple comparisonfor each time point and **** p < 0.0001; ***

p <0.001, *p <0.01, *p <0.05.
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444, The disappearanceof Cya3Glc in a simple anaerobic cabinet

stirred vessel human colon model that is not pH controlled

Setting upthe batch colon model is laborious and tho@nsumingand as such, it is
difficult to carry our technical replicates in the same donor or different donors. However,
in order to do more experiments with more replicadesimple model for investigating

the disappearance of black rice anthocyanin (Cya3Gic) by the human faecal microbiota
was tried. Simplénumancolonstirred vessels, which are not pH controlled, were placed

in an anaerobic cabinet where black rice extraa$ wcubated in the presence of fresh
human faecal slurry. In addition, black rice extract was incubated with autoclaved faecal
slurry. Control vessels were inoculated with human fresh faecal slurry and no black rice

extract was introduced.

Cya3Glc was dected in samples collected from vessels treated with black rice extract,
whereas no Cya3Glc was detected in control vessels. Cya3Glc was quantifiead with
significantly lower concentration than tiheo (133.36pM). TheCinitiat Of Cya3Glc at 0

h time point was 84.5 + 5.8 uM in the presence of live faecal microbiota and 91.5 + 4.5
MM in the presence of autoclave faecal slurry. These data showed that the black rice
anthocyanin recovery is not the same from samples inoculatedweitia¢cal slurry and
samples inoculated with autoclaved faecal slurry. However, htiricubation, the
disappearance rate of Cya3Glc in the presence of live faecal microbiota was 13.3 + 4.3
MM/h, whereas the spontaneous degradation of Cya3Glc in thenpeesktautoclaved
faecal microbiota was 5.2 + 2uM/h (Figure 4. 13).

In comparison tdahe pH-controlled colon modelRigure 4. 12), Cya3Glc declined at a
slower rate whetheuncontrolled pH colon model was usé&agure 4.13). For example,

in the presence of live faecal microbiota, Cya3Glc fully disappeared afthirati@ation

in the samples taken from ptbntrolled colon vessels, whereas 22.6 uM of Cya3Glc
remained (226 of the initial quatified Cya3Glc) after 24 h incubation in the absence of
pH control. Similarly, with autoclaved faecal microbiota, Cya3Glc declined faster when
the incubation occurred in the presence of pH controlled%708isappeared at 24
incubation) than with no controlled pH fermentation (38 disappeared at 24

incubation).
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Figure 4.13. Loss of black rice anthocyanin Cineo 0f Cya3Glc = 133.60 uM) using uncontrolled pH

model.

Black rice extract (9 mg, containing 33.36 w/w Cya3GlIc) was dissolved in 1 mL water, filtered and
immediately added to a colon vessel-filed with sterile media (44 mL) and human faecal slurry (5 mL

of a 10% slurry from a fresh stool) to give a finallume of 50 mL and a Cya3Glc concentration of 133.60

UM (60 pg/mL). Control vessels were prepared by incubating fresh faecal inoculum in the same media but
without black rice extract. Control vessels were prepared by incubating autoclaved faecal samples.
Incubation was carried out anaerobically at 37°C, over 24 h. Samples (0.5 mL) were collected at the times
shown in the figure, mixed with 0.5 mL of % v/v aqueous formic acid, and after sample preparation
(chapter 2, section 2.3,6analysed using HPLLOAD to determine the Cya3Glc concentration. No
Cya3Glc was detected in control vessels lacking black rice extract (data not shown). The data shown are
for 3 replicate incubations for each condition using a single donor faecal sample: dan&40th=1),
donor057 S2 (n=1), and donor 05S3 (n=1). Values represent means + Sfatistical analysis was carried

out with oneway ANOVA with Tukey multiple comparisons for each time point and **** p < 0.0001; ***

p <0.001, *p <0.01, *p <0.05.
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4.4.5. The intra-individual variations in the disappearance of Cya3Glc

incubated in the in-vitro colon model fermentations.

Having observed that (i) the disappearance of black rice anthocyanin (Cya3Glc) is partly
spontaneous and partly driven by faecal microbiota, a@hdcdntrolling the colon
fermentation pH is a critical factor for investigating anthocyanin metabolism by the
human gut microbiota, the next step was to investigate whether these processes vary
within an individual (i.e., between stool samples collectedifferent times from the

same individual). In order to do this, three different samples (S5, S6, and S7) were
collected from donor 01 on different days and were incubated separately with black rice
extract (Cya3Glc) using the pebntrolled batch colon nu®l. Control vessels were
carried out by inoculating the colon media with fresh faecal slurry, but no black rice

extract was added.

No Cya3Glc was detected in samples collected from control vessels. In the black rice
treated vessels, Cya3Glc was detectethé Oh samples with lower concentrations than
the Cineo(133.4 uM). At Oh incubation and in comparison, to vessels inoculated with live
gut microbiota, theCiniia Cya3Glc from Oh samples incubated with autoclaved faecal
microbiota was slightly higher withnaverage 0116.4 + 10.3ut it was102.4 £ 3.9 uM

in the presence of live faecal slulfyigure 4.14).

However, the average initiglisappearance ratever the first 2 h) of Cya3Glc in the
presence of live faecal microbiota was faster (23.2 + 2.4 uM/h) than the Cya3Glc
incubated with autoclaved faecal microbiota (7.9 & @gM/h) (Figure 4. 14B). In
addition, no Cya3Glc was detected after 6 h in samples which were incubated with live
faecal microbiota from S5 and S6, ehonly a very low concentration of Cya3Glc (2.3

UM) was detected in thet8sample from donor sample S7.

Conversely, Cya3Glc was detectable in all samples collected over thén2dbation
from vessels that included autoclaved stool samples. Howewelinitial quantified
concentration of Cya3Glc in samples inoculated with autoclaved stool samples from S6
and S7 was almost the same (110.7 uM with S6 and 110.3 uM witlauis#he initial
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spontaneouskqdeg for Cya3Glc was slightly different in the first 2 h to give initial
spontaneoukqeq Of 7.4 pM/h for S6 and 11.4 uM/h for S7.

Later at 24h incubation, the difference in Cya3Glc concentration in both vessels treated
with autoclaved stools from S6 and @@s significantly different (55.5 uM for S7 and
26.5 uM for S6.), but the overall spontanedus over the 24 h of incubation was quite
similar (2.2 pM/1h for S6 and 2.3 puM/1h for S7). On the other hand, comparing the
spontaneous degradation between S8 86, the initial spontaneougeg after 2 h
incubation was 7.4 uM/1h and 11.4 uM/1h for S5 and S6, respectively. However, after
24 h incubation, the overall spontanedusg was more similato the initial rate of 2.3
pMM/1h and 3.5 pM/1h, respectively.
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Figure 4.14. Intra -individual variations in the loss of black rice anthocyanins Cineo of Cya3Glc 133.6 uM) over 24 h.

Black rice extract (18 mg, containing 33 &6w/w Cya3GIc) was dissolved in 1 mL water, filtered and immediately added to a colon model vessel pre
filled with sterile media (89 mL) and human faecal slurry (10 mL of a 1@¥yslrom a fresh stool) to give a final volume of 100 mL and a Cya3Glc
concentration of 133.60 puM (60 pg/mL). Control vessels were prepared by incubating fresh faecal inoculum in the samdedatoedmdout without

black rice extract. Incubations wetarried out at pH 6-:8.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the times shown in the figure,
mixed with 0.5 mL of 6 v/v aqueous formic acid, and after sample preparatiapier 2, section 2.9,6analysed using HPLOAD to determinghe
Cya3Glc concentration. No Cya3Glc was detected in control vessels lacking black rice extract (data not shown). The xpenénoamtied out by
using three different faecal samples from the same donor in separate expeAmndata.from each donare presented as one replicate (n8l)data

from the three donors are presented as triplicates (n=3) and values are represented as m&aasticSilnalysis was carried out with amay ANOVA
with Tukey multiple comparisons for each time pointl&*** p < 0.0001; *** p < 0.001, ** p < 0.01, * p < 0.05.
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4.4.6. The inter-individual variations in the disappearance of black rice

Cya3Gilc incubated in the in-vitro colon model fermentations.

Next, the interindividual variations in the disappearance of Cya3Glc, the main black rice
anthocyanin, were investigated. drder taoinvestigatethis, stoolsampeswere collected

from three different donors (Donor &8, 07S1, and 082) on the same day and faecal
slurries were immediately prepared from each of the three stool samples. Each faecal
slurry was used to inoculate three different vessels that veatedrwith the same amount

of black rice extract (n=3). In addition, one control vessel was prepared for each donor
where the vessel was inoculated with live faecal slurry, but no black rice was introduced.
The incubations for all vessels were carriedumimga pH-controlled batch colon model

over 24 h

No Cya3Glc was detected in samples collected from control veskelgas Cya3Glc
was detected in samples collected from black-treatedvesselsCya3Glc was detected
in 0 hsamplesatlower concentravns (mean=106.2 pM for donor 01, 105.7 uM for donor
07, and 104.5 pM for donor O8&)an the theoretical concentration (133.4 |(Mpure 4.
15). In addition, no Cya3Glc was detectaffer 6 hin the samples incubated with live
faecal microbiota from S5 and S6, while omlysmall concentration of Cya3Gleas

detecaible(mean=2.3 uM) after8 h in the samples from incubations with donor 07

The initid rate was calculated for the first 2 h for the three donors, which showed there
were significant differencdsetweerdonor07 (kgeg20.9 £ 1.0 pM/h)compared to donor

01 (Kdeg11.2 £2.8 uM/h) or donor @ (kdeg7.3 + 1.8 puM/h) but no significant differece

was shown between donor 07 and donor(lBgure 4. 15). Cya3Glc had completely
disappeared from B samples incubated with live faecal microbiota from donor 07. In
contrast, Cya3Glc was detectable until 10 h incubation in samples from bothQdonor
and donor 08However, there was no significant difference between all donors between
8 hand 24 h.
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Figure 4.15. Inter-individual variations in the loss of black rice anthocyanins Cineo 0of Cya3Glc

133.6 pM) over 24 h incubated with fresh faecal microbiota.

Black rice extract (18 mg, containing 33.836w/w Cya3Glc) was dissolved in 1 mL water, filtered and
immediately added to a colon model vessetjled with sterile media (89 mL) ankduman faecal slurry

(10 mL of a 1% slurry from a fresh stool) to give a final volume of 100 mL and a Cya3Glc concentration
of 133.60 uM (60 pg/mL). Control vessels were prepared by incubating fresh faecal inoculum in the same
colon model media but withu black rice extract. Incubation was carried out at pH7606and 37°C, over

24 h. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 n?e wiv4
aqueous formic acid, and after sample preparatibadter 2, section 2.2,6analysed using HPLOAD

to determine the Cya3Glc concentration. No Cya3Glc was detected in control vessels lacking black rice
extract (data not shown). The experiments were carried out by using three different faecal samples from
different donors. EactaBcal sample was incubated in triplicates. Values represent meanstagfical
analysis was carried out with omeay ANOVA with Tukey multiple comparisons for each time point and
*rrkn < 0.0001; *** p < 0.001, ** p <0.01, *p <0.05.
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4.4.7. Assessnent of the feasibility and viability of micro -organisms
when using glycerol-frozen faecal stocks for investigating the disappearance

of Cya3Glc during colonic fermentation.

Having demonstrated intrand intefindividual variations on the disappearancélaick

rice anthocyanins by human faecal microbiota and, next, the feasibility and viability of
microorganisms when using the same stool samples on different ostasabitain more
replicates, using glycerdtozen faecal stocks was assessed. In additiom use of
glycerol stocks would be important when investigating a large number of samples from
clinical trials where the capability to metabolisethocyanis is investigated in frozen
faecal samplesGlycerolfrozen faecal stocksvere inoculated intohe in-vitro colon
model vessels to examine the microbial ability to metabolise anthocyanins. Two
experiments were conductessing frozenfaecal glycerol stocksvhich areprepared
previously froma fresh faecal sample donated by donotSBL The prepared yterok

frozen faecal stock contains 376 w/w faecal, 25% v/v glycerol, and 37.56 v/v
phosphate buffefBPS (Chapter 2, sectio.2.3. The first experiment was carried out

by thawing the glycerelrozen stock at room temperature for 30 niRgure 4. 16A).

Then, 2.9 mL of glycerelrozen faecal stock was used to inoculate the colon vessel.
Another 2.9 mL was autoclaved and then added to another vessel to investigate the
spontaneous degradati The experiment was carried duttriplicates. The second
experiment was carried out the same way and glydespén faecal stock from donor
01-S5 was also used to inoculate the colon vessels, but the giyrcereh faecal stock

was incubated in thanaerobic cabinetforhat 3 7eC before being
vesselgFigure 4. 16B). Control vessels were also sgt for both experiments A arigi
inoculated with live glycerol faecal stock with colon media, but no black rice extract was
added.
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Figure 4.16. Loss of black riceanthocyanins Cineo 0f Cya3Glc 133.6 uM) over 24 h fermentations using glycerdtozen faecal stock.

Black rice extract (18 mg, containing 33%36w/w Cya3Glc) was dissolved in 1 mL water, filtered and immediately added to a colon model vefibed prih sterile
media (96.4 mL) and glycerdlozen faecal stocks (2.6 mL of a 3¢ stool sample) to give a final volume of 100 ml%Ifaecal sample, and a Cya3Glc concentration
of 133.60 pM (60 pg/mL). Control vessels were prepared by incubating glyfterain faecal stock in the same colon media but without black rice extract. Incubations
were carried out at pH 6.B.0 and 37°C, over 24 h. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5%m{\oBgueous formic
acid, and after sample preparatioch@pter 2, section 2.2,6analysed using HPLOAD to determine the Cya3Glc concentration. No Cya3Glc was detected in control
vessels lacking black rice extract (data not shown). Glydevaén faecal stock was previously paegd usingafresh faecal sample collected fratifferentdonos. A,

the glycerolfrozen faecal stockfaecal sample from donor €85) was thawed for 30 min at room temperature before inoculating the vesselsEn#8).glycerol
frozen faecal stod(faecal samples from donors {81 (n=1) 01-S5(n=3), and03-S3 (n=1) wereincubated in the anaerobic cabinet at 37°C fob&fore the inoculation
(n=5). Values represent means + SRatistical analysis was carried out with emay ANOVA with Tukey multiple comparisons for each time point and **** p <
0.0001; *** p < 0.001, ** p <0.01, * p < 0.05.
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In experiment A or B, no Cya3Glc wadstected in control vessels and only detected in
the samples collected from vessels incubated with black rice exEigetre 4. 16).
However, Cya3Gldeclined faster in the presence of live glycerol faecal microbiota. In
contrast, in the presence of autoclaved glycerol faecal microbiota, the Cya3Glc declined
at a slower rate. Comparing the rate of loss over the first 2 h, no significant difference
between the initialkgegn rate in the presence of live faecal microbiota (13.5 + 4.2 uM/h)
and the presence of autoclaved faecal microbiota (14.9 £ 3.4 uM/h ) when the glycerol
frozen faecal stock was thawed at room temperature for 30 min before the inoculation;
whereas, thége was significantly different with 23.1 + 7.9 uM/h and 11.3 + 7.3 pM/h
when the glycerefrozen faecal stock was incubated anaerobically toat37°C.
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4.4.8. Disappearance of a mixture of fifteen bilberry anthocyanins during

the human in-vitro colonic fermentation

In the previous sections, the metabolism of a purified black rice anthocyanin powder that
contained one dominant anthocyanin (Cya3Glc; 9%70of total anthocyanins), was
investigated. Here, experiments were conducted using a highly purifiadcganin
extract obtained from bilberrie¥@ccinium myrtillu$ which has a much more complex
anthocyanin profile. Anthocyanins in the bilberry extract powder were characterised and
reported previously described in this cha&ection 4.4.). The analyss results showed

that the bilberry extract powder contained 15 different types of anthocyanins. Although
one anthocyanin was only present at trace levels, the other 14 anthocyémeisliberry
extract were all present in appreciable amounts and wenetified (Figure 4.7) The
detected aglycone moieties (anthocyanidins) in bilberry extract were cyanidin,
delphinidin, petunidin, peonidin, and malvidin. All of these were present as
anthocyanidif3-monosacharides where the sugar moiety was either glucose, galactose,
or arabimse.The result showed that the total anthocyanins in bilberry extract powder
were262.9 + 55 mg (g dry weigh)* (Table 4.3).

The different antho@nins present at different concentrations in the bilberry extract
powder indicate that the bilberry extract powder provide good example for
investigating the metabolism of mutiipe anthocyanin sources and/or a mixture of
anthocyanins by the human guaticrobiota. In order to investigate this, bilberry
anthocyanin extract was incubated with both fresh faecal slurry and autoclaved faecal
slurry. The experiment was carried out by using 5 different fresh faecal stools donated by
donors 01 (n=1), 03 (n=2)nd 06 (n=2). Control vessels containing raarioclaved

faecal slurry were carried out with no black rice extract introdu€epli(e 4.17).

No anthocyanins were detected in control vessels. But all 14 types of bilberry
anthocyanins were detected in samples collected from vessels which were treated with
bilberry extract(Figure 4. 18). The total quantifiedthe concentration of bilberry
anthocyanins at Bwas 187.9 + 42.5 uM in the presence of live faecal microbiota. In the
presence of autoclaved faecal microbiota, the initial quantified concentration was
203.9 + 27.6 uM (Figure 4.18B). The total bilberry anthocyanins diexd faster in the
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presence of live faecal microbiota wahinitial rate of 42.8 £ 12.7 uM/h, whereas in the
presence of autoclaved faecal microbiota, the disappearance rate was slower with the
initial spontaneoukgegof 27.6 + 11.4 uM/h.

Only with live faecal samp&efrom donor 03 (n=2)had the anthocyanins ful
disappeazd by the 6h time point. However, the initidkseg from the same donor but
different faecal samples (S1 and S6) was significantly different. On the other hand, with
faecal samples from donor 06 (n=2), the bilberry anthocyanins fully disappeateh
incubation in sample S1, but very small quantities of anthocyanins remained umtil 24
incubation. The same was observed with doneE9,1small concentrations of bilberry
anthocyanins remained, and they were detected in samples collectel iat@dation.
Previously black rice anthocyasidisappearedompletely betwees and12 h in the
presence of live microbio{@&igure 4. 14), but in sene cases with bilberry, anthocyanins
were observed even at 24 Two reasons may explain this, the initial concentration in
bilberry was much higher and different types of anthocyanins were present in bilberry

rather than just onmajoranthocyanin in bldcrice (Cya3Glc).
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Figure 4.17. Schematic of experimental design for the metabolism of bilberry anthocyanins by the
human faecal microbiota using irvitro human colon model fermentation.

Bilberry extract powder wascubated with live faecal slurry and separately with autoclaved faecal slurry.
Control vessel was prepared by inoculating sterile colon media witlideel inoculum and no bilberry
extract was added. Incubation was carried out at pH ©.6nd 37°C, wer 24 h with a continuous nitrogen
flow. Samples (0.5 mL) were removed at the times shown in the figure, mixed with 0.5 m% of'v
aqueous formic acid, and after sample preparatibadter 2, section 2.2,6analysed using HPLOAD

to determine the cwentrations of the 14 anthocyanins.
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Figure 4.18. Loss of bilberry anthocyanins Cineo Of total anthocyanins =265 uM) over 24 h.

Bilberry extract (46ng, containing 26.% w/w anthocyanins) was dissolved in 1 mL water, filtered and immediately added to a colon model i€l with sterile
media (89 mL) and fresh human faecal slurry (10 mL of &Ifurry from a fresh stool) to give a final vole of 100 mL and a total anthocyanin concentration of 265
UM (120 pg/mL).Another vessel was prepared in the same way but inoculated with autoclaved faecal slurry. Control vessels were prepasgth@restulfaecal
inoculum in the same media but wotlt bilberry extract. Incubations were carried out at pH7606and 37°C with continuous nitrogen flow. Samples (0.5 mL) were
removed at the times shown in the figure, mixed with 0.5 mL%f\v aqueous formic acid, and after sample preparatiwapter?, section 2.2 #nalysed using HPL-C
DAD to determine the concentrations of the 14 anthocyanins. No anthocyanins were detected in control vessels lackiexttziti€dsta not shown). The data shown
are 5 replicates using donor faecal samples fronoid@h (n=1), donor 03 (n=2), donor 06 (n=2). A, represent separate experiments for the loss of bilberry anthocyanin
in the presence of live faecal microbiota with each donor. B, reprigmdass of bilberry anthocyanins for all donors (n=5) in the preser live faecal microbiota and
autoclaved faecal slurry; values represent as means St&fistical analysis was carried out with emay ANOVA with Tukey multiple comparisons for each time
point and **** p < 0.0001; ** p < 0.001, ** p < 0.01, * p < 05.
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4.4.9. The effect of anthocyanidin B-ring and the conjugated sugars on

the disappearance of anthocyanins duringcolonic fermentation.

Having investigated the metabolism of the total anthocyanins of bilberry by the human
faecal microbiota and the differences kg between the spontaneous and the gut
microbiotadependent, the same data from the experiment described in the previous
section Section 4.5.3was used again but with the 14 individual anthocyanins in bilberry
extract being plotted separatelydbserve the variations between them in terms of rates
of decline. Because the 14 individual anthocyamnbilberry extract were present at
different concentrations, the data for each anthocyanin was normalised%o (1eqQ all

the individual anthocyans started at 100 %). The comparison was carried out for the
first 8 h of incubation where most tife anthocyanins were still detected in the collected
samples.

The data in this section showed that the inkig§ varied between anthocyaniimsboth

gut microbiotadependentRigure 4.19) and spontaneous degradatiéig(re 4.22). In

the presence of live gut microbiota, the nature of aglycone moieties showed to play a role
in anthocyanin stability against the activity of faecal microbiéigure 4. 20). For
example, Del3Gal and Cya3Gal showed a Higfy after 2 h incubation, whereas the
Mal3Ara showed not only the slowest initiakg but also the slowesiverall kiegin the

first 8 h of incubation. All peonidin (Peo) anthocyanins showed medium ikitig@h

the first 2 h, however, but also later thehowed fastekqeg than other anthocyanirs 6

and 8hincubation. All Delbased anthocyanins showed a higagycompared with other
aglycones. Malvidin, however, showed the highest stability in the presence of live faecal
microbiota. Therefore, in theresence of live faecal microbiota, Del3Gal was the least
stable/most rapidly degraded bilberry anthocyanin while Mal3Ara was the most

stable/least rapidly degraded bilberry anthocyanin.

Different sugar moieties on the anthocyanins also appeared tbafteocyanin stability
in the presence of live gut microbiotkigure 4. 21). For example, within the same
aglycone (i.e., Cya), galactose increhsee kyeg Of the whole molecule of anthocyanins

(Cya3Gal), whereas arabinose moiety incrédade anthocyanin stability against the
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faecal microbiota activity. This may be because there is a difference in the ability of faecal

microbiota to hydrolyse aralmse compared to galactose.
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Figure 4.19. Loss of individual bilberry anthocyanins over the first 8 h in the presence of live faecal
microbiota.

Bilberry extract (46 mg, containing 26.2% wamthocyanins) was dissolved in 1 mL water, filtered and
immediately added to a colon vessel-filed with sterile media (89 mL) and human faecal slurry (10 mL

of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a total anthocyanamum@tion

of 265 pM (120 pg/mL). Incubations were carried out at pH®&®Band 37°C with continuous nitrogen
flow. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% v/v
aqueous formic acid, and after sample praepi@an Chapter 2, section 2.9,6analysed using HPL-OAD

to determine the concentrations of the 14 individual anthocyanins. All concentrations were normalised to
100% of the initial quantified concentration ahOThe data shown are 5 replicates usingatdaecal
samples from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent means + SD.
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Figure 4. 20. Effect of B-ring on the loss of bilberry anthocyanihns which are dtached to the sane

sugar moiety (Galactose (Gal), glucose (Glc) or arabinose (Ara)) over the first 8 h in the presence of

live faecal microbiota.

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and
immediately added to aton vessel prdilled with sterile media (89 mL) and human faecal slurry (10 mL

of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a total anthocyanin concentration
of 265 uM (120 pg/mL). Incubations were carried out at pH®&®ard 37°C with continuous nitrogen

flow. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% viv
aqueous formic acid, and after sample preparatbagter 2, section 2.2,6analysed using HPLOAD

to determine the conngrations of 14 individual anthocyanins. All concentrations were normalised to 100%
of the initial quantified concentration athQ The data shown are 5 replicates using donor faecal samples
from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values sgmtemeans *+ SD. A, loss of bilberry
anthocyanins conjugated with galactose. B, loss of bilberry anthocyanins conjugated with glucose. C, loss
of bilberry anthocyanins conjugated with arabinose.
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Figure 4. 21. Effects of different sugar substitutions (Galactose (Gal), glucose (Glc) or arabinose

(Ara)) on the loss of individual bilberry anthocyanins over the first 8 h in the presence of live faecal
microbiota.

Bilberry extract (46mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and
immediately added to a colon vessel-filed with sterile media (89 mL) and human faecal slurry (10 mL

of a 10% slurry from a fresh stool) to give a final volume of 100 md_ atotal anthocyanin concentration

of 265 pM (120 pg/mL). Incubations were carried out at pH®&®Band 37°C with continuous nitrogen

flow. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% v/v
aqueous formic acjcand after sample preparatiahépter 2, section 2.9,6analysed using HPL-OAD

to determine the 14 individual anthocyanin concentrations. All concentrations were normalised to 100% of
the initial quantified concentration ahOThe data shown are Splecates using donor faecal samples from
donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent means + SD. A, loss of the cyanidins of
bilberry anthocyanins. B, loss of the delphinidins of bilberry anthocyanins. C, loss of the petunidins of
bilberry anthocyanins. D, loss of the peonidins of bilberry anthocyanins. E, loss of the malvidins of bilberry
anthocyanins.

122



Chapter Four

In the presence of autoclaved faecal shgrithere were differences in the initikdeg
between bilberry anthocyanins over thieicubation period and the overall degradation

was consistent with the initial rates of declir@g(re 4.22). For example, the Dddased
anthocyanins showed higher rates of decline in the first 2 h, and they kept a constant rate
of decline with the highest rate of degradation over the 8 h. In addition, there were no
significant differences in thégeg Within the same aglycone anthocyanins but have
different sugar moietieg={gure 4.24). However, théqeqdifferencesverebased on the

aglyconenot on the sugar moietieBigure 4.23).
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Figure 4.22. Loss of individual bilberry anthocyanins over the first 8 h in the presence of

autoclaved faecal microbiota.

Bilberry extract (46 mg, containing 26.2% w/w anthocyanima$ dissolved in 1 mL water, filtered and
immediately added to a colon vessel-filed with 89 mL sterile media and 10 mL autoclaved faecal slurry
(10% from a fresh stool) to give a final volume of 100 mL and a total anthocyanin concentration of 265
UM (120 pg/mL). Incubations were carried out at pH-6.6 and 37°C with continuous nitrogen flow.
Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous
formic acid, and after sample preparatiahdpter 2, seaih 2.2.§, analysed using HPL-OAD to
determine the concentrations of 14 individual anthocyanins. All concentrations were normalised to 100%
of the initial quantified concentration ath) The data shown are 5 replicates using donor faecal samples
from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent means + SD.
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Figure 4.23. Loss of individual bilberry anthocyanins over the first 8 h in the presence of

autoclaved faecal microbida.

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and
immediately added to a colon vessel-filed with sterile media (89 mL) and autoclaved human faecal
slurry (10 mL of a 10% slurry from a fresh stptd give a final volume of 100 mL and a total anthocyanin
concentration of 265 pM (120 pg/mL). Incubations were carried out at pf.6.8nd 37°C with continuous
nitrogen flow. Samples (0.5 mL) were collected at the times shown in the figure, mixedisvitth. of 4%

v/v aqueous formic acid, and after sample preparatbapter 2, section 2.2,6analysed using HPL-C

DAD to determine the concentrations of the 14 individual anthocgai concentrations were
normalised to 100% of the initial quantifiedncentration at ®. The data shown are 5 replicates using
donor faecal samples from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent means + SD.
A, loss of bilberry anthocyanins conjugated with galactBsdoss of bilberry anthocyaninogjugated

with glucoseC, loss of bilberry anthocyanins conjugated with arabinose.
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Figure 4. 24. Effects of different sugar substitutions (Galactose (Gal), glucose (GIc) or arabinose

(Ara)) on the loss of individual bilberry anthocyanins over the first 8 h in the absence afutoclaved

faecal microbiota.

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and
immediately added to a colon vessel-filled with sterile media (89 mL) and autoclaved human faecal
slurry (10 mL of a 10% slurry from a fresh stool) to give a final volume of 100 mL and a total anthocyanin
concentration of 265 uM (120 ug/mL). Incubations were carried out at pf.6.8nd 37°C witltontinuous
nitrogen flow. Samples (0.5 mL) were collected at the times shown in the figure, mixed with 0.5 mL of 4%
v/v aqueous formic acid, and after sample preparatibagter 2, section 2.2,6analysed using HPL-C

DAD to determine the concentrations the 14 individual anthocyanins. All concentrations were
normalised to 100% of the initial quantified concentration ht The data shown are 5 replicates using
donor faecal samples from donor 01 (n=1), donor 03 (n=2), donor 06 (n=2). Values represent188.

A, loss of the cyanidins of bilberry anthocyaniBs.loss of the delphinidins of bilberry anthocyani€s.

loss of the petunidins of bilberry anthocyanibDsloss of the peonidins of bilberry anthocyaniBsloss of

the malvidins of bilberry anthocyanins.
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On the other handh theabsencef any faecal materialshe initial kyegbetween bilberry
anthocyanins at 2 h showeldferentrates whereas the ovdtakieg Showed a constant
kieg for each anthocyaniover the different time pointexcep for peonidins showed
lower kgegafter 2 h(Figure 4. 25). This contrasts with the anthocyanins incubated with
autoclaved sampsavhich showed relatively highdgegin the first 2 h compared to 4, 6,
and 8htime poins. This suggests that faecal material aBéioe kqyeg Of anthocyanins
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Figure 4. 25. Loss of individual bilberry anthocyanins over the first 8 h only incubated with sterile

colon media.

Bilberry extract (46 mg, containing 26.2% w/w anthocyanins) was dissolved in 1 mL water, filtered and
immediately added to a colon we$ prefilled with 89 mL sterile media and 10 mL sterile PBS to give a
final volume of 100 mL and a total anthocyanin concentration of 265 uM (120 pug/mL). Incubations were
carried out at pH 6:8.0 and 37°C with a continuous nitrogen flow. Samples (0.5 wdre collected at

the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid, and after sample
preparation ¢hapter 2, section 2.2,6analysed using HPL-OAD to determine the concentrations of the

14 individual anthocyanins. All coeatrations were normalised to 100% of the initial quantified
concentration at 8. The data shown are 2 replicates using donor faecal samples from deS& @%1)

and donor 03S2 (n=1). Values represent means + SD.
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4. 5. Discussion

The overall aim of the research described in this chapter was to investigate the metabolism
of anthocyanins by the human gut microbiota. In this study, a humatro batch colon

model was used to incubate and then monitor the rate of loss of anthocyanins. The
approaches were to measure the rates of loss of anthocyanins in the presence as well as
in absence of live faecal microbiota, to observe variationshe rate d loss of
anthocyanin within a person and within individuals, and to relsaate of loss of
anthocyanins to their chemical structures. This was done with a view to furthering our

understanding of the metabolism of dietary anthocyanins by the humamagolbiota.

The main findings were that (i) anthocyanins are degraded partly spontaneously and
partly due to the activity of faecal microbiota, (ii) the rate of loss of anthocyanins varied
between donors but also (iii) varied between faecal samples tedlléom the same
donor but on different occasions, (iv) theiBg structures and the type of sugar moiety
affected the rate of degradation via both the spontaneous and the gut mierobiota
dependent routes, (v) controlling the colonic fermentation pHfgigntly influenced the

rate of loss of both spontaneous and gut microlef@endent degradations, and (vi) it
was feasible to use a glyceffobzen faecal stock to investigate the gut microbial
metabolism of anthocyanins, with the advantage of redubanmtraindividual variation

by using the same faecal sample for multiple experiments.

It was demonstrated for the first time in this project that the incubated anthocyanins at
physiological range of the human large intestine disappear partly dugtmt@rseous
process (not requiring live faecal microbiota) and partly due to gut microbiota activity.
There are only a few reports of the microbial metabolism of anthocyanins by the gut
microbiota. Most of these studies have wonhsideredthe potential cotmibution of
spontaneous degradation on anthocyanin disappearance. In line with previous reports,
however, the disappearance of anthocyanins occurred faster in the presence of live gut
microflora thann incubating anthocyanins without faecal sarspB&meof these studies
prepared the inoculum from animal gut microflora such as using the content of the large
intestine of slaughtered pid$°® or faeces from gersfree rats?*® but the majority of

these studies have also used human faecal safifle¢§173174177|In addition, a few
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reports describe experiments using isolated bacterial strains which are commonly found
in the human gut such &fidobacteriasp. and Lactobacillussp. %3, andActobacillus
acidophilusGIM 1.83 and_actobacillus bulgaricus GIM’®,

In the presence of live faecal microbiofyra and othergeported that from an initial
concentration of 100 uM, Cya3Glc was fully degradethini 2 h when incubation was
carried out in the presence of active gut ftétaHowever Hanskeand othershowed that

only 10% of the initial concentration of Cya3Glc (100 uM) disappeared wittin2the
presence of live faecalurry . Fleschhutand othersalso reported that after 2 h
incubation with live faecal suspension, less tha®dl0f the initial concentration of a
mixture of Cya3Glc, Mal3Glc, and Peo3Glc remaifedrhe current study is novel in
that the rate of anthocyanin disappearance was determined in both the presence and
absence of live microbiota. While consistent with previous stubl&santhocyanins are
degraded fastenithe presence of the gut microbiota, here it is further demonstrated that
the rate of disappearance depends on the initial concentrations

The novelty of the data in this chapter is that there are signifitifi@tences inhe kgeg

of anthocyanin# the presenceand absencef live faecal microbiota. This was important

to determine the contribution of gut microbiota in anthocyanin degradation compared
with spontaneous degradation of anthocyanins. For example, although the disaygeara
rate was shown to be faster in the presence of live faecal microbiota, the spontaneous
degradation of anthocyanin occurred and partly contribist@nthocyanin degradation.

In addition, theCinitiar Of anthocyanirwasshown to affect thekgegin the pesence of live

faecal microbiota. For examplie kgegwas faster whethe Ciniiar 0of Cya3Glc was 66.8

MM compared to 133.3 pMFgure 4. 9 and Figure 4. 10). Furthermore, black rice
anthocyanin or bilberry anthocyanins fully disappeared betwe&f 8 in the presence

of live faecal gut ntrobiota, while in literature the complete disappearance of
anthocyanins required less tinteor example, previous studiewestigated authentic or
highly purified anthocyanins reported that the complete disappearance occurrdd by 2
incubation®:8-91.173 This may suggest thatr anthocyanirrich extracts may contain

other phenolics (i.e. rptocatechui@cid) which may increase anthocyanirbgdtaes due

to the synergistic effects between phenolic compounds, or contain other compounds (i.e.,
polysaccharides) that armetabolised by the microbes preferenceto anthocyanins.
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Another possibility is that the presence of 1% w/v glucoskearmprearedcolon media is
favourable to microbiota asig an easy source of energy before starting to breakdown
anthocyanins, which would delay the anthocyanin degradation proGassose is
naturally present in the human body and human.faberefore itis morelikely for
anthocyanin to be degraded by the gut microbietanore than 2 h agreviousstudies
show?®9L73 |n particular, those studiesed phosphate buff@iack of glucoseps an
incubation medium rather that the media componemith 1% glucoseltilised in the

current study.

In regard to the spontaneous degradatioasults presented in this chaptlemonstrated

a sgnificant reductiorof the initial concentration of anthocyanin over 24 h in the presence
of autoclaved faecal slurry (absence of live microbiota). Although some reports in the
literature have incubated anthocyanins without microflowd @thers in the presence of
microflora, all of them have not considered the contribution of spontaneous degradation
to the overall anthocyanin disappearance. For exai@pkenand otherseported that the
mulberry anthocyanins (Cya3Glc, Cya3Rut, and Deat3Rere completely degraded by

8 h after incubation with human faecal microffdfaagreeing with the observations in

the current study, the authors did not investigate the chemical stability of mulberry
anthocyanins. On the other hand, others have investigated the chetalwéty of
anthocyanins by simply incubating anthocyanin aerobicillpr anaerobically at a
neutral pH phosphate buffét’4 These methods did not mimic the condition of the
human gut where the faecal matrix and raoijanisms exist. Therefore, other studies
investigated the spontaneous degradation of anthocyanins by imoguatchculture
fermentation with autoclaved filtered faecal sluffy'°1’2 The data from trsetwo
studies showed a significant decrease in anthocyanin concentration; however, in the
experimental material, autharsed filtered faecal suspensions from angsath as rats,

mice, and pigs which may not represent processes occurring in humans and are not
matrix-matched®®% Meanwhile other reports showed greater stability of incubated
anthocyanins with filtered autoclaved faecal slukgr example, two reporteported a

slight decrease in the initial concentration of incubated anthocyanins with autoclaved
fitered faecal suspensidh'’® However, since anthocyanins are very unstable

compounds at neutral p# filtered autoclaved slurry might not beea for investigating
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the colonic spontaneous degradation of anthocyanins, based on the very reactive pH
dependent inter medi adiketamest) whictaanetlikelyt ntaract ns (1 i ke
with other faecal matrix components such as proteins and lipids. Therefore, different stool
samples with different matrices might affect the spontaneous degradation, and

consequently the microbictiependent degradatiaf anthocyanins.

Inter and intraindividual variations weredescribedfor the first time in both the
microbiotadependent and the spontaneous degradation of the incubated anthocyanins.
The differences between individuals were observed to be greateththalifferences
between stools collected from the same individual. Although the data in this chapter
showed slight intra-individual in anthocyanin metabolism, it is possible that this
difference is due to the changbst may happen in gut microbiota coogtion due to

daily lifestyle changes such as diets, sleep patamd health stati’$®. However, the
inter-individual variation was shown to be significant. It is possible that this difference

is alsodue to enterotype variations between individd&s

Data presented in this chapter regarding the metabolism of bilberry anthocyanins goes
beyond the exigtig reportsin the literature wherenly a single or few anthocyanin
candidates were investigatiedvitro 888991177 Nevertheless, data in this chapter showed
considerable differences in anthocyakig between different anthocyanin aglycone (i.e.,
Cya, Del, Peo, and Mal). For example, Mal showed more stability than others whereas
Del showed less stability in both miabiotaderived and spontaneous degradation.
Therefore, it is possible that the number of hydroxyl group -emg affect the chemical

stability of anthocyanin and consequently themitrobiota dependent degradations.

In addition to that, the type of salgmoiety in the anthocyanin structure showed to play
important role in thégegof either microbial or spontaneous degradation. Galactose (Gal)
decrease the stability of anthocyanins, whereas Arabinose (Ara) was shown to increase
the stability of antho@nins (Gal < Glc < Ara). Glucossdgalactose arepimers, which

refer to one of a pair of sterecisomérge only difference betweatucose angalactose

is the orientation athe-OH group atC-4. Glucose is more stable than galactoseraag

beless sisceptible to the formation of nonspecific glycoconjugatésch are molecules

with at least one sugar attached to a protein or.llpidddition, it was reported that Glc
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is more consumable for to cell line than &4l In addition,a report byRyanand others
reported that glucose was utilised more rapidly than galactose by 27 pure oral bacterial
cultures®**, This indicates that it is e&r for bacteria, including gut microbiota, to

consume Glc as a carbon source than other sugar moieties such as Gal.

Significant differenes were observedn the disappearance rate of the incubated
anthocyanins between ptontrolled and nompH-controllied colon model vessels. In
controlled pH colon vessels, the black rice anthocy@ya3GIg and thevariousbilberry
anthocyanis had almost fully disappeared within-B2 h of incubation with live faecal
microbiota.ln contrast, whemising uncontrolled pH colon vessels with the same initial
concentration of Cya3Gleslow disappearance rate was observed over the finsh@re

the degradation stopped, and the complete degoadztCya3Glc did not occur over the
24 hincubation Figure 4.13). Conversely, no significant differereceere observed in
the disappearance ratktbe incubated Cya3Glc with or without controlling the pH of the
incubation with autoclaved faecal slurtjowever, spontaneous degradation was also
observed in the absence of pH control. This sugtfest thegrowthof thelive microbiota
increases thproduction oforganic acid which decreasethe mediumpH to acidic. This

low pH would increase the stability of Cya3Glbut it may also cause a change in the
microbial population that favourmiicrobiota that prosper inlow pH conditions or
metabolites pyduced, butvhich do not have the ability to bred&wn the Cya3GIldnly

one reportedtudyhasused a pktontrolled model’”. The authors reported treamixture

of monoglycosideanthocyanis was almosfully degradedafter 10 h incubation in the
presence of live faecal inoculum. In additidreseauthors reported 60 % declineof the
Cinitiar Of Del3Glc within 5h incubation without faecal microbial fermentatiavhereas
Mal3Glc wasshown to be relativelystable in the same studylhissugges that without

the autoclaved faecal materials, the spontaneous degradation depends ahéy
anthocyanin structur@nd no possiblesaction with othecomponentgould befound in
faecdsamplesuch as proteins, and lipidehisstrongly suggesthatthe chemical make

up of thefaecal material plagy animportant rolein the spontaneous degradatioh
anthocyanins. That is, the overall effects of the presence of the faecal microbéoane ar
mixture of the altered chemistry of the aqueous solution and the presence of live,
metabolically active bacteridOn the other hand, the studies which have not used
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acontrolled pH model fermentation observed a full degradaifter a2 h incubation
whichis in contrast withthe data presented hetdowever the colonmodelmediaused

in this projecthas a buffang capacityof only 0.5 mM (potassium phosphatey¥hereas
other reporténcubated aimitial concentration of 100 uMf anthocyanins in a phosphate
buffer rangingoetween 100 to 150 1173 Thislikely indicatesthatin thelow buffer
capacity, the microbiota growth causadirop in themediumpH which significantly

slowerthemicrobialdegradation of anthocyanins.

The gandard addition method showed that the calculated concentration of Cya3GIc i
black rice extract powder wdsgher by5 % than usinghe external standard method.
This may happen due tbe co-pigmentation effect where neCya3Glccompounds in

the black rice extract may affect the absorbance properties of Cya3Glc itseffrat In
addition, dl data reported in this chapter showed that the quantifigd of anthocyanin

at 0 h was lower than added anthocyaning4Cshowingareduction between 10 and 30
%. This observation was also reportedHiglalgo and otherswherethe anthocyanin
Mal3Glc recovery was calculated to be®%'”. This may happen due to the attachment

of anthocyanin tahefaecal slurry matrixespecially proteins.

4.6. Conclusions

In this chapterl have investigated the contribution of the human faecal microtuoite
disappearancef anthocyaninsAnthocyanns disappeared partly spontaneous and partly
due to the human faecal microbiota activity. Thagy of anthocyanins varied within
personsamplesas well as between different donorsriBg substitutionsas wellas the
conjugated sugars affected the rate of loss of anthocyanins, both for the mierobiota
dependent and the spontaneous degradation. However, there are very few studies
concerning anthocyan metabolism by the human gut microbiotend some critical
factors need to be considered before conducting the investigation. The spontaneous
degradation of anthocyanins contributes directly to the degradation of microbiota
depended degradation; thenefp incubating anthocyanin with autoclaved faecal
microbiota should be considered in the experimental design alongside ingukih

live faecal microbiota. Also, the medium itself might change the disappearance rate of

anthocyanins since anthocyaniage reactive compounds. In addition, the initial
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concentrations may affect the rate of loss where higher concentrations seem to be slower,
which may suggest higher concentrasioanfer partial toxicity to the microbiome and/or

just the fact of more initisdubstrates need more time to be digested. More importantly,
controlling the fermentation pH is very critical since anthocyanins are very stable in low
pH, and our results showed that the pH is dropping very drastigahy2 h incubation

with live faecalmicrobiota. Due to the intrand interindividual variationstheglycerot

frozen faecal stock might be the best option for reproducing the data by using the same
faecal sampleon different occasions. To conclude, the spontaneous degradation of
anthocyams is contributing roughly 50% of the overall microbiotepended
degradation. Thereforéjrther studieon the spontaneous degradation of anthocyanins

will be discussed in the following chapter.
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Chapter 5: The spontaneous
degradation of anthocyanins and
anthocyanidins

5.1. Abstract

Background: In chapter 4 it was shown that the degradatiorar@hocyanis in the
human colon is the result of batpontaneouprocesses and also microbiataependent
processes, i.espontaneous degradation. There nsiderable literature reporting on

the spotaneous degradation anthocyanis, but largely focussed on foods and
beverages, or using simple (buffered) solutions under aerobic conditions. However, to the
best of my knowledgenothing has been reportethoutthe spontaneous degradation of

anthocyaims in the conditions of the colon.

Aim and methods The overall aim of the research reported in this chapter was to
investigate the spontaneous degradation aothocyanis (Cya3Glc) as well as
anthocyanidins (Cya and Del) in more detail. The specific objectives were to investigate
(i) how different matrices affect the rate of spontaneous lamstbbcyanis (colon model
media versus phosphate buffer), (ii) the rate of tdssnthocyanis under aerobic and
anaerobic conditions, (iii) possible differences in the types and/or profile of breakdown
products ofanthocyanis between aerobic and anaerobic conditions, (iv) the rate of
spontaneous degradation of anthocyanidins @yhDel) and appearance of breakdown
products, and (v) the effect of initial anthocyanidin concentration on their spontaneous

degradation.

Results: In anaerobic conditions and neutral pH, Cya3Glc disappeared faster in colon
model media than in phosphatgffer solution withinitial degradation ratesdeg 0f17.1

+ 3.8 and 6.9 = 5.5 uM/h, respectively. Data from-MS analysis of the breakdown
products was consistent with Cya3Glc undergoing classidggé¢ndent transformation

to give cyahemiketalGlc, CyachalconeGlc, CyachalconeanionicGlc and

trihydroxyettenylbenzeneGlc (all colourless), but no other products.
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Underaerobiccondition ancheutral pH, the rate of loss of Cya3Glc was falies 12.1

+ 1.3uM/h) compared to anaerobic conditiofiag, 6.9 £ 5.5 pM/B, andthere was a
substantial increase in the number of breakdown products foumedr aerobic
conditions These gave rise to various intermediates including PCA, PGA, coulatin

di- and trthydroxyphenyloxoacetic acid, and trihnydroxyphenylacetic acid.

Anthocyanidins (Cya and Del) also degraded spontaneously under aerobic conditions and
neutral pH. The matrix, pH, initial concentration of anthocyanidin, and buffering capacity

of the medium were important parameters that influenced spontaneous degradation. Both
Cya and Del initially underwent a classic joldpendent transformation to give

I ntermedi ates of c¢hal diketores, thencrderwent oxidationa n i ¢
processes. Thenalysis of Cya showedthat PCA, PGA PGCA, coumarin,-dand tri
hydroxyphenyloxoacetic acid, and trihydroxyphenylacetic acid werebtbakdown
products Whereas gallic acid, -@-methylgallic acid, PGA, PGCA, coumarin, and
trihydroxyphenyloxoeetic acidwere the breakdown species from Del.

Conclusion: Although anthocyanis showed a pklependent transformation in both
aerobic and anaerobic conditiomsithocyanis underwenta further series of oxidation
processegnonrenzymatic reactions) oniy the presence of oxygen. Next, therefone,
enzymatic pathways aénthocyaninmetabolismby the human gut microbiotavere
investigated and presentedtime next chapter (Chapter.6)

5.2. Introduction

Anthocyanins have beenassociated withvarious biolgical effects but they are
chemically unstable compoundmd their chemical stabilig affected by many factors
including light, pH, temperature, metal ions, enzymes, and oxygen, amongstotfrers
There is a considerable literature reporting on the spontaneous degradation of
anthocyanis, but largely focussed on foods and beverages. A number of studies have
used simple (buffered) solutions to investigate the spontaneous degradation of
anthocyanis. For example, Kayand othersreported that Cya3Glc and its aglycone
(cyanidin) degrad# sportaneously in phosphate buffered solution under physiological
conditions of pH (7 384N additiong Waodwargared rothdrsu r e
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reported that differeranthocyanis are degraded spontaneously in neyptdlphosphate
buffer and waté¥. Due to anthocyaniimstability and their poor bioavailabilityt has

been hypothesised that any biological eexdsociated with anthocyanin consumption
can be attributed to their spontaneous and microbial metabolites, rather than the parent
compound®. The relative contribution of spontaneous and microlaiathocyanin
metabolismin vivo is still superficially understoadHowever, the results from the
previous chapter (Chapter 4) showed that the colonic degradatiantiodcyanis is

partly spontaneous and partly due to gut microbiota activity. Therefore, in this chapter
investigaions were conductedto understandthe spontaneous edradtion of
anthocyanis in more detail asthe breakdowrproducts are likelyto undergofurther
metabolisn by thegut microbiotain vivo, and consequently will have implications for
health effects ass@ted with aranthocyanirrich diet.To the best of my knowledge, all
reports in the literature to date have concerned the spontaneous degradation in the
presence of oxygen and have not considered the anaerobic degradantimofanis.
However phenoti acid (Bring-derived product) and PGA ¢Ang-derived product) were
reported as the breakdown products of the spontaneous degradatiahamfyanis and
anthocyanidinstihas been noticed in these reports that thersame differences in the
experimental designFor example, different matrices were used for the incubation of
anthocyanis suchaswater, buffer solutions (with different buffer capacities: 0 mM, 10
mM, and 100 mM) and tissue culture samples. Also, the preparatestadk standrd
solution of the authentic compounds was also different or not mentioned. Furthermore,
the investigated concentratiored anthocyanis or anthocyanidinsvere varied which
ranged from low concentratierf20 pug mL?) up to very high concentrations (1009 p
mL™Y). Therefore, the outcome data from these reports was variable. For exiampke,
accounted for both Aing and Bring breakdown products but with less thar?@@nolar
recovery of the initial concentration of Cya3@&icin contrastKay and otherguantified

both A- and Bring breakdown products with 10 molar recovery of the initial
concentration of Cya3Glc and they only reported thatiggatechuic acid (PCA) (Bng-
derived) and phloroglucinol aldehyde (PGA)-f{iAg-derived) are the main and the end
breakdown products of the spontaneous degradation of Cya3Glc and its atjlycone
Therefore, in this dipter the aerobic and anaerobic spontaneous degradation of

anthocyanis and anthocyanidinshave been investigated. In addition, the effect of
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different factors such as matrix and pH, and initial concentrations were studied in more

detail.

5.3. Objectives

The focus of the research reported in this chapter wamderstand the spontaneous
degradation oanthocyanis and their aglycones. The formation of the new breakdown
products was investigated under various conditions. Loss of Cya3Gappedrance of
breakdown products evecompared between colon model media and phosphate buffer,
and under both aerobic and anaerobic conditions. Both the anthocyanin Cya3GlIc and the
anthocyanidins Cya and Del were investigafBuerefore, the studies dedmsd in this
chapter were focused on (1) monitoring the disappearan@yadGlc, Cy, and Del
duringincubation in phosphate buffer and colon me(#aexploring the loss @ya3Gilc,

Cya, and Dein the presence as well as the absenaxpfen and (3) ivestigating the
formation of their breakdown products in bolie presence and absence of atmospheric
oxygen. The observations made here will be compared to the results of experiments that
were carried out to investigate the microbidegpendent degradatioof anthocyanis
reported in the next chapter. Critically, since degradati@mtifocyanisin the presence

of faecal microbiota will involve both spontaneous and microbdef@aendent processes,

the observations made here will allow the microba¢penént processes to be

distinguished from the spontaneous processes occurring in the colon model experiments.

5.4. Results

54.1. The identification of Cya3Glc, Cya, Del, and their breakdown
products on HPLC-DAD -MS

A chromatographic separation method was tged for 30 authentic phenolic
compoundsas well as for Cya3Gilc, Cya, and [&able 5.1) on a reversegphase HPLC
column. A range of UWIS wavelemths (250, 280, 330, 370, and 520) were set up to
determine the best signal response for each compound®Tfa each compound was
determined by injecting each authentic standard individually as well as in a mixture of
compounds. In addition, the masagment ion was observed using MS detector (coupled

with HPLC-DAD) using a full scan mode and negative ionisation polarity. The stock
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solutions for all compounds were prepared in MeOH (1 mg/mL). Later, they were diluted
in both phosphate buffer (pH 6.8)caoolon media (pH 6.8).

Cya3Gilc, Cya, and Del were best detece820 nmat differentRT, 14.4, 20.4, and
17.3,respectively(Table 5.1). Whereaghe majority of phenolic compounds were best
det ec to®nf(e.g.tgh i ¢ aci d, catechol, Py, SO0me
(e.g.,PCA, PGCA, and pyrogallol), ansl 0 me @& dm) (ed®., ferulic acid, and 5
hydroxyferulic acid) The separation metho€apter 2, section2.3.3 showed good
separation of the majority of phenolic compounésgire 5. 1). However, some
compounds overlapped in one peak. For example, the pd&dk &2 was shown to be
formed from 4 different compounds (peaks no. 6, 19, 20, and 30), but the mass detector
could beused to differentiate between them. Furthermore, there was no large difference
in RT for phenolic compourginjected individually or withira mixture of other phenolic
compounds. Additionally, there was no considerable effeitteohatrix on theRT of all

compounds.

Table 5.1. HPLC-DAD-MS identification of Cya3Glc, Cya, and Del.

Best signal Parention Other ions
No Compound RT (&) miz[M-H] m/z[M-H]
1 Cya3Glc 14.4 520 447.0 895.1 285
2 Cya 20.4 520 285.1 593.1
3 Del 17.3 520 301.1 625.1, 601.1
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Table 5.2. HPLC -DAD-MS identification of potential breakdown compounds during the
spontaneous degradation of Cya3Glc, Cya, and Del

Best signal Parent ion Other ions
No Compound RT (min) ( e)g m/z m/z
[M-H] [M-H]
1 Pyrogallol 2.12 250 125.1 251.1
2 Phloroglucinol 1.78 250 125.1 251.1
3 Cinnamic acid 24.83 280 147.2 163.2, 119
4 Ferulic acid 17.25 330 193.2 177.9
5 Sinapic acid 19.01 330 223.2 208
6 4-Hydroxybenzaldehyde 8.23 280 121.1 -
7 Vanillic acid 8.87 250 167.1 358, 152
8 5-hydroxyferulic acid 11.63 330 209.1 207, 1, 2084
9 4-Hydroxybenzoic acid 6.08 250 137.1 -
Phloroglucinol aldehyde )
10 (PGA) 9.97 280 153.1
11 Syringic acid 11.36 280 197.2 418, 182
12 Caffeic acid 9.46 330 179.2 135
13 Gallic acid 2.18 280 169.1 125
14 3-O-methytgallic acid 7.11 280 183.1 367.1, 124
15 Protocatechuic acid (PCA) 3.86 250 153.1 09.1
Phloroglucinol carboxylic
16 acid (PGCA) 4.53 250 169.1 362, 151
17 Dihydrocaffeic acid 7.79 280 181.2 363.2
18 Dihydroferulic acid 14.94 280 195.2 391
19 3-hydroxy benzoic acid 8.22 250 137.1 275
20 2,4-dihydroxy benzoic acid 8.20 250 153.1 330, 109
21 3’4’d'hydr%’2i’ghe”y'ace“° 4.88 280 167.1 123, 344
22 Homovanillic acid 10.34 280 181.2 137, 2MH
23 Catechol 4.47 280 109.1 363
24  3,5dihydroxy benzoic acid 3.80 250 153.1 307, 109
25 3-hydroxy phenyl acetic acic  8.87 280 151.1 107, 303
26  (4hydroxypheny) 11.73 280 165.2 354
propionic acid
Protocatechualdehyde
27 (PCAId) 5.67 280 137.1 275
28 2,4dihydroxy benzaldehyde 10.60 280 137.1 -
29 3,4dihydroxymandelic acid 1.43 280 183.1 367, 165
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5.4.2. The spontaneous degradation of Cya3Glc in colon model media:

Anaerobic conditions

Having observed in the previous chapf€hapter 4) that the black riceanthocyanin
(Cya3Glic) was degraded spontaneously during the anaenaiication of then-vitro

colon model fermentations, the degradation of authentic Cya3Glc was carried out to
undestand the anaerobic spontaneous degradatiantbiocyanis. Briefly, authentic
Cya3Glc withan initial theoretical concentratiorCgeg of 170 uM was incubated in
neutral pH colon media at 37°C for 24 h inside an anaerobic cabinet. Samples were
collectad at 0, 4, 8, 12, 20 and 24 h into HPLC vials. The vials were firmly capped inside
the anaerobic cabineind then immediatelytaken to be analysed WPLC-DAD to
quantify the Cya3Glc concentratisn A control vial (=0) was prepared using pure
Cya3glc buin acidified colon media and immediately injected onto the HPLC column.

Cya3Glc waglegradedinaerobically over the 24 h during the anaerobic incubation with
colon mediaFigure 5. 2). No significant difference was observed betw#encontrol

vial (t=0) and treatment vial at 0 h, but there wasignificant difference in the
concentration of Cya3Gilc in the control vigt@) and treatment vial at 4, 8, 12, 20, and
24 h(all p<0.0001) Over the first 4 h, the initidieg Of the spontaneous degradation of
Cya3Glcwas 17.1 + 3.9 uM/h. In chapter 4, however, Cya3Glc was shown to be degraded
spontaneously witlan initial kggy Oof 10 + 6.7 puM/h in than-vitro colon model which
contained colon media with 1 % autoclaved faecal saniiteter 4, Figure 4. 12).
Furthermore, a concentration of Cya3Glc of 22.4 + 15.4 uM (13 %ifak) was
quantified at 24 h. However, in the-vitro colon model, 30.6 + 27.3 UM (27.7 % of
Cinitial) of Cya3Glc was detected hesample collected at 24 h. This difference migt
due to the lack of pH control and/or the effectluod faecal matrix on the spontaneous

degradation oénthocyanins

Although the data presented here showed that the overall spontingofi€ya3Glc is
similar to the overalkqeq 0f Cya3Glc duringhe incubation in th&-vitro colon model,
phosphate buffer solution has been commonly used in literature to investigate the

spontaneoukqeqg Of anthocyanis.
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Figure 5. 2. The anaerobic spontaneousefradation of Cya3GIc Cineo = 170 uM) under the
physi ol ogi cal condition of the colon (neutral pH; 37¢C
A colon media (0.5 mM K phosphate, pH 7.0) was prepared and autoclaved then placed in the anaerobic

cabinet overnight. On the day tife experiment, a fresh stock solution (SS) of Cya3Glc (2 mg/mL) was

prepared by dissolving 2 mg of the authentic compound in 1 mL DMSO. Inside the anaerobic cabinet and

in a 10 mL vial, a 168.5 pL of SS was added to 4831.5 yuL media to give a final volutnenL with

Cya3Glc concentration of 150 uM, then immediately the first sample at 0 h was collected into a 1 mL

HPLC vial, capped, taken for HPLC analysis. Other samples were collected for injections at the times

shown in the figure to determine the Cyd@G&oncentration. External standard curve of serial

concentrations of Cya3Glc was prepared in acidified colon model media (4% v/v formic acid). Each

experiment was carried out in triplicates. Values represent means = SD of three independent experiments.

** **Sjgnificance from control (<0.0001) which include pure Cya3Glc standard spiked directly into

acidified colon model media &0, usingonevay anal ysi s of wvariance (ANOVA) wi:"

Comparison Test.
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5.4.3. The spontaneous degradation of Cy&Glc in phosphate buffered

solution: Anaerobic conditions

In the previous section, Cya3Glc was shown to be degraded spontaneously during
anaerobic incubation in colon meditowever, in the literature, simple buffered solutions

were used to investigate tkpontaneous degradatiof anthocyanis. Therefore, the
anaerobic spontaneous degradation of Cya3Glc was investigated in a simple buffer
solution at pH 7. 4, 37eC. The same met ho
section (Section 5.4.1) for incating Cya3GIc Cineoof 170 uM) in a phosphatéuffered

solution over 24 hA control vial ¢=0) was prepared usirtge authenticCya3glc,but it

was preparech acidified phosphate buffer solutioandthenimmediately injecteento

the HPLCcolumn.

Cya3Glc was degraded over the 24 h during the anaerobic incubation in phosphate buffer
(Figure 5. 3). Compared with control, the rate of losk @ya3Glc wasstatistically
different only at 20 and 24 Ip<€0.05), whereas no significant differences were observed

at 0, 4, 8, 12 hrhe error bars showed to be bigger at 20 and 24 h because the results from
one replicate showed less degradation kdtevever, over the first 4 h, the initileg Of

the anaerobically incubated Cya3Glc in phosphate buffer was 6.9 + 5.5 uM/h, which is
substantially slower than the initikdeg of Cya3Glc observed with colon media (17.1

3.8 uM/h). Consequently, the sponeaniskiegis also slower than thepontaneoukqeg Of

the incubated Cya3Glc in the-vitro colon model fermentation with autoclaved faecal
sample Chapter 4, figure 4.1). For example, the data presenteéigure 5.2 showed

that 50 % (81.8 £ 45.2 uM) of th@niia of Cya3Glc was detected ihesample collected

at 24 h, but only 13.2 % (22.4 £ 15.4 pM) of thgtal Of Cya3Glc was detected in the 24

h sample incubated with colon media and 23 % (30.6 + 27.3 uM) Gidhe of Cya3Gilc

was detected from samples collected from ith&itro colon model at the 24 Hrhis
indicated that not only % autoclaved faecal sample, but also different meslaffected

the spontaneous degradation asfthocyanis. Therefore, data shown iRigure 5. 4
showeda significant difference@<0.05) of thespontaneoukyeq between the anaerobic

kiseg Of Cya3Glc in colon media and phosphate beffiesolution at 4, 8, and 12 h

However, there was no significant differenc@tand 24 h
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Figure 5. 3. The anaerobic spontaneous degradation of Cya3GIc (o= 170 uM) under the

physiological condition of the colon (neutral i ; 37¢eC) i-buffepet solstiprh at e

A phosphate buffer (10 mM K phosphate, pH 7.4) was prepared and autoclaved then placed in the anaerobic
cabinet overnight. On the day of the experiment, a fresh stock solution (SS) of Cya3Glc (2 mg/mL) was
preparedy dissolving 2 mg of the authentic compound in 1 mL DMSO. Inside the anaerobic cabinet and
in a 10 mL vial, a 168.5 uL of SS was added to 4831.5 pL phosphate solution to give a final volume of 5
mL with Cya3Glc concentration of 150 uM, then immediateby finst sample at O h was collected into a 1

mL HPLC vial, capped, taken to HPLC analysis. Other samples were collected for injections at the times
shown in the figure to determine the Cya3Glc concentration. External standard curve of serial
concentrationof Cya3Glc was prepared in acidified phosphate buffer (4% v/v formic acid). Values
represent means + SD of three independent experiments. *Significance from cprtfb0%) which

include pure Cya3Glc standard spiked directly into acidified phosphater aift=0, using onevay

analysis of wvariance (ANOVA) with Tukeyds Multiple
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Figure 5. 4. Comparison of the anaerobic spontaneous degradation of Cya3GlIc in colon model

media andphosphate buffer.

Values represent means + SD of three independent experiments. * Significance at comparable time points
(p<0.05) in both colon model media and phosphate buffer which include incubated pure Cya3Glc standard,
using unpaired test with twotailedp value.

In literature, however, the spontaneous degradation was investigated in the aerobic
condition, showing highéiiegin comparison with the data presented in this section and
the previous sectiorBéction 5.4.). For example, Woodwaiahd otlersinvestigated the
incubation of Cya3Glc with phosphate buffer (pH 7.4) at 37°C and reported that 15 % of
the Cinitias Of Cya3Glc (140 pM) was detected from sample collected at 24 h. Therefore, it
is important to understand the difference between the aerobic and anaerobic spontaneous

degradation oanthocyanisin more detail.
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5.4.4. The spontaneous degradationof Cya3Glc in colon media and

phosphate buffer: Aerobic conditions

Having observed thahe authentic standard @ya3Glcdegradespontaneouslduring
anaerobidncubationin colonmedia and in phosphate bufféihe next question that was
addressed was whethagrobic condition affects the spontanekydg To investigate this,

an authentic Cya3GICineo 0f 170 pM)was incubated aerobically in colon media and
phosphate buffeander physiological conditia(neutral pH, 37°C)Briefly, Cya3Glc

was incubatedn a1l mL-HPLC vial which was filled with colon media (or phosphate
buffer solution) theimmediatelyplaced in the HPLC autosampler where the temperature
was s e tprioatb theSBintgb&ion Auto-injections were carried out over 24 h from

the same experimental vial to quantify the Cy3Glc using peak areas from DAD at 520

nm.

In both colon media and phosphate buffer, significant loss of the aerobically incubated
Cya3Glc was observed over B4Figure 5.5). However, over the first 4 h, the initiakg

of Cya3Glc shown to be faster in colon media (24 + 13.3 puM/h) than in phosphate buffer
(9.1 £ 1.5 pM/h). In the previous chapter (Chapter 4), the spontan&gygsof the
incubated Cya3Glc durintpein-vitro colon modefermentation was 10 + 6.7 uM/h over

the first 4 h Chapter 4, section 4.5.8 This observation showetthat the presence of
atmospheric oxygen hassignificanteffect on the stability oAnthocyanis by showing
considerable difference between initiakg of Cya3Glcunderthe anaerobiand the
aerobicconditions In addition, 47.4 1.7 uM (28 % of theCinitia)) Was detected in the

last injection at 24 h frorthe vial containing phosphate buffered solution and Cya3Glc
(Figure 5.5). Whereas Cya3Glc was corefly degraded spontaneously by 18 h of the

aerobic incubation in colon media.

These data showed that there is a significant matrix effect (from both faecal material and
the medium) on the spontanedus;of Cya3Qc (Table 5.3). Phosphate buffer could be

the proper media for controlling the pH during incubation, but it might not be the best
representative to mimic the medium of the gastrointestinal tract undghys®logical

condition.
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Figure 5.5. The aerobic spontaneous degradation of Cya3Glc (Ge= 170 OM) at physiological condition (neutra
buffer.
A phosphate bifer (10mM K phosphate, pH 7.4) and colon media (0.5 mM K phosphate, pH 7.0) were prepared and au@rltneeday of the experiment, a fresh

stock solution (SS) of Cya3Glc (2 mg/mL) was prepared by dissolving 2 mg of the authentic compound in 1 mLIDMSOHPLC vials and separate days, two
experimental vialsn=2) were prepared for each medium by adding 168.5 pL of SS to 4831.5 pL medium) to give a final volume of 5 mL and aQye@&@tation

of 150 uM, then immediately the experimental vialsreavput in LGDAD autosampler for injections at the times shown in the figure to determine the Cya3Glc
concentration. External standard curve of serial concentrations of Cya3Glc was prepared in acidified phosphatecbldfemediag4% v/v formic acid).Each

experimentvascarried out in duplicates. Values represent means * SD.
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Figure 5. 6. Comparison between aerobic and anaerobic spontaneodsgradation of Cya3Glc in colon model media and phosphate buffer.

Where the experiment was carried out in colon media (A) and phosphate buff$lali®s represent means + SD of two independent experiments. * Significance
(p<0.05)and** Significance(p<0.01) from the same time point which include incubated pure Cya8takdard in colon model media at different time points, using
unpaired t test with two taileglvalue.
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Table 5.3. Comparison of the spontaneous degradation of Cya3Glc in different conditions#

Colon media Phosphatebuffer in-vitro colon model*
Ctheo UM 170 170 133.3
Cinitial HM 157.7+10.9 152.9+ 4.2 -
Aerobic Kdeg uM/h 24+13.3 9.1+15 -

incubation Cend uM 0.0 474+ 1.7 -

Yend % 0 31 -

Cinitial UM 169.2+4.1 163.5+ 101 110+ 6
Anaerobic Kdeg uM/h 17.1+ 3.9 6.9+ 5.5 10.0+ 6.7
incubation Cend MM 22.4+ 154 81.7+£45.2 30.6% 27.3

Yend % 13 50 28

Cineo = theoretical concentration.

Cinitial = initial quantified concentration at O h.
kdeg = degradation rate over the first 4 h.
Cend = end detected concentration at 24 h.

%end = percent (based dbinitia) Of quantified concentration at the end of incubation (24 h).

# All valuesare means + SDs.

* Cya3Glcwas incubated in thia-vitro colon model vessel which contained colon media with 1% autoclaved faecal sample (chapter 4,

Figure 4.12).
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5.4.5. Investigating the breakdown products of the spontaneous

degradation of Cya3GlIc during anaerobic incubation

The formation of breakdown products from the anaerobic spontaneous degradation of
Cya3glc was observed on the DAD using different wavelengths (250, 280, 330, 370, and
520 rm). All newy formedpeakswereobserved from thelV-VIS chromatograms of the
injections from vials containg phosphate buffebut newly formed peaks in the vial
containing colon media were not clear and easy to monitor as the chromatogram had a
very noiy background presumably from the various components present in colon media
Therefore, all new peaks were observed on the chromatograms created from injections
from incubations of Cya3Glc in phosphate buffer solutitimesy analysed the parent ions
m/4M-H]" in full scan mode and picked up someswurce fragmentdAfterwards, the
identified masses were used later to observe the peak formation over time in both

incubatiors in buffer solutions and colon model media.

In the absence of oxygen, Cya3Glc declined over time. In parallel, new geadared

as breakdown products of Cya3Giger 24 h(Figure 5. 7). Some new peaks gave
m/4M - H] values greater than that of Cya3@ivZM-H] = 447) The new masses (i.e.,
m/4M- H]" = 465 and 4@8) were higher than the mass of Cya3Giu{M-2H] = 447),
showing thaiCya3Glc underwent structural changes #rel potentiabddition of small
maseslike O, and HO. This change is due to the pH, and it will be refetecethepH-
dependent degradatiéh It is well known thatanthocyanis are stable at low pipH 1-

3). In addition, am/AM-H]" 329 was detected during the anaerobic incubation.
Furthermore, expected massuchasm/{M-H] 153 correspondingo PCA and/or PGA
werenot detected.

At 0 h, the Cya3Glc peak appeared at RT 14.8 on DAD chromatodigore 5. 11),

and with m/ZM-H]" 447 on mass spectra chromatogramigire 5. 7A). The
interpretaton of mass spectra is usually carried ouabsuming thahe highest intensity

of parent ioron the mass spectra chromatogram as the mass [M] of the compound, and +
H depends on the ionisation polarity (positive or negative). Extra confirmation of the
compound mass [M] and its structural formula might be expected by observingmther

sourcefragment peaks on mass spectra chromatogr&or example the mass spectra
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obtained from Cya3Glc showed thié highespeak which accounted fahe parent ion
was 447m/4dM-2H] (Figure 5. 7A). In addition, an/42M-H] ion of 895.2 appeared to
show a dimer of Cya3Glc magsn in-sourcefragmentof m/4M-H] 285 was also shown

to confirm the cyanidin after knocking off glucose (Glc) moiety from Cya3Glc.
Moreover, spectra peaks with higher masses thafya3Glc [M-H] but smaller than
the mass of Cya3Glc dime2NI-H] represented an adduct with Cya3Glc migbtur
during the ionisation. For example, spectra peak of 465:H]kiccounted formadduct
molecule ofH20 (18 amu)with Cya3Gilc.

Another peak appeared at 12.7 min on DAD chromatogram at O h inculfaigane(5.

11) with m/M-H] 465 (Figure 5.7.B). This would be presumed-iihg fission andhe
addition of HO (18amy to Cya3Glc that would form Cya chalce@4c in cis- form that

later transformed to tans- form with less structure enerd¥ This mass &s shown to

be increased over the first 4 h of the incubation in both colon media and phosphate buffer
(Figure 5.6). Afterwards, it declined faster in colon media while it plateaued over time in
thephosphate buffecis/transCya chalconeslc wasidentified as [MH] =465; a dimer
[2M-H] =931.2 and[M-H]-GlIc] =303 Figure 5. 7B).

After 1 h incubation another pealRT 7.3) appeared with theass ofm/4M- H]" 463
(Figure 5. 6). This m/zvaluesuggested that Cya chalce@éc lost two protons [2H to
form Cya chalcone anioni@lc. This mass increased over time during the incubation in
phosphate buffer to reach its maximum accumulation at 24 h. Whereas the same peak was
detected at 24 h in colon media baota very small amountThis compound was
interpreted using mass fragment pattern Nt 463; as a dimmer [2NH]927.2 Figure

5. 8C). Anionic Cya chalcon&lc is a charged forpthus it ispresumablyform dimers
with high molecular weight which delay it is elutionappeatately at RT 14.1 Figure

5. 8D). Another peak withm/4M-H]" 329 appeared in both phosphate buffer and colon
media, however, it appeared at 4 h in colon media and at 8 h in phosphateHgdfer (
5.7 and Figure 5.8E). Nevertheless, this peak in both colon medhid phosphate buffer,
and them/4M-H]™ 329 increased over time to reach it@ximumaccumulation at 24 h
(Figure 5.7).
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Figure 5.7. The formation of the breakdown masses (products) during the anaerobic spontaneous degradation of Cya3Glad6 150 uM) at physiological

condition (neutralpH; 3 7eC) in colon media and phosphate buffer.

Phosphate buffe’y, 10mM K phosphate, pH 7.4) and colon medad.5 mM K phosphate, pH 7.0) were prepared and autoclaved. Colon media and phosphate buffer
were incubated in the anaerobic cabinet over niOgtheadayafter, 8fieghGtock slutora(8s) @IZcut t h ¢
(2 mg/mL) was prepared by dissolving 2 mg of the authentic compound in 1 mL DMSO. In the anaerobic cabinet, two expegisiémta]) were prepared for each

medium by adding 168.5 pL of SS to 4831.5 uL medium) to give a final volume of 5 mL @yal3&Ic concentration of 150 uM. Samples (0.5 mL) vwaiéectedat

the times shown in the figure, mixed with 0.5 mL of 4% v/v aqueous formic acid then immediately analysed usirQAIRMS in negativefull scan modeo

determine the Cya3Glc concentrati@xternal standard curve of serial concentrations of Cya3Glc was prepared in acidified phosphate buffer (4% v/v forgaclacid)

experiment was carried out in triplicates. Values represent means + SD.
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Figure 5.8. The mass spectra of the peaks corresponding to Cya3Glc and its anaerobic spontaneous
breakdown products in phosphate bufferon LC-MS in negative full scan mode, where x axis is
m/4M -H]- and y axis isthe relative abundance (100%)

Cya3Glc @), Cya chalcon&lc (B), Cya chalconanionicGlc (C), dimer of Cya chalconenionicGlc
(D), and trihydroxyethenylbenzer@ic (E).
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5.4.6. Investigating the breakdown products of the spontaneous

degradation of Cya3Glc during the aerobic incubation

The formation of breakdown product peaks from the aerobic spontaneous degradation of
Cya3glc was observadsoon the DAD using different wavelengths (250, 280, 330, 370,
and 520 nm)In addition, # newy formed peaks were observed frahe UWVIS
chromatograms of the injections from vials contagnphosphate buffer, because the
peaksformed from thevial containng colon media wrenot clearand easyo monitor

due toa high andoisy backgroungresumablyrom colon media ingredient$herefore,

all new peaks weraitially observed on the chromatograms created from injections from
incubation with phosphate buffer. Afterward the corresponding masses of these new
peals were identifiedin the colon media sampléy extracting thesen/z[M-H]™ from

the full scan to create a targetd® chromatogranthat could be integrated

With regard to the aerobic spontaneous degrada@9a3Glc decling at a faster rate

over timecompared to the anaerobic degradafieigure 5. 6). Four peaks which were
detected in the anaerobic degradation of Cya3Glc, were also detected in the aerobic
spontaneous degradation of Cya3Glc i.eis/transCya chalconeGlc (RT 12.7,
m/AM-H]- 465), Cya chalcon&lc (RT 7.3; m/AM-H] 463), 2,4,6
trinydroxyethenylbenzen€lc (RT 3.4; m/ZM-H] 329) and dimer of Cya chalcof@lc
(RT14.1;m/4M-H]  932).

However, ninenew peakswere detectedais breakdown productduring the aerobic
degradation ofCya3Glc(Table 5.4). The formation of thsepeakswas observed over

the 24h (Figure 5.9). Three peaks showed to have higher mass than the mass of Cya3Glc.
One peakm/z[M-H] 465 (RT4.8), appeared at 3 h and increased over time up to 24 h.
This was interpreted as Cya hemiketal ket@ie Another unknown peak was/z
[M-H] 495 (RT7.6) which appeared at 2 h and increased over time to reach its maximum
at 24 h.Another peak appeare®T 14.9;m/AM-H]" 929) later at 4 h and also showed
constant increase over time, and this mass was identified as a dimer of two different
molecules, Cya chalcor@lc (m/ZM-H]  465) and Cya chalcone anionien(M-H]

463). However, there was another new peak, but with lowesesathan Cya3Glc, was

shown to be increased over time. The pd2Kk&.4; m/4M-H] 355) appeared at 2 h and
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consistently increased over time. This peak was identified as cou@larinased on
m/4M-H] 355, another ioom/ZM -H]™ 193 for coumarin, and other ion ai/AM-H] 177
(Figure 5.9).

Additionally, five peaks with smal apparenimasseghan them/ZM-H]  of Cya3Gilc
appered to increase over timeigure 5.9 andFigure 5.11). Two peaks were identified
usingm/zandRT of authentic standardBCA (RT 3.7;m/AM-H] 153) and PGART 9.7,
m/4M-H]~ 153). However, further structure confirmation was done using fragmes
[M-H] which were 109 and 125 for PCA and PGA, respectivElgure 5. 10E and
5.10F). The other three peaks were interpreted usindgréggnent ions from the current
ion chromatogram. Therefore, these peaks  were identified as
2,4,6 trinydroxyphenyloxoacetic acidR{T 1.4; m/AM-H]" 197) with in-source ion
fragment of 177, 153 and 125 {M], 2,4,6 trihydroxyphenylacetic acidRT 2.3;
m/ZM-H]- 183) with ion fragment of 177, and 139 Hd], and
3,4 dihydroxyphenylacetic acidR(T 1.7; m/dM-H]" 181) with ion fragment of 177, 137
and 109 [MH] (Table 5.4).

The experimental HPLC vial of the aerobic spontaneous degradation of Cya3Glc was left
over 7 days in the same condition (aerobic, 37°C) to inject it again onto{BRIDEMS.

The data showethat3,4-dihydroxyphenylacetic acidT 1.7; m/AM-H]" 181) remained

as the highest peak compared to other peagpdndix 4).
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Figure 5. 9. Spontaneous aerobic degradation of Cya3Glc (170 uM) aenu t r a | pH; 37eC an
formation of breakdown products over 24 h incubation.

A phosphate buffer (10mM K phosphate, pH 7.4) was freshly prepared and then autoclaved. A fresh stock
solution (SS) of Cya3Glc (2 mg/mL) was prepared by dissolving 2 mg afuttentic compound in 1 mL
DMSO. An experimental vial (n=1) of 150 uM of Cya3Glc was prepared by adding 33.7 pL of SS to 966.3
puL phosphate buffer, and immediately injected through HBIAD-MS (in negative full scan modle

where the autosamplegmperaturevas set at 3. Different auteinjections were carried out at the times
(shown in the figurkto follow the Cya3Glc concentration and the formation of other breakdown products.
External standard curve of serial concentrations of Cya3Glc was preparddifiedaphosphate buffer

(4% v/v formic acid). The experiment was carried out twice in total, and similar results were obthmed.

data are shown from one experiment.
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