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Chapter 1: Introduction

As the most abundant antioxidants in our diets, polyphenols are receiving
increasing interest from consumers and food manufacturers (Scalbert and Williamson
2000). Amongall the recognized polyphenols, anthocyanins are especially important
becaus®f their unparalleled consumptipwhich was estimated to A0+ mg/day
(Hertoget al.1993; Galvano 2004; Prior 2004). They are very widespread in fruits,
vegetables and prosged foods or beverages like juices and wines (Francis 1989;
Clifford 2000), and have been consumed by humans for generations after generations.
Recently as the worldwide coern about synthetic food dyeses, demands and
interests in anthocyanins as@tgntial natural colorant alternative are steadily

increasing (Francis 1989; Giusti and Wrolstad 2003).

The explosive interest in anthocyaninasaroused by the recognition of their
potential health benefits (Giusti and Wrolstad 2003). Epidemiologiadiestinave
suggested associations between the consumption of anthocigdimmvines and the
prevention of coronary heart disease, which was known as the “French Paradox”
(Renaud and De Lorgeril 1992). Later on, a vast number of studies have been carried
out on the potential benefits of anthocyanins on human health. To date, the potential
health benefits of anthocyanins include radical scavenging (Esatld994; Pool
Zobelet al.1999), inhibition of lipoprotein oxidation and platelet aggregation
(Whiteheadet al.1995; Tsudaet al.1996; Ramireztortosaet al.2001; Kay and

Holub 2002), antinflammatoryactivity(Wang et al.1999), reduction ofcapillary



permeability and fragility (CoheBoulakiaet al.2000), prevention of obesity (Tsuda
et al. 2003), potecting on liver ischemia (Tsu@hal. 1999), antineoplastic and anti
tumoractivity (Koide et al. 1997; Kamekgt al.1998; Hagiwaraaet al.2001; Harriset
al. 2001; Maliket al.2003; Singletaryet al.2003), improvement okye vision
(Nakaishiet al. 2000; Canter and Ernst 2004), control of diabetes (Jankavaki
2000), and others. All the effects listed above are more or less related to the

antioxidant mechanisms (Komgal.2003).

However, there are two critical issues that may impair th& ofer
anthocyanins. First, although anthocyanins can have antioxidant effects in cell culture
and other in vitro systems at relatively high concentrations, it is not clear whether
concentrations can be reached in vivo at the tissue level to producedartteffects
(Prior 2004). Numerous studies have suggested the low bioavailability of
anthocyanins as indicated by the very low recovery in the plasma and urine after
ingestion (Lapidogt al.1998; Cao and Prior 1999; Miyazavehal .1999; Bubet al.
2002, Murkovic et al.2001; Felginest al.2002; Mazzaet al.2002; Milbury et al.
2002; Wuet al.2002; Franket al.2003; Mcghieet al. 2003; Nielseret al.2003;
Felgineset al.2003). Second, anthocyanins may not have sufficient stability to
survive the pysiological conditions during absorption and distribution. In any cell or
tissue culture study using anthocyanins, one must be awaed tigattral pH, the
anthocyanins may degrade (Prior 2004). In addition, in the gastrointestinal tract and
body tissuesenzymes such disglucosidase may also accelerate the degradation of
anthocyanins (Tsudet al. 1999; Tsudat al.2000). It is not clear whether

anthocyanins remain intact in tissues long enough to act as antioxidants.



This study was designed to cobtrie information for answering the above
two uncertainties. Anthocyanins in the urine, plasma, cecal content and feces of rats
fed anthocyanin rich extracts (ARES) as well as control diet were analyzed to evaluate
the absorption, metabolism, and excretibanthocyanins in vivo. Three AREsS,
namely chokeberry, bilberry, and grape extracts, were chosen as the additives in diets.
They were alleportedio be good sources of antioxidants (Camire 2002; Skrede and
Wrolstad2002; Shahidi and Naczk 200Q4get cotaineda wide variety of individual
anthocyaninswhich might provide valuable information on théerence of
individual anthocyanins. Unlike many other animal studies, in which relatively high
intakes (up to 400 mg/kg BW) of anthocyanins were usedderub healthrelated
responses in a short time (Tswetdal.1999; Prior 2004)relativelylow dose diet and
longtermfeeding were employed in our study to simulate the normal intake of

anthocyanins by humans.

A focus of our study is the comparison ofiindual anthocyanin compounds.
It's not surprising that the chemical structure of anthocyanins will affect their
biological properties. The number of hydroxyl groups, type of sugar moieties, as well
as the acylated groups obviously can influence the pglaize, and spatial
conformations of individual compounds, and consequently have a certain impact on
thebioavailability. Studies on the bioavailability of anthocyanins have been widely
carried out (Cao and Prior 1999; Tswtlal. 1999; Miyazawaet al. 1999; Tsudat al.
2000; Cacet al.2001; Matsumotoet al.2001; Felgineset al.2002; Milbury et al.
2002; Mazzaet al.2002; Wu et al.2002; Nielsenet al.2003; Felgineset al.2003).

Differences among individual anthocyanimsvebeen noticed (Felgines al. 2002;



Wu et al. 2002), but generally the studies didn’t focus on the comparison of
individual anthocyaninghusavailable information in this field is scarce. Our
objective was to provide information for the screening of more bioavailable

anthocyains in foods.



Chapter 2: Literature Review

Anthocyanins are generally accepted as the largest and most important group
of watersoluble pigments in nature (Harborne 1998; Clifferdl.2000; Eder 2000;
Takeoka and Dao 2002). The wandthocyam derived from two Greek words
anthos which means flower, arkdyanos which means dark blue, reveébk
important characteristic as a natural colorant (Eder 2D8@adeVargaset al. 2000;
DelgadeVargas and Paredé®pez 2003. In plant tissues the #rocyanins are
responsible for the attractive red, purple, violet and blue colors (Brouillard 1982;
Takeoka and Dao 2002). Contributing to the colorful appearance of fruits, vegetables,
and flowers, anthocyanins help them to attract animals, leadingdalspersal and
pollination. Mazza and Miniati (1993) reported that anthocyanins might be important

in protecing plants against ultraviolk#hduced damage.
2.1. Chemical Structures of Anthocyanins

2.1.1. Basic Structure

The anthocyanins are hydroxylated and methdgyglaerivates of pheny-
benzopyrylium or flavylium salts, regarded as flavonoid compounds (Eder 2000).
Their basic structure of the aglycone shown in Figure 1 i64ACGring)-C-3 (€
ring)-C-6 (B ring) carbon skeleton, figuring a chromane ring bearisgcand

aromatic ring B in position 2 (Harborne 1998). Until 2003, there were 17 known



naturally occurringanthocyanidis or aglycones, but only six are common in higher
plants- cyanidin(cy), peonidin (pn)pelargonidin (pg)malvidin (mv),delphinidin

(dp), andpetunidin (pt) (Eder 2000; Korg al.2003), with cyanidin being the most
common (Harborne 1998). Other ddthocyanidis including apigeninidin,
aurantinidin, capensinidin, europinidin, hirsutidifhydroxycyanidin, luteolinidin, 5
methylcyanidh, pulchellidin, rosinidin, and tricetinidin have also been detected in
plants (Hou 2003). The differences in chemical structure of these six common
anthocyanidis occur at the 3’ and 5’ positions (Figure 1). Due to the long
chromophore of eight conjugatelouble bonds carrying a positive charge (Figure 1),
anthocyanins are intensely colored underia@dnditiors. The maxmum absorption

in the visible region is usually between 465 and 550 nm, while the oténum
absorption band falls in the UV rangetween 270 and 280 nm (Eder 2000).
Interestingly, the color is affected by the number of hydroxyl and methoxyl groups
(Figure 1): if more hydroxyl groups, then the color goes toward a more bluish shade;
if more methoxyl groups, then redness is increasledediaet al.1998; Delgado

Vargas and Paredd¢spez 2003.



Substitution Visible max. (nm)

Name Visible color
R; R, in MeOH-HCI
Cyanidin(Cy) OH H 535
}magenta

Peonidin (Pn) OCH; H 532
Pelargonidin (Pg) H H red 520
Malvidin (Mv) OCHs OCH; 542
Delphinidin (Dp) OH OH pumple 546
Petunidin (Pt) OCH; OH 543

Adapted from Harborne (1998).

Figure 1l Basic structure of anthocyanins (flavyliwation).

2.1.2. Glycosylation

The aglycones are rarely found in fresh plant mate@ilfif¢rd 2000; Prior
2004) or commercial producsuch as wine (Waterhouse 2002), except in trace
guantities, because they are quite unstdifle.glucosides of anthocyanidiase

called anthocyanins (Willstatter 1920he stability is enhanced by onemore



sugar molecules bonded at different hydroxyl positions. With a few exceptions
anthocyanins are always glycosylated é8 (Takeoka and Dao 2002). Besides the C
3 position, other sugars can also be attached at any one of the hydroxgs@7C
C-3, C-5, and even &’ (Brouillard 1988; Mazza and Miniati 1993; Eder 2000).
Usuallyanthocyanidirglycosides are-gnonosides and 3-&iglycosides as shown in
Figure2. Sometimes 3,-diglycosides or 3driosides are also known to occur

(Clifford 2000). Themost common sugar is glucose, but rhamnose, xylose, galactose,
arabinose, and fructose as well as rutinos@{&-L-rhamnosylD-glucose),

sophorose (-B-D-xylosyl-D-glucose), gentobiose{B-3-D-glucosytD-glucose),
sambubiose (®D-B-D-xylosyl-D-glucose, xylosylrutinose and glycosylrutinose may
also be present (Clifford 2000; Takeoka and Dao 2D@RjadeVargas and Paredes

Lépez 2003 Shahidi and Naczk 2004b).

OH
OH

OH

Anthocyanidin 3-glucoside, R = H
Anthocyanidin 3,5-diglucoside, R = glucose

Figure 2 Structure of common anthocyanidjiucoside.



2.1.3. Acylation

The sugar residues may be further acylated with organic acids (Mazza 1993;
Giustiet al.1998; Eder 2000) (Figure 3). Common acylating agents include cinnamic
acids such as caffeic;goumaric, ferulic and sinapic acid (Figure 4), as well as a
range of aliphtic acids such as acetic, malic, malonic, oxalic, and succinic acid
(Figure 5). Cinnamic acids may themselves bear glycosidic sugars. Aromatic and
aliphatic acylation may occur in the same molecule, and from zero to at least three
acylating residues mayelpresent (Harborne 1998; Clifford 2000; Eder 2000;

Takeoka and Dao 2002).

= o
(+) 3 o0 5 CH;0H
e
10 HO™2 o G2
5 4 U ) -
0 \ZoE
0 OH
1 (.!11 (i} l.'-_:I
5 {}\9 Y,
G3 /’\ C
61

Figure 3 Chemical structure of acylated pelargonidin derivatives encountered in red radish.

Arrows indicate hydrogens close in spa@oyrceGiustiet al. 1998)

O



X

HO HO @]

p-coumaric acid

HO
sinapic acid
0 o) = X o
/ o
=" HO @) OH
ferulic acid caffeic acid

Figure4 Common cinnamic acids acylated with sugar negzin anthocyanins.

O O
HO OH
OH HO
0] OH 0]

succinic acid malic acid
o)
o o OH
M " "
HO OH o] o
malonic acid oxalic acid acetic acid

Figure 5 Common aliphatic ads acylated with sugar moietiea anthocyanins.
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Since each anthocyanidin may be gisglated and acylated by various sugars
and acids at different positions, a great number of chemical combinations exist
(Harborne 1998DelgadeVargas and Paredéspez 2003 Based on several
reviews, it was estimated that more than 600 anthocyaninssleadfdund in nature
(Andersen 200 Such tremendous variations together with the pH dependent and
chelating metal ion dependent color change (Hou 2003) reasonably elucidated the

amazing gamut of natural colors.

2.2. Distribution, Daily Intake and Safety

2.2.1. Distribution

Anthocyanins are watesoluble and vacuolar pigments found in most species
in the plant kingdom (Harborne 1998; Shahidi and Naczk 2004b). They are produced
in most higher plants sucls alaclkoerry, red and black raspberries, nectarines
peaches, blueerries, bilberries, cherries, currants, pomegranates, ripe gooseberries,
onion, red radish, red soybeans, purple corn, basil, blood orange, elderberries, red
cabbage, fennel, red lettuce, grapes;skidned potato and purple sweet potato (Eder
2000; Pri@ 2004; Shahidi and Naczk 2004b). Anthocyanins can be found in all parts
of the plants. Though aggregate mostly in flowers and fruits (Brouillard 1988), they
also present in leaves, stems and storage orfahgadeVargas and Paredé®pez
2003. Among diferent plants or even cultivars in the same plant, the total
anthocyanin content varies considerably, affected by genetic-upaHight,
temperature, and agronomic factors (Shahidi and Naczk 2004b). Available data show

very wide range of anthocyanin cent, though more or less due to the lack of robust

11



guantification method for anthocyanins (Clifford 2000). Tabled ssmmarypased
on the information from several researchers. Although content varies widely,
anthocyanins profiles are ubsas a fingerpnt for different commodities given that
the anthocyanins profile is very typical for each commodity (Getisti. 1999b;

Revillaet al.2001; Chaovanalikitet al.2004; Nufezet al.2004).

The distribution of the six most commanthocyanidis in the edike parts of
plants is cyanidin (50%), pelargonidin (12%), peonidin (12%), delphinidin (12%),
petunidin (7%), and malvidin (7%) (Kong 2003). The three-mathylated
anthocyanidis (Cy, Dp and Pg) are the most widespread in nature. Some
commodities like pezh skin contain a limited number of anthocyanin pigments,
whereas others like hybrid red grapes may contain a mixture of more than 20
(Clifford 2000). Overall, cyanidin aglycone ocsum about 90% of fruits and is the

most frequently appearing aglyconei¢ 2004).

In plants the following three classesanithocyanidirglycosides are common:
3-monoglycosides,-Biosides, and 3;8iglycosides. 3lycosides occur about two
and half times more frequently than -8liglycosides (Kong 2003). Considering that
glucoside form is the most abundant comparing to other glycosides (Prior 2004),
cyanidin3-glucoside is not surprisingly the most widespread anthocyanin in nature

(Kong 2003).
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Table 1 Anthocyanin content in selected common fruitgetables, beverages and wines.

Commodity Total anthocyanin concentration (mg/kg) Source
Apple (peel) 10021,600 5
Bilberry 4600 5
Blackberry 820-1800 56
Blueberry 8255030 1,569
Boysenberry 1609 6
Cherry (sweet) 35004500 5
Cherry (tart) 288 5
Chokeberry 5060410000 6
Cranberry 4602000 1,5,9
Elderberry 2000415,600 5,6
Grape (red) 3007500 1,6
Grape (blue) 80-3880 5
Loganberry 774 6
Marion berry 237 9
Orange, Blood (juice) 2000 6
Plum 19250 1,5
Raspberry (red) 100600 1,56
Raspberry (black) 7634277 1,6,9
Strawberry 127360 1,5,9
Cabbage (red) 250 1
Current (black) 1300-4000 1,5
Currant(red) 119186 5
Eggplant 7500 6
Radish (red) 110600 3
Potato (red) 150450 4
Purple corn 16420 8
Onion Up to 250 1
Rhubarb Up to 2000 1
Wines (red) 90400 7
Wines (Port) 14041100 7

Source: 'Timberlake 1988°*Mazza and Miniati 1993Giusti and Wrolstad 1998;
*RodriguezSaonaet al. 1998;°Eder 2000°Clifford 2000; "‘Waterhouse 2003Cevallos
Casalst al. 2003 andPrior 204.
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2.2.2. Daily Intake

Anthocyanins are widely ingested by humans, mainly deriving from fruits and
red wines (Galvano 2004). The world wide annual consumption has been estimated as
10,000 tons of anthocyanins from black grapes alone (Clifford 2000). Of tloeivari
classes of flavonoids, the potential dietary intake of anthocyanins is perhaps the
greatest (100+ mg/day per person) (Prior 2004), which is much higher than the intake
(23 mg/day per person) estimated for other flavonoids, including quercetin,
kaempfeol, myricetin, apigenin, and luteolin (Hertegal.1993; Cao and Prior
1999; Galvano 2004). Depending on the nutritional habits, the daily intake of
anthocyanins for individuals has been estimated to range from several milligrams to
hundreds of milligrara per person. In the USA, average daily intakes were estimated
at 215 mg per person during the summer and 180 mg per person during the winter
(Kihnaul976). However, as pointed out by Timberlake (1988), regular consumers of

red wine are likely to have sigicantly higher intakes.

Intake of anthocyanin is increasing because extracts with high anthocyanin
contents from fruits and vegetablé® bilberry or elderberry are commercially
available Dueto the antioxidant and other potential beneficial propgrgeape,
cabbageand other natural anthocyanin colorants are becoming more popular. In the
future, the use of value added anthocyanins as natural food colorants is expected to
steadily increase, following the current trend away from synthetic colorsgi@ho

Mazza 1994).
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2.2.3. Toxicity and Safety

Anthocyanins are generally regarded safe, since they have been consumed by
animals and human for countless generations without apparent adverse effects to
health (Brouillard 1982). In 199@ highly purified extradrom V. myrtillus berries
containing 36% anthocyanins was used to test the tolerability and safety of
anthocyanins in animals (Morazzaial. 1996; Hou 2003). In mouse and rats the
LDso values were over 2000 mg/kg, without any toxic symptoms. In dogse singl
doses of 3000 mg/kg did not induce any sign of adverse effects. The oral
administration of the extract to rats and dogs at doses e13@8ng/kg or 8820
mg/kg daily respectively for 6 months did not induce mortality or any toxic effects.
Postmarketirg surveillance studgonfirmed theclinical safety(Morazzoniet al.

1996). Most of persont®ok 160 mg twice daily for-2 monthsGenerallythe extract
was well or very well toleratednly 4% persons complained side effects, mainly

gastrointestinal orancerning skin and cutaneoaisnexes, and nervous system.

The use of natat anthocyanins for food and beveragewidely permitted
within the European Community (E163), Japan, and the United States (Eder 2000).
The Joint FAO/WHO Expert Committee on Foédditives (JECFA) concluded that
anthocyanircontaining extracts are of a very low order of toxicity, based on limited
toxicological studies including mutagenicity, reproductive toxicity and teratogenicity.
In a twogeneration reproduction study the-oloservedeffectlevel (NOEL) for
young rats was determined to be 28&§/kg body weightdiet containing/.5% grape

skin extractor 3% anthocyanin pigments, equivalent to 7500 mg diet per kg body
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weight). Based on the above result, in 1982 the estimatedtablzedaily intake
(ADI) for man was calculated to be 21fg/kg body weight per day, using the

equation of ADI=NOEL/100 (WHO Food Additives Series 17; Clifford 2000).

2.3. Different Bioactivities Among I ndividual Anthocyanins

Anthocyanins represent a large goaaf chemically related substances and the
effect observed with one specific anthocyanin may not be applicable to another. For
instance, Matsumotet al.(2002) reported that in the neutral pH region in human
plasma, comparison of tlaatioxidant activitis among the djlucosides with five
differentaglyconesand the 3ylycosides with three different sugar moieties & C
showed that their strongesttivitieswere given by the delphinideglyconeand 3

rutinosyl moiety, respectively.

2.3.1. Differences Associated With Aglycones

The structural variatianin the Bring with the presence of hydrogen,
hydroxyl or methoxyl substitutions gitke six most common anthocyanidins. The
number and position of hydroxyl groups and methoxyl groups may significantly vary

the adycones’ chemical reactivity.

Wanget al.(1997) reported the oxygen radical absorbance capacities (ORAC)
of five of the anthocyanidins as follawg in decreasing order: cyanidin (2.289
0.029) > malvidin (2.002 0.167) > delphinidin (1.802 0.068) > penidin (1.693t

0.035) > pelargonidin (1.5400.033). Similarly, the trolox equivalent antioxidant
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capacity (TEAC) was reported as the decreasing order: cyanidifi (404) =
delphinidin (4.4+ 0.01) > peonidin (2.2 0.02) > malvidin (2.% 0.1)> pelagonidin

(1.3+£ 0.1) (RiceEvanset al. 1996).

For otherhealth related functions, structure also has important impact.
Andriambelosoret al.(1998) reported that among the anthocyanidins, delphinidin,
but not malvidinor cyanidin showed endotheliusdepenént vasorelaxatiomn in
vitro study showed that the cyanidin and delphinidin were potent inhibitors of the
epidermal growtHactor receptor (EGFR) and inhibited the growth of the human
tumor cell lines teste(Meierset al.2001). However, malvidin was ompletely
inactive up to 10@M. In a human study involving both elderberry extract land
bushblueberryextractdiet, only the cyanidin glycosides were found to exist as

methylated or glucuronidated fosim urine (Wuet al.2002).

Anthocyanins with thie 3’, 4’-dihydroxy groug can rapidly chelate metal
ions to form stable anthocyanmetal complexes (Sarnghal. 1997). As a result,
anthocyanins with the orthdihydroxyl groups have the potential to scavenge
hydroxyl radical through the inhibition dH generation by chelating iron (Noda
al. 1998; Nodaet al.2000), and to prevent iremduced lipid peroxidation (Wang
al. 1999). Theortho-dihydroxyl group also helps to form anthocyamietat
copigment complexes at physiological pH ranges witiouarorganic compounds
such as ascorbic acid (Saretal. 1997) and partially through this mechanism to

spare Vitamin C.
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2.3.2. Differences Associated With Sugar Moieties

The sugars combined with thaethocyanidis play an important role in the
bioactivities. Hbwever, glycosylation may modulate the antioxidant capacity
depending on the aglycones (Waati@l. 1997). Glycosylation either increased
(cyanidin3-glucosidevs. cyanidin), or decreased (malvadirglucosidevs.
malvidin), or did not have a significantfect (pelargonidir3-glucosidevs.
pelargonidin) on the ORA@ctivity of aglyconesin another study, the light emission
(chemiluminescence; CL) were observed in the reaction of anthocyanins with
tertbutyl hydroperoxide {BUuOOH) in the presence of acetahyde, and thEL
intensity of anthocyanins indicated that glucosylation at 3 and 5 positions of the
anthocyanin skeleton enhances the antioxidant effect of anthocyanins on

hydroperoxidation (Yoshiket al. 1995).

The type of sugar attached to the aglyeamy also have different effects. For
example, lycosylation in the C ring of cyanidin increased its antioxidant activity
for glucose and rhamnoglucose, but decreased activity for galactose and rutinose. The
effects are particularly intriguing when coarmg the glucoside arghlactosides
because the only difference is the orientation of one hydroxyl group at their pyran
ring (RiceEvanset al.1996; Wanget al.1997). In another study with flavonoids
including anthocyanins on the suppression of tumowthin vitro, glucose
attachment at the A phenol caused suppression of tumor cell growth, but other sugars
such as rhamnose and rutinoside at that position did not suppress the growth (Kamei

et al. 1996).
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It has to be emphasized that among all thesersuglaicose seems to be
associated with some unique properties of anthocyanins, including the stability,
absorption and metabolism. In the alkaline region it has been found that certain
anthocyardin 3-glucosides showed a relatively high stability (Delgatf@argas and
Pareded 6pez 2003). Bearing in mind that once the anthocyanins are inside the cell
and in plasma, theircumstanceH will be above 7, the anthocyamd-glucosides
are expected to have better availability if only consider the stabilityrfa¢tovever,
the absorption pathway might not function in the same way for all the different
glycosides. In thén vitro studies there are already evidences that the absorption of
some flavonol glucosides includes the interaction with the intestinal sodium
dependent glucose transporter (SGLT1) (Gex. 1998; Geeet al.2000). But there
are currently two contradictory explanations. Some researchers suggested that it is
possible for theimilarly structured anthocyatin glucosides to be absorbed partially
through this pathway (Clifford 2000). The study done by Mulletiat. (2002
indicated such a mechanism also applied to anthocyanins. They observed that the
addition of sucrose to the elderberry juice resulted in a delay and lower amount of the
anthocyam excretion in human. There were also other researchers believed that the
interaction with SGLT1 did not necessarily indicate that transmarred as
phenolic glucosides could interact by inhibiting sugar transport but not themselves be
transported aoss the membrane, because of the bulky size of aglycones attached to
the glucose (Dawgt al.2000). Despite the proved direct absorption of anthocyanin
glycosides (Caet al.1999; Miyazawaet al.1999; Matsumotcet al. 2001; Wuet al.

2002; Mcghieet al.2003), there is another suggested pathway of anthocyanin
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absorption. Tsudet al.(1999) speculated thatyanidin3-glucoside was absorbed in
the small intestine as aglycone after being hydrolyzed-gluBosidase. On the other
hand, results from Dast al. (1998)demonstrated that the célee extracts from
human small intestine and liver had the ability to deglycosylate various flavonoid
glucosides. In particular, lactase phlorizin hydrolase (LPH), the only mammalian (3
glucosidase having an activity Wih the gut lumen, may be primarily responsible for

the hydrolysis (Dat al. 2000).

Aside from the sugar type, the position and number of glycosylation may also
affect the bioactivity of anthocyanins. As shown by Weirg.(1997), 5
glucosylation sigricantly decreasethe ORAC activity of cyanidi3-glucoside and
pelargonidin3-glucoside, yet slightly increased the activity of malvid@iglucoside.
The effect of different sugar molecules on the radical scavenging efficiency was
believed to be assocstt with their ability to enhance or diminish the parent
compounds’ capacity to form stable radicals. Inith@vo studies, Mulledeet al.
found a greater urinary excretion of cyanidisénbutbioside than cyanidia 3
glucoside. Prior cited his unpublishdata to show that the complexity of the
glycosidic pattern does not seem to noticeably affect the absorption. However, the
reduced excretion ayanidin3-glucoside may be the result of increased degradation
relative to cyanidirB-sambubioside in the gasintestinal tract (Wu and Prior,

unpublished data).
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2.3.3. Differences Associated With Organic Acid Acylation

Sugar acylation of anthocyanins with cinnamic acids and a range of aliphatic
acids induces resistance to other factors such as heat, lighhi§®OMH, improving
the color quality and stability (Delgadéargas and Paredé®pez 2003). However,
the acylation also impairs thxoavailability of anthocyanins (Mazza al.2002;

Prior 2004).

2.4. The Biochemistry and Stability of Anthocyanins

2.4.1. TheMajor FactorsInfluencing Stability

The color of anthocyanins is based on the fully conjugateslédron AC
ring n-system, withsomecontribution by the B ring as well. If that is disrupted, the
color is lost as when anthocyanins are in lpghmedium or bleached tyjsulfite
(Waterhouse 2002However the structure in resonance is the cause of their
instability, and consequently the groups attached to the structure (namely hydroxyl,
methoxyl, glycosyl, and acyl) influence the stability substanti@lgldadeVargas

and Paredekopez 2003.

Other factors like the pH, temperature, light, presence of other phenolic
compounds, enzymes, metal ions, sugars, ascorbic acid, and oxygen etc. also have
significant impact on the stability of anthocyanins (Shahidi and Naczk 2004b
Generally the anthocyanin degradation follows foster reaction kinetics (Giusti

and Wrolstadl996a Eder 2000).
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2.4.2. Thelnfluence of pH

In aqueous solution, anthocyanins undergo structural transformations that are
pH-dependentKigure6), which had beestudied and summarized by Brouillastdal.
(1982). It has been found that four major anthocyanin forms exist in equilibria: the
red flavylium cation, the blue quinonoidal base, the colorless carbinol pseudobase,
and the colorless chalcone. At pH belova@thocyanins exist primarily in the form
of the red flavylium cation. Solvation of a flavylium salt in a slightly acidic or neutral
agueous solution results in the immediate formation of neutral and/or ionized
guinonoidal bases (Takeoka and Dao 2008 flavylium cation by virtue of its
positive charge is resistant to attack by electrophiles such as aldehyde and quinone
(Clifford 2000).Rapid and almost complete hydration of the flavylium cation occurs
almost exclusively at the-€ position to give theatorless carbinol pseudobase at pH
values ranging from 3 to 6. This can further equilibrate to an open form, the colorless
chalcone pseudobase, at a slower rate. The generalized effect of pH on these
equilibria for a noracylated monglucoside is illustreed in Figure7. Interestingly,
under the same conditions the 3jiglycosides have a smaller concentration of the
cationic form at any given pH value whereas acylated forms have noticeably more
cation especially above pH 5 (Dangesl.1993). As poined out by Brouillard in
1977, the hemiacetal form is most likely to be the target for attacking at slightly
acidic pH. This was evidenced by later discovered anthocypnimone adducts in

the hemiacetal form detected by IMS (SarniManchadcet al.1997).
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Figure 6 Conformations of anthocyanins in agueous solution under varying pH. (Adapted

from Brouillard 198B)
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Figure7 The generalized effect of pH value on ramylated monglucoside anthocyanin
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2.4.3. Substitution

Anthocyanins are stabilized by the substitution at thep@sition. This
inhibits the addition of water and subsequent formation of colorless species (Mazza
and Miniati 1993). Monomeric anthocyanin pigmentt @ombine with bisulfite to
form a colorless adduct, the sulfonic acid substitution occurring at-thpdsition
(Figure8). Polymeric anthocyanins and some wine pigments will not be bleached
since the & position is blocked. For instance, Vitisinslaed from Vitis vinifera
contain a link between-@ and the Shydroxyl groupof the molecule, improving
characteristic of color and stability (Figu® Their resistance to sulfur dioxide and

high pH values has been observed (Bakker and Timberlake I987absorbance at
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420 nm of the bisulfitereated sample is an index for browning (Wrolsttal .

2002).

OH
R,  strong acid

OH SOsH

Flavylium cation: red Bilsulphite addition compound: colorless

Figure 8 Formation of colorless anthocyarsnlfonic acid adducts. (Source: Giusital.

2001)

OCH3;
OH
OH
OH
OCH3
O—glucose
O

O OH
Vitisin A Vitisin B

Figure 9 Structures of vitisins from Vitis vinifera. (Source: Bakker and Timberlake 1997)

2.4.4. Acylation

It is well established that acylation, particularly with cinnamic acids, will give
much greater stability to the pigment. The improved stability is kit be due to

the intramolecular copigmentation, later described. Acylation usually occurs with the
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sugar at the @ position. Presence of two or more acyl groups also increases the
color stability of anthocyanins in aqueous solution (Brouillard, 198&)suggested
that acyl groups interact with the basic anthocyanin structure avoiding formation of
the hydrated species (Giustial. 1998;DelgadeVargas and Paredé®pez 2003. It

is believedthat the acids will fold over the main anthocyanidin, diede is evidence

of proximity between hydrogens from acids and hydrogens at positb(Mazza

and Miniati 1993; Giustet al. 1998). Radishes, purpbarrots redcabbageare being
used by the food industry due to their increased stability attributée faresence of
anthocyanins with two or more acylations. Maraschino cherries colored with radish
anthocyanins have a shelf life of at least 6 months &€2and their good stability

has been associated with the presence of two acylating groups @tattgopidin

derivatives (Giusti and Wrolstad 1996RodriguezSaonaet al.2001).

However, acylation with aliphatic acids through ester bond often goes
undetected since these esters are quite labile to acid hydrolysis (Webkita2D02).
When malonatednthocyanins are subjected to standard extraction procedures using
methanol acidified with 0.1 to 1.0% HCI, the malonyl group is lost in a short time
(Harborne 1988)Data from the grape anthocyanins extraction suggested that the use
of solvents containgup to 1% of 12 N HCI could produce partial hydrolysis of
some acetylated anthocyanins during extraction (Rextilh1998). Comparing to
HCI, TFA (boiling point 72.4°C) has the advantage that it is easily removed by
evaporation under reduced prességueous TFA of 3% had been employed to

isolate malonated pigments frdvionarda didyma (Takeoka and Dao 2002).
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2.4.5. Copigmentation

Stability of anthocyanins can be enhanced though intramolecular or
intermolecular copigmentation. Acylated anthocyanins contaimogr more
aromatic acyl groups may affect the color through a mechanism called intramolecular
copigmentation (Mazza and Miniati 1993arborne and Williams 2001
Anthocyanins also interact with other flavonoids and related compounds to produce
an incrase in color intensity (hyperchromic effect) and a shift in the wavelength of
maximum absorbance toward higher wavelengths (bathochromic effect). Such a
phenomenon is called intermolecular copigmentation, which can take place in acidic,
neutral and evenightly alkaline aqueous solution (Mazza and Miniati 1993;

Brouillard and Dangles 1994).

The occurrence of copigmentation relies on at least two effects (Waterhouse
2002). First, the formation of ther complex causes changes in the spectral
properties othe molecules in the flavylium form, resulting in hyperchromic shift and
bathochromic shift (Giusgt al. 19993. Secondly, the stabilization of the flavylium
form by ther complex shifts the equilibrium to better favor the flavylium, thus

boosting the mportion of anthocyanin molecules in the-aaored form (Figure Q).
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Figure 10 Co-pigmentation of wine anthocyanins. (Source: Waterhouse 2002)

Several types of chemical groups were observed to induce anthocyanin
copigmentationAmong those, flavonones, aurones, #adonols show the most
significant color modifications, including chroma and lightn@slgadeVargas and
Pareded.opez 2003). Othgnphenomenacontributing to the copigmentation involve
the anthocyanin setssocidabn (Clifford 2000) and metal complexation as illustrated
in Figurell (Somaatmadjet al. 1964). Because of the s@$sociation, anthocyanin
absorbance in the solution doesn’t follow Beer’s law, especially at high

concentration.
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OH Anthocyanin

Figure 11 Suggested mechanism of anthocyamietatascorbic acid complexation. (Source:

DelgadeVargaset al.2000)

Copigmentation of anthocyanins usually results in improved stability, by
protecting the colored flavylium cation from the nucleophilta@k of the water
molecule (Mazza and Miniati 199BgelgadeVargas and Paredéspez 2003. In
terms of the intramolecular copigmentatiosaadwich typestacking of the aromatic
residue of acyl groups with the pyrylium ring of the flavylium cation deg®a
hydration at @ and G4 positions (Mazza and Miniati 1993). Intermolecular
copigmentation also enhances the stability through intermolecular stacking (Clifford
2000), which was evidenced by the observations from independent researchers. In an
anthocyain stability study, Madhavi and coworkers attributed the bettatro
stability of the pigment to the productionad pigmentingagents such as flavonols,

phenolic acids, and tannins (Madhatval.1996). Reaction between anthocyanins
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and tannins pruces a “stabilized ” anthocyanin or pigmented tannin, which persists
much longer in wine than the initial form, and it is this stabilized color that persists in
most red wines more than a few years old (Waterhouse 2002). Sweeney and co
workers reported #t polyhydroxylated flavone, isoflavone, and aurone sulphonates
increased thphoto stabilityof anthocyanins (Sweeneyal.1981). They attributed

this effect to extensive Honding and ionic bonding between the negatively charged
sulfonate and the eleon deficient flavylium structure. As shown in Figur2, the

addition of quercitirb’-sulfonate made the product more stable to light.

Figure 12 Molecular complex between an anthocyanidin (apigenidin) and a polyhydroxy

flavonesulfonate. (Source: Sweental .1981)

The copigmentation is an extremely fast dynamic process and the lifetime of a
given complex is probably less than one microsecond. But for a covalent bond to

establish between anthocyanin and copigment a minimumdpefitime, much
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longer than a complex mean lifetime, is necessary. It is only from time to time that a
complex can escape from the copigmentation equilibrium to give a new pigment
molecule (Brouillard and Dangles 1994). The reaction is simplified in &IR1This

theory shades a light on explaining the slow process of red wine aging.

fast

complex

S

anthocyanins new pigment

Figure 13 Scheme of the copigmentation reactidkddptedfrom Brouillard and Dangles

1994)

2.4.6. Condensation

The differencébetween copigmentation and condensation is vague, but it is
generally considerecbndensationvhen covalent bonds are form@dancis 1989;
Fosseret al.2000). Many flavylium salts condense easily with amino acids,
phloroglucinol, catechin, and othewmpoundsto yield colorless flavones. This type
of reaction may lead to condensatfoeducts which can proceed to produce brown
polymers which precipitate out and cause turbidity but also contribute to polymeric
color. However, in some cases the condeosatramatically increases color density
(Timberlake and Bridle 1977). When anthocyanins and fl&+als such as catechins
and procyanidins interact with acetaldehyde, the increase in color can be up to seven
times. It is believed to be due to a linkingtieé anthocyanin and flavadol with a

CHs-CH bridge.
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2.4.7. Enzymatic System

Freshblueberryfruits develop an intense browning along with a color loss
after crushing (Kadest al.1998; Leeet al.2002). Studies indicate that native
enzyme polyphenol oxidasBRO, which is mainly located in the cytoplasm),
anthocyanins, and polyphenolics (predominantly located in the vacuole) undergo
significant degradation when the fruit is processed @ee2002). PPO oxidizes
polyphenolics to produce quinines (Jime ieeal. 1999). However anthocyanins are
not substrates for PPO. It is the secondary quinones that induce the pigment
degradation (Kadest al. 1998). The quinones subsequently react with anthocyanins
by coupled oxidation mechanisms with a ratio of 2:1 (Katlal.1998) or forming
adducts with a stoichiometry of 1:1 (SaManchadcet al.1997; Kaderet al. 1999)

to produce brown pigments.

In addition to the PPO, glycosidases are very important in anthocyanin
stability because of a degradation effect praty@ery unstable anthocyanidins and
glycosides (Skredet al.2000; Leeet al. 2002;DelgadeVargas and Parede®pez
2003. But their source is unlikely toe the fruits themselves (Skrede and Wrolstad
2002). Moldy fruit is a potential source to haveaglyidase side activities (Wrolstad
et al. 1994). Juice processing enzymes, such as pectinasedlatases, may also
affect the stability of anthocyanins due to glucosidase side activity of some enzyme
preparations, and therefore extreme caution mussée when choosing an enzyme
preparation for use by the food industwyightman and Wrolstad 199an thein

vivo studiescyanidin3-glucoside (Tsudat al.1999) and other flavonoid glycosides
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(Andreaet al.1998; Andreaet al.2000; Geeet al. 2000) wee detected in the small
intestine as deglycosylated form after adnmaison to the rats or humagkr

glucosidase was hypothesized to be responsible for this chemical conversion.

Native peroxidase enzymes may be a cause of anthocyanin destruction in
some berry commodities (Skrede aidolstad2002). Active peroxidase may be
major contributor to anthocyanin pigment destruction in many processed strawberry

products (Zabetakigt al.2000).

2.4.8. Other Influencing Factors

Processing and storage under low temperature can improve the stability of
anthocyaninselgadeVargas and ParedLopez 2003 Temperature has been
reported to induce a logarithmic destruction of pigment with time of heating at a
constant temperatur®élgadeVargaset al.2000). When temperature is increased,
the unstable formation of chalcone (Fig@jas favorel, and the chalcone is further

degraded to brown products.

Light is usually deleterious to anthocyanin components. Early in 1936 Tressler
and Pederson had reported the adverse effect of light on the color of Concord grape
juice in bottles. Palamidis anddvkakis (1975) reported that grape colorants in
beverage had the hdife of 416 days in dark against 197 days in daylight at 20°C.
Again, acylated anthocyanins are less affected by light, with only slight difference on
pigment stability when exposed ight as compared to stored in dark (Giusti and

Wrolstad 1996).
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Oxygen and hydrogen peroxide can easily oxidize anthocydbeiggdo
Vargas and Pareddé®pez 2003, but this mechanism is often accelerated by the
presence of ascorbic acid. The mutual desiton between ascorbic acid and
anthocyanin has been of great concern because of the universal of ascorbic acid in
fruit juice (Francis 1989 The interaction of ascorbic acid and oxygen may be
mediated by KO, because one of the mechanisms of oxidatfasoorbic acid

produces peroxide, and peroxide is known to bleach anthocyanins.

Increased sugar level may affect the rate of anthocyanin destrugatgaio
Vargas and Paredé®pez 2003 It was reported that sucrose addition improved the
color charactestics of frozen strawberries (Wrolstadal.1990). The mechanism
could be associated with the inhibition of degradative enzymatic activities of PPO and

peroxidaseelgadeVargas and Paredé®pez 2003.

Anthocyanins are very reactive toward metalsl ey form stable
complexes with tin, copper, and iron (Figudg {Francis 1989 For instance,
cyanidin 3glucoside forms a stable colored complex in the presence of aluminum
ions at pH 5.5. Actually the addition of Aldk an analytical test for antbganidins
which have two adjacent OH groupsy@t, Dp) and those which do not (Pg, Pn,
Mv). It has been proposed that metal complexes could be used as coDedgdsl ¢

Vargaset al.2000).
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Chapter 3: Materialsand Methods

3.1. Chemicalsand Materials

CommerciallyavailableAnthocyaninRich Extracs (ARES) of bilberry
(Vaccinium myrtillus L.) and chokeberryAronia meloncarpa E.) extracts were
supplied by Artemis International, Inc. (Fort Wayne, I8)ape extract\(itis
vinifera) was supplied by Polyphelics, Inc. (Madera, CACyanidin3-galactoside
standard for HPLC analysis was purchased fRotyphenols Laboratories (Sandnes,
Norway). Acetonitrile, acetic acid, methanol, acetone, and ethyl acetate were HPLC
grade reagents from Fisher Scientific (Hawn, NJ).Trifluoroacetic acid (TFAand
AOM (lot n0.111k1502)a potent carcinogemereobtained from Sigma chemical
(St. Louis MO). Tissuehomogenizeas fromBiospec Products, In¢Bartlesville,
OK). SepPakVac (6cc, 1g; 12cc 2g).gCartridgedor solid-phase extraction (SPE)

were purchased from Waters (Milford, MA).
3.2. Animals and Experimental Design
3.2.1. Dietsand Treatments

Biological sampls used in the current study were obtained frats exposed
to AOM, a carcinogen, as a partasf experimento assay chemopreventive activity
of the AREs (Magnuson, Univ. of Maryland, unpublish&lgts containing 4g/kg

monomeric anthocyanin from chokeberry, bilberry or grape #\R&e prepared by

35



supplementing AING3 powdered diet (Dyets InBA). All the threeanthocyanin
extracts were added in at the expense of cornstiaasled ortheir monomeric
anthocyanin content. The composition of experimentas detummarized in Table
2.1.1 All diets were prepared fresh on a weekly basis and storé@ atrdil use.
After feeding for one week]lanimals randomly received one dose of a

subcutaneous injection of AOM in saline at 20mdskgy weight

Table 2 The composition of experimental diets.

Ingredient Diets

AIN-93*  AIN-93 with 5% AIN-93 with 3.5% AIN-93 with 2.6%

(g/kg) _

Chokeberry ARE Bilberry ARE Grape ARE
Casein 200 200 200 200
L-Cystine 3.0 3.0 3.0 3.0
Sucrose 100 100 100 100
Corn starch 397.5 347.5 362.5 371.0
Soybearoil 70 70 70 70
Fiber (cellulose) 50 50 50 50
Mineral Mix 35 35 35 35
Vitamin mix 10 10 10 10
Choline bitartrate 25 25 25 25
AREs - 50 35 26

* AIN-93 is a standard rat diet.

The experiment was performed following a completely randomized design
(CRD). Rats were randomly assigned to four groups of ten agiesdhWithin each

group, either an anthocyanin enriched diet or control diet was given (Table 2). Each
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rat was considered an experimental unit. It was assumed that data from different

experimental unit was independent.

3.2.2. Animal Careand Feeding Trial

Forty 3-4 week old male specific pathogen fraaleFischer 344 rats
(Matsunagaet al.2002) were obtained from Harlamn@ianapolis Indiangand
maintained under the University of Maryland at College PAMCP) Institutional
Animal Care and Use Committee [TAJC) approved protocal$n the first week of
acclimatization rats were slowly weaned from pelleted rat chow to powdered AIN
93 diets. Chewing boneBip-Serv, NJ were also provided fasvergrowingeeth due
to feeding of powdered diet for long time. eranimals were housed in pairs in
suspended stainless steel cages with wire mesh floor and front. Powdered diet was
provided in standard feeding cups. Diet and tap water was avaitildiaim.

Atrtificial light was supplied from fluorescent tubes, in a 1ight —12h dark cycle.

The number of air changes was~10 per hour. Relative humidity was maintained at
25%- 60%. Clinical signs for all the animals were recorded regul@bdy weight

was recorded twice in a week andl@ys food intake was measured tivoes for all

the animals in 14 weeks studihese data are not included in the current report.
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3.3. Sample Collection

3.3.1. Urine and Feces Collection

Urine samples and feces were colledtedh eight animals randomly selected
from each group one week before theaf (14 week) sacrifice. Each animal was
placed individually in Nalgene metabolic cages (Mini Mitter Inc., Bend, Oregon) over
a period of 12 hours of dark cycRecause there were only frétaboliccages
available each day only rats from each treatmegroupwereused forurine
collection for 2 consecutive day3he powdered diet was not provided during this
time to reduce any contamination of urikkine was collected from 6 am to 12 pm,
and 20% TFA was added right after the collection (Miyazetveh 1999; Cacet al.
2001; Wuet al.2002; Milbury et al.2002). Feces were collected twice at 12 pm and
6 pm and sealed in polypropylene bafjsthesamples were immediately storedl

80°C untilanalyzed

3.3.2. Plasma and Cecal Content Collection

At the end 614 weeks, all rats were anesthetized in the carbon dioxide
chambeiin early morning without feedindgratswere immediately decapitated to
collect blood using heparinized tubes. Blood was mixed by inversion at least 3 times
and afterwards placed on icdagima samples were immediately prepared according
to the method of Tsuda al. (1999) with slight modification. Collected blood was
centrifuged at 3000 rpm for 15 min at room temperature. The separation was finished

within 30 min. Then plasma samples wgtackly removed and immediately treated
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with an aqueous solution of 0.44 mol/L TFA (1:0.2; v/v) (#&wal.2002). Proteins in
the plasma were precipitated by centrifuging for 5 min at 3000 rpm at 4°C (Felgines
et al. 2002). The ceal contentsverewrappedn foil and rapidly frozen in liquid

nitrogen. All treated samples were storeeBaCC prior to anthocyanin analysis.

3.4. Feces Anthocyanin Extraction M ethod Development

3.4.1. Method Development

To dateaprocedure for anthocyanin analysis in felsad not beeneported in
the literature Our extraction methodas designed based maportedprocedurs for
cecal content anthocyanins extraction (Felgetes. 2002) as well as the fecal
guercetin extraction (Auret al. 2002).An aliquot of 0.100g watakenfrom eah
frozen fecal sample, and placed in a 40 mL centrifuge ffberbreaking the sample
into smaller piecewith aspatula20 mL of extracting solvent was addelissue
homogenizewas used to homogenize the feces. Then the suspevessionicated
for 3 min and centrifuged for 10 min at 4000 rpm 4°C to precipitate the protein and
other water insoluble content. The supernateagtaken and the depositasre-
extracted with 10mL of extracting solvent twice in the same way. The combination of
supernatantaas carefully evaporated inBaichii rotovapor at 40°C. During the
evaporation, pressure was carefully coméebto avoid boiling. After evaporatn to
almost dry, the solution was diluted with small amount of acidified water, and then
applied to eésepP& Vac Gg (12cc, 2g) cartridge preonditioned with one volume of
methanol containing 1% TFA followed by one volume of water containing 1% TFA.

After washing with one volume of water containing 1% TFA, anthocyanins were
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eluted with one volume of methandartaining 1% TFA. The eluate was carefully
evaporated in 8Uchii rotovaporat 40°C, and then redissolved in water containing

1% TFA to 5mL.

Four solventsvere studied for the extraction efficiency using the fecal
samples in ARE treated groups includingthha@ol, acetone, methanol water mixture
(60:40; viv), and water, all acidified with 1% TFA. The experiment was done by
duplicate.For each replication, one sample from each group was randomly selected

and divided to 4 equal weighted aliquots of 0.100g.

3.4.2. Recovery Tests

In day 1, four fecal samples from the control group were randomly selected. A
portion of each sample was taken out and pooled. Afbeing the pooled fecewith
a spatulal8 equal weighted aliquotgere putinto 18 caped tubeandrandomly
assigned t@ groups. Within each grouknown amount of chokeberry, bilberry, and
grape AREs were spiked into different tubes itteplicatiors. Samples in group
were pasteurized in 95°C water bath for 2 minutes before spikinge(leee2002).
After brief mixing, all the tubes were storedl-18°C prior to anthocyanin extraction.
In day 2, samples in group 1 and gr@upere extracted with 60% methanol
following the procedures described3.4.1 Immediately after the serpurification,
anthocyanin cotent wasanalyzedoy HPLC. In day 4, sampén group 3were

analyzed in the same way.
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3.5. Determination of Anthocyanins

3.5.1. Semi-purification of Anthocyaninsin the Plasma and Urine

Plasma serqpurification method was adapted from Matsuneital.(2001).
All the available plasm@round 4 mL)wvas applied to &epPak/ac C18 (6¢cc, 19)
cartridge preconditioned with one volume of methanol containing 1% TFA followed
by one volume of water containing 1% TFA. After washing with one volume of water
containing 1% TFAanthocyanins were eluted with one volume of methanol
containing 1% TFA. The eluate was carefully evaporatedBiadhii rotovaporat

40°C, and then redissolved in water containing 1% TFA to 1mL.

Urine samples were seypurified following the same proceduused for
plasma, except that the sample volume was carefully controlled for quantification

purpose. Only 0.75 mL was used for each sample.

3.5.2. Extraction and Semi-purification of Anthocyaninsin the Feces

and Cecal Content

Fecal samples were defrosted inypobpylene bags at room temperature. An
aliquot of 0.100 g was carefully weighted out, and then extracted angsefied as

described ir8.4.1.

Cecal content was obtained from the defrosted cecum and then extracted and

semipurified in exactly the sameay as feces.
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3.5.3. High Performance Liquid Chromatography (HPLC) Analysis

All the samples were filtered through 0.45um Whatman polypropyikee
to the special vials before injeat into HPLC.Analyses were conducted on a HPLC
(Waters Delta 600) system epped with a photodiode array detector (Waters 996),
Millennium® software (Waters Corp., Milford, MAgndautosampler (Waters 717
plus). The separation of anthocyanins was accomplished on a Symmetry C18 column
(5um; 4.6x150mm). Mobile phases and gradiergse modified fromRodriguez
Saoneaet al.(1998) and Durst and Wrolstg@001). Mobile phases were A, 10%
acetic acid and 1% phosphoric acid in deionized water and B, acetonitrile. The
gradient condition was-B min, 100% A isocraticly; 80 min linearlydecrease to
65% A; 4045 min linearly increase to 100% ASpectral data (26650nm) was
collected for all samples. Elution of compounds of interest was monitored at
wavelength 520 nm for anthocyanins, 880for phenolics, and 320n for
hydroxylcinnamic ads Other chromatographic conditions were as follows: flow
rate, 1 mL/min;injection volume, 200L for urine andpolasma samples, 3@ for

cecal and fecal sampleamdpost run time, 10 min.

Peak identificatiorof bilberry and chokeberry anthocyanimas based on
comparson of relative retention times, percentage peak ardaspectral data with
available anthocyaninrpfiles of chokeberry and bilberdyREobtained from
Artemis International, Inc. (Fort Wayne, IN3s well as information froriterature
(Camire 2002; Skrede and Wrolstad 2002; Shahidi and Naczk RGo4arap

anthocyaninspeaks were compared to unknown anthocyanins as well as profile from
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literature (Mazza and Miniati 1993)PLC-MS wasalsoused to assigin peak

identification(Tianet al. unpublished)

3.5.4. Standards and Calibration Curves

Commerciallyavailalbe cyanidin 3galactoside standard wdssolved in DD
water containing1% TFA to 0.100 g/L, and thereafter diluted to 1/2, 1/4, 1/8, 1/186,
1/32, 1/64, and 1/128 of the initial concentration to make standard solutions. Standard
solutions were injected sepaely into HPLC under the conditions describe@.;.3
to generate calibration curve for all interested anthocyanin compounds
(Andriambelosoret al.2004). Calibration curve was linear, wittf R 0.99.All of the
anthocyanin peaks being analyzed fell within the range of the standardAllithe.
individual anthocyanins were expressedyanidin3-galactoside equivalent in

weight.

3.5.5. Statistical Analysis

One way ANOVA was conducted by SPSS (wvamnslO, 1999, SPSS Inc.,
Chicago, IL), and a&lues were given as meanSEM. When appropriate,
significance of differences between values was deternfipeD. Differences of

P<0.05 were considered significant.
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Chapter 4: Results and Discussion

4.1. Fecal Anthocyanin Extraction Method Development

Through the years, anthocyanin biological activity has been overlooked given
their poorabsorptionn the gastrointestinal tract (GIT). It has been only in the last
decade that methods have become available tloat fdr detection and quantitation
of anthocyanins in biological samples. Unlike many other flavonoids, anthocyanins
are not well degraded by guicroflora judging by thevisualcolor of feces from
animals fed anthocyanin rich digBrouillard 1982) Because of the close contact
between gut content and colon epithelium cells, direct influence of anthocyanins to
gut healthincluding colon cancer is plausibkctually, our hypothesiss supported
by the fact thatd date all of the cancers that may bdbited by anthocyanins are
related to the GIT. Breast cancer, on the other hand, was found not effectively
inhibited by anthocyaningelgineset al.(2002) were probably among the first to
report anthocyanin availability ithhe cecal conterst However tadate there is no
established methoalvailablefor analysis of fecal anthocyanins. In our study we
developed such a methbdsed omeportedorocedurs for cecal content anthocyanin
extraction (Felginest al. 2002) as well as the fecal quercetin extrac(faraet al.

2002)in order to systeatically study anthocyanina the gut contents
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4.1.1. Solvents Comparison

Methanol (Fragytloget al. 1998; Torskangerpodt al. 2001), acetone (Giustt
al. 1996, RodriguezSaona and Wrolstad 2002), water, and orgarooganic
mixture solvents (Ju and Howard 2@)3u and Howard 200Bbave been widely
used for anthocyanin extraction. In our study, we compared the extraction efficiency
of four solvent systems: aqueous methanol (60:40, v/v), water, methanol, and acetone.
All solventswere acidified with % of TFA (Torskangerpollet al.2001)to preserve
anthocyaninskecal anthocyanins were extracted and gaumified following
procedures described in 3.4HPLC calibration curve (described in 3.5.4) was used
to calibratehe concentrationlotal anthocyanins recovered from fecal samples were
calculated by adding the area under curve of individual peaks together and then
calibration.Anthocyanin ecovery by water extraction was arbitraglynsidered
100% and recoveries ball the other solventsere calculated based on the relative

efficiency to waterextraction Results were summarized in Figure 14.
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Figure 14 Relative efficiency of four@ventson fecal anthocyanin extractioBfficiency of
addified water was arbitrarily considered 100Edficiency of other solvents ascalculated
based on their relative efficiency to acidified watéalues are the mean + SEM of two
replications

Figure 14 clearly shows that the extraction efficiency wittabigsolvents
(methanol and acetone) or orgamorganic solvent mixture (aqueous methanol) was
dependant of the hydrophilicity of the anthocyanins present in the extract, increasing
in the order of chokebentyilberry-grape.This was reasonable since thistribution
of more or less hydrophilic anthocyanins in those teseeacts was differenin the

chokeberry ARE onlyhe hydrophiliccyanidinmonoglycosides were present, yet in
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the bilberry ARE there werdargeamount of less hydrophilic anthocyansisch as
peonidin 3glycosides and malvidin-8lycosides. In the grape ARE, however,
significant amount of acylated anthocyaniwkich were even more hydrophobic,
were presentresulting in a higher affinity for organic solven@verall, aqueous
methanol(60% methanolyjave the best extraction efficiendyhis mixture of

inorganic and organic solvesgeemed to have good efficiency for a wide range of
individual anthocyanindn addition, methanol helped to precipitate enzymes
(proteins) during centrifug@n. Traditionally organic solvents were preferred for
anthocyanin extraction from fruitsnd vegetableGiustiet al. 1996, Harbornel998;
Eder 2000 Takeoka and Dao 20Q)2partly because organic solvents/athe
advantagef easily penetratg the cd membranes and consequently extiragt
anthocyanins, theacuolar pigmerst DelgadeVargas and Paredéspez 2003.
However, fecal anthocyanins waret as compartmentalized as in fruits and
vegetables, since the consunfeddscontaining anthocyanirtsad been digested in
gastrointestinal tract3IT) before excretion. Anthocyanins present in feces were not
trapped in cell membranes, and therefore the advantage of organic solvents was not

apparent.

Water is a good alternative for aqueous methanol, notlmdguse it isra
environmental friendly solvent, but also because water extraction can be directly
applied to the ¢ cartridge, and therefore save a step of evaporation. Generally the
vacuum evaporation is conducted at around@% for anthocyanin solions, yet
this temperatureangeis so close to the body temperature, and is very likely to

accelerate the degradation of anthocyanins in the presence ahfexzlora Using
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acidified watemaydiminishsuch a concern and give more contoathe
reproducibility. In our study, we found water extraction gave the lowest SD/Mean
ratio in chokeberry and bilberry treatment, and the second lowest SD/Mean ratio

(next to aqueous methartodatmentin grape treatment.

In our study, we chosacidifiedaqueousnethanol (60:40, v/v) to extract all
the fecal samples and cecal content sanesause of the higher extraction

efficiency obtained

4.1.2. Stability and Recovery

In preliminary studies we observed tatoom temperaturerude extrac of
fecal chokeberry @hocyanins in acidified water degraded very quickly. After one
day, the majority of anthocyanins haelgradedjudging by thaelisappearance oéd
color.Even when stored at8°C, fecal chokeberrgnthocyanin extracts in acidified
water also lost some awlafter a fewweek . We suspeetd thatthe fecal microflora
wereresponsible for the quick degradation. Therefore the stability of fecal
anthocyaningt the time of collection (after excretion but before collection) as well as
during storage and extraatiavas a huge concern for accurate analy@sacquire
the efficiency ofour method, meanwhile to evaluate the roldemfalmicroflora we

designed a study of the stabilaynd recoveryf fecal anthocyanins, described below.

4.1.2.1. Stability of Fecal Anthocyanins

Profiles of recovered anthocyanimsunpasteurized fecal samplesre shown

in Figure 15, Figure 16, and Figure, Ivith the profiles of anthocyanins recovered

48



from pasteurized samples as referenBesteurized samplaseassumed to haveo
microflora and therefore nenzymatic activityon anthocyanins. Tslassumptionwas
supporteddy thefact that pasteurized samples hdehticalshapes oanthocyanin
profileswith the spiked ARE Thus the difference of total anthocyanins between the
spiked AREs ad that recovered from pasteurized samples was attributed only to the
loss during extraction and seqmirification. The overlapped profiles clearfhowed

that the unpasteurized fec@mples underwestgnificantanthocyanin degradation
when stored atl8°Cfor three daysMore interestingly, theevere degradation
occurredfor the anthocyanidinajacbsides, followed bynthocyanidin glucosides,
and not much significant degradatifmm anthocyanidin arabinosides and
anthocyanidin xylosidewas observedrhis trend was bettéltustratedn Table 3,

Table 4, Table 5, and Figure 18.

Chokeberry anthocyanin in feces 520nm
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Figure 15 Typical UV-HPLC chromatogram of fecal anthocyanirecovered from
chokeberryanthocyanin rich extradpiked fecesSolid line: Unpasteurizedamples stored
for 3 daysDot line: pasteurized sampld2eak identities: 1, cya@d; 2, cya 3glu; 3, cya 3
arab; 4, cya Xyl.

49



Bilberry anthocyanin in feces 520n01m

-
0.00 £.00 10.00 15.00 2000 2500 30.00 35.00
Figure 16 Typical UV-HPLC chromatogram of fecal anthocyanins recovered from bilberry
anthocyanirrich extractspiked fecesSolid line: Unpasteurized samples stored for 3 days;
Dot line: pasteurized sampld3eak identitiesi, del 3-gal; 2, del 3glu; 3,cya3-gal; 4,del 3-
arah 5,cya3-glu; 6, pet3-gal;, 7,cya3-arah 8, peo3-glu; 9, peo3-glu; 10,pet3-arah 11,
peo3-glu; 12,mal 3-gal, 13, peo 3arah 14,mal 3glu; 15,mal 3-arab

Table 3 Individual anthocyanins recovered from fespikedchokeberrnyARE".

Recovered
Anthocyanins Spiked Pasteurized Unpasteurized
After 1 day After 1 day After 3 days

Cya3-gal 1054 90.1b 61.1c 20.8d
Cya3-du 6.2a 5.3b 5.6b 3.6¢
Cya3-arab 49.2a 45.5a 45.6a 36.8b
Cya3-xyl 7.0a 6.2a 6.7a 6.2a
unknown 3.1a 0.6¢ 1.2bc 2.1ab

Total 170.5a 147.7b 120.2c 69.5d

! Fecal anthognin concentratiofmg cya3-gal equivalent/ 100g fecesexpressed as
mean of seven replicatiorfsMeans within a row with similar letters are not significantly
different (P < 0.05).
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Grape anthocyanin in feces S2lnm
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Figure 17 Typical UV-HPLC chromatogram decal anthocyanins recovered from grape
anthocyanin rich extrasipiked fecesSolidline: Unpasteurized samples stored for 3 days;
Dot line: pasteurized sampldéReak identities: 1del 3,5diglu; 2, cya 3,5diglu; 3, del 3gly;
4, pet3,5diglu; 5, cya3-glu; 6, peo3,5diglu; 7, pet3-glu; 8, mal 3,5diglu; 9, peo3-glu; 10,
mal 3-glu; 11, cya 3-glu-acg 12,del 3-glu-p-coum 13,cya3-glu-p-coum 14, pet 3glu-p-
coum 15, pel 3-glu-p-coum 16, mal 3-glu-p-coum

Table 3shows the individual anthocyaningcovered from chokeberry ARE
spiked fecesAmong all the four cyanidin glycosidgsesent in chokeberrgyanidin
3-galactosideinderwent the most severe degradation, from 90.1 mgfi&igurized
feces ithoutexposure to thenzymatic activity}o 61.1mg/100g feces with one
day exposure ttecal microflora undefl8 °C and then to 21.8 mg/100g feces with
three days exposerThe recovery of other three cyanidigycosides all showed no
significant difference between without fecaicrofloratreatmentand with one day
exposure to the fecaticrofloratreatmentAfter three days exposure to the fecal

microflora only cyanidin 3xyloside showedho significant degradation, but cyanidin

3-arabinoside was also very resistant to degradasaompared to ¢hothes.
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Table 4 Individual anthocyanins recovered from fespikedbilberry ARE".

Recovered
Anthocyanins Spiked Pasteurized Unpasteurized
After 1 day After 1 day After 3 days

Del 3gal 17.5¢ 15.6ab 13.9b 7.7c
Del 3-glu 26.9a 25.2b 25.8ab 21.0c
Cya3-gal + Del3-arab 26.6a 23.2b 21.0b 15.8c
Cya3-glu 20.8a 18.7b 18.2b 11.9c
Pet3-gal + Cya3-arab 17.7a 16.2b 15.5b 11.3c
Pet3-glu 19.6a 18.6a 18.8a 14.2b
Peo3gal + Pet3-arab 6.8a 05.9b 5.8b 5.3c
Peo3-glu + Mal 3gal 15.4a 13.4b 13.3b 8.5¢c
Peo3-arab 1.4b 1.3c 1.4b 1.8a
Mal 3-glu 20.9a 18.3b 18.3b 10.9¢
Mal 3-arab 4.4a 3.9c 4.3ab 4.1bc
Total 178.(a 160.3b 156.3b 112.5¢c

! Fecal anthocyanin concentratigmg cya3-gal equivalent/ 100g fecesexpressed as
meanof seven replications. Means within a row with similar letters are not significantly
different (P < 0.05).

Table4 shows the individual anthocyanins recovered froitberry ARE
spiked fecesBilberry anthocyanin profile was much more complexed thanahat
chokeberrybut the data demonstrated similar trend of degradaittmugh some of
the anthocyanins were not completely sepdrhtethe HPLC conditions, the other
peaks still delivered enough information to compare the degradation of anthocyanins
with different types of glycosylationAfter three days of exposure to the fecal
microflora delphinidin 3galactoside degradedost severelyhymore than 5%.

Delphinidin 3-glucoside cyanidin 3glucoside, peonidin-8lucoside, and malvidin-3
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glucosidedegaded from ~ 22% to ~48%Vhile peonidin 3arabinoside and malvidin
3-arabinoside showed no significant degradat©meluting peaks seemed tave

degraded to an extent half way between the contained indivadogdounds

GrapeAREonly contaired monameric anthocyanidirglucosides and acylated
anthocyanidirglucosidesThis factis widely acceptedby researcher@vlazza and
Miniati 1993;Skrede and Wrolstad 2002ndsupportedoy our HPLC resultsTable
5 summarizethe recovery of individual anthocyanifiem grapeARE spiked feces
Since all the compounds were glycosylated with @natjucose, they showed very
uniform characteristic in terms of resistance to the fedatoflora For most
compounds there was no significant degradalietectechfter one day or three days
of exposure to the fecaticroflora However, two major compousdnamely
peonidin3,5-diglucosideand malvidin3,5-diglucosidedegraded significantly after
three days o$torage. Theicorresponding 3 mono glucosigamely peonidin 3
glucoside and malvidin-8lucoside pothincreasedo levels even higher thdhe
spkedamount. What's more, thecreassof 3,5-diglucoside closely correlated to
the increasesf 3 mono glucoside This phenomenostrongly indicated theartial
hydrolysis ofmalvidin 3,5-diglucosideto malvidin 3glucosideas well agpeonidin
3,5diglucosideto peonidin 3glucoside Some very small peaketrayedhe trend
described above, probably because of the base line vari@bamparing the fecal
anthocyanidin glucosides in grape treatment to that in bilberry treatment, we can see
that even theame anthocyanin glucoside like cyanidigl@coside displayed
differentresistance to degradation in different sampgRrsbably the derivatives of

anthocyanidin 3jalactosideslegradationn bilberry treatment accelerated the
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degradation of anthocyanidgiglucosidesSimilar mechanism had been suggested
whenPPOwas involved in anthocyanin degradati{&aderet al.1998).
Anthocyaninghemselves areot substrates fd?PQ yetthe secondary quinones

induce the pigment degradation.

Table5 Individual anthocyanins recovered from fespikedgrapeARE ™.

Recovered
Anthocyanins Spiked  Pasteurized Unpasteurized
After 1 day After 1 day After 3 days

Del 3,5glu 3.94 2.6d 2.9¢c 3.3b
Cya3,5qglu 2.1b 1.8c 1.8c 2.3a
Del 3-glu 5.4a 4.7a 4.8a 5.2a
Pet3,5glu 7.3a 5.7c 6.1bc 6.3b
Cya3-glu 3.1a 2.6b 2.9ab 2.8b
Peo03,5glu 32.2a 26.2b 26.9b 22.3c
Mal 3,5glu + pet3-glu®  52.4a  44.9b 45.1b 39.7¢c
Peo3glu 4.1a 3.3b 4.1a 4.6a
Mal 3-gu 7.8b 6.5b 8.1b 10.7a
Del 3-glu-ac 2.4a 2.0b 1.9b 1.9b
Cya3-glu-ac 3.3ab 3.2ab 3.1b 3.9a
Del 3-glu-coum 4.1a 4.1a 4.0a 4.8a
Cya3-glu-coum 1.8ab 1.7ab 1.4b 2.2a
Pet3-glu-coum 18.4a 19.5a 18.6a 17.7a
Pel 3-glu-coum 1.1b 1.2b 1.0b 1.9a
Mal 3-glu-coum 2.3a 0.030a 0.023a 0.040a
Total 151.7a 130.0b 132.7b 129.6b

! Fecal anthocyanin concentratigmg cya3-gal equivalent/ 100g fecesexpressed as
mean of seven replicatiorfsMeans within a row with similar letters are not significantly
different (P < 0.05) Pet3-glu is a ceeluted minor peak.
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4.1.2.2. Recoveryof the Extraction Method

Therecoverieof total anthocyanins from all the fecal sames presented
in Figure B. Clearly the chokeberry and bilberry treatments, where significant
proportion of anthocyanidin galactosides was pregeasentd considerable
anthocyanirdegradation by fecahicroflora In the grape treatment, anthocyanins
were highly resistant to the feaqaicroflora Consequently, it is reasonable to infer
that at the time of fecal sample collection, since there was a gapdretat excretion
and sample collection, some anthocyanins might have experienced further
degradation. In our results, fecal anthocydeirel (chokeberry treatment in particular)

may have been underestimated.

Figure 18 indirectly tells us it is very likethat fecal microflora didn’t exhibit
significant effect during extraction procedure. Althougin esults didn’t show
directly how much influence of fecalicrofloracame from the extractigueriod
alone,and how much came from the storage per@tbwnin Figure 18(chokeberry
treatment) the recoveretbtal anthocyanin decreased 6% (86.4to 70.3%)with
one day exposure to feaaicroflora but decreased by16% (86.4 to 40.7%ith
three dag exposure. Apparently the extent of degradation (46%6% ratio~ 3)
washighly correlated to the time of exposi8days vs. 1 dayatiox 3). If we
suppose that during extraction proced(about one hourfecalmicrofloracaused
great loss, andqual amount cduch a loskadbeen incorporated intallthe
unpasteurized samples, thibe ratio of degradation between three days exposure and

one day exposure should have been less that ffineesfore the data indirectly
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shows us that fecahicrofloradidn’t exhibit high activity during extraction period.

This is not surprising because our method has at least three advantages in preventing
enzymatic degradatioifirst, centrifugation (4000 rpm, 10 min) precipitated enzymes
(proteins) which was evidenced by the fact that centrifugation treated samples were
much more stable than crude extra8scond, controlled low temperature (4°C)

during extraction reduced enzyme activity. Third, short processing lime (

comparing to traditional long time extracti(h, Fraytlog et al.1998) safeguarded

the degradatian
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Figure 18 Recovery of spiked anthocyanins in feces. Anthocyanin rich extracts were spiked
into pasteurized or unpasteurized fecal samples and then left-GB&@tfor storage until

further analysis. Extraction and HPLC anatysiere done after one day or three days of
storage. Recovery rate is calculated by dividing the recovered amount by the spiked amount.
Values are the mean + SEM of two replications. Means with different letters are significantly
different at P < 0.05.
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Therecoveryrateof fecal anthocyanins was calculated based on the data from
pasteurized samplesd spiked amount$he average recoveratefor chokeberry
ARE, bilberry ARE, and grape ARE w88.1+ 2.3% (n=6). The loss was resulted
from extraction stepsawell as sempurification stepFor thepurification step, Wt
al. (2002) reported that the recoverfycyanidin 3glucoside orSepPakC 13 SPE
cartridgewas90.0 + 1.5 % from urine and 91.4 £ 0.9 % from plaskxcluding the
loss on Gg cartridge our extractionprocedure alonmdeed recovered ov&5% of
the fecal anthocyanin€ertainlyrecovery ofspiked samplesiay not represent
exactly how much could be recovered fromal samplessincebinding of
anthocyanins to other components was possibiagldigestionBut when extracting
therealfecal samples from ratsardly any red color could be seearthe precipitate
by naked eyes after the extractid@ihis also is an indication of the good extraction

efficiency of our method

A limitation of thisexperiment was thpotentialinterference of trace oxygen.
Oxygen is a factor that can accelerate anthocyanin degradaitnme. oxygen was not
expelled from the cq®d tubes containing fecal samples, the role of free oxygen was
not clearly determined. Bauring the extraction procedure, contact between fecal

samples and oxygemasalways inevitable.

In summarystorage of fecal samples-a48°C does not protect the
anthocyanins from degradation, most likely due to the enzymatic activity of
microflora Under these conditions weundthe mostegradatiorfor anthocyanin

galadosidessmalkr but significantdegradation foanthocyanirglucosidesandlittle
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degradation foanthocyanin arabinosides and xylosiddsthe observationstrongly
suggestedha fecalmicroflorahad strong activity on fecal anthocyanins, Hrel
storage of fecal anthocyanins must be under a much lower temperatw&st@an
Despite that centrifugation may reduce enzyme activity by precipitating enzijraes,
extraction and senpurification proceduréo evaluate anthocyanin from fecal
samplesnust be done as quickly as possibheler controlled low temperatui@ur
extraction method, in which the aqueous methanol solweasutilized, allowed the
samples to bextracted and senrpurified within one hour(procedures described in
3.4.1) During this period we kept the temperature undérat most of the timeand

achieved an excellent recovente

4.2. Anthocyanin Absorption, Excretion and Transformation in

Rats

Anthocyanin absorptioand excretion in the rat animal modedre assessed
by analyzing anthocyanin content in plasma, urine, cecal content andnfecdsr to
better understand the bioavailability of anthocyanins in Betause the current
experimentvas part of a projecesigred to study the chemopreventive properties of
anthocyaningrats were treated with carcinogen. Howeatghevery early stage of
lesiondevelopmentatswere unlikely tohaveabnormalphysiologicalreactionsThis
was evidenced by the normal foadd drink consumption of all group&ithough
exact amount of anthocyanins consumed was not determinedaridattink

consumptiorwas approximately equal for all grou®ntrol and treatments)
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4.2.1. Anthocyaninin Urine

4.2.1.1. Urinary Anthocyanin Concentration

At the time of collection urine samples showed no red colorabion
immediatelyturned red after acidification witb0% volume(v/v) of 0.44mol/L TFA.
This color change was attributed to tleesquilibration of the chemical forms of
anthocyanin in acidic pHAs shown in Figure 7, under neutral pH condition
anthocyanins were predominantly in colorless pseudobase form, but under acidic pH
most anthocyanins convertedtb@red colored flavylium formConcentratios of
total anthocyaning rat urinesarerepored in Figurel9. Significant differences
amongthethree treatments were observé&te highest concentration of anthocyanin
was detected in the urine from rats in the chokeberry treatment, while the lowest level
was detected in the bilberry treatme@bnsdering the approximate volume of urines
(~1-1.5mL), and the average anthocyanin daily intake of 6&t§2mg, less than
0.05% was excreted within 6 hours after ingestidrese results agree with numerous
previousreports that anthocyanins were pooegavered in rat urine (Tsu@tal.

1999; Miyazaweet al. 1999; Matsumotet al.2001; Felgineset al.2002).
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Figure 19 Total anthocyanins recovered from rat uriielues are the mean + SEM of six
replications for chokeberryesen replications for bilberrgnd grapdreatmers. Means with
different letters are significantly different at P < 0.05.

The concentration of urinary anthocyanins was not only related tortbant
of anthocyanin excretigrbut also related to the urielume.In urine samples from
the chokeberry treatmerthehigh anthocyanin concentratiovas at least partially
due to the smallrinaryvolume.It had been noticed thatmong all the 31 urine
samples collecte® sampledad less thath mL volume and5 of those were from
chokeberry treatment. One rat didn’t produce any urine excretion at all, representing
the only missingamplein this study, and that rat was also from the chokeberry
treatmentOne rat ineachtreatment gave greater thamL urine It seemed to be
abnormal becausal the rest samples had similar volume of less than 1.5Thdse
data poing represented outlier anderediscarded during statistical analysis.
Apparently, chokeberry ARE enriched diet reduced the urine excretion in rats.
However, consumption of water in each group was not significantly différbat

reason was not cledsuta possible explanation may be increased fecal moisture
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(unpublished dajaSince different ARE diets might have varied ability to seize water

in thegut, varied urine volume was not surprising.

4.2.1.2. Effect of Sugar Moiety on Urinary Anthocyanin Content

Urine volume was not the only reason for the signifigadifferert urinary
anthocyanin concentratioasnongdiet groupsThe sugar moiety seemed to play a
important roleon anthocyanimluring absorptionThe percentage of individual
anthocyanins excreted in the uriwas compared with the ARE consumed in the, diet
and results obtained are preseritediables 6 through8. As shown in Tabk6 and 7,
the prgortion of anthocyanin morglucosides generally decreased as compared to
their proportions in AREA possible reasoris the degradation of anthocyanin
glucosides in the small intestine, which will be discussed ilatiis paperA more
interesting obswation stands in Table &ll anthocyanin 3,&diglucosides in grape
were excreted in the urine consistently in higher proportion than their corresponding
3-glucosides, as evidence by a comparison to their proportion in the ARES.
second glucose moiesgemed to have improved the absorption of anthocyanidin di
glucosidesin grape ARE, around 65% of anthocyanins w&Bediglucosids; in
bilberry ARE, around 50% wereducosidesThis may partially explain why in
bilberry and grape treatments the urineotal anthocyanin concentrat®differed by

one fold(exact consumption not knowryet the urine volumes were not so different.

61



Table 6 Fecal and urinary anthocyanin percentage peak areas in chokeberry treatment

Anthocyanin Percentage area Proportion to ARE
components Urine feces urine feces
cya3-gal 61.0+0.10  37.9+1.6 23.2+3.8 0.62 0.38
cya3-glu 3.40£0.003 0.95+0.18 0.84+0.33 0.28 0.25
cya3-arab 16.2+0.56 63.7+4.5 0.58 2.27
peo3-gal 20.3t0.53 ND ND ND
peo3-glu 4.8+0.63 ND ND ND
peo3-arab 8.9+0.56 ND ND ND
cya3xyl ND 5.93t0.94 ND 1.52
Unknown ND 1.57+0.30 ND 0.44

! Percentage areas are expressed as Mean + SHéWly generated anthocyanins result

in decreased pezatage of native anthocyanifi$iD means not detectable.

Generally diglucosides are more stable than monoglucosides (Dalgagas

and ParedekoOpez 2003). In the grape treatment group (Table 8), only four major

peaks were recovered from fecal sampbesinidin 3,5diglucoside, malvidin 3;56

diglucoside, peonidin-8lucosides, and malvidin@ucoside. Yet the ratio of

peonidin 3,5diglucoside to peonidin-8lucoside as well as the ratio of malvidin-3,5

diglucoside to malvidin-§lucoside both increaseith agreement with the hypothesis

that diglucosides were less degraded in the GIT. Prior (2004) suggested that cyanidin

3-glucoside might be more susceptible to degradation than cyars@gimBubioside

in GIT and thus resulting in reduced excretion. Thigl@xation is in agreement with

our findings. However, we also need to consider the potential interaction between

glucosides and the intestinal glucose transport (SGLT1) pathway (Williaehabn

2000).
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Table 7 Fecal and urinary anbcyanin percentage peak areas in bilberry treatment

Anthocyanin Percentage area Proportion to ARE
components ARE Urine feces urine  feces
Del 3-qal 10.13+0.05 4.97+0.38 19.35£1.25 0.49 1.91
Del 3-du 15.75#0.11 5.57+0.22 2.98+0.54 0.35 0.19
Cya3-gal

15.48+0.160 10.34+0.43 31.61+1.23 0.67 2.04
Del 3-aab
Cya3-du 11.18+0.00 12.17+0.49 0.71+0.14 1.09 0.06
Pet3-cal

8.90+0.28 13.06£0.30 17.81+0.80 1.47 2.00
Cya3-aab
Pet3-du 11.35£0.05 9.42+0.15 1.99+0.21 0.83 0.18
Peo3-gal

4.06+00F 7.40+£0.19 9.53+0.59 1.82 2.35
Pet3-aab
Peo3-gu

8.96:0.17 16.95+£0.28 6.87+0.84 1.89 0.77
Mal 3-gal
Peo3-arab 0.23+0.00 2.56+0.17 1.02+0.20 11.34 4.52
Mal 3-gu 11.61+0.00 14.92+0.40 1.09+0.15 1.28 0.09
Mal 3-arab 1.44+0.08 2.23+015 7.03+0.83 1.55 4.88

! Percentage areas are expressed as Mean + SBENE row of data with two rows of
names means peaks with these two namesduted.
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Table 8 Fecal and urinary anthocyanin percentage peak areas in grapetrea

Anthocyanin Percentage area Proportion to ARE
components ARE Urine  feces  urine feces
Del 3,5glu 2.91+0.02 2.00+0.06 ND? 0.69 ND
Cya3,5glu 0.85+0.23 1.18+0.06  ND 1.39 ND
Del 3glu 3.03+£0.30 0.75%0.10 ND 0.25 ND
Pet3,5glu 4.83+0.11 5.24+013 ND 1.08 ND
Cya3-glu 1.71+0.16 0.43+0.04 ND 0.25 ND
Peo3,5glu 21.240.15 32.2+0.24 22.1+0.51 1.52 1.04
Mal 3,5glu + pet3-glu*  35.5+0.44 46.2+0.25 47.8+1.52  1.30 1.35
Peo3glu 2.38+0.03 2.97+0.09 1.80+0.07 1.25 0.76
Mal 3-Glu 4.79+0.01 5.31+012 4.31+0.18 1.11 0.90
Del 3glu-ac 0.55+0.01 0.15+0.02 ND 0.27 ND
Cya3-glu-ac 1.83+0.02 0.22+0.02 1.00+0.07 0.12 0.55
Del 3glu-coum 2.61+0.05 ND 1.63+0.43 ND 0.62
Pet3-glu-coum 14.1+0.18 2.2+0.2 19.5+1.59 0.16 1.3¢
Pel 3-glu-coum 0.45+0.04 0.11+Q03 ND 0.24 ND
Mal 3-glu-coum 1.50+0.03 ND 0.63+0.08 ND 0.42

! Percentage areas are expressed as Mean +9fMmeans not detectab?elvlajor
peaks such asp 3,5glu, mal 3,5-glu, and peB-glu-coumin feces increased in
terms of percentage area. 3kwas becaussmeother anthocyanins were almost

completely not detectabléPet3-glu is a ceeluted minor peak.
Recently it had been suggested that quercetin glucosides, a group of
compounds very similar to anthocyanidin glucosides in structureaaterth
SGLT1 pathway (Geet al.1998; Geeet al.2000). More recently, Bulet al. (2001)
and Mulledert al.(2002) reported that the ingestion of glucose or sucrose led to a
delayed excretion of anthocyanins. A very interesting phenomenon was shown in

Mulleder’s data. From the chromatograms in their paper we can see that in the
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administered diet cyanidin@ucoside and cyanidinSambubioside were at very

close molar concentration levels. But they determined that without addition of sugar,
the averagenaximum concentration was 131§/ urinary sample for cyanidin3
glucoside, and 29,8/ urinary sample for cyanidinSambubioside; when sucrose

was added to the diet, the maximum was l@/urinary sample for cyanidin 3
glucoside and 30,8/ urinary samle for cyanidin 3sambubioside. Considering the
difference of molecular weight (cyanidirgBucoside 449, cyanidin-8ambubioside

581), the molar excretion of cyanidirs@mbubioside was one fold higher than

cyanidin 3glucoside, and cyanidinSambubiosie was more competitive to sucrose

for the transporter. This was possibly due to the presence of an extra glucose moiety
of cyanidin 3sambubioside. Similar mechanism may also apply to our case to explain

the apparently superior absorption of diglucositi@és monoglucosides.

4.2.1.3. Influence of Acylation on Absorption

Acylated anthocyanins were found in ursemple<f rats in thegrape
treatmentAs of 2004, Prior reported that only one study, by Mazzaet al.(2002)
detected then vivo absorption of intacacylated anthocyanins serum though in a
lower extent as compared to other monomeric anthocyanins. No other literature to
date had reported the detection of acylated anthocyangitharplasma or urine.
Most likely it was because the acylated anyfaoins were present in low
concentrations in the foods and or feeding treatments used (most studies have been
done choosing isolated anthocyanins or berries that contain no acylated anthocyanins)

and current methods were not sensitive enough to detectlthéhe grape ARE we
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used, acylated anthocyanins accounted for ~22% of the total anthocyanin, and
petunidin3-glucosidep-coumaraten particularaccounted for~14%of total
Thereforeour instrument successfully detectddar peaks odcylated anthocyans

in urine samplg thoughthe excretionof acylated anthocyanins was significantly
lower thannon acylatednthocyanins. For example, the percentageetinidin 3
glucosidep-coumaratedropped from ~14% in the ARE to ~2% in the urifike
decreasing @y not be attributed to theydrolysis of acylated anthocyanins in the
stomach and guas traditionally thoughtn our study wenly foundslight decreases
of acylated anthocyanins in cecal content as well as fecal sa(Rgese 2). This
observatiorsupported an alternative explanatithvat the acyl group on anthocyanins
greatly impaired itgbility to transport through the mucosal celfstheintestine

innerwall.

4.2.1.4. Anthocyanin Metabolitesin Urine

Three anthocyanitike metabolites were detectedrat urinefrom the
chokeberry treatmerfEigure D A, Table 6)By comparing the retention time and
spectrum to bilberry ARE, those three metabolites were tentatively identified to be
peonidin 3galactoside, peonidin-@lucoside, and peonidina&abinoside.
Interestingly, the proportion of cyanidingducoside to peonidin-8lucoside(1.87)in
urine samples was almost identical with the proportion of cyanidir@Binoside to
peonidin 3arabinoside (1.83) heproportion of cyanidin }jlucoside to peonidin-3
glucoside(0.20)in urine samplewas much lower, indicating the trace amount of

cyanidin 3glucosidewasmore efficiently transformed to peonidirgBicoside, oin
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another waythe trace amount of peonidirgBucoside was well accumulated in

tissuesasdescribed shortly after

In bilberry treatment (FigureQ2B, Table 7)since peonidin glycosides were
present irbilberry ARE, wecouldn’t conclude that peonidin glycosides were
produced by metabolism. Howevdramaticpercentagéncrease of all the three
peonidin glycosides urineclearlysuggestshe transformation of cyanidin
glycosides to peonidin glycosiddercentage area of peonidiabinoside
surprisingly increased to 11.34 tim&ercentage area oéaksof peonidin 3
galactoside and peonidB-glucoside increased to 1.82 and 1.89 timespectively
Because tbse two peaks were both-etuting peaks, the actual increase of peonidin
3-galactoside and peonidindducoside could be greater than 1.82 and 1A89.
cyanidin 3arabinoside accountddr about 5%of total anthocyanin in bilberry ARE,
which is~20 times higher than peonidira@abinoside (0.23%]) he transformation
of cyanidin 3arabinoside to peonidin&abinoside mageasonablgxplain the

rocketing percentage of peonidiraBabinogde in urine.

Methylation of cyanidin Qjlucoside was first reported by Tsustal.(1999).
Felgineset al.(2002) andWu et al.(2002) also identifiedrace amounts gdeonidin
3-glucoside and peonidingambubiosidas methylated metabolitegendiets
containingcyanidin 3glucoside and cyanidinSambubioside weradministeredThe
studies performed by Wt al. (2002) and Felginest al.(2002) involved only short
term adaptation, and only trace amount of peonidin glucosides were found. In many

othershort term studies about urinary anthocyanins the methylated metabolites were
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not reported at all. In contrastur study was a long term studamples were

collected after 13 weeks of ARE feedirighas to be noticed thaeonidin glycosides
accounteddr about one third of the total anthocyanins recovered from urine samples
(Table 6) This high percentage was unmatchedé&yorted studies indicating the
possibleaccumulatiorand later releasef methylated cyanidin glysides, i.e.

peonidin glycosidesn tissuesWe didn’t measure the anthocyanin concentration in
tissues, but according to Tsuetaal.(1999) methylatedcyanidin 3glucosidewas

found highin liver as well as in kidney, though cyanidigRicoside was natven

detected in liver.
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4.2.2. Anthocyanin in Gut Content

4.2.2.1. Gut Content Anthocyanin

Visual appearance of fecal samples suggested the presence of anthocyanin
compounds. At the time of collection, feces from anthocyanin treated rats appeared
dark purple to blackand red color was clearly seen in the solution as soon as
acidified solvent was used for extracti@milar to the urinary anthocyaningjg
color change was attributed to the equilibrium of anthocyanin structure conversion
too. However the intense colation of the samples suggested that in feces
anthocyanins existed in higher concentration @ndast partlyn a different chemical
form than in urine, given the fact that urine was almost colorfesshown in Figure
6, under neutral or sliglytacidic conditiors anthocyanins may exist in colorless
pseudobase form or purple to violet colored quinonoidal base Faoes might not
have sufficient water to hydrate flavylium anthocyanins to form pseudobases,
consequently quinonoidal bases were dominattterfeces. Therefore, the

concentrated purple coloesulted invery darkfeces

Anthocyanin concentrations found in fecal samples from different treatments
are summarized in Tables &. Also, three cecal samplesllected fromeachdiet
groupwereanalyed to compare thenthocyaninn cecalcontentto that inthecolon
As cecum is the startingpoimf large intestine, anfiéces are collecteat the end of
large intestinethe comparison of cecal anthocyanin to fecal anthocyaam
conductedo betterunderstand if anghange in anthocyaniccurredin the large

intestine, wher@almost 90% omicroflorain the entire bodyesides. Anthocyanin
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profiles in the cecal content were very similar to that in the fecal samples, except that
the total anthocyaniooncentrations were generally lower in the cecal content. This is
reasonable because when the cecal content pass through the large imesgtoes

is reabsorbed producing a concentrating effect

In 4.1.1.2 the recovemyfficiencyof the extraction mébd ha been discussed.
Nearly 90% of the fecal anthocyanins were extracted with acidified 60% methanol,
and the extraction efficiency was not significantly different for each treatmiest.

total anthocyanin level in feces (Figurg) 2vasin the same ordevith that in diets

(4gkddiet).

Researchers have assumed that most anthocyanins would be excreted in the
feces(Brouillard 1982) but no one had really studiedTo date our study was the
first systematic study of anthocyanins in feces. @hgervatn supported the
traditional thought that fecal anthocyanin veasajor excretion of ingested
anthocyaninsandmeanwhilet unveiled a fact thatot all anthocyaninbehavedn
the same wain gut Anthocyanin concentration in gut samples from the chakgbe
and bilberry treatments were higher than those from the grape treatment, with no
significant difference between chokeberry and bilberry treatments. This suggested
that grape ARE experienced more degradation in theOguitsequently grape ARE
was expedd to produce more derivativenthocyanin aglyconess an example, and
further derivatives were also possibihich were potentially absorbalite have
health benefit®r toxic effects as wellnterestingly, we do found the highest level of

derivatives in plasma from rats fegtapediet as discussed latén this thesis
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Anthocyanins in gutontentmay have several benefita.a parallel study
conducted with the same rats used in this stithgnusoret al. (unpublished data)
foundmore inhibitionof aberrantrypt foci(ACF), the early stagef colon cancerin
the rats fecchokeberry and bilberngietsthanin the rats fedjrape dietThe
inhibition positivelycorrelated to thanthocyanirconcentrationn feces suggesng
that theantcarcinogeniceffect waselated to the concentration of anthocyanins,
rather than their derivativeBecalmoistureanalysis done by Magnusetal.
(unpublished dataevealed thaanthocyanirdies led to moister feced his water
absorbingcapabilitysuggested potgially more excrabn of water soluble
compounds, andonisequentlynoreexcretion of water soluble toxins including bile

acids.
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Figure 21 Total anthocyaninszcovered from rat fecegalues are the mean + SEM of seven
replicatians for chokeberry and grape treatment, five replications for bilberry treatment.

Means with different letters are significantly different at P < 0.05.
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4.2.2.2. Effectsof Sugar Moieties on Gut Content Anthocyanins

In addition to the differences total anthocyanirconcentrations in the gut
contents from rats fedifferentdies, we also found differences tarms of individual
anthocyaninsVery low amount oainthocyanin glucosidesasdetectedn cecal
content and feces (Figure 22 and,Zjggesting they we@ost completely
metabolized before entering large intesti@bown in Table6 and 7, every
anthocyanirglucoside peakxcept peonidin-glucosidedecreased td625% of its
percentagén ARE. Indeed, the ce@lution of peonidin 3jlucoside with another

anthayanin prevented thaiarticularpeakfrom dramatic dropping

All the mono anthocyanins in grape wergl8cosides 08,5-diglucoside .
Thereforethere was not much difference resulted from sugar moietieshapdbfile
of grapeanthocyaning cecal cotent and feces keptsimilar in shape as compared to
the grape AREFigure 21 and Table 8Moreover, theoverwhelminganthocyanin
glucosides in grape AREasonablgxplained the low concentratiaf total grape
anthocyanins found in gabntent since glicosides were easily degradédbout fifty
percent of anthocyanins in the bilberry w8rglucosidesAs nearly all those-3
glucosides were reduced, the relative percentage of the next dominant anthocyanins,

the 3galactosides almost doubled.

Considerablelegradation of galactosides was also obseiSbdwnin Table
6, fecal cyanidin djalactoside decreased to 38% of its percentage in chokeberry ARE.
It was very unfortunate that the HPLC separation of the complex profile from bilberry

anthocyanins did notchieve complete resolution of all anthocyanins, with four of the
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3-galactosides celuting with other components. Out of this four, three peaks co
eluted with anthocyanin arabinosides, and had greater proportion to ARE than the
single peak of delphinidin-8alactoside; one peak-etuted with peonidin-3

glucoside, and had a much lower proportion to ARE than delphinigale&®toside.
Some ratsnight have muchstronger ability to break dowgalactosidesThose rats
brought large variation to the total antlyanin level in chokeberry treatment, because
in chokeberry ARE 70% was cyanidirgalactosides. When those experimentats

(2 units)were excluded, themean offecaltotal anthocyanin concentration in

chokeberryjtreatmenbecame the highest.

In bilberry treatmentwo of the well separated&abinosidegpemidin-3-
arabnoside and ralvidin-3-arabnoside)increased to greater than 4.5 tinmegeces
as compared ttheir original percentage ARE. This again evidenced that
anthocyanin arabinosides wasystable under physiological conditignghich has

alsobeen discussed in 4.1.2.1.

If we consider the different changes in proportion of the individual
anthocyanin from bilberry in gaontent versus1 ARE, we can see that the
proportion of arabinosidde galactosides increased by more than 2 fold. Even if we
assume no degradation of anthocyanara&binosides, the anthocyanin galactosides

must have degraded at least by half throingGIT.

Summing up, all the observations suggest high glucosidaséyand
moderate galdosidase activity in theverallGIT, with low or no arabinosake

activity.
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4.2.2.3. Proposed M echanisms of Anthocyanin Degradation in Gut

In our study, three AREs containing a widage of individual anthocyanins
strongly suggedhat antlocyanins in rat gutontentwere subject tat least two

degradation mechanisms, with the influence of glucosidase or galactosidase.

In section 4.1 thdistinctinfluence of fecamicrofloraon galactosides has
been discusse@ur stability study analyzetie change unde8°C. In gut the
temperature was around°87andthe influence omicrofloralogically would have
been magnifiedThistrendwas clearly illustrated in Figure22where cyanidin-3
galactoside decreasadthe cecal conterds compared tthe chokeberry ARE, and
further decreased in the fec@sis suggestshat galactosidase exssh the cecum as

well as in the colon.

Comparing the anthocyanin profiles in the cecal content and fecal samples
(Figures 2325), it is cleatthat the degradatimof 3-glucosides occurred, and nearly
completed beforer in the cecum, the connection point of small intestine and large
intestine.This observatiorhallengeghe traditional thought that flavonoids
aglycones were released by colomicroflora (Kihnaul976; Dayet al.2000),
indicating the possible role oftosolicp-glucosidases present in tbell-free
extracts osmall intestineand liver(Day et al.1998; Williamsonet al.2000). Of
course if we had studied the small intestine content, the comelwsiuld have been
clearer A series of studies had evidenced the effecfsglficosidases on dietary
flavonoids and isoflavonoids in the small intestine (Biagl.1998; Dayet al.2000;

Geeet al. 2000; Auraet al. 2002). The broadpecificity liverp-glucosidase as well
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as substrate speciffzglucosidase such as lactase phlorizin hydrolase (LPH), which
is present on the luminal side of the brush border in the small intestine, are potential
factors responsible for the flavonoids deglucosylation. In&ion on the
deglycosylation of anthocyanimsscarce. It has only been mentioned by Tsidh

in several papers (Tsudhal. 1999a; Tsudat al.1999b; Tsudaet al.2000).

However, it's reasonable to speculate that anthocyanins undergo likewise
deglycosylation procedures as the similarly structured flavonoids like quercetin
glucosidesOf course, direct absorption of anthocyanins also undergo in the

meantime.
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Figure 22 Comparison of anthocyanins in the chokebarmthocyain rich extract(A) to the
cecal(Bdot line) and fecal conter{B solid line)from aratfed chokeberry dieDetection
wavelength: 520 nm. Peak identitids:cya 3gal; 2, cya3-glu; 3, cya 3arab; 4, 5, unknown;
6, cya 3xyl; 7, unknown (probably cyadin glycoside acylated withnaliphatic acid).
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Figure 23 Comparison of anthocyanins in the bilbeanthocyanin rich extra¢h\) to the
cecal (Bdotline) and fecal content (B solid line) froarat fed bilberry diet Detectim
wavelength: 520 nm. Peak identitiesdg| 3-gal, 2, del 3-glu; 3, cya3-gal; 4,del 3-arah 5,
cya3glu; 6, pet3-gal, 7,cya3-arah 8, peo3glu; 9, peo3-glu; 10,pet3-arah 11,peo3-gly;
12, mal 3gal; 13, peo 3arah 14,mal 3glu; 15, mal 3-aab.
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Figure 24 Comparison of anthocyanins in the grap¢hocyanin rich extra¢f) to the cecal
(Bdot line) and fecal content (B solid line) fromrat fed grape dietDetection wavelength:
520 nm. Peak identitie§; del 3,5diglu; 2, cya 3,5diglu; 3, del 3glu; 4, pet3,5diglu; 5, cya
3-glu; 6, peo3,5diglu; 7, pet3-glu; 8, mal 3,5diglu; 9, peo3-glu; 10,mal 3glu; 11,del 3-
glu; 12,cya3-glu-ac 13,del 3glu-p-coum 14,cya 3-glu-p-coum 15, pet 3-glu-p-coun 16,
pel 3-glu-p-coum 17, mal 3-glu-p-coum

4.2.3. Anthocyanins and Possible Anthocyanin Metabolitesin Plasma

4.2.3.1. Determination of Anthocyaninsin Plasma
Most anthocyanins were detected in plasma as intact glycosylated forms
(Figure 25) The concentration was too low farcarate quantification with our

analytical methodologyHowever, total anthocyanin level in the plasmas w

estimatedased on the under curve atede in the range of 0.1 touy/mL plasma
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Cyanidin 3-galactoside cyanidin 3-glucosideand cyaidin 3-arabnosidewere the
dominant anthocyanins in both the chokeberry and bilberry treatiifegise 5 B

and C) A minor peak of delphinidin-8alactoside was also found in bilberry
treatment. The major anthocyanin peaks in grape ARE (peonidoi@igoside and
malvidin 3,5diglucoside) were observed in the plasma as WeNever, n grape
treatment, cyaidin 3-glucosidealso seemed to be preferably absorbed in terms of its
percentag areaAn interesting finding here was that plasma seemed to favor
anthocyanins with cyanidin aglycoria.all the three treatmentsix anthocyanirike
compoundsvith max absorption close to 520were unable to belentified because
their retention tikes didn’t match angnown anthocyanin in corresponding ARES.

Therefore they were suspected to be metabolites of anthocyanins administered.

Acylated anthocyanin (malvidin-§lucosideacetate) was found in plasma
samples from the grape treatment (Figure 25cDnfirming the report by Mazz al.
(2002), that anthocyanins can possibly be absorbed in acylated forms. As expected,
no anthocyanidins were detected in any of the samples evaluated, likely due to their

extremely low stability
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Figure 25 Anthocyaninsand anthocyaniike compoundsietected imat plasmain control
(A), chokeberry (B), bilberry (C), and grape (@&t groups Detection wavelength: 520 nm.
Peak identities: 1del 3-galactoside; Z;ya 3-arah 3, unknown; 4¢ya 3glu; 5,cya3-arah 6,
unknown; 7 peo3,5diglu; 8, mal 3,5diglu; 9, 10, 11, 12, unknowri3,pet3-glu-coum

81



4.2.3.2. Determination of Possible Anthocyanin Metabolitesin Plasma

Derivatives of anthocyanins asotocatechui@cid (PC) or other phenolics
vitro andin vivo have been reported in several studies (Teudh1999a; Tsudeet al.
1999b; Tsudat al.2000; Seeranet al.2001). In our study,wo major non
anthocyanin peak€ompounds 1 and &)ith high absorption at 320nm were found in
every plamasampledrom ARE fedgroups threeplasma samples in each treatment
were analyzed) (Figur26, 27). These peaks were not present in plasma samples from
the control groupTheir peak areas were several folds larger than plasma
anthocyanins, yahey wee notfoundin the feces or cecal contengither in any
ARE. These facts suggested that they were anthocyanin metabolites, and that the
conversion of anthocyanins to such compounds occurred in the blood after absorption.
Based on spectrum informationigbre &), we suspected that compound 2 in plasma

was a certain flavonoid

The concentration of compounddundin the plasma was much higher in
grape treatment than in bilberry and chokeberry treatm€otabining this
observation together with tlevidence ofextensivedeglycosylatiorof grape ARE in
gutdescribed in 4.2.2.2we hypothesizedhatit was thedeglycosylatedanthocyanins

(aglyconekthat further degraded to compound 1 in plasma

Chokeberry, bilberry and grape AREs had distinctly diffeegrthocyanin
aglycones, busurprisinglythe same compouridwas observeth plasmasamples
from all treatmentsAs introduced in 2.1.1, the only difference amtmg6 common

anthocyanin aglycones is the B rifitherefore we hypothesizéidat compound is a
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derivative from A or C ring of anthocyanidin@obably under the peroxide attack at
the G2 position at physiological pHBased on information from anthocyanin
degradation studie¥\(ong 1989 Seeranet al.2001), we proposed three possible

structureof compound 1 in plasma (Figure 28).

Neither, athocyanin aglyconeasor compound 1, 2were found in feces or
cecal content. However this fatbes not disputethe proposed scheme becdlize
the aglycones may only produce such derivatives in the plg&8mahas been known
thatanthocyanin aglyconeme veryunstable under neutral pH conditidB) many
phenolics are susceptible to the gucroflora so eenif such derivatives had been

produced in the guvery likely theywould rapidly convert int@ther metabolites

Compound 1 in plasma

Compound 2 in plasma

SN . N - i

Figure 26 Spectrum of the two compounds of interest in plasma.
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Chapter 5: Summary and Future Research

Using rats as an anal model,we evaluated the ipact of chemical structure
on bioavailability of anthocyanins. In a long term feeding trial we observed that sugar
moiety had significant impact on tlapparentbsorption, metabolism, and excretion
of individual anthocyanins in rats. &method we developed for fecal anthocyanin
analysis allowed us to accurately measure anthocyanins in cecal content and feces,
therefore made it possible to depict the pattern of anthocyanin degradation in the
large intestine. Overall in the gut anthocyagiucosides were the least stable,
probably due to thp-glucosidase present in the small intestine. Anthocyanin
galactosides were fairly unstable under the influence of large intesitneflora
Anthocyanin arabinosides and xylosides seemed to be quite resistant to the gut
microflora These findings providimformation for the screening of more stable
anthocyaningn vivo. As found in a parallel study, higher availability of anthocyanins

in the colon seemed to be correlated with higher inhibition of colon cancer.

In the futurein vitro experiments can be deleped using the crude extract of
gut content to evaluate the metabolism of anthocyaiims.approaclyives less
interferenceandmakes it easier tmonitor many factors of concern, such as the
production of anthocyanin aglycones, and the kiseticegadation.An anthocyanin

source with snple aglycone and various sugasecommended for such purpose.

Our study é rat urine and plasma supported the finding by numerous

researchers that anthocyanins have very low absorption. This, on the otherswand, al
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supports our hypothesis tratthocyanins in gut may have health benefitsn

without being absorbedVe also noticed in plasma the presence of large amount of
two possible anthocyanin derivatives. They were found in all the three treatments but
neithe in the control nor the anthocyanin diets. One of them had the concentration
positively correlated to the degradation extent of total anthocyanins in gut. Mass
spectrum (MS) may provide more information on the identity of this compound, but
judging by itsspectrum this compound seemedhéwe a double bond conjugated to a
benzene ringSince anthocyanins themselves were proved to have low bioavailability,

the health benefit of thein vivo derivatives may worth our notice in the future.

In urine we foundanthocyanin metabolites having nraxm absorbance close
to 520nm. They were tentatively identified as methylated anthocyanins (cyanidin
glycosides methylated to peonidin glycosides) based on retention time and spectrum.
MS will provide the molecular weigltf these compounds, as well as the molecular
weight on the parent compound (anthocyanidin), allowing for definite identification
of the aglyconeAnthocyanins were generally regarded as not being accumulated in
the plasma, but people rarely measure tllecayanin in tissues. In this long term
study we observed surprisingly larger urine excretion of methylated anthocyanins
than in two short term studies reported, suggesting the possible accumulation of
anthocyanins in tissues (liver in particular). Measgitissue bound anthocyanin is a
promising way to explain the contradiction of widely observed health benefit and low
plasma availability of anthocyanins. Also, we should test in the future if the same

anthocyanin metabolites are present in human plascharare.

87



Appendices

Appendices

8.10
56

1a 22

19
13,14
C t]

. 5|5IZI o 1IIZI.1IZIIZII o 1I5.:ZIIZII ) IEIIZI.IiZIIZII I Ii:ﬁ.:ZIIZIl I ISID.:ZIIZI. ) I?:S.IIZIIZI- I 4EI1IZIIZI
Tufinutes

Appendix 1 UV-HPLC chromatograms of anthocyanins from chokeberry (A), bilberry (B),
and grape (C) extracts. Detection wavelength: 520 nm. Peak identities: 1-digl3,2, del
3-gal; 3, cya 3,Hliglu; 4, del 3glu; 5, cya 2gal;6, del 3arab; 7, peo 3;8iglu; 8, cya glu;
9, pet 3gal; 10, cya darab; 11, peo 3;8iglu; 12, pet 3lu; 13, pet 3glu; 14, mal 3,&iglu;
15, peo 2gal; 16, pet &rab; 17, peo-8lu; 18, mal 3gal; 19, peo @&rab; 20, cya-3yl; 21,
mal 3glu; 22,mal 3arab; 23, unknown (tentative: cya glycoside acylated with aliphatic
acids); 24, del Qlu-ac; 25, cya J)lu-ac; 26, del lu-p-cumarate; 27, cya-§lu-p-coum; 28,
pet 3glu-p-coum; 29, pel Jylu-p-coum; 30, mal lu-p-coum.
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