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Abstract

Anthocyanins, from soft fruits and berries possess cancer chemopreventive
effects in carcinogen-induced models of colorectal cancer. The aim of the work
described here was to improve our understanding of their potential efficacy as
- colorectal cancer chemopreventive agents and their pharmacokinetics and
pharmacodynamics. The hypothesis was tested that dietary Mirtoselect, a
standardised mixture of 15 anthocyanins, or the isolated anthocyanin cyanidin-

3-glucoside (C3G) affect adenoma development in the ApcM™

mouse, a genetic
model of colorectal cancer. Anthocyanins were added to the diet at 0.03, 0.1 or
0.3% (w/w) for the animals’ life time. Adenoma number and size were measured
at the end of the experiment (week 16). Both interventions reduced adenoma
number/burden in a dose-dependent fashion. A potential mechanism by which
anthocyanins are thought to exert cancer chemoprevention is anti-oxidation.
Anti-oxidant effects of the interventions were investigated in DNA from ApcM™
murine adenoma tissue by analysis of the pyrimidopurinone adduct of
deoxyguanosine M1dG, a product of the reaction of DNA with malondialdehyde.
At the dietary dose of 0.3% C3G and Mirtoselect significantly reduced levels of

M1dG, suggesting that antioxidation may contribute to anthocyanin-mediated

interference with adenoma development.

C57BL mice, the Apc"™N background strain, received C3G po or L.V. at 500 or 1
mg/kg, respectively. Levels of anthocyanins in plasma and tissue were
measured using a newly developed HPLC method. C3G bioavailability was
3.28%, consistent with literature values after ingestion of berries/fruits.

Anthocyanin species were detected in the plasma, urine, mucosa, liver, kidneys,

Vi



heart, lung, gall bladder and brain. Absorption, distribution and excretion in the
urine were rapid. The mean time of peak levels for all tissues studied was ~26

min.

The work described here defines further the potential role of anthocyanins in
colorectal cancer chemoprevention. It also describes pharmacokinetic and
pharmacodynamic features which may help optimise future clinical

chemoprevention trials.
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1. Introduction

1.1. Colorectal Carcinogenesis

Colorectal cancer (CRC) is one of the most common forms of cancer in
industrialised countries, accounting for 15% of all malignant neoplasms. The
lifetime colorectal cancer risk in the general population is 5% (Fodde et al.,
2001), but this figure rises dramatically with age: by the age of 70 approximately
half the Western population will have developed an adenoma, which may or
may not progress to become malignant (Fodde et al., 2001). Prognosis is poor
with a 5 year survival rate between 40 — 50% (Kobaek-Larsen et al.,, 2000).
Nearly all cases of colorectal cancer in humans are adenocarcinomas, with the
majority (97%) sporadic, and the remaining 3% due to one of two autosomal
inherited diseases: hereditary non-polyposis colorectal cancer (HNPCC, 2%) or
familial adenomatous polyposis coli (FAP, 1%). Cancer occurs as a result of

DNA damage at a cellular level, a process termed mutagenesis.

1.1.1.Mutagenesis

There are three main types of mutagenesis (Weinberg et al., 2006):
¢ Single point mutations
e Structural chromosomal aberrations

¢ Genome mutations.



These three types of mutagenesis can be initiated by a range of sources
including chemical carcinogens, oncogenic viruses, electromagnetic radiation
(UV, X-Ray), free radicals and DNA replication errors. Exposure to these
initiators can result in any of the three types of mutagenesis resulting in faulty
DNA replication which, if not corrected or removed by the genes necessary for
DNA-damage repair, will potentially lead to carcinogenesis (Weinberg et al.,

2006). Cells can repair damaged DNA in three ways, by:

e Excision repair — can be base or nucleotide excision
e Mismatch repair — repairs incorrectly linked bases

e Translesion synthesis - last resort (error prone) DNA repair

Each of these systems is in place to limit the duplication of DNA damage, and
as such, should these mechanisms become damaged, the risk of cancer is

increased.

1.1.2.Carcinogenesis

Carcinogenesis, the process which leads to the development of cancer, is
caused by mutations of the genetic material of normal cells, which upsets the
balance between proliferation and cell death. It is a multistage process that
develops from a DNA mutation, through promotion before finally resulting in the

progression of cells to form a tumour (Figure 1.1).
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Figure 1.1: The multistage process of carcinogenesis. (The dark

cellular core represents damaged DNA) (Surh, 2003).

Normally, the balance between proliferation and programmed cell death is
tightly regulated to ensure the integrity of organs and tissues. Mutations in DNA
that lead to cancer disrupt these normal processes. Disregulated genes
(oncogenes) cause uncontrollable proliferation of cells. DNA repair is controlled
by tumour suppressor genes, which discourage cell growth or halt division to
enable DNA repair. Mutations in the protooncogenes can lead to signals for the
release of excessive cell growth and mutations in tumour suppressor genes can
cause an increase in cell proliferation and hinder or inhibit DNA repair. The net
result is that cells are either dividing at a rate greater than that of DNA repair, or
normally dividing cells are not being checked for DNA damage. There are
many backup processes which duplicate the functions of both protooncogenes
and tumour suppressor genes, and as such both types of mutations are
required for carcinogenesis to occur. The tumours produced in this situation
can either be benign or malignant. Benign tumours do not pose a direct threat

to life, unless directly impinging on vital areas. Malignant tumours can invade



other organs, spread to distant areas of the organism (metastasis) and become

life threatening.

1.1.3.Colorectal Carcinogenesis

There are three main groups of colon cancer: hereditary, familial and sporadic,
with sporadic being the most common (Weinberg et al.,, 2006). Most of these
colonic cancers involve mutations in the APC gene (adenomatous polyposis
coli), a tumour suppressor gene. The APC gene produces a protein which
plays a critical role in many cellular processes that determine whether a cell
may develop into a tumour, and normally works through association with other

proteins.

The Iluminal surface of the gastrointestinal (G.l.) tract consists of villi
(extrusions) and crypts (area between villi) (Figure 1.2). This arrangement
creates a very high surface area through which nutrients can be absorbed. The
surface created by the villi is coated with epithelial cells which are routinely
shed and replaced with new cells produced from stem cells located in the base
of the crypts (Fodde et al., 2001). [f everything is functioning normally the cells
would proliferate as in Figure 1.2 via the ‘A’ route. Current theories of colorectal
carcinogenesis suggest that these stem cells can undergo an APC mutation
which is then passed onto the progeny and gets incorporated into the new
epithelial cells (route ‘B’ in Figure 1.2) (Fodde et al., 2001 and Lamprecht et al.,
2002). These epithelial cells then move up the lateral surface of the villi
replacing the cells which have been shed at the apex. However, due to the

APC mutation these abnormal epithelial cells are shed less easily, and over



time can accumulate with new epithelial cells supplementing their numbers. The
normal process of epithelial renewal takes 3-6 days (Fodde etal., 2001 and Kay
etal., 2005) and cell mitotic rates should equal rate of loss. Intestinal tumours

are the result of an increase in this gain:loss ratio (Fodde etai., 2001).

Intestinal Lumen

Villus

Figure 1.2: Potential mechanism of colorectal carcinogenesis (route
‘B’). Stem cells (1) develop an APC mutation (2) in the base of the
crypt. These proliferate up the crypt onto the surface of the villus
generating epithelial cells carrying the APC mutation (4). Instead of
being shed as healthy epithelial cells (3) would, they can accumulate

to form adenomas - modified from Lamprecht etal., 2002.

The earliest signs of colorectal neoplasms are aberrant crypt foci (ACF). ACFs
are recognized as being early preneoplastic lesions and have consistently been
observed in experimentally-induced colon carcinogenesis in laboratory animals
(McLellan etal., 1991). Pretlow et al (1992) have also shown that these lesions
are present in the colonic mucosa of patients with colon cancer and have
suggested that aberrant crypts are putative precursor lesions from which

adenomas and carcinomas develop within the colon. ACF express mutations in



the Ape gene and Ras oncogene that appear to be biomarkers of colon cancer
development (Jen et al, 1994). ACF can be composed of cells of normal
morphology (nondysplastic) or dysplastic cells. Dysplastic cells are more likely
to become a polyp - a benign tumour mass protruding into the lumen (Fodde et

al., 2001 and Talavera etal., 2005) (see Figure 1.3).

Intestinal epithelial Aberrant crypt Adenoma Carcinoma
APC K-RAS SMAD2/SMAD4 TP53
Other oncogenes? Chromosome Chromosome

Nuclear 0-catenin levels and chromosomal instability

Figure 1.3: The histopathology of colorectal cancer, a multistage process.
The model shows genetic alterations and pathological changes for the
transformation of normal colonic cells into colorectal carcinomas. The

details of the transformation are discussed in the text (Fodde etal., 2001).

K-RAS mutations and mutations of other oncogenes lead to promotion of ACF
into adenomas. The tumour-suppressor genes centrally involved in colorectal
tumorigenesis are APC, p53 and SMAD4 (Fodde et al., 2001). Adenomas can
exist as two types - hyperplastic and adenomatous (dysplastic), the dysplastic
polyps are more likely to develop into carcinomas (Figure 1.3). Loss of p53
function, a tumour suppressor gene, is involved in this late-stage progression

rather than initiation (Vogelstein et al., 1988 and Cao et al., 2001). The role of



B-catenin in carcinogenesis is as a binding partner for APC (Su et al., 1993 and
Rubinfeld et al., 1993). Once B-catenin has been activated it binds to DNA-
binding proteins in the cell nucleus to serve as an essential activator of

transcription resulting in increased cellular proliferation (Fodde et al., 2001).

1.1.4. Role of COX Enzymes in Carcinogenesis

The prostanoid, cyclooxygenase (COX) is an enzyme involved in prostaglandin
synthesis and is expressed in numerous types of cancer. It exists in two
isoforms, COX-1 and COX-2. As well as its role in prostaglandin synthesis
COX has two further activities both associated with carcinogenicity:
cyclooxygenation and hydroperoxidation (Gescher et al.,, 1998). Most tissues
express COX-1 constitutively while COX-2 is induced by inflammation. The
COX-2 gene is an immediate, early response gene that is induced by growth
factors, oncogenes, carcinogens, and tumour-promoting phorbol esters such as
TPA (12-O-tetradecanoylphorbol ester) (Subbaramaiah et al., 1996 and Kelley
et al., 1997). COX-2 is upregulated in transformed cells and in malignant tissue
(Subbaramaiah et al., 1996, Kelley et al., 1997, Herschman et al.,, 1996,
Kutchera et al., 1996, Eberhart et al., 1994, Ristimaki et al.,, 1997 and Hida et
al., 1998), and has been shown to be selectively overexpressed in human
colon, gastric (Ristimaki et al,, 1997) and breast cancer (Brueggemeier et al.,
1999). In addition to the genetic evidence implicating COX-2 in tumorigenesis,
the majority of studies investigating the role of prostanoids in epithelial
malignancy have concentrated on colon cancer and suggest that COX-2
expression and prostaglandin production are crucial to the growth and

development of these tumours (Taketo, 1998 and Gustavson-Svard et al.,
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1997). The role of COX-2 in carcinogenesis has been evidenced in a study
which showed COX-2 knock-out mice are resistant to colonic tumorigenesis

caused by a mutation in the APC gene (Oshima et al., 1996b).

1.1.5. Role of Oxidation in Carcinogenesis

There has been increasing interest in recent years in the role of oxidation in
carcinogenesis and antioxidation as a mechanism by which chemopreventive
agents exert their activity (Sardas, 2003). Oxidative stress arises from both
endogenous and exogenous sources in the form of reactive oxygen species
(ROS). These can consist of either oxygen radicals, highly reactive species
with one or more unpaired electrons which can exist independently, or non-
radical derivatives of oxygen (Sharma et al., 2004), both of these are produced
constantly under normal conditions. As a result of their constant production,
antioxidant systems, both endogenous and dietary, are present to limit the
damage they may cause, but cell damage through ROS is still ubiquitous
(Sardas, 2003). As a result of this damage, ROS have been described as an

important class of carcinogens (Sardas, 2003).

Techniques for measuring the extent of DNA damage caused as a result of
ROS are becoming more abundant and include immuno-siot blot, comet assay
and enzyme-linked immunosorption assay (ELISA). DNA adducts investigated
primarily  include malondiaIdehyqe-deoxyguanine (M1dG) and 8-
oxodeoxyguanosine (8-oxo-dG). Malondialdehyde is a product of lipid
peroxidation and prostaglandin biosynthesis. It is mutagenic and carcinogenic

and reacts with DNA to form M1dG (Leuratti et al., 1998). It has been detected



in the mucosa of healthy humans in the range of 2 & 120 adducts per 10°
nucleotides (Sharma et al., 2004). The endogenous formation of
malondialdehyde in humans and the data describing its genotoxicity and
mutagenicity suggest that it may play an important role in human

carcinogenesis. Figure 1.4 shows the reaction involved in producing M1dG.
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Figure 1.4: Formation of M1dG by reaction of malondialdehyde

(MDA) and deoxyguanosine (dG) (Leuratti et al., 1998).

1.1.6 Role of Epidermal Growth Factor Receptor in Carcinogenesis

Another key element in carcinogenesis is the role of epidermal growth factor
receptor (EGFR). EGFR, which is also known as HER-1, is a transmembrane
receptor for epidermal growth factor (EGF) and is a member of the ErbB family
of tyrosine kinases (Herbst, 2004). Compatible ligands for the EGFR include
EGF and transforming growth factor-a (TGF-a). Ligand-binding to EGFR
results in autophosphorylation of receptor tyrosine kinases and subsequent
activation of signal transduction pathways that are involved in regulating cellular
proliferation, differentiation and survival, for example the signalling pathway
involving mitogen activated protein kinase (MAPK) (Herbst, 2004). EGFR is

overexpressed in the majority of solid tumours including colorectal cancer
‘ 9



(Herbst et al., 2002). Overexpression of this intensity initiates down-stream
signalling pathways, resulting in cells with aggressive growth and invasive

characteristics (Figure 1.5) (Ethier, 2002).

Extracellular - EGFR
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MEK
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Radiation DNA Growth Arrest
or selected s or
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differentiation / invasion, metastases

Figure 1.5: A simplified schematic of the EGFR transmembrane
glycoprotein  depicting  mitogen-activated protein  kinase  signal
transduction cascade to the nucleus. Once phosphorylated the tyrosine
kinase initiates a downstream effect on other pathways which go on to

affect the cell cycle (Adapted from Ethier, 2002).
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1.2 Rodent Models of Colorectal Carcinogenesis

Animal models have been increasingly incorporated into CRC research to allow
a better understanding of the onset and progression of the disease. Rodent
models used thus far have some of the characteristics of human CRC, but none

mimic it precisely. Rodent models employed can be divided into 3 main groups:

e Chemically induced models
¢ Genetically predisposed models

e Xenograft models

1.2.1 Chemically Induced Models

Examples of chemically induced rodent models are provided in Table 1.1.
Chemical induction of colorectal tumours was first observed in 1941 (Lorenz et
al., 1941). 1,2,5,6-Dibenzanthracene and 20-methylcholanthracene were orally
administered to mice, which developed intestinal tumours. Hydrazines have
also been shown to be potential colonic carcinogens. An oral dose of the
hydrazine cycasin from cycad flour showed effective tumorigenesis in the colon
of rats (Laquer, 1964). Cycasin is metabolised in vivo to methylazoxymethanol
(MAM). 1,2-Dimethylhydrazine (DMH), which is also metabolised to MAM in the
liver, also gives rise to tumours with a distribution mainly in the distal region of
rat colon (Druckrey et al., 1967). Azoxymethane (AOM), a more widely used
hydrazine carcinogen, is another precursor of MAM, and is excreted at much

lower levels in the urine whilst still being an effective inducer of colonic tumours
11



in rodents (Wakabayashi et al., 1992 and D'Agostino et al., 1995). Hydrazines

also give rise to the formation of aberrant crypt foci (ACF) (Rao et al., 1999).

2-Amino-1-methyl-6-phenylimidazo[4,5-b)pyridine (PhIP), a heterocyclic amine,
is a rodent carcinogen (Wakabayashi et al., 1992, Sugimura et al., 1997 and Ito
et al., 1997). PhIP is present in broiled meats and fish, and the dose shown to
be carcinogenic would be present in 400 — 500 kg of overcooked beef (Kobaek-
Larsen et al., 2000) (400 ppm dose in Table 1.1). PhIP models have very long
latency periods — as long as 104 weeks in rat and display a low incidence of

CRC (lIto et al., 1997 and Esumi et al., 1989).

DMH, AOM and PhIP are indirect acting carcinogens; metabolism is required to
produce the carcinogen. Genotoxic carcinogens, which directly interact with
DNA can also be employed in carcinogenesis studies. A single, large, oral dose
of N-methyl-N-nitrosourea (MNU) will induce tumours in ‘the gastrointestinal
tract (Leaver et al., 1969). N-Methyl-N-nitro-N-nitrosoguanidine (MNNG) is a
carcinogen when administered to Sprague-Dawley rats intra-rectally (Zusman et
al., 1991). After 52 weeks three types of tumours were detected: polypoid

adenomas, intraepithelial carcinomas and small carcinomas.

The route of administration of a particular carcinogen also has a significant
effect on CRC incidence (examples are shown in Table 1.1). Dietary
administration gives a variable but low incidence of CRC (Thorup et al.,, 1992
and 1994) whereas subcutaneous injection gives a higher incidence (Maskens,
1976, Rubio et al., 1994 and D’Agostino et al, 1995), although there are

exceptions (Nordlinger et al., 1991). These differences may be due to the

12



carcinogen being activated or deactivated by metabolism in the liver, as a result
of the first-pass effect. After a drug is swallowed it is absorbed by the digestive
system and enters the hepatic portal system, which transports it directly to the
liver, before it enters the general circulation. The first-pass effect does not

occur with other routes of administration.
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Table 1‘.1: Rodent models of chemically induced CRC using indirect-acting chemical carcinogens. DMH = 1,2-

dimethylhydrazine; AOM = azoxymethane;

subcutaneous injection; IM = intramuscular injection (Adapted from Kobaek-Larsen et al., 2000).

PhIP = 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine; SC =

Species/Sex Strain Chemical Dose Regimen Colon Tumour Reference
Incidence
Rat BD DMH 21 mg/kg, SC x 20 weeks 100% Druckrey, 1967
Rat/male F344 DMH 30 mg/kg, SC x 1 10% Glauert, 1989
Rat/male Sprague-Dawley DMH 20 mg/kg, SC x 20 weeks 100% Tsunoda, 1992
Rat/male F344 AOM 8 mg/kg, IM x 12 weeks 80% Shamsuddin, 1981
Rat/male Wistar AOM 10 mg/kg, SC x 12 weeks 35% Nordlinger, 1991
Rat/male Wistar AOM 15 mg/kg, SC x 6 weeks 100% D’Agostino, 1995
Mice/female  Shrew MNU 1.5 mg/mouse, 16 x biweekly 100% Yang, 1996
Rat/male F344 PhiIP 100 ppm (diet) 43% Ito, 1997
Rat/male F344 PhIP 400 ppm (diet) 55% Ito, 1997
Mice/both CDF1 PhIP 0.04% (diet) 0% Esumi, 1989




One advantage of using chemical carcinogens for the induction of colorectal
cancer is the high incidence of colonic tumours observed, however, one
disadvantage is the hazard to the investigators through the handling of
carcinogens. This problem is further enhanced by the excretion of these
carcinogens and their metabolites in the urine, increasing the risk of aerosol
inhalation. The hazard associated with inhalation of excreted carcinogens or
their metabolites can be partly reduced by using safer alternatives — in the case
of hydrazines, AOM is safer than MAM for example. Another disadvantage is
the lack of relevance of this model to human carcinogenesis; the very high
doses of carcinogen administered bear little physiological relevance to the

human situation.

1.2.2 Genetic Mouse Models of Colorectal Carcinogenesis

CRC mouse models have been created by interfering with the adenomatous
polyposis coli (APC) gene, and as such these mice spontaneously develop
adenomas along the intestinal tract, mimicking the inherited condition of familial
adenomatous polyposis coli (FAP) in patients (Su et al., 1992). The advantage
of these models is that they reflect parts of the pathogenesis of CRC in humans
(Heyer et al., 1999).

The most common model is the multiple intestinal neoplasia (ApcM™)

mouse.
This model was derived by treating male mice with ethylnitrosourea, causing a
germline mutation at the Min locus, and then mating these Min/+ mice with
C57BL/6J females — this method produced a 50% transference to the offspring

(Moser et al., 1990 and Su et al., 1992). With the presence of the Min mutation
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the mice develop adenomas primarily in the small intestine. The adenomas
which develop do not undergo metastasis and occur in a range of sizes up to
approximately 4 mm in diameter. The life expectancy of these mice is
approximately 18 weeks, and the mice can develop an adult-onset progressive
anaemia characterized by a decreasing red cell count and an increasing
proportion of reticulocytes, symptoms typical of anaemia due to chronic blood
loss. The mice become anaemic after 60 days of age and anaemia is probably
the cause of death by 120 days of age in most affected mice. The anaemia is
presumably secondary to the development of multiple adenomas, which can
bleed into the intestinal lumen (Moser et al.,, 1990). The model mimics FAP in
humans — the murine APC (mAPC) gene has been shown to be closely linked
with the Min locus, and sequence comparison of mAPC between normal and
APCMN mice identified a nonsense-mutation in the APCM™N mice — analogous to

those found in FAP patients (Su et al., 1992).

| APCMN mice are not the only genetic mouse model for spontaneous colorectal
carcinogenesis. Knockout mouse models enable alteration or removal of
specific genes. One example of a knockout mouse is the APC 716 knockout
model. These mice are characterised by having truncated APC polypeptides
(Kobaek-Larsen et al., 2000). Research with this model on thé C57BL murine
background showed the development of multiple polyps throughout the
gastrointestinal tract; this development was exacerbated by treatment with
heterocyclic amines (Oshima et al,, 1996a). APC1638N is another knockout
model which showed the spontaneous growth of adenomas, adenocarcinomas

and polyploid hyperplasia (Fodde et al., 1994, Sorensen et al., 1997 and Yang
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et al, 1997). The APC1638N model is heterozygous for a targeted frameshift

mutation at codon 1638 of the APC gene.

Human colorectal tumours arising from APC mutations are found to have other
mutations in other genes, including: K-RAS, TGF-8, SMAD2, SMAD4 and
TP53. Methods to determine the effect these gene changes have on colorectal
carcinogenesis have involved the use of genetically manipulated mice. APC
mutations were combined with these gene mutations and the effect this has on
adenoma formation in the mice was determined (Kinzler et al., 1996 and Heyer
et al., 1999). With SMAD4, a tumour suppressor gene downstream of TGF-8,
mutations in the presence of an APC mutation it was shown that tumour
progression was enhanced and the endpoint was more malignant than mice
with the APC mutation alone (Takaku et al., 1998). As a result, SMAD4*" mice
have been bred which develop intestinal lesions. Heterozygous SMAD4 mice
develop polyps in the duodenum and stomach from 1 year »of age (Taketo et al.,

2000).

The main advantage of these models is their correlation with the processes
observed in human CRC, and the genes involved. The weakness of these
genetic models is that they do not reflect the human situation exactly. In the

CMN model, mice develop adenomas and the mice die before the

case of the AP
adenomas develop into carcinomas, whilst in humans adenocarcinomas are the
final malignancy. Another problem with the models is that they principally
develop tumours of the small intestine, which does not reflect the human

situation of primarily colonic tumours.
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1.2.3 Xenograft Models

Xenograft models require a host animal to support the growth of the inserted
colon cancer cell lines. If a wild type animal were to be used its immune system
would suppress the cell growth and reject the foreign cells. With this in mind a
strain of mice called nude mice have been bred; these mice have a suppressed
immune system with no body hair, hence the moniker “nude mouse”, or athymic
nude mouse. Generally, the cells are injected subcutaneously, which means
the micro-environment will be considerably different to the target organ, but
tumour development can then be monitored without surgical intervention, and
tumour growth is normally recorded as a measured tumour volume. More
recently orthotopic injection of the cells is being used, which is injection into the
relevant tissue of the model. Almost any cancer cell line could be used, but as
a rule cell lines which grow best in the lab would be used for subcutaneous
injection for a xenograft experiment; the colon cells most commonly used are:

HT29, HCT116, SW620 and CaCo-2.

The advantage of xenograft models is the rapid growth of cells implanted,
providing a rapid means of screening chemopreventive agents. However, the
disadvantages are again the lack of relevance to the human situation, whereby
the steps leading to carcinogenesis are not representative of the normal
situation required for tumour initiation. The microenvironment the cells exist in
does not match the environment in which the cells would develop in the real
cancer. Also, the cancer cell lines are often derived from metastatic tissue and

differ significantly from tumour cells developing into-a primary tumour.
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1.3 Cancer Chemoprevention

1.3.1 Current Cancer Treatment and the Need for Prevention

Cancer chemoprevention refers to the administration of medication for the
purpose of preventing or delaying cancer. Cancer treatment involves the use of
radiotherapy, chemotherapy or surgery to attempt to cure patients (Tsao et al.,
2004). In some instances a combination of all three is required. These
methods of cancer treatment, whilst able to kill a proportion of the cancer cells,
also often cause the patient serious side effects (Sporn et al., 2005). Once
treated, recurrence of disease is not uncommon, and in this case a second
treatment is not always possible; radiotherapy for example cannot be used over
a certain dose in each tissue. Because treatment in many cases is not

successful there is a role for chemoprevention of cancer (Tsao et al., 2004).

Disease prevention has had both medical and financial success in other areas —
cardiovascular disease has been massively decreased following the release of
the chemopreventive statins (Sporn et al., 2005), for example. Sporn and Su
(2000) hypothesised that we need to consider that cancer is ultimately the end
stage of a chronic disease process. Prevention has been managed effectively
in cardiovascular patients through healthier living and the use of preventive
agents, and this approach may also be beneficial to healthy humans at a higher
risk of developing cancer. With this in mind, we should be treating the causes
of cancer as opposed to its effects. The latter are only visible at a late stage; to
achieve this we would need to target future patients before they show signs of
cancer (Sporn et al., 2000). In high risk groups this is possible, and these

people would be the major beneficiaries of a chemopreventive agent. A high
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risk is determined by a genetic defect or a lifestyle which increases risk. For
example genetic defects which lead to a predisposition of colorectal céncer
include FAP, a truncation of the Apc gene, or hereditary nonpolyposis colorectal
cancer (HNPCC) or glutathione S-transferase (GSTnull) mutations (Ozturk et

al., 2003).

1.3.2 Development of Cancer Chemopreventive Agents

Potential cancer chemopreventive agents are generally identified through
epidemiological studies investigating diet and cancer incidence. From these
studies, environmental, lifestyle and dietary differences which may lead to
potentially protective effects are proposed. Certain medications, such as non-
steroidal anti-inflammatory drugs (NSAIDs) used as anti-inflammatory agents,
are also being investigated as potential chemopreventive agents, and are
thought to work through their inhibition of the COX family of enzymes (Hilmi et

al., 2008).

Once the potential agent is identified, investigations into the effect of the agent
in vitro, including its effects on cell proliferation, its ability to induce apoptosis
and its ability to induce senescence are studied. If the agent is shown to
possess properties which are related to cancer chemoprevention and appears
safe, in vivo studies will be carried out. When investigating an agent in vivo,
both the toxicity of the drug and its effect on cancer progression are monitored.
An example experiment for testing the chemopreventive ability of a CRC drug in

MIN

vivo is to use Apc” mice to monitor the effect of that drug on intestinal

adenoma number and size. Once any chemopreventive effect has been
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determined, pharmacokinetic (PK) studies would be undertaken to determine
the type and route of metabolism, agent tissue concentrations, and distribution
throughout the animals. PK studies also help determine the efficacious dose
suitable for humans. Pharmacodynamic studies are also undertaken to

determine the physiological effects, and mechanisms of the drug in vivo.

Once efficacy and toxicity have been determined in animals, chemopreventive
agents can be entered into clinical trials. These consist of several phases and
normally start with a small number of volunteers (often healthy ones) at a range
of doses (phase |) to determine safety and pharmacokinetics. Once the initial
safety of the therapy has been confirmed in phase | trials, phase Il trials are
carried out on larger groups designed to assess clinical efficacy of the therapy,
as well as to continue phase | safety assessments in a larger group of
volunteers and patients. Phase Ill studies are randomized, controlied trials on
large patient groups and are aimed at being the definitivé assessment of the

efficacy of the new therapy, and a determination of the long term safety effects.

1.3.3 Chemopreventive Agents

The family of non-steroidal anti-inflammatory drugs (NSAIDs) show great
promise for the prevention of colon cancer. Classically, they have shown
potential due to their ability to inhibit the COX family of enzymes (section 1.1.4).
An early example of a NSAID used in chemoprevention trials was sulindac,
which caused regression of adenomatous polyps in Gardner's syndrome
patients (Waddell et al., 1983). Another example is aspirin, which has shown

evidence of reducing the risk in men and women for cancers of the colon and
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rectum (Mandel et al., 1993). However, early NSAIDs which inhibit COX-1 and
2 have severe side-effects, including gastrointestinal (G.l.) bleeding, G.I.
perforation and renal toxicity (Hilmi et al., 2006). With the release of the new
NSAIDs celecoxib and rofecoxib, which are highly selective COX-2 inhibitors,
the G.l. side-effects were minimised, whilst offering the same chemopreventive
éfficacy in the G.l. tract. However, increased cardiovascular and renal
complications (Drazen, 2005) mean their use as chemopreventive agents is not
advised (Hilmi et al., 2006). NSAIDs have also been tested in combination with
other potential chemopreventive agents, such as sulindac in conjunction with
tea extracts, where a significant synergistic decrease was observed when both
treatments were applied compared to treatment of sulindac or tea individually

(Orner et al., 2003).

Other compounds investigated as cancer chemopreventive agents occur
naturally in our diet. As stated earlier, candidates aré identified through
epidemiological studies and varying incidences of cancer around the world, and
the diet these populations consume. Examples of such phytochemical
chemopreventive agents investigated are: resveratrol, curcumin, indole-3-

carbinol, epigallocatechin gallate (EGCG), theaflavin and quercetin.

1.3.4 Mechanisms of Cancer Chemoprevention

Potential mechanisms of action of chemopreventive agents have been
elucidated to a great extent. One mechanism for preventing colorectal
carcinogenesis is to inhibit the enzymes involved in initiation or promotion. One
example of this is inhibition of the COX family of enzymes. Traditional NSAIDs

and now selective COX-2 inhibitors have been successful at inhibiting
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cyclooxygenase, and thus preventing or delaying the onset, or limiting the
malignancy of tumours. Some phytochemicals used in chemoprevention
(section 1.3.3) act as free-radical scavengers and thus can prevent oxidative
damage leading to cancer cell growth. Wattenberg (1979, 1983 and 1985)
showed retardation of benzo(a)pyrene-induced neoplasia in lungs of mice by
dietary antioxidants, but the mechanism of anti-carcinogenicity by antioxidants
is not fully understood. It has been hypothesised that the most plausible
mechanisms are scavenging of ROS, limiting the formation of “activated”
carcinogenic species by phase | biotransformation and through detoxifying ROS
by inducing phase Il detoxification enzymes (Sardas, 2003). Five large scale
clinical trials have provided differing conclusions about the effects of anti-
oxidants on cancer (Blot et al., 1993, Heinonen et al., 1994, Omenn et al., 1994,
Hennekens et al., 1996 and Lee et al., al 1999). The Alpha-Tocopherol (vitamin
E)/Beta-Carotene Cancer Prevention Study (ATBC) showed no effect on lung
cancer occurrence in Finnish male smokers (Heinonen et é/., 1994). The 1996
Physicians' Health Study | (PHS) found no change in cancer rates associated
with beta-carotene and aspirin taken by U.S. male physicians (Hennekens et
al., 1996). Bjelakovic et al (2006) conducted a meta-analysis on the effect of
anti-oxidants on colorectal adenoma adverse events. This meta-analysis
reviewed eight randomized clinical trials incorporating 17,620 barticipants, and
compared antioxidant supplements with placebo or no intervention. The result
of this meta-analysis found no convincing evidence that antioxidant
supplements had a significant beneficial effect on primary or secondary
prevention of colorectal adenoma incidence (Bjelakovic et al., 2006). So the

exact role of antioxidants in cancer chemoprevention is unresolved.
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It has been suggested that chemopreventive agents act as either blocking or
suppressing agents (Figure 1.6) (Wattenberg, 1985 and Surh, 2003). Blocking
agents prevent carcinogens from reaching the target sites and suppressing
agents inhibit the malignant transformation of initiated cells. It has also been
noted that the use of the terms “blocking” and “suppressing” agents may be an
over simplification, and a better understanding of the events occurring at the
cellular level in carcinogenesis is now available (Gescher et al., 1998, Milner et
al., 2001 and Manson, 2003). Surh et al (2003) highlighted the many cellular
signalling molecules targeted by phytochemicals in chemoprevention. These

include: NF-«B and AP1, NRF, MAPK, JNK and B-catenin.
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Figure 1.6: Dietary phytochemicals that block or suppress multistage

carcinogenesis (see 1.1.2). Chemopreventive agents can act as blocking

or suppressing agents (see 1.3.4). Figure adapted from Surh, 2003.

25



1.4 Anthocyanins

1.4.1 Occurrence and Dietary Levels

Anthocyanins are flavonoids of the flavanol class, which occur ubiquitously in
the plant kingdom, and confer bright red, purple or blue coloration to fruits (eg
blueberries, blackberries and strawberries), vegetables, cereal grains and
flowers (Table 1.2, Cooke et al., 2005). What renders anthocyanins especially
interesting vis-a-vis other flavonoids is that they occur in the diet at relatively
high concentrations. The daily intake of anthocyanins in the US diet has been
suggested to be 180 to 215 mg/day, whilst in contrast, the daily intake of most
other dietary flavonoids, including genistein, quercetin and apigenin, is

estimated to be only 20-25 mg/day (Hertog et al., 1993).

Table 1.2: Varying levels of anthocyanins in common
fruits and wine (Taken from Felgines et al., 2002, Kang

et al., 2003 and Kay et al., 2005)

Anthocyanin Anthocyanin (mg)
Containing Foodstuff per 100 g Foodstuff

Chokeberry 200 - 1000
Aubergine 750
Orange ~ 200
Blackberry ~115
Blueberry 80 - 420
Raspberry 10 - 60
Cherry 350 - 400
Redcurrant 80 - 420
Red grape 30-750
Red wine 24 - 35
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Anthocyanidin is the name of the aglycon analogue of anthocyanins. In higher
plants, anthocyanidins comprise cyanidin, delphinidin, malvidin, pelargonidin,
peonidin and petunidin (for structures see Figure 1.7), which occur exclusively
conjugated with sugar moieties as anthocyanins. Their distribution in nature is
50, 12, 12, 12, 7 and 7%, respectively (Zhang et al., 2005). The most common |
s/ugar components of anthocyanins are glucose, galactose and arabinose,
which are usually conjugated to the anthocyanidin via the C-3 hydroxyl group in
ring C of the molecule. Some anthocyanins comprise multiple sugar moieties

involving hydroxyl functionalities of the molecule other than that at C-3.

1.4.2 Chemical Properties of Anthocyanins

Cyanidin (Cy) R;=O0H, R.=H
Delphinidin  (Dp) R;=OH, R, = OH
Petunidin (P) R;=0CH;, R,=O0H
Peonidin (Pn) Ry=0CH;, R.=H
Malvidin (Mv) R;y=0CH; R;=O0CH;
Pelargonidin (Pg) R;=H R.=H

Figure 1.7: Structures of common anthocyanidins, existing

as glycosides in nature.

Anthocyanins are water soluble and each anthocyanin displays subtle
differences in how they respond to changes in pH (Figure 1.8). At pH < 3

anthocyanins possess a charged middle ring (ring C), forming a highly-coloured
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flavilium cation (Figure 1.9). Anthocyanins are usually intensely coloured at pH
1 -4 and pH > 8 but less coloured at pH 5 - 7 (Lapidot et al., 1999 and Cabrita
et al., 2000). The colour changes are the corollary of reversible conformational

changes (see Figure 1.9).

== Pg3glc

5 1 2z 3 4 5 6 7 8 5 101123

Figure 1.8: Absorptivities relating to pH values for the chloride salts

of the six major anthocyanidin-3-glucosides (1.0 x 10 M) after 1h

of dissolution (taken from Cabrita et al., 2000)
The stability of the flavilium cation as judged by UV/isible absorbance is
compromised by increasing pH (Lapidot et al., 1999 and Cabrita et al., 2000).
The implications of the different conformational manifestations of anthocyanins,
found under different pH conditions, for pharmacological activity are unclear.
Cabrita et al., (2000) have shown that all anthocyanins retain >70% stability
after 60 days at pH 1-3 (10°C) but lose stability with increasing pH. Cabrita et a/
also noted that anthocyanins with only 1 free hydroxyl groub on the B ring
(pelargonidin, peonidin & malvidin) showed the greatest stability at high pH -
further enhanced by the presence of additional methoxy groups. Anthocyanins
containing three oxygen functional groups on ring B (delphinidin & petunidin)
possess ortho-hydroxyl groups, and their stability is not as good as that of
pelargonidin, petunidin & malvidin at pH 8-9. The stability of cyanidin, which

has only 2 oxygen-containing functional groups, but still an ortho-hydroxyl
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group, seems to behave similarly to the former group of anthocyanins
(pelargonidin, peonidin & malvidin) at high pH. Minimal stability of anthocyanins

was observed at pH 3.3 — 4.5 (Nielsen et al., 2003a).

(i) Chalcone (Yellow) (i) Carbinol pseudo-base (colourless)

. acid
acid

R

OH
HO O\ @ R
acid C/
— oGl
OH

(iv) Quinoidal Base (coloured) (iii) Flavylium cation (coloured)

Figure 1.9: pH-Dependent conformational rearrangement of the anthocyanin
molecule, shown here for anthocyanins bearing a sugar (“Gl”) on C-3. Anthocyans
exist in several freely interchangeable structural forms, which form predominates is
dependent upon pH. Around neutral pH anthocyans occur as chalcones, with the
anthocyan ring C open (i). Under mildly acidic conditions the ring is closed to form
a carbinol pseudo base (ii). In strong acid (pH 2) ring C acquires aromaticity
involving a charged ring oxygen, forming a coloured flavylium cation (iii). In alkali,
oxidation of ring A generates a quinon which is also coloured, eliminating the

charge (iv). The ring-opened chalcone can be reformed at neutral pH.

29



1.4.3 Metabolism of Anthocyanins in Humans

The studies carried out in healthy volunteers usually involve oral dosing with
either an extracted (freeze-dried) mixture or through eating/drinking the fruit
itself (either as berries, juice or wine). Some anthocyanin sources thus far
investigated are: black raspberries, blackberries, elderberries, bilberries,

chokeberries, boysenberries and grapes. As would be expected all of these

sources contain a mixture of different anthocyanins.

All studies show similar metabolite profiles for anthocyanins, and can be broken
down into three major pathways: methylation, glucuronidation and
deglycosylation.  Further anthocyanin metabolism can yield methylated
glucuronides, anthocyanidin glucuronides, methyl anthocyanidins etc. There is
also limited evidence for the formation of sulphated metabolites, but these are in
the minority (Felgines et al., 2005). Anthocyanins also undergo bacterial
degradation in the gut to phenolic acids, but these acids would not be detected
at the wavelength used with anthocyanins (Fleschhut et al., and Keppler et al

2006).

Kay et al (2005) have shown that after a dose of cyanidin-3-glycosides (from
chokeberry extract) in humans, 7 major metabolites (from 4 parent compounds)
were present. The metabolites were glucuronides (1), methylated (3) or
methylated glucuronides (3) of starting materials, and both mono and di
methylation was observed. Kay et al (2004) showed the extent of metabolism
when they repeated the chokeberry study. This study revealed that ~68% of
excreted anthocyanins (in serum and urine) were glucuronidated or methylated
metabolites with the remaining 32% being parent anthocyanins.
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Felgines et al (2005) investigated the consumption of blackberries, and
discovered 10 unique cyanidin-derived metabolites in urine. Of these
metabolites 2 were unknown, 3 were glucuronides, 1 was a methylated
metabolite and 3 were methylated glucuronides. The remaining 2 were
aglycons, which had undergone deconjugation. Two aglycons were observed
déspite blackberry containing only cyanidin glycosides. This is due to the
methylation of cyanidin. From the structures of cyanidin and peonidin (Figure
1.7) it is clear that methylation of the OH group at position 3’ in cyanidin would
result in the formation of peonidin. Methylation on the 4’ hydroxyl group would
result in a methyl cyanidin possessing many of the characteristics of peonidin,
and which would be indistinguishable by HPLC or LC/MS/MS, assuming a
similar retention time. = The presence of these aglycons in urine may be a
consequence of the presence of S-glucuronidases in the urine and kidney, as
opposed to deconjugation in tissues (Galvano et al., 2004 and Felgines et al.,

2005).

There are many eatrlier literature reports showing only parent compound in urine
after anthocyanin consumption (Bub et al., 2001 and Milbury et al., 2002), but
most recent publications show a pattern of metabolites similar to that described

above involving glucuronidation and/or methylation or deconjugation.

1.4.4 Metabolism of Anthocyanins in Animals

The sites of anthocyanin metabolism in animals can be identified, as individual
tissues can be analysed to follow changes in metabolic profile. Another benefit

of using animals is that different routes of administration can be investigated.
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Table 1.3 shows the major metabolites observed in experimental animals. It is
apparent that this metabolism (methylation, glucuronidation or deconjugation) is
consistent between animal species — and parallels that observed in humans.
Figure 1.10 summarises the fate of an anthocyanin-glycoside after oral dosing

to humans and animals.

Ichiyanagi et al (2005a) compared the metabolic profiles obtained after oral and
I.V administration of cyanidin-3-glucoside. When dosed intravenously, cyanidin-
3-glucoside produced only 2 major metabolites — monomethylated analogues of
cyanidin-3-glucoside. After oral administration the same monomethylated
cyanidin-3-glucosides were present, but alongside these a glucuronide of the
cyanidin aglycon and of the methylated cyanidin-3-glucoside were also
detected. The presence of cyanidin glucuronide in the plasma suggests that
deconjugation only occurs when the parent glucoside is dosed orally. The sites

of deconjugation are most likely the gut villi.

Talavéra et al (2003) have shown that the stomach plays an essential role in the
absorption of anthocyanins. When administered by intragastric injection the
glucoside and galactoside of cyanidin were absorbed quickly, quicker than the
rutinoside, with total absorption being ~25%. However, the réts used in this
study were anaesthetised, and therefore gut motility may have been
compromised with loss of peristalsis. This may have the effect of the
anthocyanins remaining longer in the stomach creating a bias towards gastric
absorption. Detection of parent compound in the gastric tissue has been shown
to be as early as 15 min after oral gavage (Tsuda et al., 1999). It has been

hypothesised (Passamonti et al., 2002) that the speed of absorption is in part
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due to the presence of the anion carrier bilitranslocase, although this transporter
can become saturated at higher doses. It was also evident from a study usihg a
bilberry extract (Talavéra et al., 2003) that the rate of absorption followed the
extent of hydroxylation of the compound. The bilberry mixture used contained
the glucosides, galactosides and arabinosides of 5 anthocyanins delphinidin,
cyanidin, petunidin, peonidin and malvidin, which were absorbed in the

proportions as expected for increasing hydrophilicity.
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Acy-Glue

Acy-methyl
Phenolic acids

Figure 1.10: Fate of anthocyanidin-3-glycosides in biological systems
(humans, rats etc). Abbreviations: Acy-gly = anthocyanin-glycoside; Acy
= anthocyanin aglycon; Acy-methyl = methylated metabolite; Acy-Gluc =
glucuronidated metabolite; SGLT1 = sodium dependent glucose
transporter; LPH = lactase phloridzin hydrolase. Figure adapted from

McGhie et al.. 2007.
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Table 1.3: Metabolites identified in bio-matrices after dosing with anthocyanins.

Dose Animal Matrix Metabolites Found Ref
Model Studied (Or Type of Metabolism)
Marionberry extract Pig (In feed) Urine C3G-glucuronide A
(78% C3G) methylated C3G
methylated C3G glucuronide
cyanidin glucuronide >Wu, 2004
methylated cyanidin glucuronide
Plasma C3G
C3G-glucuronide J
Blackberry Rat (In feed) Stomach parent compounds A
(4 x cyanidin glycosides) Jejunum methylation
glucuronidation
methylated glucuronides
cyanidin (aglycon) &Talavéra, 2005
Liver methylation (high proportion)
glucuronidation
methylated glucuronides
Kidney glucuronidation J
Cyanidin-3-glucoside Rat (oral) Plasma methylation & glucuronidation Ichiyanagi, 2005a




o€

Cyanidin-3-glucoside

Delphinidin-3-glucoside

Cyanidin-3-glucoside

Chokeberry extract
Chokeberry extract

Red orange anthocyanins
Cyanidin-3-glucoside
Delphinidin-3-rutinoside

Blackberry extract

Rat (I.V.)

Rat (in feed)

Rat (oral)

Rat (in feed)
Rat (in feed)
Rat (in feed)
Rat (oral)

Rét (oral & I.V.)
Rats, Gastric

administration

Plasma

Plasma

Plasma

Plasma & urine
Fecal & caecal
Urine

Plasma
Plasma & Urine
Plasma

Bile

methylation

parent & methylated

parent
4 x glucuronides
6 x methyl glucuronides

2 x methylated

parent & methylated
parent & methylated
parent & methylated
parent & methylated
parent & methylated
parent only

parent & methylated

Ichiyanagi, 2005a

Ichiyanagi, 2004

}lchiyanagi, 2005b

He, 2006

He, 2005
Felgines, 2006
Miyazawa, 1999
Matsumoto, 2006

Talavéra, 2003




1.4.5 In vitro Metabolism

Incubation of anthocyanins and anthocyanidins with rat liver microsomes and
nicotinamide adenine dinucleotide phosphate (NADP, NADPH in reduced form)
is a model to investigate metabolism catalysed by cytochrome P450 enzymes
(Fleschhut et al., 2006). When anthocyanins and anthocyanidins were tested in
this system there were no metabolites produced. Incubation of cyanidin with rat
liver microsomes and UDPGA resulted in the formation of two mono
glucuronides, after the same incubation, but with C3G replacing cyanidin, four
glucoside-mono glucuronide metabolites were identified (Fleschhut et al., 2006).
The reason for this discrepancy is probably due to the instability of the aglycon
or the stability of the glucuronides of the aglycon. In Figure 1.7 there are 5
potential sites of glucuronidation — C3, C5, C7, C6’ and C4’. Fleschhut et al
(2006) hypothesised that glucuronidation at any site other‘ than 3 or 4’ of the
aglycon will result in the formation of an unstable glucuronide (Fleschhut et al.,
2006). In C3G the C3 position is occupied by the glucoside, so only four sites

are available — all of which produce stable glucuronides.

A model utilising gut microflora from the caecum of pigs was uséd to investigate
the stability of glycosides under physiological conditions (Keppler et al., 2005).
This study focused on cyanidin, peonidin and malvadin aglycons and their
glucosides and rutinosides. All glycosides were hydrolysed to some extent
between 20 min and 2 h; glucosides were easily hydrolysed, with most
hydrolysis complete after 20 min, whereas hydrolysis of the rutinosides was

much slower — taking up to 2 h. Deglycosylation of diglycosides was also much
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slower than their equivalent monoglycosides. The aglycons released: are
inherently unstable and rapid metabolic degradation was observed. The

phenolic acid degradation products are shown in Figure 1.11.

Fleschhut et al (2006) have also studied metabolism using intestinal microflora.
They incubated anthocyanins from red radish anaerobically with a human faecal
suspension. Their results showed that both glycosylated and acylated
anthocyanins metabolically degrade to the same products as those described
by Keppler et al (2006). The chemistry for this breakdown is highlighted in

Figure 1.11.

Ry R
OH HO OH OH

HO oN @ — @ t o @
OO NE :
OH

Anthocyanidin 2>  2-(2,4,6-trihydroxyphenyl) + Phenolic Acid

ethanal

Anthocyanidin Corresponding Phenolic Acid

cyanidin protocatechuic acid
malvidin syringic acid
peonidin vanillic acid
pelargonidin 4-hydroxybenzoic acid
petunidin 3-0O methyl gallic acid
delphinidin gallic acid

Figure 1.11: Degradation of anthocyanidins and formation of the

corresponding phenolic acids
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1.4.6 Pharmacokinetics of Anthocyanins

Detailed anthocyanin pharmacokinetics (PK) have been reported in both human
volunteers and rodents. Absorption into the plasma and excretion into the
ulrine are both rapid. A sample of the data collected in humans thus far is
shown in Table 1.4. This table shows the percentage of dose absorbed
unchanged to be low, ranging from 0.004 - 0.11%, with a Tuax of between 0.75
— 2.8 h. This range in absorption time may be due to structural differences of
anthocyanins. Keppler et al (2005) showed how differing sugar moieties
affected the rate of degradation, and that the polarity difference between

delphinidin and malvidin may also play a role in speed of absorption.

There have also been pharmacokinetic studies in rats (Talavéra et al., 2003 and
Ichiyanagi et al., 2004, 2005a, 2005b and 2006) and the results correlate well
with the human data, with low levels of absorption and rapid clearance from
plasma being observed. Absorption through the stomach and jejunum has also

been observed in rats (Ichiyanagi et al., 2004).
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Table 1.4: Plasma levels of anthocyanins after oral dosing to humans

Anthocyanin % of Dose
Dose (mg) Tmax (h) Ref
Treatment Absorbed

Chokeberry 721 28 N/A Kay, 2005
(extract)
Chokeberry 1300 2 N/A Kay, 2004
(extract)
Black raspberry 45 000 1-2 <1% Stoner, 2005

(freeze dried) x 7 days

Blackcurrant 1200 0.75 0.05-0.07% Nielsen, 2003b
Juice ‘

Blackcurrants 3.6 1.25-1.75 0.06-0.11% Matsumoto, 2001
Elderberry 720 - 0.077% (6h) Wu, 2002
extract

Blueberry 690 - 0.004% (6h) Wu, 2002
Red wine 68 0.83 0.016% (3h) Bub, 2001
Red grape juice 117 2 0.019% (6h) Bub, 2001
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1.4.7 Health Effects of Anthocyanins

In a cohort of elderly individuals who consumed large amounts of strawberries
the odds ratio for developing cancer at any site was 0.3, compared to subjects
who refrained from high berry consumption (Colditz et al., 1985). Consumption
of coloured fruits and vegetables have also been associated with a reduced risk
of human breast cancer (Adlercreutz, 1998) and colorectal polyp recurrence
(Almendingen et al, 2004). Anthocyanin-containing foodstuffs have been
associated with a decreased risk of coronary heart disease and with
vasoprotection, and have been shown to have beneficial effects in many parts
of the organism, including the central nervous system and the eye (Detre et al.,
1986). They are suspected to account, at least in part, for the “French paradox”
i.e., the decreased risk of cardiac disease, despite a high-fat diet in individuals

living in France.

1.4.8 Cancer Chemopreventive Properties of Anthocyanins in
Animals

There are to my knowledge nine reports in which the ability of anthocyanins to
interfere.with carcinogenesis in animals have been described (Koide et al.,
1996, Harris et al., 2001, Hagiwara et al., 2001, Hagiwara et al., 2002, Kang et
al., 2003, Singletary et al., 2003, Bobe et al., 2006, Afaq et al., 2005 and Lala et
al., 2006).

In a comparative investigation in the Apc™™

mouse (Kang et al., 2003), animals
received either a mixture of anthocyanins at 800 mg/L or pure cyanidin at 200

mg/L with the drinking water or tart cherries added to the diet (200 g/kg diet).
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These amounts correspond to doses of approximately 2.4 mg and 0.6 mg
anthocyanins/animal/day and 600 mg of tart cherries/animal/day, respectively.
In mice which received anthocyanins or tart cherries, the number of caecal
adenomas was reduced compared with animals on control diet or those which
received the non-steroidal anti-inflammatory drug sulindac (Kang et al., 2003).
The number of colonic and intestinal adenomas was not significantly influenced
by anthocyanins.

MIN mice were fed anthocyanin-rich tart

In a similar study (Bobe et al., 2006) Apc
cherry extracts at a range of amounts (375, 750, 1500 or 3000 mg tart cherry
extract/kg of diet). These amounts correspond to doses of 1.125, 2.25, 4.5 and
9 mg anthocyanins/mouse/day, and each dose diet contained 100 mg/kg of
sulindac (0.3 mg/mouse/day), which has previously been shown to be effective
at preventing adenoma formation (Waddell et al., 1983). There were no
treatment groups with anthocyanins exclusively, and only the effect of
anthocyanins with sulindac on adenoma formation was determined. The
numbers of adenomas observed was not significantly affected by anthocyanin

content, and the largest difference to control of 26% was achieved by the

highest and lowest doses alike.

In a xenograft model in which Balb/C mice were inoculated intraperitoneally with
syngeneic Meth/A lymphoma cells, animals receiving a diet of anthocyanin-
containing red glutinous rice showed evidence of prolonged life expectancy

compared to those animals fed normal rice or control diet (Koide et al., 1996).
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Commercially available anthocyanin-rich extracts of chokeberry, bilberry or
grape were compared in terms of their effects on azoxymethane-induced
colonic aberrant crypt foci in rats (Lala et al., 2006). In animals that received
these extracts (4 g/kg diet, 30-40 mg 'anthocyanins/animal/day) for one week
before the carcinogen, the numbers of aberrant crypt foci were significantly
reduced compared to control rats after 14 weeks of study. The reductions in
aberrant crypt foci numbers and multiplicities were accompanied by inhibition of

cyclooxygenase-2 gene expression (Lala et al., 2006).

Female rats, previously exposed to 7,12-dimethylbenzanthracene to induce the
formation of mammary tumours, were administered Concord grape juice that
contained 15 different anthocyanins (making up 12% of the total phenolics), at
three concentrations in the drinking water, representing approximately 10, 15
and 20 mg anthocyanins/rat/day) (Singletary et al., 2003). Consumption of the
grape juice reduced mammary tumour incidence, multiplicity and final mean
tumour mass significantly (Singletary et al., 2003). This study was designed
with suitable control animals so as to eliminate any potential preventive effect of
sugars and organic acids contained in the grape juice, so that efficacy was likely

to be mediated only by the anthocyanins contained in the juice.

Purple sweet potato, red cabbage and purple corn are rich in anthocyanins and
have also been shown to inhibit chemical carcinogenesis in rats (Hagiwara et
al., 2001 and 2002). Colonic adenomas and adenocarcinomas were induced by
treatment with 1,2-dimethyl hydrazine and their incidence increased by
supplementing the diet with the food-derived heterocyclic amine PhIP (2-amino-

1-methyl-6-phenylimidazo[4,5-b]pyridine) a known carcinogen. Purple sweet
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potato, purple corn and red cabbage extracts were fed to rats at approximately
490mg, 233mg and 620 mg anthocyanins/rat/day in the diet concurrently with
PhIP (0.02%). Treatment with these anthocyanin-containing vegetables was
responsible for a significantly decreased incidence and multiplicity of adenomas
and adenocarcinomas in the dimethyl hydrazine/PhIP group, compared to rats
receiving no intervention (Hagiwara et al., 2001 and 2002). Furthermore, purple
corn and red cabbage extracts also inhibited PhIP-induced aberrant crypt
formation in the non-dimethyl hydrazine-initiated groups (Hagiwara et al., 2001

and 2002).

Significant decreases in azoxymethane-induced aberrant crypt foci (21-36%)
and adenocarcinoma (28 - 80%) multiplicities were observed in rats fed
lyophilized black raspberries (approximately 0.38g, 0.75g and 1.5g/animal/day).
The marked protective effect was paralleled by significant reduction in urinary
levels of 8-hydroxy-2'-deoxyguanosine, a marker of oxidative DNA damage

(Harris et al., 2001).

Female CD-1 mice that were subjected to topical application of anthocyanins-
containing pomegranate extract demonstrated a delay in onset and decreased
incidence and burden of TPA-promoted (12-O-tetradecanoyl-phorbol-13-
acetate), DMBA-initiated (7,12-dimethylbenz(a)anthracene) skin tumours (Afaq
et al., 2005). Topical application of the pomegranate extract inhibited TPA-

induced phosphorylation of ERK1/2, p38 and JNK1/2, activation of NFxB and

IKK, and degradation if IkB (Afaq et al., 2005).
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1.4.9 Anticarcinogenic Mechanisms of Anthocyanins from In Vitro

Studies in Cultured Cells

Studies, in which the effects of anthocyanins on cell growth or on cellular events
germane to tumour promotion or progression have been investigated, are
summarised in Tables 1.5 and 1.6. In terms of inhibition of cancer cell survival,
anthocyanidins have demonstrated more potent growth-inhibition than their
glycosylated counterparts. Anthocyanidins confounded survival in the 10 - 10
M concentration range, whilst the glycosides were hardly growth-inhibitory at
concentrations below 10* M. Anthocyanidins have demonstrated growth
inhibitory effects upon cancer cells derived from numerous human tissues (see
Table 1.5) including; lung, breast, uterine and wvulva carcinomas, colon
adenoma and in embryonic fibroblasts (Meiers et al., 2001, Hou et al., 20083,
Katsube et al., 2003, Hyun et al., 2004, Lazze et al., 2004 and Zhang et al.,
2005). Among the anthocyanidins, delphinidin frequently displayed the most
potent growth-inhibitory activity. This finding hints at a structural determinant of
pharmacological activity, suggesting a dependence of growth-inhibitory potency
on the presence of hydroxyl groups on ring B of the anthocyanidin. A notable
exception to this rule is that malvidin demonstrated equivalent or greater
potency to delphinidin in some cell lines implying more than one structural
determinant is implicit in ascribing efficacy to anthocyanidins (Hou et al., 2003,
Katusbe et al., 2003, Galvano et al., 2004 and Hyun et al., 2004). Interestingly,
anthocyanin-containing extracts of grapes, bilberries or chokeberries at 50 or 75
pug/ml inhibited the growth of human malignant HT29 colon cancer cells, but not

that of non-malignant colon-derived NCM460 cells (Zhao et al., 2004).

45



Anthocyanins have been shown to interfere with biochemical activities relevant
to promotion or progression of malignancies, such as those mediated by COX
enzymes, tyrosine kinases and phosphodiesterases. All three systems play key
roles in tumorigenesis (Cross et al., 1991, Mestre et al., 1999 and Marko et al.,
2004). Several anthocyanins have demonstrated COX-inhibiting activities
(Wang et al, 1999, Seeram et al, 2001a and 2003). For example,
anthocyanidins (40 pM) inhibited activities of COX-1 and COX-2 enzyme
preparations from ram seminal vesicles and insect cell lysate (Seeram et al.,
2003). Cyanidin is the most potent inhibitor of COX-1 and COX-2 demonstrating
inhibitory activities of 52.2% and 74.2%, respectively (Seeram et al., 2003).
Despite the limited inhibitory activity of purified anthocyanins, several extracts
from berries demonstrated comparable COX-2 inhibitory activities to cyanidin
and the positive controls ibuprofen and naproxen (Seeram et al., 2001a).
Lipopolysaccharide-induced expression of COX-2 mRNA and protein in mouse
macrophage RAW264 cells has been suggested, by some authors, to be
inhibited by delphinidin or bilberry extract, but details have not been provided
(Hou et al., 2004a). Delphinidin-mediated COX-2 down-regulation may have
been, at least in part, the consequence of its ability to suppress
lipopolysaccharide- and TPA-induced IxB degradation and IKK and NFxB

activation (Afaq et al., 2004 and Hou et al., 2004a).

Cyanidin, delphinidin and malvidin have been shown to possess ICso values of
42, 18 and 61 pM, respectively for the inhibition of tyrosine kinase activity in the
epidermal growth factor receptor (EGFR) isolated from EGFR over-expressing
A431 cells (Meiers et al., 2001). The same study showed similar, but less potent

inhibition of LXFL529L cells with ICso values of 73 and 33 uM for cyanidin and
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delphinidin, respectively. Malvidin was inactive against LXFL529L cells. In a
more recent investigation of EGFR from A431 cells the ability of anthocyanidin
molecules to inhibit EGFR tyrosine kinase decreased in the order delphinidin =
cyanidin > pelargonidin > peonidin > mvalvidin (Marko et al., 2004), suggesting
that potency seemed to be positively correlated with the presence of hydroxyl
functions in positions 3’ and 5’ of ring B of the anthocyanidin molecule, and
inversely with the presence of methoxyl groups. Similarly, greater inhibition of
TPA-induced activator protein 1 (AP1), a transcription factor with an integral role
in carcinogenesis (Hsu et al, 2000), activityy, and ERK and JNK
phosphorylation, was observed with the anthocyanidins hydroxylated at
positions 3’ and 5’ of ring B (Hou et al., al 2004b). In contrast, inhibition by
anthocyanidins of phosphodiesterase activity in cytosol from HT29 cells
displayed the inverse molecular structure-activity relationship, as borne out by a
decreasing rank order of potency of malvidin > peonidin > pelargonidin =
cyanidin > delphinidin (Marko et al., 2004). This phenomenon suggests that
phosphodiesterase-4-inhibitory potency was positively correlated with number
of methoxy moieties and inversely with number of hydroxyl groups in positions
3’ and 5’ in ring B. The complex interaction with these two crucial growth
regulatory signalling events resulted in the following rank order of growth-
inhibitory properties in HT-29 cells: delphinidin = malvidin > cyanidin > peonidin
> pelargonidin, with approximate ICso values of 20, 25, 60, 90 and 225 uM,
respectively (Marko et al., 2004). Despite malvidin being a weak EGFR tyrosine
kinase inhibitor it dose-dependently decreased phosphorylation of Elk 1, a
signalling component downstream of EGFR, in A431 cells (Meiers et al., 2001).
It has been proposed that the latter mechanism occurs through cross-talk

between the cAMP pathway and EGFR signalling whereby inhibition of
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phosphodiesterase 4 by malvidin is responsible for an increase in protein kinase
A activity that in turn deactivates the serine/threonine kinase Raf-1 so blocking

signal transduction from EGFR to Elk-1 (Marko et al., 2004).

In terms of their effect on cell cycle, anthocyanidins interrupt the cell cycle
machinery at the G;i or Go/M phases, and such inhibition might elicit, or
contribute to, initiation of apoptosis and limitation of proliferation (see Table 1.6)
(Singletary et al., 2003, Hou et al., 2003, Hyun et al., 2004, Fimognari et al.,
2004a and 2004b). Once again, increasing number of hydroxyl groups attached
to the B-ring of the anthocyanidin molecule correlates with increased apoptotic

activity (Hou et al., 2003).

Lastly, several berry extracts demonstrate potent antioxidant activities that
correlate with anthocyanin content (Nielsen et al., 2003a, Zheng et al., 2003,
Olsson et al, 2004 and Heo et al, 2005). Anthocyanins are powerful
antioxidants and may exert anti-carcinogenicity via this property (Rice-Evans et
al., 1996, Mazza et al., 2002, Nielsen et al., 2003a, and Galvano et al., 2004).
Using the ferric reducing ability of plasma (FRAP) technique, delphinidin-3-
glucoside, petunidin-3-glucoside and malvidin-3-glucoside have been shown to
be 2 — 2.5 times more potent antioxidants than ascorbic acid (Garcia-Alonso et
al., 2004). Similarly, anthocyanins have 3-6 fold greater activities than the
reference antioxidant trolox when investigated using the trolox equivalent
antioxidant capacity (TEAC) and oxygen radical absorbing capacity (ORAC)
techniques. The pattern emerging from these and other studies (Seeram et al.,
2002,Noda et al., 2002 and Galvano et al., 2004) is that antioxidant activity

appears to increase with increasing degree of hydroxylation of the B-ring of
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anthocyans. The antioxidant capacities of cyanidin and cyanidin-3-glucoside
were found to be similar to that of a-tocopherol in systems in which oxidation
was studied in linoleic acid, liposomes, rabbit erythrocyte membranes and rat
liver microsomes (Tsuda et al., 1994).\ Similar antioxidant capacity has been
demonstrated in vitamin E-depleted rats fed anthocyanin-rich extract in the diet.
Plasma antioxidant capacity increased and hepatic 8-Oxo-dG (see section

1.1.5) concentrations declined (Ramirez-Tortosa et al., 2001).
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Table 1.5: Summary of growth inhibitory effects of anthocyans and

anthocyanin-rich extracts

Treatment CellLine Effect Reference
Anthocyanidins
Delphinidin CaCo-2 Growth inhibition (20%), 200 uM Lazze, 2004
HelLa S3 ICs0 200 uM “
H.E.F Growth inhibition (10%), 200 uM “
LXFL529L  ICso 33 uM Meiers, 2001
A431 ICso 18 uM “
HT29 ICs0 35 uM Marko, 2004
MCF-7 Growth inhibition (66%), 200 ug/ml  Zhang, 2005
HL60 Growth inhibition (88%), 100 pM Katsube, 2003
1Apoptosis, 200 uM “
HCT116 Growth inhibition (64%), 100 pM “
Cyanidin CaCo-2 No effect Lazze, 2004
Hela S3 No effect “
H.E.F No effect “
U937 ICso 60 pg/mli Hyun, 2004
HT29 ICs0:63 uM Kang, 2003
ICs0 57 pM Marko, 2004
HCT-116  ICso: 85 uM Kang, 2003
Growth inhibition (82%), 200 uM Katsube, 2003
LXFL529L  ICs, 73 uM Meiers, 2001
A431 ICs0 42 M “
MCF-7 Growth inhibition (47%), 200pg/ml  Zhang, 2005
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Malvidin

Peonidin

Pelargonidin

HL60

U937
LXFL529L
A431
HT29
HCT-116
SF-268
AGS

NCI H460
MCF-7

HL60

HCT116

HT29

HL60

HT29
HCT-116
SF-268
AGS

NCI H460
MCF-7

Growth inhibition (85%), 200uM
TApoptosis, 200uM

ICs0 40 pg/ml

ICso >100 pM

ICso 61 M

ICso 35 uM

Growth inhibition (76%)

Growth inhibition (41%)

Growth inhibition (69%)

Growth inhibition (68%)

Growth inhibition (75%)

Growth inhibition (97%), 200 pM
1Apoptosis, 200 uM

Growth inhibition (22%), 200 uM

|050 90 |.1M

Growth inhibition (80%), 400 uM

ICs0 >100 M

Growth inhibition (63%)
Growth inhibition (34%)
Growth inhibition (64%)
Growth inhibition (62%)

Growth inhibition (63%)

Katsube, 2003
Hyun, 2004
Meiers, 2001
Marko, 2004

Zhang, 2005

Katsube, 2003

Marko, 2004

Katsube, 2003

Marko, 2004

Zhang, 2005
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Petunidin

Anthocyanins

Del-3-Gal

Del-3-Glu

Cy-3-Gal

Cy-3-Glu

Mal-3-Glu

MCF-7

HL60
HCT116

HT29
MCF-7
HL60
HCT116

LXFL529L

A431

uoa37
HT29
MCF-7
Jurkat
HL60
LXFL529L
A431
uo37
HT29
MCF-7

Growth inhibition (53%), 200 pg/ml

Growth inhibition (~80%) 200 pg/m

Growth inhibition (~85%) 400 ug/mi

Growth inhibition (87%) 200 ug/ml
Growth inhibition (82%) 200 pg/mi
Growth inhibition (~75%) 100 pg/ml

Growth inhibition (~80%) 200 pg/ml

|Cso >100 uM
ICso >100 lJ,M

No effect

Growth inhibition (88%) 200 pg/ml
Growth inhibition (85%) 200 pg/ml
ICs0 175 pg/ml

Growth inhibition (37%) 200 pg/mi
ICs0 >100 uM

ICso >100 uM

No effect

Growth inhibition (90%) 200 pg/ml

Growth inhibition (84%) 200 pg/ml

Katsube, 2003

Olsson, 2004

&“®

Katsube, 2003

“®

Meiers, 2001

Hyun, 2004

Olsson, 2004

“®

Fimognari, 2004a

£

Meiers, 2001
Hyun, 2004

Olsson, 2004
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Anthocyanin-rich extracts

Chokeberry

extract

Grape extract

Cherry extracts

Bilberry extract

Black currant

Cranberry

NCM 460

HT29

HT29
MCF-7

HT29

NCM 460

RBA

HT29

HCT116

MCF-7

NCM 460

HT29

MCF-7
HL60

HCT116

HT29

MCF-7

CAL27

25 pg/ml*

ICs0 10 pg/ml *

Growth inhibition (37%), 5 mg/ml
Growth inhibition (69%)

Growth inhibition (19%), 5 mg/ml

ICs0 25 pg/ml*
ICs0 75 pg/ml*

ICs0~14 ug/ml

'Cso: 780 IJM
No effect
|C50: 285 p.M

No effect

ICsp 25 pg/mi

ICs0 25 pg/ml *

Growth inhibition (69%)

No effect

Growth inhibition (25%), 5 mg/ml
Growth inhibition (84%), 4 mg/ml

Growth inhibition (97%), 4 mg/ml

No effect

Growth inhibition (45%) 5 mg/mi

Growth inhibition (~20%)

Zhao, 2004
Olsson, 2004
Lala, 2006

Oisson, 2004

Zhao, 2004

Singletary, 2003

Kang, 2003
Olsson, 2004
Kang, 2003

QOlsson, 2004

Zhao, 2004
Lala, 2006
Olsson, 2003

Katsube, 2003

&%

Olsson, 2004

Seeram, 2004
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Anthocyanins KB Growth inhibition (~20%) “
HCT116 Growth inhibition (~15%) “
SwW620 Growth inhibition (~15%) Seeram, 2004
RWPE-1 Growth inhibition (~55%) “
RWPE-2 Growth inhibition (~60%) “

22Rv1 . Growth inhibition (~70%) “

Cy, del and mal refer to cyanidin, delphinidin and malvidin, respectively. Glu
and gal refer to glucoside and galactoside, respectively. H.E.F stands for
human embryonic fibroblasts. HT29, HCT-116, SW620 and CaCo-2 are colon
carcinoma cells. NCM460 are normal colon cells. LXFL529L and NCI H460 are
lung cells originating from athymic mice. A431 cells are from vulva carcinoma.
Hela S3 is a uterine carcinoma cell line U937 Monocytic leukaemia cells. RBA
are rat mammary gland adenocarcinoma cells and MCF-7 is a human breast
cancer cell line. KB and CAL27 are oral cancer cells from mouth epidermis and
tongue epithelium, respectively. RWPE-1 (normal), RWPE-2 (k-ras transfected
and 22Rv1 are prostate cancer cells lines. SF-268 and AGS are a glioblastoma
cell line derived from nude mice and a stomach carcinoma cell line,
respectively. HL60 are human promyelocytic leukaemia cells. *ICso estimated
from published data after 72 h exposure to extracts. Growth inhibition is given
as the percentage decrease in cell number compared to cells receiving no

treatment.
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Table 1.6: Summary of evidence of underlying mechanisms responsible for

the chemopreventive efficacy of anthocyanins

Treatment Cell Line Effect Reference
Anthocyanidins
Delphinidin JB6 | TPA-induced AP-1 activation Hou, 2004b
| JNK/ERK phosphorylation “
A431 | EGFR tyrosine kinase Meiers, 2001
| Elk-1 activation “
HT29 | EGFR tyrosine kinase activity Marko, 2004
1 PDE4 inhibition “
CaCo-2 G./M phase arrest Lazze, 2004
1 Apoptosis “
Hela S3 G,/M phase arrest “
1 Apoptosis “
H.E.F 1 Apoptosis “
S-Phase arrest “
HL60 1 Apoptosis Hou, 2003
Caspase 3 activation “
1 JNK phosphorylation “
RAW264 | LPS-induced IxB degradation Hou, 2004a
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Cyanidin

Malvidin

RAW264

R.S.V
I.C.L

JB6
HL60
CaCo-2
Hela S3
N.H.F

A431

HT29

uo37

R.S.V
R.S.V
.C.L

.C.L
R.L.M
Liposomes

R.EM

U937

| LPS-induced NF«xB activation
| LPS induced COX2 expression
| Cox-1 activity

| Cox-2 activity

| TPA-induced AP-1 activation
1 Apoptosis

No effect

No effect

G1 phase arrest

| EGFR tyrosine kinase

| Elk-1 activation

| EGFR tyrosine kinase activity

1 PDE4 inhibition

Arrest of Go/M Phase
1 Apoptosis

| COX-1 activity

| COX-2 activity

| COX-1 activity

| COX-2 activity
Antioxidant
Antioxidant

Antioxidant

Arrest of Go/M Phase

1 Apoptosis

Hou, 2004a -

@

Seeram, 2003

Hou, 2004b
Hou, 2003

Lazze, 2004

Meiers, 2001

Marko, 2004

Hyun, 2004
Seeram, 2001a
Seeram, 2003
Seeram, 2001a
Seeram, 2003

Tsuda, 1994

[

Hyun, 2004
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Malvidin

Petunidin

Peonidin

Pelargonidin

A431

JB6

HT29

RS.V
L.C.L

JB6
HL60

JB6

HT29

R.S.V
.C.L

JB6

HT29

R.S.V
I.C.L

L Elk-1 activation

Weak effect on AP-1

| EGFR tyrosine kinase activity
1 PDEA4 inhibition
1 Cox-1 activity

1 Cox-2 activity

| TPA-induced AP-1 activation

1 Apoptosis

No effect on AP-1

| EGFR tyrosine kinase activity
1 PDEA4 inhibition

| Cox-1 activity

1 Cox-2 activity

Weak effect on AP-1

| EGFR tyrosine kinase activity
1 PDE4 inhibition
1 Cox-1 activity

| Cox-2 activity

Meiers, 2001
Hou, 2004b

Marko, 2004

Seeram, 2003

“®

Hou, 2004b

Hou, 2003

Hou, 2004b
Marko, 2004

Seeram, 2003

Hou, 2004b

Marko, 2004

Seeram, 2003
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Anthocyanins

Cy-3-Glu

Cy-3-Gal

Mal-3-Glu

Anthocyan-rich

extracts

Cherry extract

Lymphocytes

Jurkat cells

HL-60

R.L.M
Liposomes

R.EM

B.AEE.C

A431

A431

R.S.V

I.C.L

1 Apoptosis
1 Apoptosis
1 p53

1 bax levels

1 Apoptosis
| c-myc

| bel-2

Antioxidant

Antioxidant

Antioxidant

1 eNOS activity

.1 Akt phosphorylation

No effect

No effect

| Cox-1 activity

| Cox-2 activity

Fimognari, 2004a

Tsuda, 1994

“%

Bub, 2001

Meiers, 2001

Seeram, 2001a

3
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Raspberry R.S.V | Cox-1 activity “
extract I.C.L | Cox-2 activity “
Grape colour RBA | DNA synthesis Singletary, 2003
extract G, phase arrest “
Bilberry extract RAW264 ILPS induced COX-2 expression  Hou. 2004a
HL60 1 Apoptosis Katsube, 2003
HCT116 1 Apoptosis “
Plasma Antioxidant Mazza, 2002
Blackcurrant Plasma Antioxidant Nielsen, 2003
juice

Cy-3-Glu, Cy-3-Gal and Mal-3-Gal are cyanidin-3-glucoside, cyanidin-3-
galactoside and malvidin-3-galactoside, respectively. H.E.F stands for human
embryonic fibroblasts, R.S.V is rat seminal vesicle, 1.C.L is insect cell lysate,
N.H.F is normal human fibroblasts, R.L.M is rat liver microsomes, R.E.C is
rabbit erythrocyte membranes and B.A.E.C is bovine artery endothelial cells.
JB6 (mouse skin epidermal cell line), U937 are human monocytic leukaemia
cells. A431 is a vulva carcinoma cell line. Jurkat cells are a T-iymphoblastoid
cell line. HL-60 is a leukaemia cell line. RBA cells are from rat mammary gland
adenocarcinoma. HT-29 and CaCo-2 are colon adenocarcinoma cell lines and
Hela S3 cells are from uterine carcinoma. Raw264 are mouse macrophage

cells. HL60 are human promyelocytic leukaemia cells.
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1.5 Aims

There is increasing evidence to suggest that anthocyanins from fruit and
vegetables have a beneficial role as cancer chemopreventive agents (see
sections 1.4.8 -1.4.9, Cooke et al.,2005). The overall aim of this project is to
ga{ther information which may help adjudge whether anthocyanins possess the
potential to be considered as cancer chemopreventive agents in humans, and

whether they should be advanced to the stage of clinical development.

There is evidence of cancer chemopreventive effects by anthocyanins in
carcinogen-induced rodent models of colorectal cancer (see section 1.4.8).
Attempts to corroborate chemopreventive activity in genetic models have been
limited thus far (Kang et al., 2003), and this study showed no significant effect
on G.l. tract adenoma formation. Specifically the following hypotheses were
tested: |
e The anthocyanin C3G and the anthocyanin mixture Mirtoselect
decrease gastrointestinal carcinogenesis in the Apc™™ mouse.
e The adenoma-preventing efficacy of the anthocyanins is dose-
dependent.

e The adenoma-preventing effect of anthocyanins is reflected by

their effect on murine packed cell volume.

The metabolism and pharmacokinetics of anthocyanins either as single
compounds or constituents of fruit extracts is relatively poorly understood (see
sections 1.4.3 — 1.4.6), and a direct relationship between chemopreventive

efficacy and systemic concentration has not been established. To better
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understand anthocyanin pharmacokinetics the following hypotheses were
tested:

e Anthocyanins and their metabolites can be measured in blood,
urine and tissues of mice which received C3G or Mirtoselect with
their diet at levels consistent with physiological activity.

o Anthocyanins are systemically bioavailable when administered to
mice orally. Calculation of bioavailability involves comparison of
plasma anthocyanin concentrations after oral and 1.V. dosing.

e Anthocyanidins are generated from anthocyanins in the intestinal
mucosa in mice.

e Administration of anthocyanins gives rise to levels of anthocyanins
and anthocyanidins sufficient to exert a pharmacological effect in

tissues.

To enable the above hypothesis to be tested a rapid, selective and reproducible
HPLC- Visible (520 nm, in the visible region of the spectrum) method for the
separation and quantitation of Mirtoselect, C3G and its metabolites from

biomatrices has been developed.

Another aim of the work was to improve understanding of the mechanism of
chemopreventive activity of anthocyanins. It has been suggested that
anthocyanins are powerful anti-oxidants. Most experiments have been ex vivo
and have used calculated anti-oxidant capacity (section 1.4.9) to reflect anti-
oxidant potential. Therefore levels of oxidative damage were investigated in

MIN

adenoma tissue from Apc mice by investigating malondialdehyde-

deoxyguanosine (M1dG) adducts (see section 1.1.5). The hypothesis tested
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was that anthocyanins decrease M1dG, and therefore oxidative damage, in

adenoma tissue of mice.
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2. Materials and Methods

2.1 Materials

2.1.1 Sources of Anthocyanins and Method of Purification of
Anthocyanins from Berries

Cyanidin-3-glucoside (C3G) was kindly supplied by Prof. Peter Winterhalter
(Technical University of Braunschweig, Germany) who purified cyanidin-3-
glucoside from fresh blackberries using a counter current chromatographic
method (Schwarz et al., 2003). Mirtoselect, an extract of bilberry, standardized
for anthocyanin content, which is used in health supplements, was obtained

from Indena SpA (Milan, ltaly, see http://www.indena.it/pdf/mirtoselect.pdf).

Mirtoselect is a standardised, highly water soluble, bilberry extract from
Vaccinium myrtillus L. It comprises ~39% anthocyanins consisting of 15
different components, i.e. the glucose, galactose and arabinose conjugates of
delphinidin, cyanidin, petunidin, peonidin and malvidin, with the residual content
being plant-derived polysaccharides. Identities of anthocyanin components in
Mirtoselect (as provided by the manufacturer) were confirmed by LC/MS/MS
analysis (see 2.2.3 for method) using specific multiple reaction monitoring

(MRM) transitions.

2.1.2 Chemicals Used

All chemicals, unless otherwise stated were purchased from Sigma Aldrich,

(Poole, UK). Solvents used were obtained from Fisher Scientific,
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(Loughborough, UK). All other chemicals used are listed in the body of the text.

Extraction and analysis media were purchased from Waters Ltd, (Elstree, UK). |

Water used was purified in the laboratory by a Nanopure Diamond (Barnstead,

lowa, USA).

2.1.3 Polymerase Chain Reaction (PCR) Materials Used

Cell lysis solution

Protein precipitation solution

DNA hydration solution

10X TBE buffer

dNTP’s

Primer MAPC9
Primer MAPC15

Primer APC JR2020

Taq polymerase
Agarose, electrophoresis grade
Ethidium bromide solution

Ready Load 100bp DNA ladder

tris aminomethane, EDTA, sodium dodecyl
sulphate (Gentra Systems, MN, USA)

water, ammonium acetate (Gentra Systems)
10 mM Tris, 1 mM EDTA, pH 7.0 — 8.0
(Gentra Systems)

1.0M Tris, 0.9M boric acid,

0.01M ethylenediaminetetraacetic acid
(EDTA) (Invitrogen, Paiéley, UK)

2.5 mM of dATP, dCTP, dGTP, and dTTP

(Invitrogen, Paisley, UK)

The Protein Nucleic Acid Chemistry
Laboratory, University of Leicester.

5 Units/ul enzyme (Invitrogen, Paisley, UK)
(Invitrogen, Paisley, UK)
10 mg/ml (Invitrogen, Paisley, UK)

(Invitrogen, Paisley, UK)
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Bluejuice gel loading buffer 65% (w/v) sucrose, 10 mM Tris-HCI (pH 7.5),
10 mM EDTA, and 0.3% (w/v) bromophenol

blue.

2.2 Analytical Methods

2.2.1 HPLC Method for the Separation of 15 Anthocyanins Present
in Mirtoselect

Aqueous Mirtoselect solutions and human biomatrices were analyzed for
anthocyanin content by HPLC with UV-visible detection (520 nm). The HPLC
system (Varian Analytical Instruments, Oxford, United Kingdom) comprised a
Varian 230 pump, Varian 410 autosampler, and Varian 325 UV-vis detector.
Separation of anthocyanins was performed using an Xterra Phenyl column
(Waters; 4.6 mm x 150 mm, 5 um) with matching guard column (Waters, 4.6
mm x 10 mm, 5 um) at 40 °C with a flow rate of 1.5 ml/min. The gradient elution
system comprised two solvents: A, 9:1 water:formic acid, pH = 1.6; and B,
acetonitrile. The gradient employed was as follows: 99 to 97% A over 5 min, 97
to 90% A over 3 min, unchanged for 4 min, decrease of A to 70% within 1 min,
and then maintained for 2 min. When using human biomatrices column integrity
was maintained by injecting water every 5 runs and allowihg the method to
complete. Dimethyl sulphoxide (DMSO) was injected at the end of everyday to

clear any insoluble matter remaining.
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2.2.2 HPLC Method for the Separation of Cyanidin-3-Glucoside and
its Metabolites from Biomatrices

As described in 2.2.1, samples were analyzed for anthocyanin content using a
Varian HPLC with UV-visible detection (520 nm) employing the same mobile
‘phases. Separation of cyanidin-3-glucoside and its metabolites was performed
using a longer Xterra Phenyl column (Waters, 4.6 mm x 250 mm, 5 um). Flow
rate was 1 mli/min. The gradient employed started at 99% A and changed to
97% over 12 min, and to 90% over the next 7.5 min. The composition remained
at 90% for 6.5 min, then dropped to 60% A over 2 min, and was held at 60% A

for a further 2 min.

2.2.3 LC/MS/MS Method (Short and Long)

LC/MS/MS analysis was performed using an API2000 mass spectrometer
(Applied Biosystems, Warrington) with sample delivery via a 1100 series HPLC
instrument (Agilent Technologies UK Ltd., South Queensferry). The HPLC
separation used was essentially as described in 2.2.1/2.2.2. The differences to
the method are in the columns used for the separation. For the comparable
method to 2.2.1 we used an Xterra phenyl column (2.1 mm x'150 mm, 3.5 um,
Waters). However, for the comparable method to 2.2.2 we needed an
equivalent 250 mm column length, which was unavailable from the supplier
(Waters). To overcome this we used an Xterra Phenyl column (2.1 mm x 150
mm, 3.5 um) attached via a low dead-volume column connector to a second
Xterra Phenyl column (2.1 mm x 100 mm, 3.5 um, Waters) to give a total
column length of 250 mm. For both methods (LC/MS/MS equivalents to 2.2.1

and 2.2.2) a guard column was used (Xterra Phenyl, 2.1 mm x 20 mm, 3.5 um -
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Waters), solvent system A was held at 90% for an additional 5 min, and the flow
rate was reduced to 0.31 ml/min to allow direct injection into the mass
spectrometer without the need for eluant splitting Mass spectrometric analyses
were performed in positive ion hode under the following conditions:
‘declustering potential, 55V, focusing potential, 380 V; entrance potential, 10 V;
collision energy, 50 V; collision energy exit potential, 16 V; ion spray voltage,
5000 V; and temperature, 450 °C. Anthocyanins were identified using multiple
reaction monitoring (MRM) for fragments generated by the loss of the sugar
moiety, anthocyanidin glucuronides by monitoring of fragments that had lost
glucuronic acid (176 amu), énd anthocyanin glucuronides by combined loss of
sugar and glucuronic acid. Appropriate transitions for detecting methoxylated
and methoxylated-glucuronidated were also used, with the transitions

investigated listed in Tables 2.1 — 2.5.
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Table 2.1: Transitions employed for the detection of parent
anthocyanin ions present in Mirtoselect and cyanidin-3-glucoside and

for their corresponding aglycons, in mouse biomatrices

Parent Transitions m/z MRM Transition

Delphinidin-3-galactoside/glucoside 465 465 > 303
Delphinidin-3-arabinoside 435 435 -> 303
Cyanidin-3-galactoside/glucoside 449 449 > 287
Cyanidin-3-arabinoside 419 419 > 287
Petunidin-3-galactoside/glucoside 479 479 > 317
Petunidin-3-arabinoside 449 449 > 317
Peonidin-3-galactoside/glucoside 463 463 > 301
Peonidin-3-arabinoside 433 433 -> 301
Malvidin-3-galactoside/glucoside 493 493 - 331
Malvidin-3-arabinoside 463 463 > 331
Delphinidin aglycon 303 303 > 229
Cyanidin aglycon 287 287 > 137
Petunidin aglycon 317 317 > 217
Peonidin aglycon 301 301 - 201
Malvidin aglycon 331 331 > 242

m/z = mass to charge ratio, MRM = multiple reaction monitoring.
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Table 2.2: Transitions employed for the detection of the glucuronide
metabolites of anthocyanins present in Mirtoselect and cyanidin-3-

glucoside, in mouse biomatrices.

Glucuronide Metabolites m/z  MRM Transition
Delphinidin glucuronide 479 479 - 303
Cyanidin glucuronide 463 463 > 287
Petunidin glucuronide 493 493 > 317
Peonidin glucuronide 477 477 - 301
Malvidin glucuronide 507 507 - 331
Delphinidin-3-gal/glu glucuronide 641 641 -> 303
Delphinidin-3-arab glucuronide 611 611 > 303
Cyanidin-3-gal/glu glucuronide 625 625 > 287
Cyanidin-3-arab glucuronide 595 595 > 287
Petunidin-3-gal/glu glucuronide 655 655 2> 317
Petunidin-3-arab glucuronide 625 625 > 317
Peonidin-3-gal/glu glucuronide 639 639 > 301
Peonidin-3-arab glucuronide 609 609 > 301
Malvidin-3-gal/glu glucuronide 669 669 > 331
Malvidin-3-arab glucuronide 639 639 - 331

m/z = mass to charge ratio, MRM = multiple reaction monitoring.
gal = galactoside, glu = glucoside and arab = arabinoside.
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Table 2.3: Transitions employed for the detection of the methylated
metabolites of anthocyanins present in Mirtoselect and cyanidin-3-

glucoside, in mouse biomatrices.

Methylated Metabolites m/z MRM Transition
Methyl delphinidin-3-gal/glu 479 479 > 317
Methyl cyanidin-3-gal/glu 463 463 > 301
Methyl petunidin-3-gal/glu 493 493 - 331
Methyl peonidin-3-gal/glu 477 477 > 315
Methyl malvidin-3-gal/glu 507 507 > 345
Methyl cyanidin aglycon (peonidin) 301 301 = 201
Dimethyl cyanidin aglycon 315 315> 287
Trimethyl cyanidin aglycon 329 329 - 287
Tetramethyl cyanidin 343 343 > 287
Dimethly cyanidin-3-glucoside 477 477 > 315
Trimethyl cyanidin-3-glucoside 491 491 > 345

m/z = mass to charge ratio, MRM = multiple reaction monitoring.
gal = galactoside, glu = glucoside
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Table 2.4: Transitions employed for the detection of the sulphated
metabolites of anthocyanins present in Mirtoselect and cyanidin-3-

glucoside in mouse biomatrices.

Sulphated Metabolites m/z MRM Transition
Cyanidin sulphate 367 367 > 287
Cyanidin disulphate 447 447 > 287
Cyanidin trisulphate 527 527 > 287
Cyanidin tetrasulphate 607 607 > 287
Cyanidin-3-glucoside sulphate 529 529 > 287
Cyanidin-3-glucoside disulphate 609 609 > 287
Cyanidin-3-glucoside trisulphate 689 689 > 287
Cyanidin-3-glucoside tetrasulphate 769 769 > 287

m/z = mass to charge ratio, MRM = multiple reaction monitoring.
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Table 2.5: Transitions employed for the detection of the conjugated
metabolites of anthocyanins present in Mirtoselect and cyanidin-3-

glucoside, in mouse biomatrices.

Multiply Conjugated Metabolites m/z MRM Transition

Methyl! cyanidin glucuronide 477 477 - 301
Dimethyl cyanidin glucuronide 491 491 - 315
Trimethyl cyanidin glucuronide 505 505 > 329
Methyl cyanidin diglucuronide 653 653 > 301
Dimethyl cyanidin diglucuronide 667 667 > 315
Methyl cyanidin-3-glu glucuronide 639 639 > 301
Dimethyl cyanidin-3-glu glucuronide 653 653 - 315
Methyl cyanidin-3-glu diglucuronide 815 815 > 301
Dimethyl cyanidin-3-glu diglucuronide 829 829 > 315
Trimethyl cyanidin-3-glu glucuronide 667 667 > 345
Methyl cyanidin-3-glu triglucuronide 829 829 -> 301

m/z = mass to charge ratio, MRM = multiple reaction monitoring.

glu = glucoside.
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2.3 Polymerase Chain Reaction (PCR) for Confirming Presence

of APC Mutation in Tissue Samples from Apc" Mice.

2.3.1 DNA Extraction

Ear punch discs from 2-3 week old mice were collected by the staff of
Biomedical Services, and DNA extraction was carried out in accordance with
the manufacturer's guidelines for the Puregene Genomic DNA Purification Kit
(Gentra Systems, MN, USA). The method used involved adding 300 pl! of Cell
Lysis solution (Gentra Systems) to the ear disc in a 1.5 ml Eppendorf and
vortexing. To this was added 1.5 pl of Proteinase K Solution (20 mg/ml). The
Eppendorf was then inverted 25 times, and placed at 55 °C overnight. The
sample was treated with 1.5 pl RNase A solution (4 mg/ml), inverted 25 times
and incubated for 45 min at 37°C. Once cooled to room témperature, 100 pli of
Protein Precipitation solution (Gentra systems - water, ammonium acetate) was
added and the mixture vortexed for 20 s. The tube was centrifuged (16,060 g, 3
min) and the supernatant carefully transferred into a clean 1.5 ml Eppendorf
containing 300 pl isopropanol. Mixing was facilitated by inverting gently 50
times, and the sample was then centrifuged (16,060 g fo'r 1 min). The
supernatant was removed, and the tube allowed to dry. Aqueous ethanol 70%
(300 pl) was used to wash the DNA, with vortexing, followed by centrifugation
(16,060 g, 1 min), and removal of the supernatant. The tubes were again
allowed to dry for 10 min, before adding 50 ul of DNA hydration solution, and
incubating for 1 h at 65°C. Samples were stored at either 4°C or -20°C for long

term storage.
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2.3.2 PCR of DNA to Detect the APC Mutation

A master mix solution for PCR was prepared as described in Table 2.4.1.

Table 2.6: Master mix composition for PCR of mouse DNA for

identifying mutations of the APC gene.

Reagent Final Concentration Vol/Reaction (pl)
RNase/RNase Free HQO Up to 50ul 18.7

10X TBE PCR Buffer 1.29 6.5

50mM MgCI2 2.4mM 2.4

2.5mM dNTP’s 0.24mM 4.8

MAPC9 Primer 1.48uM 5

MAPC15 Primer 1.5uM 5

APC (JR2020) Primer 1.2uM 5

Taq Polymerase 0.06 U/pl 0.6 (5 U/ul)

The master mix was vortexed and 48 pl added to a 200 pl thermocycler tube.
DNA solution (2 pl, from above) was added to the same tube. Once added the
tubes were sealed, and placed into the Geneamp PCR System 9700 (Applied

Biosystems). The cycling conditions were as stated in Table 2.7.

Table 2.7: PCR Cycling sequence used for the amplification of the

ApcMN gene sequence (* = repeat steps 2 — 4, 35 times)
Step No. Temp (°C) Time
1 94 3 min
2 94 30sec™
3 55 30 sec *
4 72 1 min*
5 72 2 min
6 4 w
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A 1.5% electrophoresis gel was prepared, by adding 1.5 g agarose to 100 ml of
1X TBE buffer, and microwaving on high power for 2.5 min. Once cooled
slightly, 5 pl of ethidium bromide (10 mg/ml, Invitrogen) was added and mixed
into the gel, which was then poured into an assembled electrophoresis tank
(BioRad Wide Mini Sub Cell GT) with casting gates in place. Once poured, a
comb was inserted to create the wells. Once the gel had set the comb and
gates were removed, the tank was filled to within 1 cm .of the top with
electrophoresis buffer (1X TBE) and 20 pl of ethidium bromide solution (10
mg/ml, Invitrogen) was added to the tank.. The outside wells were filled with 5

pl Ready Load 100bp DNA ladder, and 20 pl of PCR product was added to 4 ul

of Bluejuice loading buffer, and 20 pl of this was added to each of the wells.

The power pack (BioRad Powerpac 300) was attached to the positive and
negative terminals of the gel tank, and the voltage set to 80V. Once the dye
front neared the end of the gel the voltage was switched off, and the gel
removed and visualised by UV using the GeneGnome bioimaging apparatus.
Presence of the APC mutation is observed by the appearance of a unique band.
A second band (positive control) is observed that corresponds to the presence

of the mouse housekeeping gene.
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2.4 Animal Experiments

Two investigations were conducted into the potential efficacy of anthocyanins
as chemopreventive agents, as demonstrated by adenoma formation in the
ApcM™ mouse. A pilot study using a single dose of anthocyanins in diet (0.1%
w/w C3G, 0.1% w/w Mirtoselect (n = 12)), and a dose escalation/de-escalation
study where mice were given diets with C3G or Mirtoselect at 3 different

concentrations (0.03, 0.1 & 0.3 w/w %, n = 16).

2.4.1 Feeding Study Design

An ApcM™ breeding colony was established in the Biomedical Services Unit,

MIN

University of Leicester, UK, and the Apc™™" genotype was confirmed by PCR.

MIN'mice were randomly assigned to control

Four-weeks-old heterozygous Apc
and intervention groups to receive either standard AIN93G diet or AIN93G diet
supplemented with Mirtoselect or C3G until they were 16 weeks old. AIN93G
diet is a standardised, nutritionally complete diet for rodents, and is
recommended by the American Institute of Nutrition (AIN). Group sizes were n
=12 and n = 16 in the first and second studies, respectively, with equal gender
distribution. Dietary concentrations of anthocyanin preparations were 0.1%
(w/w) in the first and 0.03, 0.1 or 0.3% (w/w) in the second study. These doses
approximate to 0.9, 3 or 9 mg test compound per mouse per day or 45, 150 or
450 mg per kg body weight per day, which equates to 0.26, 0.87 or 2.6 g/80 kg
human when extrapolated using the dose/surface area comparison between

species (Freireich et al., 1966). Murine body weights were checked once

weekly.
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2.4.2 Oral Pharmacokinetic Study

C57BL mice were purchased from Harlan (Oxon, UK), and fasted overnight
prior to dosing with C3G. Animals were divided into seven groups (n = 3), and
were culled 5, 10, 20, 30, 60, 90 and 120 min after receiving 500 mg/kg of
cyanidin-3-glucoside by oral gavage. A control group (n = 2) receiving vehicle
(water) alone were included in the study. The animals were culled as described

in 2.4.4.

2.4.3 Intravenous Pharmacokinetic Study

C57BL mice were purchased from Harlan (Oxon, UK). Mice were divided into
eight groups (n = 5), and were culled 5, 10, 15, 20, 30, 60, 90 and 120 min after
dosing with 1000 pg/kg (10 pl of a 2 mg/ml solution to a 20 g mouse) of
cyanidin-3-glucoside by intravenous injection via the tail vein. A control group
(n = 2) receiving vehicle (water) alone were included in the study. The animals

were culled as described in 2.4.4.

2.4.4 Sample Collection

At the end of each experiment mice were killed by exsangvuination (under
halothane or isofluorane-induced terminal anaesthesia) and cervical dislocation.
Blood was collected by cardiac puncture using a heparinised syringe, and then
transferred to a heparinised blood tube, to be stored at 4°C until centrifugation;
urine was collected directly from the bladder. The small and large intestines
were flushed with phosphate buffered saline (PBS) and extricated and further

processed (described later). Tissues (liver, kidney, heart, lung, brain, prostate

77



and gall bladder) were removed and flash frozen in liquid N, prior to storage at
-80°C. The heparinised blood was centrifuged at 16,060 g for 10 min after an
aliquot was removed for measurement of packed cell volume (PCV - volume of
packed red blood cells which is a direct indication of anaemia and health status,
method described in 2.4.5) The plasma was removed and transferred to a fresh

vial and stored at -80°C until analysis.

For adenoma counting (study described in 2.4.1), the intestine was extended on
filter paper pre-soaked in PBS and then cut open longitudinally to expose the
mucosal surface. The mucosal surface was rewashed with PBS, and the small
intestine was subdivided into 3 equal sections: Proximal, medial and distal,
approximating to the duodenal, jejuna and ileal regions, while the colon was left
complete. Adenoma number for each region was counted by eye based on size
(<1 mm, 1 — 3 mm and >3 mm). Adenoma tissue for each mouse was
harvested and combined from each intestinal region for further analyses.
Similarly, adenoma-free mucosal scrapings of all regions were taken and
combined. Tissues were immediately immersed in liquid nitrogen until transfer

to the -80°C freezer for storage until analysis.

After the adenomas had been harvested (study described in 2.4.1), a method
was published by Goodlad et al which described a novel way to improve
evaluation of the adenoma burden of the mice (Goodlad et al., 2006). The
tumour burden was calculated as the product of adenoma number and
adenoma volume. For the small intestines hemispherical volume ([*3 Tr’] / 2)
was used for the adenomas, and spherical volume in the colon. To allow retro-

calculation using the method described by Goodlad et a/, tumour volume had to
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be calculated, which required the adenoma radii. To facilitate this calculation
the adenoma size graduations (<1, 1 - 3 and >3 mm) were approximated to
diameters of 0.5, 2 and 4 mm. The burden was then calculated as a total figure

for each animal, and from this a mean was obtained.

2.4.5 Packed Cell Volume Measurement

Measurement of the packed cell volume (PCV) involves sampling a small
volume (few pi) of whole blood to determine the PCV. A narrow gauge capillary
tube (Richardsons, Leicester, UK) is introduced into the whole blood, and filled
by capillary action. When 80% of the tube is filled, one end is carefully sealed
using a Bunsen flame, and the tube is placed into a micro haematocrit
centrifuge (Hawksley, Sussex, UK), for 10 min. The cells and platelets are
centrifuged to the bottom of the tube, leaving the plasma as the supernatant.
To determine the PCV the tube was aligned with a scale reading from 0 -
100%, the bottom of the blood column was positioned at zero, and the top of the
plasma at 100%. The PCV is then calculated by reading the % at which the

packed erythrocytes and plasma meet (see Figure 2.1).

100%

Plasma —

Figure 2.1: Representation of a blood sample, after centrifugation.
The dark area shows the PCV. The value of 37% shown in this

example is considered a normal value for a healthy C57BL mouse.
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The purpose of measuring PCV is to give an indication of the health of the
animal with respect to anaemia. A high number of adenomas or a high
proportion of large adenomas will result in increased bleeding into the intestinal
lumen, causing a loss of erythrocytes and plasma equally. However, plasma
volume is replaced more quickly than the erythrocytes to maintain a constant
blood volume. This results in a change in the erythrocyte to plasma ratio, and a
lower PCV. A healthy animal with no tumours should have a consistent level of
blood cells, and should therefore achieve a PCV rating of normal for that strain

(37% for C57BL mouse).

2.4.6 Pharmacokinetic and Bioavailability Calculations

The pharmacokinetic (PK) analysis of samples following oral and |.V. dosing
experiments (see section 2.4.2 and 2.4.3) was completed using a software
package called WinNonlin (v2.1, Pharsight Software). All PK parameters were
calculated as non-compartmental. Samples from orally dosed mice were
analysed using the model 200 distribution profile for bolus extra vascular input
and samples from the 1.V. dosed mice were analysed using the model 201
distribution profile for Bolus I.V. input. Parameters calculated included: Twuax,
Cwmax, rate of elimination (constant, Kg), half-life (ti2) and area under the curve
predicted to infinity (AUCine). The equation used to calculate AUC utilises the
linear trapezoidal rule. AUCe is an extrapolation of the last observed
concentration and the last predicted concentration, based on the terminal
elimination rate (Ke). Both equations are shown in Figure 2.2. Bioavailability

was calculated using the equation shown in Figure 2.2.
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2 Cl1+C2 C
AUC f = Ot * AUCINF = AUClaSt + —la—St‘
1 2 KE
AUC,yq * Dose
Bioavailability = oral >, 100

AUCIV * Doseoml

Figure 2.2: The equations used for calculating the AUC, AUCr and
bioavailability following oral and 1.V. bolus dosing. Calculations completed
using WinNonlin (see section 2.4.6). AUC = area under curve, &t = (2 —

ty), C = concentration, AUC,,s = last observed AUC value.
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2.5 Solid-Phase Extraction of Anthocyanins from Biological

Samples

2.5.1 Plasma and Urine

Aliquots of plasma (200 pl) or urine (50 — 100 pul) were diluted to 1ml with KClI
solution (1.15% w/v) and centrifuged (16 060g, 5 min) to remove particulates
prior to loading onto Oasis HLB solid-phase extraction cartridges (30 mg
packing material, 1 ml cartridge; Waters, Elstree, UK), which had previously
been conditioned with 1 ml of acetone:formic acid (9:1) and 1 ml of water:formic
acid (9:1). Samples were loaded and 500 pl of 1.15% KCI solution was used to
wash the cartridge at a flow rate of approximately 1 ml/min. Anthocyanins were
eluted sequentially with 0.2, then 0.1 ml acetone:formic acid (9:1). Pooled
eluants were evaporated to dryness under a stream of nitrogen (BOC,
Guildford, UK) at 40°C. Residues were reconstituted in water:formic acid (9:1,
75 ul) and centrifuged (16,060g, 10 min, 4°C) prior to transferring supernatant to

150 pl inserts for HPLC vials and analysis by HPLC (50 pl injection volume).

2.5.2 Mucosa, Bile and Brain

Mucosal samples (100 — 180 mg) or brain tissue (236 — 416 mg) were vortexed
with KCI (1.15% w/v, 1:1), and centrifuged (16,060g, 10 min, 4°C) to remove
any surface anthocyanin contamination — this was not possible with the gall
bladder (containing bile). With the supernatant removed, fresh KCI (1.15% w/v,
1:1) was added, and the sample homogenised using a blade homogeniser at

full speed (X-1020 homogeniser, Ystral, Germany) for 1 min. The homogenate
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was made up to 1ml with KCI (1.15%), and centrifuged (16,060g, 5 min) to
remove particulates prior to loading onto Oasis HLB solid-phase extraction
cartridges containing 30 mg of of sorbent (1 ml; Waters, Elstree, UK), which had
previously been conditioned with 1 ml of acetone:formic acid (9:1) and 1 ml of
water:formic acid (9:1). Samples were loaded and 500 pl of 1.15% KCI solution
was used to wash the cartridge at a flow rate of approximately 1 ml/min.
Anthocyanins were eluted sequentially with 0.2, then 0.1 ml acetone:formic acid
(9:1). Pooled eluants were evaporated to dryness under a stream of nitrogen
(BOC, Guildford, UK) at 40°C. Residues were reconstituted in water:formic acid
(9:1, 75 pul) and centrifuged (16,060g, 10 min, 4°C) prior to transferring
supernatant to 150 pl inserts for HPLC vials and analysis by HPLC (50 pli

injection volume).
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2.6 Liquid-Liquid Extraction of Murine Tissues

This method was used for the extraction of anthocyanins from liver, heart, lung,
kidney and prostate tissues. After washing with KCI (1.15%) the tissues were
homogenised using a blade homogeniser (X-1020 homogeniser, Ystral,
Germany) in KCI (1.15% w/v, 1:1). For liver, only 300 ul of the 1:1 (KCI to
tissue) homogenate was used, for remaining tissues all of the homogenate was
used, except for kidney where only one of the organs was homogenised.
Homogenates were diluted with 600 pl of cold acetone (-20°C, 20 min) and
vortexed thoroughly before being placed in a -20°C freezer for 20 min, and then
centrifuged (16,060g, 10 min, 4°C) to remove the precipitated proteins. The
supernatant was removed and evaporated to dryness under a stream of
nitrogen at 40°C. Residues were reconstituted in water:formic acid (9:1, 75 pl)
and centrifuged (16,060 g, 10 min, 4°C) prior to transferring the supernatant to

150 pl inserts for HPLC vials and analysis by HPLC (50 pl injection volume).
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2.7 Determination of Malondialdehyde-deoxyguanosine (M1dG)

Adducts in DNA

2.7.1 DNA Extraction from Adenoma Tissue

DNA was extracted using the Qiagen Genomic DNA Kit (Qiagen GmbH,
Germany) in accordance with the following manufacturers’ guidelines:
Combined adenomas weighing ~20 mg, obtained from an adult mouse, stored
at -80°C were thawed. 9.5 ml of G2 (digestion buffer) containing 200 pg/mi
RNase A was added and the tissue homogenised using a glass homogeniser.
To the homogenate 0.5 ml proteinase K was added and mixed by vortexing.
This mixture was then incubated at 4°C and the supernatant removed and
transferred to an equilibrated (4 ml QBT equilibration buffer, gravity fed) Qiagen
genomic-tip 100/G. Once the supernatant had been eluted from the genomic-
tip it was washed twice with 7.5 ml QC buffer (wash buffer), and this was
allowed to flow through by gravity. The DNA was eluted by adding 5 ml QF
elution buffer at 50°C, and allowed to drip into 3.5 ml isopropanol at room
temperature. The precipitated DNA was centrifuged (4000 g, 15 min at 4°C),
supernatant discarded and the pellet washed in 1 ml 70% aqueous ethanol.
The solution was transferred to a 2 ml tube, and centrifuged (16 060 g, 10 min
at 4°C). The supernatant was discarded and the pellet resuspended in 200 pl

distilled water. DNA solutions were stored at -80°C.
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2.7.2 Determining DNA Concentration

DNA quantification was performed on a GeneQuant spectrophotometer
(Biochrom, LTD, Cambridge). The spectrophotometer was zeroed at 260 nm
using distilled water in a quartz cuvette. DNA extract (2 pl) was added to 98 i
of distilled water. This solution was transferred to the quartz cuvette, and the
machine set to a dilution factor of 50:1 and a pathlength of 10 mm. DNA
concentration was calculated assuming dsDNA 50 ug/ml has an absorbance of
1.0 at 260 nm in a 10 mm pathlength cell. This is derived from the following

equation (A = absorbance at 260 nm):

DNA concentration (ug/ml) = A[260 nm] x 50 x Dilution factor (50)

2.7.3 Immunoslot-blot for Determination of M1dG Adduct
Concentration

The method originally described by Leuratti et a/ (1998) and modified by Singh
et al (2001) was used. A series of nine standards were prepared by diluting
malondialdehyde (MDA)-treated calf thymus DNA (10 fmol adduct per ug DNA)
with control calf thymus (both kindly supplied by Dr Raj Singh, University of
Leicester). The standards, each containing 3.5 ug DNA contained 0, 0.4, 1, 2,
3, 5, 6, 8 and 10 fmol/ug M1dG, respectively. Experimental samples were
pipetted into 3.5 ug DNA aliquots. All samples (standards and experimental)
were adjusted to a final volume of 100 pl with potassium phosphate buffer to
which 150 ul of PBS was added, and the solution sonicated for 20 min in an

ultrasonic bath. DNA was then denatured using a heating block set to 100°C for
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5 min, before cooling on ice for 10 min. 250 pl of 2M ammonium acetate was

added before vortexing and centrifugation at 16 060 g for 30 s.

Two blotting paper sheets were soaked in 1M ammonium acetate and then
placed in a Minifold |l slot blotting apparatus (Schleicher and Schuell,
- Middlesex, UK). A nitroceliulose membrane (Schleicher and Schuell,
Middlesex, UK) was soaked in water followed by 1M ammonium acetate before
being added to the blotting apparatus, and the top layer containing 24 wells (in
triplicate) was then assembiled. Suction was applied to the apparatus and the
DNA solutions loaded in triplicate, 143 pl (1 ug) per slot. The wells were
allowed to run dry before 200 ul of 1M ammonium acetate was added and also
allowed torun dry. After removing the filter from the apparatus it was baked dry
at 80°C for 90 min. The filter was washed in PBS containing 0.1% (v/v) Tween-
20 (Sigma) (PBS-T), 5% milk powder (Marvel, Spalding, UK) for 1h, at room
temperature and washed twice in PBS-T for 1 min. After washing, the filter was
incubated with 0.25 ug M1dG primary antibody (kindly supplied by Prof.
Marnett, Dept of Biochemistry, Vanderbilt University, USA) in 40 ml PBS-T,
0.5% milk powder for 2 h at room temperature, followed by overnight at 4°C.
After overnight incubation the filter was washed with 50 m| PBS-T for 1 min, and
then twice more for 5 min, it was then incubated with 8.8 ug polyclonal goat
anti-mouse HRP antibody (Dako,v Ely, UK) in 32 ml PBS-T, at room temperature
for two hours. The filter was washed in PBS-T for 15 min followed twice more in
fresh PBS-T for 5 min. Finally, the filter was incubated in 8 ml Supersignal®
West Dura HRP Detection Kit (Pierce Biotechnology, Rockford, USA) extended
duration substrate for 5 min. All washes and incubations were performed with

gentle rocking (Heidolph Unimax 1010) except for incubation at 80°C.
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The chemiluminescence image was captured using a GeneGnome bioimaging
system (Syngene, Cambridge). The intensity of the signal from each slot blot
was recorded using GeneSnap and GeneTools image analyéis software.

- The filter was washéd on a rocker at room temperature for 1th in PBS and
inqubated in 50ml PBS solution containing — 50 pl of propidium iodide solution
(5 'mg/ml) at room temperature for 2h. The filter was then washed in PBS for 1h
before being transilluminated with UV light and the image captured with
GeneGenius imaging system. The intensity of each slot blot was recorded
using GeneSnap and GeneTools image analysis, to compare the degree of

loading at each site

2.7.4 Calculation of M1dG Concentrations

To simplify the calculation of M1dG adduct levels an Excel spreadsheet
template was designed by Dr Raj Singh (Biocentre, University of Leicester).
1. The values obtained for the chemiluminescence and propidium
iodide (Pl) imaging are entered into the template
2. The Mean PI value is calculated, and each Pl value is divided by
the mean to determine the Pl to Mean Pl ratio, for each slot
3. The GeneGnome chemiluminescence value for each slot is then
divided by the PI to Mean PI ratio, to account for equal loading.
4. The concentration of M1dG adducts is then calculated using the

calibration curve
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Initial investigations using this method showed that the 0 fmol/ug standard
generates a measurable reading suggesting that the calf thymus DNA used
contains substances reacting with the anti-M1dG antibody. The value for the 0
fmol/ug standard was subtracted from all samples. |

- Due to the limited spabe on each blot it was not possible to analyse all samples
simultaneously. To overcome inter-assay variation the mean value for DNA
from control animals was set as 100%, and the values for each treatment were
standardised by expression as a percéntage of control the value from the same

blot, in this way data from multiple runs could be combined.

2.8 Statistics

All statistical analyses used the SPSS v12 computer software package (SPSS

Inc).

The data was first confirmed as being normally distributed using the
Kolomogorov-Smirnov test, in which normally distributed data is not significant.
For normally distributed data parametric statistical analysis could be performed.
Potential parametric tests which could be utilised include: students t-test and
analysis of variance (ANOVA). It was decided that ANOVA would accurately
describe the data, simplify the calculation procedure by reducing the number of
comparisons required and minimise type 1 errors which may occur through

multiple comparisons through the t-test, a type 1 error being a false positive.
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Statistical significance was acknowledged when a p-value of < 0.05 was

observed for a givert analysis.

Students t-test was used in the determining the statistical significance of M1dG

adduct levels.

¢
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3. Development and Optimisation of Methods for the
- Extraction and Analysis of Anthocyanins in

 Blological Samples

3.1 Method Development for Separation of Anthocyanins in

Mirtoselect

3.1.1 Aims

A rapid, reliable and reproducible method for the analysis of anthocyanins in
plasma, urine and tissues using HPLC-Vis spectroscopy was required. This
HPLC method was also to be used to determine the best method of extraction
of anthocyanins from a range of biomatrices. The method should be validated
and improve on those previously published, for speed and/or resolution. Of the
HPLC methods published previously for constituents of bilberry and other
Vaccinium spp (Nyman et al., 2001, Mazza et al., 2002, Wu et al., 2002, Afaq et
al., 2005 and Wu et al, 2005), only one report shows separation (not to
baseline) of 25 anthocyanins (Mazza et al., 2002), and this employed a 60 min
run time, typical for most published methods. A second method required the
deconjugation of the anthocyanins to anthocyanidins (Nyman et al., 2001), and
so would not be suitable for analysis of individual anthocyanins. Limited
validation of some of these methods has been performed, but not for Mirtoselect

in plasma and urine.
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3.1.2 Literature Methods for the Separation of Anthocyanins by
HPLC
At the commencement of this project, published HPLC techniques for the
separatibn of anthocyanins from Vaccinium spp were to the best of our
ki*\owledge, limited. A preliminary method was based on that described by
| Nielsen et al (2003a), Figure 3.1, used for the separation of anthocyanins from
commercial blackcurrant juices. This method was chosen because it had the
desirable characteristics of being validated, with good separation of 9
anthocyanins and possessing a short run time (13 min). This HPLC method

employed an Agilent Zorbax SB-C18 (4.6 x 150 mm, 5 um) column.
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Figure 3.1: HPLC method employed by Nielsen et al (2003a) the
separation of anthocyanins from commercial blackcurrant juices.
* signifies C3G. A: Water:formic acid (9:1, v/v). B: Acetonitrile
(MeCN). % MeCN overlaid on the trace. Flow rate: 1 ml/min,

520 nm UV). Figure adapted from that of Nielsen et al (2003a).
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The composition of blackcurrant juice is different to Mirtoselect, so some
modification was necessary. Indena SpA, the manufacturer of Mirtoselect,
supplied an example chromatogram identifying the 15 components of
Mirtoselect (Figure 3.2) over a 50 min run time; the HPLC conditions were not
made available however. From this chromatogram the order of retention for the
cénstituents of Mirtoselect and their relative peak heights and shapes could be

established.

0 10 20 30 40 50
Time (min)

Figure 3.2: Example chromatogram for the separation of the
anthocyanin components of Mirtoselect (Indena SpA). 1 =
delphinidin-3-galactoside, 2 = delphinidin-3-glucoside, 3 = cyanidin-3-
galactoside, 4 = delphinidin-3-arabinoside, 5 = cyanidin-3-glucoside, 6
= petunidin-3-galactoside, 7 = cyanidin-3-arabinoside, 8 = petunidin-
3-glucoside, 9 = peonidin-3-galactoside, 10 = petunidin-3-arabinoside,
11 = peonidin-3-glucoside, 12 = malvidin-3-galactoside, 13 =
peonidin-3-arabinoside, 14 = malvidin-3-glucoside and 15 = malvidin-

3-arabinoside. HPLC conditions not supplied.
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3.1.3 Selection of Stationary Phase

Three stationary pﬁases were tested based on the manufacturers proposed
suitability. Columns were assessed using the elution gradient described |n
Figure 3.1. The columns tested were: a Zorbax SB-C18 (4.6 mm x 150 mm), as
used by Nielsen et a/ (2003a), but with smaller pore size (3.5 pm), an Atlantis
dc1s (4.6 mm x 150 mm, 3.5 um, Waters) for its ability to separate very polal:-‘
compounds at low pH whilst retaining lipophilic compounds, and Xterra Phenyl
(4.6 mm x 150 mm, 5§ um, Waters) for its ability to retain and separafg
aromatic/polycyclic hydrophilic compounds at extremes of pH. Figure 33
shows the separations achieved with each stationary phase, and the solvent

conditions used (3.3i).

Comparing the results presented in Figure 3.3 with the chromatogram supplied
by Indena (fig. 3.2), it is clear that the Xterra column represents the best starting
point for optimisation of the method. The peak shape and resolution is much
better than with either the Zorbax or Atlantis columns. For this study Xterra

Phenyl was thought to provide the best base for optimisation.
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Figure 3.3: The ability of different stationary phases to separate 15
anthocyanins from Mirtoselect, using the method described in
Figure 3.1. i — Composition (%) of acetonitrile. ii — Zorbax SB-C18
3.5 ym column. iii — Atlantis dC18 3.5 pm column. i.v. — Xterra
Phenyl 3.5 um column. Detection was carried out at 520 nm, using
a 50 yl injection volume of a 10 pug/ml stock solution of Mirtoselect.

Numbered peaks are as detailed in fig 3.2.
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3.1.4 Optimisation of Mobile Phase Compositions and Elution
Gradient

The method described by Nielsen et al (2003a) incorporated the use of 10%
formic acid (natural pH of 1.7). The Xterra Phenyl column is designed to
oeperate at pH 1 — 12, but was not designed to cope with a formic acid content
exceeding > 1%. A lower formic acid concentration would reduce exposure to
large amounts of a strong acid and so provide safer handling whilst prolonging
column life. Anthocyanins are more stable at low pH, and their chromophore is
regulated through pH (see Figure 1.9). Initially, 1% formic acid:water (v/v,
natural pH 2.5) was tested, but this significantly reduced the quality of the
chromatography, increased retention times, gave poor peak resolution and

reduced separation (Figure 3.4).
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Figure 3.4: Effect of formic acid concentration of mobile phase
A on the separation of anthocyanins from Mirtoselect.
Chromatogram i is with 10% formic acid, chromatogram ii is

with 1% formic acid.
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It was decided to keep the formic acid at 10% and optimise .the method further
by changing the gradient. It was clear in Figure 3.3 that most (12) of the
anthocyanins in Mirtoselect are being eluted under primarily aqueous conditions
(up‘to 86% aqueous), with the later peaks (3) being washéd off by increased
organic solvent (acetonitrile). To achieve better separation it was decided that
- the gradient should be\ held at 1% acetonitrile for 4.5 min at the beginning of the
run. The resulting chromatogram is shown in Figure 3.5i with gradient profile
overlaid. The separation here was better for peaks 3, 4, 11 and 12, and peak
13 was also resolved, but the run time had, as a result, been extended fo 20
min. Next a 1% B (acetonitrile) isocratic system was tested. Initially a 1 ml/min
99% A (aqueous):1% B (organic) isocratic system was investigated with the
result shown in Figure 3.5ii. Separation was good when analysed in detail, but
the total run time was 40 min, which though an improvement to previously
published methods, was a significant increase compared with the gradient
elution methods. To counter this prolonged retention time, the flow rate was
increased to 1.5 ml/min (Figure 3.5iii), with little loss of resolution and a total

runtime of 30 min. .
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Figure 3.5: Chromatograms showing the separation of
anthocyanins in Mirtoselect under varying HPLC conditions.
Overlaid line represents %B (organic) in the mobile phase. Legend

(i, ii & iii) detailed in the text, peak numbers detailed in fig 3.2.

Using this method | analysed the effect of changes in the composition of the

mobile phase. With the intention of reducing the amount of formic acid in the
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system again, the effectiveness of the free acid with its ammonium formate salt
in mobile phase A Qvas compared. An investigation into whether acetonitrile or
methanol was the better solvent for mobile phase B was also conducted.
Méthanol is a weaker eluent than acetonitrile, and as such, hay provide bettef
separation of the early hydrophilic components of Mirtoselect. The result
- (Figure 3.6) was bette} separation of peaks 3 and 4 but co-elution of others, as

well as an increase in run time and pressure. Therefore changing to,memanovll‘

gave no net gain.
i
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Figure 3.6: Chromatograms showing the effect of changing
channel B from acetonitrile (chromatogram i) to methanol
(chromatogram ii) for the separation of anthocyanins in
Mirtoselect. Channel A remained as 10% formic acid in water,

gradient as described in Figure 3.5iii. Flow rate of 1.5 mi/min.
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Whilst the separation of the first 5 peaks had been improved, the later peaks
were broad with base widths as long as 4 min. This as well as the long run time
was reason to stay with acetonitrile as mobile phase B and to attémpt_
improvements to the isocratic method. The reason for the. broadening of the
peaks at the end of the run was most likely due to the low organic composition
- of the isocratic methoﬁ. Altering this to 97 and 96% A (3 and 4% acetonitrile)
was attempted, but no marked improvement was seen. It was decided that a
gradient system would have to be re-employed to solve the peak width issue.
After many subtle changes to the 'gradient system the best compromise
between peak resolution and short run timé (Figure 3.7), in conjunction with a
flow rate of 1.5 ml/min, was used for separating Mirtoselect. This method uses
a 3.5 ym pore size Xterra Phenyl (4.6 x 150 mm) column. The 5 um column
was also tested with a negligible change to the elution profile, but gréater
column integrity over multiple (~50) injections. Peak resolution remained
constant with the 5 um column. With this in mind it was decided to use the 5
um column routinely for experimental samples. It was also apparent that,
contrary to manufacturers’ recommendation, the high formic acid content did not

seem to adversely affect the columns’ lifetime.
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Figure 3.7: Representative HPLC chromatogram of optimal Mirtoselect
separation. This method (acetonitrile - %B, overlaid) achieved the best
balance between peak resolution and run time, and would provide the
basis for future HPLC conditions for the analysis of Mirtoselect and
C3G. Analysis carried out at 520 nm, with a flow rate of 1.5 ml/min and
at a column oven temperature of 40°C. Solvent used for A channel was

10% formic acid in water.

The shoulders observed in Figure 3.7 could not be resolved further with
gradient change, and so a narrow bore, low flow rate Xterra Phenyl column (2.1
mm x 150 mm, 3.5 um, Waters) was tested. The low flow rate (0.31 ml/min)
meant injection volumes needed to be drastically reduced, which the Varian
HPLC autdsampler could not achieve reliably. Dead volume in the system
became a problem, and the Varian HPLC was not ideally suited to this type of

chromatography, so we reverted to the method shown in Figure 3.7.
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To compliment thé;opﬁmised HPLC system a number of reconstitution buffers
wéare’ tested. It was decided to continue using 10% aqueous formic acid, as this
minimised solvent mixing upon injection, enabled dissoluti?:n of the extracted
samples and maintained the stability of the anthocyanins and their

- chromophore.
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3.2 Method Development for the Separation of Cyanidih-a-
Glucoside and Its Metabolites

With a rapid and efficient method developed for the analysis of Mirtoselect
- anthocyanins in placé, attention shifted to the analysis of C3G metabolites.
C3G metabolite analysis is important for the analysis of biomatrices from the
phbarmacokinetic studies. Whilst the method outlined in Figure 3.7 was a good
starting point it was required that the C3G metabolite method be able to
differentiate and separate constitutional (structural) isomers of each metabolite
type, and multiple conjugated metabolites. Initial experiments using an extract
of urine from mice fed C3G, indicated that it was not possible to achieve
efficient separation of C3G metabolites using the Mirtoselect HPLC-Vis method.
Using the method developed in Figure 3.7 as a starting point it was decided
extra column length would be key to improving separation of the metabolites.
Two of the Xterra Phenyl columns (4.6 mm x 150 mm, Waters) were connected
with a low dead-volume connector. The gradient profile from Figure 3.7 was
also used as the basis for the two-column method, but the time of each gradient
change was doubled resulting in a total run time of 30 min. This experiment
showed separation as expected, and spread the elution over 30 min, effectively
increasing the peak capacity of the method. The elution profile was improved
and simplified further using a (4.6 x 250 mm, Waters) column to allow better
separation, and the flow rate reduced to 1 ml/min to reduce back pressure, a
result of increased column length. The column oven on the Varian 410
autosampler could not accommodate columns longer than 150 mm, so the

column was used at room temperature (20°C), in an air-conditioned laboratory.
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Lowéring the column temperature had the effect of lengthening the run time.

The finalised method is overlaid on the C3G standard shown in Figure 3.8A.
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Figure ‘3.8: Representative HPLC chromatograms of C3G and its metabolites
in urine. Channel A in both cases is 10% formic acid in water.
Chromatogram i — C3G standard (RT ~13 min) showing associated
contaminant peak (RT ~25.5 min). Gradient (%B, acetonitrile) overlaid.
Chromatogram ii — example chromatogram from an extract 'of plasma from
mice dosed orally with C3G (500 mg/kg). Chromatogram magnified to show
the metabolite distribution. A long stationary phase afforded better separation
of metabolites, and their constitutional (structural) isomers. Detection carried
out at 520 nm, with a flow rate of 1 mi/min at room temperature. This method
was used in the analysis of C3G metabolites as described in chapter 5,

sections 5.3 and 5.4.
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3.3 Development of Techniques for the Extraction of

Anthodyanlns from Biological Samples

3.3.1 Liquid-liquid Extraction of Anthocyanins

~ With an HPLC system in place a reliable, reproducible and efficient method for
thq extraction of anthocyanins from biomatrices was developed. It was decided
to first investigate quuid-liquid extraction techniques. The candidate organic
solvents investigated were ethyl acetate, methanol, acidified acetone (10%
formic acid) and acetonitrile. A suitable solvent for extraction needs to provide
high extraction efficiency, with good reproducibility and high throughput. To
simplify method development a single compound, cyanidin-3-glucoside, was
used for quantitative assessment of extraction methodologies. The assumption
was made that its chemical properties are similar to those of the other
components of Mirtoselect. C3G was extracted in triplicate for each solvent,
from spiked human plasma supplied by healthy volunteers. The method
comprised the addition of 600 pl of solvent to 100 pl of plasma, previously
spiked with 40 ng C3G. The sample was then vortexed (1 min), and placed in a
-20°C freezer for 20 min. The samples were centrifuged (16,060 g, 10 mins at
4°C), and the supernatant reduced to dryness under a stream of N, at 40°C.
The samples were reconstituted in 70 pl 10% aqueous formic acid and analysed
using the HPLC method described in Figure 3.7. The results are shown in

Table 3.1.
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Table 3.1: Assessment of liquid-liquid methods for the extraction of C3G
from human plasma. Efficiency is calculated based upon the HPLC peak
area (PA) of a non-extracted standard of same-mass (40 ng) to the spiked

plasma ([PA sample/PA standard] x 100).

Solvent Extraction Efficiency Comments

Ethyl Acetate 0% (n = 3) C3G remains in aqueous
phase

Methanol 40.1% (n = 3) - Poor efficiency and

chromatography. Long
evaporation time.
Acetonitrile 66.4% (n = 3) Good efficiency and poor
chromatography. Long
evaporation tihe.
Acidified acetone  66.7% (n = 3) Good efficiency and
(10% formic acid) chromatography. Shorter

evaporation time.

Acidified acetone (10% formic acid) offered the best combination of speed and
extraction efficiency, and was considered the best solvent method for liquid-

liquid extraction of anthocyanins.
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3.3.2 Solid-Phase Extraction of Anthocyanins

Although protein precipitation with acidified acetone offers a rapid and efficient
mode of anthocyanin extraction, clean up of samples is minir}\al. An alternative
t? solvent extraction is solid-phase extraction (SPE). SPE has the potential to
A be a cleaner, more selective method of extraction. It was decided to investigate
SPE using Oasis HLB 1§c 30 mg cartridges (Waters) to assess their suitability
forﬁ the extraction of C3G and its aglycon cyanidin. Initially, a pilot experiment
with aqueous solutions of C3G was conducted to determine the best eluent for
retrieving C3G from the Oasis HLB stationary phase. A range of aqueous
MeOH solutions (10 — 90% MeOH) containing 2% formic acid was used, and all
elutions were completed at a flow rate of ~1 ml/min using a vacuum manifold
| (Waters). The following steps were the same for all samples:
1. Cartridge was conditioned with 1 ml MeOH then 1
mi H20.
2. 10 pg of C3G or cyanidin in 500 pl of aqueous
standard solution was loaded onto the cartridge
3. Cartridge washed with 1 ml water
4. Sample eluted with 1 ml of a range of aqueous

methanol solutions (Figure 3.9)
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Figure 3.4: Effect of increasing Methanol concentration on the elution

of cyanidin and C3G from Oasis HLB 1cc, 30 mg SPE cartridges.

It is clear from Figure 3.9 that cyanidin and C3G were eluted over a broad range
of MeOH concentrations. Maximum C3G elution was attained with 30% MeOH,
but significant elution was still occurring at up to 90% MeOH. The maximum
cyanidin elution was achieved with 80% MeOH, but as with C3G the range was
broad, from 50 — 90% MeOH. The best compromise for C3G and cyanidin
elution was achieved with 60% MeOH. Therefore using aqueous MeOH for
elution may not be optimal, as it possesses a broad elution range and containing
a large proportion of water in the eluent, making evaporation time lengthy.
Acidified acetone (10% formic acid) was tested as an eluent. Using spiked

plasma samples, the method was designed as follows:
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1. Cartridge was conditioned with 1 ml acetone (10%
formic acid) and then 1 ml H.O (10% formic acid).
2. 300 pl of spiked (C3G) plasma (diluted to 1 ml with
| 1.15% KCI) was loaded onto the cartridge |
¢ 3. cartridge washed with 1 ml 1.15% KCI
4. anthé;cyénins eluted witI; 1 x 200 pl acetone (10%
formic acid) and then 1 x 100 ul acetone (10% formic

acid) into the same vial

This method produced an extraction efficiéncy of 71% for C3G, with an elution
volume of 300 pl acidified acetone. The benefits of this method are its simplicity,
high throughput, inclusion of a wash step, good extraction efficiency and quick
workup. It was decided to adopt this SPE method for the extraction of
anthocyanins from plasma, urine and soft tissues (mucosa, bile and brain with a
prior homogenisation step). However, the remaining tissues were found not to
be suitable for SPE extraction because the cartridges often become blocked,
even after prior multiple centrifugation and clean-up steps. For these tissues the

liquid-liquid method outlined in 3.3.1 was used.
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3.4 Validation of' Methods

3.4.1 Validation of Acetone Precipitation Extraction Method Using
Cyanidin-3-Glucoside

Teable 3.2 summarises the data obtained in validating the acetone precipitation
method for extraction of anthocyanins from plasma. Three standards of the
same concentration were analysed, and mean peak area determined, which
was considered to be 100% for extraction efficiency. Same-mass amounts
were added to control plasma, and extracted using the acetone precipitation
method described in section 3.3.1. Samples were evaporated to dryness and
reconstituted in 70 pl (10% aqueous formic acid), the same as for the
standards. Peak areas for extracted samples were calculated as a percentage
of the mean unextracted standards, and the extraction efficiency was
determined. The mean extraction efficiency for days 1, 2 aﬁd 3 was 63, 62 and
63%, respectively. Intra and interday variability was deemed acceptable if the
standard deviations were less than 15% (ICH Guidelines, 1996), and actual
values achieved were 9.2% and 8.6% for intra and inter day variability,

| respectively. Peak drift for C3G over all runs was less than 12 seconds.

Limit of detection (LOD) and limit of quantitation (LOQ) were determined for
unextracted C3G standards, based on the ratio between peak height and
baseline noise. A peak height ratio of 2:1 (peak area:noise) was used to
determine limit of detection and 10 times the baseline noise was used for the
limit of quantitation in accordance with good clinical laboratory practise (GCLP)
guidelines (ICH Guidelines, 1996); these were 12 and 20 ng (mass on column,

or 0.03 and 0.04 nM), respectively.
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Table 3.2: Validation of the acidified acetone extraction method. Validation conducted using C3G-spiked human plasnia, three

times on day 1 (n=5 for each), and once more on two consecutive days (n = 5 for each). Values shown are percentage of mean

standard (n=3).

Extraction Number Day1(n=5x3) Day 2 (n=5) Day 3 (n=5)
Ext1(%ofstd) Ext2(%ofstd) Ext3(%ofstd) Ext(% ofstd) Ext (% of std)
1 60.3 63.0 65.6 59.5 59.4
2 54.7 67.5 53.1 60.3 75.5
3 69.6 65.4 65.5 50.4 67.8
4 74.5 66.8 54.3 - 587 68.9
5 63.8 62.5 59.7 : 60.8 63.2
Mean (£SD) 64.6 £7.7 65.0 +2.2 '59.6 £5.9 62.0 +4.3 63.2 6.1
Day 1 mean (+SD) 63.1 5.8

The observed drift in retention time was < 12 s.

Intraday (Day 1) Variability: 3 extractions (n = 5) of same concentration completed independently on day 1. SD of peak area
less than 15% is within limits set ouf for good clinical laboratory practise (GCLP); actual value = (9.4%).

Interday Variability (between day 1, 2 and 3): Mean of day 1 extractions compared to 1 extraction (n = 5) on day 2 and 3. SD of

peak area less than 15% is within limits set out for GCLP; actual value = 11.0%.



3.4.2 Validation of Solid-Phase Extraction Method Using Cyanidin-3-
Glucoside

A validation similar to that described for the acetone precipitétion extraction was
completed for the SPE extraction method over 3 days. V'I"he validation consisted
- of preparing a range ‘of C3G standards (50, 100, 200, 400 and 800 ng) for
injgcﬁon via HPLC-Vis spectroscopy. The mean peak area for the unextracted
sténdards was assigned as 100% extraction efficiency, and the extracted
sample peak areas were compared to these and reported as a percentage.
Human plasma was spiked with same-mass amounts as the standards and the
5-point standard curve from spiked plasma was completed using the finalised
SPE method described in section 3.3.2. These extractions were completed
over 1 day and results of this validation are shown in Table 3.3. Linearity for
each run was determined by the R? value for each run and is shown in Figure
3.10. The mean extraction efficiency for all samples was 70.7%, and the

retention time drift was < 6s over all injections.
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Table 3.3: Validation of the SPE method for C3G extraction from human plasma. Values shown are extraction
efficiencies (%). Standards are unextracted, with peak area assigned as 100% extraction efficiency. 5
concentrations completed in triplicate (Ext 1, 2 and 3) on separate occasions. The symbols (a, X, ¢, O)

represent the standard curve derived R? values as seen in Figure 3.10.

Mass C3G Standard (¢) Ext 1 (o) Ext 2 () Ext 3 (x) Mean

(ng) (% of standard) (% of standard) (% of standard) (% of standard) Extraction Efficiency

50 100 66.0 72.4 66.2 68.2
100 100 75.0 81.6 69.7 75.4
200 100 74.5 74.6 53.4 67.5
400 100 74.4 72.4 68.1 71.6
800 100 69.6 . 774 64.2 704

Mean extraction efficiency 70.7%.

HPLC retention time drift < 6 s over 15 injections.



143"

Peak Area

AU x 10°
(AUX120

20 -

15 7

10 -

T T T ]

0 200 400 600 800
| Mass of C3G (ng)

o R%=0.999
A R?%=0.999
o R?=0.998
X R?2=0.996

Figure 3.5: Standard curve of - ¢ Unextracted standards, A Ext 2, O Ext 1 and X Ext 3 from Table 3.3 . R? values

shown in legend as a measure of linearity.



3.4.3 Validation of SPE and HPLC-Vis Methods for Extraction and

Measurement of Mirtoselect

Utilising the SPE method described above, with spiked human plasma samples,
afforded extraction efficiencies for bilberry anthocyanins averaging 91%. The
range of extraction efficiencies was calculated for each Mirtoselect component
and varied from 65% for peonidin-3-glucoside to 102% for malvidin-3-
glycosides. These recoveries are in agreement with previously published data
(Mazza et al., 2003). Mazza et al, using a SPE method, retrieved 70-84% of
blueberry anthocyanins from human serum (1.5 ml). Although the method
described here has no advantage over the earlier method (Mazza et al., 2003)
with respect to recovery, it is considerably more rapid, when comparing the
evaporation of 7 ml of methanol used to elute anthocyanins in the earlier paper,
with the evaporation of 300 yL of acetone in the SPE method. When the
anthocyanins from Mirtoselect were extracted by SPE and reconstituted for
analysis by HPLC, the resultant chromatograms showed no discernible
differences in terms of anthocyanin peaks between the Mirtoselect standard and
the SPE eluent. Hence, the SPE method did not introduce any significant bias

in terms of extraction efficiency for any individual anthocyanins.

The HPLC method employed here for the separation of Mirtoselect was capable
of resolving 15 anthocyanins within a run time of 15 min (Figure 3.7). The
retention time of C3G (4.6 min) was characterized by a coefficient of variation of
1.23% (based on 10 injections; Table 3.4). In 10 repeated injections of

Mirtoselect, the retention times of the individual anthocyanins had coefficients of
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variation between 0.33 and 1.68%, and their retention indices, as compared
with C3G, displayed coefficients of variation between 0.19 and 1.15% (Table
3.4). Analysis of spiked human plasma (1 ml) furnished limits of detection and
quantitation of 0.5 and 1.5 ng/ml (1 and 3 nM), respectively, assuming equal
absorbance to C3G. Extraction from spiked urine or aqueous solution gave LOD
~and LOQ values of 0.25 and 1.0 ng/ml (0.5 and 2 nM), respectively. These
numbers suggest good sensitivity when compared to previously published
methods for the extraction of anthocyanins from bilberry (Nyman et al., 2001).
The LOD and LOQ values determined here for urinary anthocyanins are
comparable to those described before for anthocyanins ingested with foodstuffs

other than bilberries (Frank et al., 2003 and Talavéra et al., 2005).
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Table 3.4: Repeatability of Retention Time (ta) and Retention Index (i) relative to

C3G for anthocyanins in the standardized bilberry extract Mirtoselect.

Peak Anthocyanin tr £SD Cv intSD Cv
No (min) % %
Single Compound
5 cyanidin-3-glucoside 4.6410.06 1.23 n/a n/a
Bilberry Extract

1 delphinidin-3-galactoside 3.01£0.04 1.30 0.65+0.00 0.68
2 delphinidin-3-glucoside 3.40+0.05 1.34 0.74+0.00 0.52
3 cyanidin-3-galactoside 3.94+0.05 1.28 0.8610.00 0.22
4 delphinidin-3-arabinoside 4.20+0.06 1.39 0.91£0.00 0.19
5 cyanidin-3-glucoside 4.60+0.06 1.28 1.00+0.00 0.00
6 petunidin-3-galactoside 5.29+0.06 1.08 1.15+0.01 0.78
7 cyanidin-3-arabinoside 5.47+0.06 1.04 1.19+0.01 0.38
8 petunidin-3-glucoside 6.09+0.07 1.19 1.32+0.01 0.583
9 peonidin-3-galactoside 6.8910.12 1.68 1.50+0.02 1.14
10 petunidin-3-arabinoside 7.42+0.08 1.06 1.61+0.01 0.78
11 peonidin-3-glucoside 8.2110.06 0.74 1.78+0.02 0.97
12 malvidin-3-galactoside 8.60+0.05 0.57 1.78+0.02 1.02
13 peonidin-3-arabinoside 9.02+0.04 045 1.96+0.02 1.07
14 malvidin-3-glucoside 9.34+0.04 0.38 2.03%0.02 1.09
15 malvidin-3-arabinoside 10.0+0.03 0.33 2.18+0.03 1.15

Number of samples (n) = 10; SD, standard deviation; Cy, coefficient of variation

(SD/mean) x 100.
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4. Effect of Anthocyanins on Colorectal

Carcinogenesis in the Apc"™™™ Mouse

4.1 Introduction

Anthocyanins have been hypothesised to be chemopreventive agents (see
1.4.6 — 1.4.8, Cooke et al., 2005). Work thus far has been limited to in vitro
experiments with only a few in vivo experiments completed (see 1.4.7, Cooke et
al., 2005). One study in the Apc™™ mouse model showed no significant effect
of anthocyanins on intestinal adenoma formation (Kang et al, 2003). One
reason Kang et al (2003) may not have seen a significant effect of anthocyanins
could be due to the way the mice were dosed. Mice consumed anthocyanins in
their drinking water; however, anthocyanins have been shown to be unstable in
aqueous solution, especially in the pH range of 3.8 — 8 (Cab}rita et al., 2000 and
Nielsen et al., 2003a) (Section 1.4.2). Kang et al (2003) tried to limit any
breakdown by incorporating ascorbic acid (50 mg/l) into the drinking water of all
treatments including control. Ascorbic acid is an anti-oxidant, and may have
affected adenoma formation thereby masking any decrease caused by
anthocyanins. Furthermore, in an orientation experiment cdnducted here,
ascorbic acid at a concentration of 50 mg/l elicited a pH of 3.9, which suggests
that the pH in the drinking water containing ascorbic acid might be detrimental
for anthocyanin stability. Kang et al (2003) did not provide analytical evidence
that ascorbic acid helped stabilise anthocyanins, nor did they mention how
frequently the water was changed; an important factor in determining what

proportion of intact anthocyanin would be available to the mice.
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A second study conducted in Apc"™ mice by Bobe et al (2006) tried to
determine the effect of increasing concentrations of tart cherry extracts on the
chemopreventive efficacy of sulindac. The anthocyanin preparation was an
extract from the same species of tart cherry used by Kang et a/ (2003). All
groups received sulindac in the diet (100 mg/kg) (including controls). Sulindac

MIN'mouse (Bobe

has previously been shown to inhibit tumorigenesis in the Apc
et al., 2006). Co-administration of sulindac with increasing doses of tart cherry
extracts was used to determine if there was a greater decrease in adenoma
number with anthocyanin co-intervention than with sulindac alone. Bobe et a/
observed significant decreases in adenoma number with anthocyanin
intervention, although this effect was not dose-dependent. Also with each
group (including control) receiving sulindac, it is unclear to what extent the
anthocyanins contributed to the overall inhibition of tumorigenesis.

MIN mice described above there has been a lack of

In the two studies in Apc
clarity as to the role anthocyanins may have played in preventing
tumorigenesis. To improve understanding, an efficacy study was undertaken to
determine the effect of anthocyanins administered with the diet. In this
experiment, the hypothesis was tested that either Mirtoselect, a standardised
blueberry extract containing a mixture of 15 anthocyanins, or C3G alone affect

MIN mice. Initially, in a preliminary

gastrointestinal carcinogenesis in Apc
experiment at a single dose level, 0.1% (w/w) Mirtoselect (containing ~39%
anthocyanins) or C3G were tested. Subsequently, the study was extended to

include a range of doses — 0.03, 0.1 and 0.3% (w/w) in AIN93G diet.
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A further hypothesis tested was whether PCV measurement can reflect any

effect of anthocyanins on adenoma formation within the G.I. tract of Apc™™ mice

(see section 2.4.5).

Anthocyanins are strong antioxidants (see section 1.4.8). Therefore, the
hypothesis was tested that administration of Mirtoselect or C3G causes a
decrease in oxidative DNA adduct levels in gastrointestinal tissue as reflected

by immunosilot blot measurement of M1dG.

4.2 Effect of a 0.1% Dietary Dose of Anthocyanins on Adenoma

Development in Apc*™ Mice

MIN mice were randomly assigned to control and

Four-week-old weanling Apc
intervention groups to receive either standard AIN93G diet or AIN93G diet
supplemented with Mirtoselect or C3G (0.1%) from weaning until animals were
16 weeks old. Group size was n = 12, with equal gender distribution. At the end
of the experiment mice were exsanguinated, the small intestine and colon were
removed, and the small intestine divided into 3 approximate sections —
proximal, medial and distal. Adenomas were counted and graded on the basis
of their diameter. The groupings used were < 1 mm, 1 — 3 mm and > 3 mm.
Figure 4.1 shows the mean adenoma number for all mice in each group (n =
12). The mean adenoma number for control, Mirtoselect and C3G groups were

62, 42 and 51, respectively. The effect of Mirtoselect was statistically

significant.
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Figure 4.1: Effect of Mirtoselect or C3G (0.1% in the diet) on total numbers of
intestinal adenomas in ApcMN mice, male and female data combined. Control
mice received standard AIN 93G diet. Values are the mean £+ SD (n = 12 per

group). Star indicates value is significantly different from control, * = p < 0.001.

PCV, was used to determine the extent of intestinal bleeding. The PCV (Figure

4.2) showed no significant differences.

35i
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Figure 4.2: Lack of effect of Mirtoselect or C3G (0.1% in the diet)
on mean packed cell volume. Control mice received standard

AIN93G diet. Values are the mean + SD (n = 12 per group).

121



When analysing the intestinal tract as a whole (Figure 4.3) it is clear that
adenomas < 1 mm in diameter showed the biggest decrease with intervention.
Mirtoselect and C3G significantly decreased adenoma formation with a value of
p < 0.002 and 0.01, respectively. Adenomas with a diameter of 1 - 3 mm
showed a decrease with Mirtoselect treatment, but this was not significant (p<

0.066).

o Control

o Mirto
0 C3G

<1mm 1-3 mm >3 mm

Figure 4.3: Effect of Mirtoselect and C3G (0.1% in the diet) on number
and size of adenomas. Values shown are the mean £ SD (n = 12 per
group) of all intestinal sections combined (proximal, medial and distal
small intestines and colon).  Significant differences to control are
highlighted with a star, * =p < 0.011, *™ = p < 0.002. Mirtoselect had an

approaching significance effect on the growth of adenomas in the 1 - 3

Figure 4.4 shows the number; size and distribution of adenomas in the intestinal
tract of the ApcMN mice fed either control diet, Mirtoselect or C3G. The colon

had the lowest number of adenomas, consistent with what is known about the



ApCMIN

mouse model (see section 1.2.2). The largest effect of intervention was
observed for the < 1mm size adenomas, which is the most abundant size of
adenoma throughout the small intestine. C3G significantly reduced adenoma
formation in the proximal region for < 1 mm adenomas (p < 0.002), with
Mirtoselect approaching significance with p < 0.066. There was no other
significant decrease in adenoma number within the proximal region of the
intestine. Adenoma number in the medial region was decreased the most with
a significant decrease in number of adenomas of < 1 mm size number for

Mirtoselect and C3G. For Mirtoselect a significant difference within the medial

region was also observed for the 1 — 3 mm adenoma size.
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Figure 4.4: Effect of Mirtoselect and C3G at a dietary concentration of 0.1%
on number and size of adenomas compared with control animals. The
proximal (A), medial (B) and distal (C) are equal divisions trisecting the
small intestine. The colon (D) is the remaining part of the gut, below the
caecum. Adenomas from ApcMN mice were counted and graded by size.
Values are mean £ SD (n = 12 per group). Significant differences to control

are highlighted with a star, * p < 0.03, ** p < 0.007 and *** p < 0.001.
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4.3 Effect of Different Doses of Anthocyanins on Adenoma

Development in ApcMN Mice

4.3.1 Mirtoselect

Since Mirtoselect when given in the diet at 0.1% had resulted in a significant
decrease in adenoma number, a repeat study was conducted in which three
dietary doses were employed: 0.03, 0.1 and 0.3% to investigate the possibility
of a dose response. A dose-dependent decrease in adenoma number was
observed with increasing dietary anthocyanins (Figure 4.5). The mean
adenoma number per mouse for the control, 0.03, 0.1 and 0.3% Mirtoselect

groups were 61, 56, 47 and 40, respectively.
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Figure 4.5: (A) Effect of Mirtoselect at three dietary concentrations (0.03, 0.1
and 0.3%) on total numbers of intestinal adenomas in ApcMN mice. Control
mice received standard AIN93G diet. Values are mean = SD (n = 16 per
group). Significant differences to control are marked with a star, * = p < 0.029
and ** = 0.003. (B) An inverse correlation between adenoma number and

dose was demonstrated by least mean square analyses - R2=0.877.
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Figure 4.6: Lack of effect of Mirtoselect at three dietary
concentrations (0.03, 0.1 and 0.3%) on mean PCV.
Control mice received standard AIN93G diet. Values

are mean = SD (n = 16 per group).

PCV showed no significant difference for any concentration of Mirtoselect.

Figure 4.7 shows the number and size of adenomas in the intestinal tract of
mice consuming Mirtoselect. Significant differences compared to control were
observed for 0.1 and 0.3%, with adenomas less than 1 mm in diameter. As with
the previous study, most adenomas were in the smaller than 1 mm category. A
minor increase in adenoma number was observed at 0.03% in the 1 - 3 mm

size range, but this was not significant.
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Figure 4.7: Effect of Mirtoselect at three dietary concentrations (0.03, 0.1
and 0.3%) on number and size of adenomas throughout the entire
intestine (proximal, medial and distal small intestine and colon
combined). Data shown is the mean £+ SD (n = 16 per group).
Significant differences to control are marked with a star, * = p < 0.035
and ** = p < 0.002. Mirtoselect had an almost significant dose response
on the growth of adenomas in the < 1 mm range, with p < 0.063 for

0.03% Mirtoselect.

Figure 4.8 shows the effect of Mirtoselect intervention on adenoma numbers
and size in the four regions of the gastrointestinal tract. The proximal region
(Figure 4.8A) showed a dose-dependent decrease at all adenoma sizes.
Significant differences were observed for adenomas of < 1 mm diameter for the
0.1 and 0.3% doses and in the 0.3% intervention group for adenomas of 1- 3
mm diameter. In the medial section of the intestine the 0.3% dose was the only
intervention that showed a significant decrease (p < 0.036, Figure 4.8B). No
other significant reduction in adenoma number was observed for any

Mirtoselect treatment.
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Figure 4.8: Effect of Mirtoselect at three dietary concentrations (0.03, 0.1 and
0.3%) on number and size of adenomas in the ApcMN mouse compared with
control animals. The proximal (A), medial (B) and distal (C) are equal divisions
trisecting the small intestine. The colon (D) is the remaining part of the gut,
below the caecum. Adenomas were counted and graded by size. Values are
mean + SD (n = 16 per group). Significant differences to control are highlighted

by a star, * = p <0.036, ™ p =< 0.004, ** p =<0.002 and **** =p < 0.001.
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Figure 4.9 shows the effect of Mirtoselect on tumour burden (see section 2.4.4
for calculation) in the ApcMN mouse. Significant decreases were observed for

both 0.1 and 0.3% dosage groups (p < 0.05).
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Figure 4.9: Effect of Mirtoselect at three dietary concentrations
(0.03, 0.1 and 0.3%) on tumour burden in the ApcMN mouse
intestine. Tumour burden is a function of hemi-spherical adenoma
volume (intestinal adenomas) or spherical adenoma volume
(colonic adenomas) and number (see section 2.4.4 for method of
calculation). Values are the mean +SD of n = 16. Significant

differences to control are marked with a star, * = p < 0.05.
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4.3.2 Cyanidin-3-Glucoside (C3G)

In the second part of the multiple dose study C3G was tested as an intervention
at the same range of doses as those used with Mirtoselect. Figure 4.10 shows
the dose response observed with C3G treatment. Significant decreases were
observed at both 0.1 and 0.3%. This data closely resemble that seen for

Mirtoselect.

F¥=0.906
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Figure 4.10: (A) Effect of C3G at three dietary concentrations (0.03, 0.1
and 0.3%) on total numbers of intestinal adenomas in ApcMN mice.
Control mice received standard AIN93G diet. Values are mean + SD (n =
16 per group). Significant differences to control are marked with a star, *
=p <0.017 and ™ = p < 0.001. (B) An inverse correlation between
adenoma decrease and dose was demonstrated by least mean square

analyses - R2=0.986.
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PCV data (Figure 4.11) did not show an effect of intervention.
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Figure 4.11: Lack of effect of C3G at three dietary
concentrations (0.03, 0.1 and 0.3%) on mean PCV.
Control mice received standard AIN93G diet.

Values are mean + SD (n = 16 per group).

Figure 4.12 shows the effect of C3G intervention on adenoma number and size
in the gastrointestinal tract of the ApcMN mouse. A dose-dependent decrease
was observed for all adenoma sizes. Significant decreases were observed for <
1 mm adenomas with the 0.1% and 0.3% dose. For the adenomas which were

> 3 mm in size there is an almost significant decrease in the 0.3% intervention

group (p < 0.058).
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Figure 4.13: Effect of C3G at three dietary concentrations (0.03, 0.1
and 0.3%) on number and size of adenomas throughout the entire
intestine (proximal, medial and distal small intestine and colon
combined). Data shown are the mean + SD (n = 16 per group).
Significant differences to control are marked with a star, * = p < 0.035
and ** = p < 0.001. For adenomas > 3 mm in diameter the difference in
adenoma number between the 0.3% dose group and the control group

approached significance with p = < 0.058.

In the individual sections of the intestinal tract (Figure 4.13) 0.3% C3G was the
only dose to elicit a significant difference in all areas of the small intestine, with
respect to the control group - most notably in the medial section of the intestine,
in the adenoma size group < 1 mm (Figure 4.13B). The dose of 0.1% did show

a significant decrease to control, but only in the distal region (Figure 4.13C).
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Figure 4.14. Effect of C3G at three dietary concentrations (0.03, 0.1 and
0.3%) on number and size of adenomas in the ApcMN mouse compared
with control animals. The proximal (A), medial (B) and distal (C) are
equal divisions trisecting the small intestine. The colon (D) is the
remaining part of the gut, below the cecum. Adenomas were counted and
graded by size. Values are mean + SD (n = 16 per group). Significant
differences to control are marked with a star, *=p < 0.017, ** p = < 0.006,

*** p=<0.003 and **** = p < 0.001.
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Figure 4.14 shows the effect of C3G on tumour burden (see 2.4.4 for
calculation) in the ApcMN mouse. A significant decrease was observed for both

the 0.1 and 0.3% dosage groups (p < 0.042 and < 0.016, respectively).
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Figure 4.15: Effect of C3G at three dietary concentrations (0.03, 0.1
and 0.3%) on tumour burden in the ApcMN mouse intestine. Tumour
burden is a function of hemi-spherical adenoma volume (intestinal
adenomas) or spherical adenoma volume (colonic adenomas) and
number (see section 2.4.4 for method of calculation). Significant
differences to control are marked with a star, * = p < 0.042 and ** = p

< 0.016. Values shown are mean *SD of n = 16.
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4.4 Modulation of M1dG Adduct Levels in Colorectal Adenomas

by Anthocyanins

Assessment of M1dG adduct levels was achieved by immunoslot blot of
adenoma DNA as described in section 2.7. The first reading taken of the blot
utilises chemiluminescence. Chemiluminescence is generated by enzymatic
catalysis of the reaction between luminol, its enhancer, and hydrogen peroxide
by horseradish peroxidase. The horseradish peroxidase is conjugated to the
secondary antibody bound to the blot. The reaction emits light in proportion to
the M1dG concentration, which is measured by an imaging system. To
determine whether equal loading has taken place the blot is washed with
propidium iodide (Pl), which stains all DNA equally. UV light illuminates the PlI,
and the resultant fluorescence is used to determine total amounts of bound
DNA. The mean of all Pl-stained sites is determined, and é ratio calculated for
each individual slot blot. The ratio obtained for each slot is then divided by its
equivalent chemiluminescent reading to account for variations in the amount of

DNA bound.

For each blot a standard curve was completed to allow quanﬁtation of adduct
levels in the experimental samples. Figure 4.15 shows an example blot for
standards, before and after equal loading with Pl (see section 2.7.3). Note in
Figure 4.15 the 0 fmol/ug concentration generates a measurable reading. This
means that the calf thymus DNA used contains measurable levels of

substances reacting with the anti-M1dG antibody.

135



Figure 4.16: M1dG immunoslot blot standard curve
completed as described in 2.7.3. Adduct concentrations
shown per pg of loaded DNA, in triplicate. (A) is the
chemiluminescence image captured after loading the
secondary antibody and (B) is a transilluminated blot

loaded so as to equalise Pl concentration

On the same blot as the standard curve, DNA from control mice and DNA from
mice on intervention (C3G or Mirtoselect) were included, an example is shown

in Figure 4.16.
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Control

Figure 4.17: An example of an immuno-slot blot of DNA
extracted from adenoma tissue from the small intestine of
ApcMN mice. M1dG adduct levels in DNA from mice receiving
control diet and 0.3% C3G diet are shown. (A) is the
chemiluminescence image captured after loading the
secondary antibody and (B) is a transilluminated blot loaded so
as to equalise Pl concentration. Numbers denote individual

mice.

Utilising methods described in 2.7.3 standard curves were calculated and used
to determine M1dG concentration in experimental samples. Figure 4.17 shows
an example of a standard curve, with the proportional amounts for zero

subtracted from each point (see 2.7.3).
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Figure 4.18: An example of a standard curve for the quantitation
of M1dG adduct levels. Standard curve derived us\ing methods
described in 2.7.3 with malondialdehyde (MDA)-treated calf
thymus DNA (10 fmol adduct per ug DNA) and control calf

thymus DNA.

Due to limitations of the experimental technique it was not possible to complete
the analysis of all samples simultaneously. As a result, variation in recorded
values was observed between runs for the same tissue. To minimise this
variation the data was calculated as a percentage of the control value for the
same blot. Figure 4.18 shows the effect of treatment on M1dG adduct

formation as a percentage of control.
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Figure 4.19: Effect of Mirtoselect or C3G at 0.1 and 0.3% in the
diet, on M1dG adduct formation in adenoma tissue of the Apc“
‘mouse. Values are calculated as a percentage of the mean of a
same-blot control value. Significant differences are marked with a
star (* = p < 0.036). The dotted line signifies the mean
concentration of M1dG adduct levels observed in control tissue
(100%). For Mirtoselect at the 0.1 and 0.3% doses n = 13 and 6,
respectively, for C3G 0.1 and 0.3% n = 13 and 11, respectively.
The lower number of animals is due to rejection of the DNA in some

cases because of low purity as measured by UV spectroscopy (see

2.7.2).
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Figure 4.19: Effect of Mirtoselect or C3G at 0.1 and 0.3% in the
diet, on M1dG adduct formation in adenoma tissue of the ApcMN
mouse. Values are calculated as a percentage of the mean of a
same-blot control value. Significant differences are marked with a
star (* = p < 0.036). The dotted line signifies the mean
concentration of M1dG adduct levels observed in control tissue
(100%). For Mirtoselect at the 0.1 and 0.3% doses n = 13 and 6,
respectively, for C3G 0.1 and 0.3% n = 13 and 11, respectively.
The lower number of animals is due to rejection of the DNA in some

cases because of low purity as measured by UV spectroscopy (see

2.7.2).
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C3G at 0.3% elicited a significant decrease in M1dG adduct formation in

MIN mice. Mirtoselect at 0.3% also showed a decrease of

adenoma tissue of Apc
M1dG from control, but values were compromised by a much larger standard
deviation. It must be remembered that the Mirtoselect mixture used is ~39%
anthocyanin content which would require a dose of 0.77% in the diet to achieve
~ a dose of anthocyanins equivalent to that of C3G at 0.3%. Mirtoselect failed to
significantly decrease levels of M1dG adducts formed in adenoma tissue from

MIN

the intestinal tract of Apc™" mice.
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4.5 Discussion

The results described above show that both Mirtoselect and C3G significantly

MIN mice. Significant

decrease adenoma formation in the small intestine of Apc
decreases in total adenoma number and tumour burden were observed for the
- 0.1 and 0.3% treatments, but 0.03% in the diet was too low to elicit a significant

effect. A dose-dependent decrease was observed.

These results are the first to directly relate anthocyanins, as either a single
compound or a mixture, with a significant decrease in adenoma formation in-the

MIN

Apc™ mouse. Previously, Kang et al have studied anthocyanins and their

effect on intestinal carcinogenesis in the ApcMN

mouse. Although their study
(Kang et al., 2003) showed a significant decrease on caecal adenoma number
with anthocyanin intervention, intestinal adenoma formation was unaltered.
Kang et al used doses of 2.4, 0.6 and 600 mg/mouse/day for anthocyanins,
cyanidin aglycon and tart cherry extracts, respectively (assuming a 20g mouse
eats 3 g/day and drinks 3 ml/day). As mentioned in the introduction (section
4.1) Kang et al administered anthocyanins in the drinking water, and attempted
to limit decomposition by using ascorbic acid. As a result consumed doses may
be lower than those calculated. In contrast with the doses used by Kang et a/
the dietary doses of C3G used in our studies were 1, 3 and 9 mg/mouse/day for
the 0.03, 0.1 and 0.3% doses, respectively. Therefore, C3G given at 0.1%
would give a similar dose of anthocyanins compared to that used by Kang et al,
and in our experiments resulted in a significant decrease in both adenoma

number and burden. The doses of anthocyanins fed to mice with Mirtoselect

were 0.4, 1.1 and 3.5 mg/mouse/day. Although in terms of anthocyanin content
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the anthocyanin dose in our 0.1% Mirtoselect group was lower than those used
by Kang et al, it still resulted in a significant decrease in adenoma number.

Caecal adenoma levels were not investigated.

Another study conducted by Bobe et al (2006) compared the effect of
anthocyanins on sulindac-assisted prevention of tumorigenesis. Whilst these
data do not give a clear indication of what effect anthocyanins themselves
elicited on adenoma formation, it does make clear that anthocyanins extracted
from tart cherries improved the chemopreventive ability of sulindac. The doses
of tart cherry extract used in this study (1.125, 2.25, 4.5 and 9 mg/mouse/day)
constituted 50% anthocyanins, giving a daily anthocyanin dose of 0.57, 1.13,
2.25 and 4.5 mg anthocyanin/mouse/day, similar to the dose used here. There
seemed to be no significant dose-dependent effect, and the largest decrease in
adenoma number was ~26% achieved by both the lowest and highest dose. In
contrast to this result, we observed both a dose-dependent decrease and a
~42% reduction in adenoma number for the 0.3% C3G treated group. Similar to
our results, Bobe et al (2006) also noted that anthocyanin treatment resulted in
a decrease in adenoma number throughout the small intestine, rather than

being confined to discrete areas of the intestine.

The PCV data presented here did not mirror the trend of decreased adenoma

burden with increasing anthocyanin dose. PCV has previously been shown to

be a reliable indicator of intestinal bleeding both with in-house work and as

published data (Verschoyle et al., 2007) resulting from increasing adenoma
MIN

burden in the Apc™" mouse. In this study however an inverse correlation

between increasing adenoma burden and PCV was not evident. The reason for
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the lack of correlation between PCV and anthocyanin chemoprevention should
be investigated further. Potentially, anthocyanins may be interfering with the
mechanism of intestinal bleeding associated with tumour burden, and thus
skewing the PCV data, or may be preventing or inhibiting tumour angiogenesis.
There is also the possibility that we did not see any changes in PCV in relation
" to adenoma burden because the decrease in larger adenomas, those more
likely to bleed, was not as large as the decrease in small adenomas (figures 4.7

and 4.12).

The effect of anthocyanins on oxidative DNA damage, as reflected by levels of
M1dG adduct, has not previously been determined in vivo. The data presented
here suggests that anthocyanins may reduce oxidative DNA damage in Apc“™
mice. Adenoma tissue tested for M1dG adduct formation showed lower levels
after Mirtoselect high-dose treatment, and significantly lower levels with high-
dose C3G treatment. There were fewer samples tested in the Mirtoselect
experiment due to the low purity of some of the extracted DNA samples. Had
all samples been available for analysis the end result may have shown a
greater reduction in M1dG adduct levels than that shown in Figure 4.18, but this
is speculation. When compared as a percentage of same-blot control, both
treatments at 0.1% increased the levels of adduct formation, but not in a
significant manner, and only marginally for C3G. A study completed by
Ramirez-Tortosa et al (2001) has related anthocyanins with both increased
plasma anti-oxidant capacity and vitamin E deficiency-induced elevations in
DNA damage in rats. Other literature reports of the oxidative capacity of

anthocyanins mainly consist of in vitro experiments (Rice-Evans et al., 1996,

Mazza et al., 2002, Nielsen et al., 2003a, Zheng et al., 2003, Olsson et al.,
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2004, Galvano et al., 2004 and Heo et al., 2005). These studies (see section
1.4.9) compared the anti-oxidative potential of anthocyanins with respect to
other anti-oxidants such as ascorbic acid. Examples of such experiments using
techniques such as ORAC (Mazza et al., 2002), FRAP (Nielsen et al., 2003a)
and TEAC (Nielsen et al., 2003a, Bao et al., 2005, and Borkowski et al., 2005) —
have shown that anthocyanins have 2 - 2.5 times the anti-oxidant potential of
ascorbic acid (Garcia-Alonso et al.,, 2004). It is difficult to apply conclusions
from these in vitro experiments to in vivo models. Studies conducted in cells do
not take into consideration metabolites formed in the intact organism. Further,
the concentrations of anti-oxidant used in most in vitro experiments bear little
relation to the concentrations which can be achieved in the host organism. With
anthocyanins the problem is compounded by the different molecular forms
existing at varying pH (see Figure 1.8) (Borkowski et al., 2005). Compartments
in the host organism contain regions of differing pH and inter-conversion of
anthocyanins due to pH changes may not be rapid. To assess a more complete
overview of the in vivo oxidative potential of anthocyanins we would need to
determine the relative anti-oxidant potential of all conformations of

anthocyanins.

Antioxidation may contribute towards a proportion of the mechanisms by which
anthocyanins exert chemoprevention, although it is more likely there are other
more relevant mechanisms involved (see section 1.4.9). The reduction in
M1dG may contribute to a decrease in COX-2 activity, which in turn can reduce
the level of oxidative damage. For example, the significant decreases in
adenoma number observed for both treatments at 0.1% do not translate into a

reduction in M1dG adduct levels at the same dose. Were the levels of
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anthocyanins equal between interventions, we might have seen a significant

decrease for Mirtoselect at 0.3%, to mimic that seen with C3G.
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5. Metabolism and Pharmacokinetics of Anthocyanins

in Mice.

~ 5.1 Introduction

The metabolism and kinetics of anthocyanins have been studied mainly in rats
(sections 1.4.3 - 1.4.6) with no work conducted in mice to date. The
experiments described here were designed to improve on understanding
anthocyanin absorption, distribution, metabolism and elimination.  The
hypothesis was tested that anthocyanins and their metabolites can be
measured in blood, urine and tissues of mice that receive C3G or Mirtoselect
over an extended period of time. We also tested the hypothesis that
anthocyanins are systemically bioavailable when administered orally to mice.
The comparison between oral and L.V. routes of dosing was designed to
indicate whether anthocyanidins, the aglycons, were generated from
anthocyanins in the intestinal mucosa in mice. Finally, we intended to test the
hypothesis that administration of anthocyanins gives rise to levels
sufficient to exert pharmacological effects, which would then help to predict
suitable dosing regimes.

MIN mice received either C3G or Mirtoselect with their diet at a range

Initially Apc
of dietary doses (0.03, 0.1 and 0.3%, w/w) for 12 weeks (see 5.2). A control
group received unaltered AIN93G diet. Each treatment group consisted of 16

mice, with an equal division of gender. This experiment was intended to enable
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identification and measurement, by HPLC-Vis, of the steady-state concentration

of anthocyanins in plasma, urine, mucosa, liver and kidney.

Further to the feeding study, a comparison of pharmacokinetics following oral
and 1.V. dosing was performed using male C57BL mice, the background for the
- Apc"N strain (see 5.3). Animals were divided into seven groups (n = 3), and
were culled 5, 10, 20, 30, 60, 90 and 120 min after receiving 500 mg/kg of C3G
by oral gavage. A control group (n = 2) receiving vehicle (water) alone were
included in the study. The second part to the experiment involved dosing with 1
mg/kg of C3G by intravenous injection via the tail vein (see 5.4). For this
experiment the mice were divided into eight groups (n = 5), and were culled 5,
10, 15, 20, 30, 60, 90 and 120 min after dosing. A control group (n = 2) was
also used. For both experiments the same biomatrices were collected: plasma,
urine, mucosa, liver, bile, kidney, lung, heart, brain and prostate. Samples were
extracted and analysed via HPLC-Vis spectroscopy (see 2.2) and where

possible via LC/MS/MS (see 2.2.3).
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5.2 Steady State Levels of Anthocyanins in Tissues of Apc"™

Mice Following Intervention with Anthocyanins

Initial analysis of plasma samples was only able to identify low levels of
anthocyanins in the 0.3% treatment group when samples were combined.
Analysis of the 0.1% treatment showed that even fewer anthocyanins were
detectable. Therefore, only tissues obtained from the 0.3% treatment groups
for both Mirtoselect and C3G were analysed in depth. The experiment was
completed as described in section 2.4.1 for Mirtoselect (see Figure 5.1) and

C3G (see Figure 5.2).

5.2.1 Mirtoselect

Figure 5.1 shows the HPLC traces obtained from plasma, urine, mucosa, kidney
and liver from Apc™N mice fed 0.3% Mirtoselect in the diet for 12 weeks. Each
sample gave peaks which were not present in the control tissues. - Four
molecules were found in the plasma of mice receiving Mirtoselect (Fig. 5.1).
They were tentatively identified as malvidin glucoside and the galactosides of
delphinidin, cyanidin and malvidin on the basis of their retention times, when
compared with those of the constituents of authentic Mirtoselect. The highest
total anthocyanin plasma content observed in 1 mouse, calculated on the basis
of the calibration curve established for C3G was 46 ng/ml, assuming equal

absorbance with C3G and all other anthocyanin entities.
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In urine and mucosal samples malvidin glycosides were most prominent. The
concentrations of malvidin-3-glucoside in the mucosa and urine were 1.8 + 1.6
Hg/g (8.7 £ 3.3 nmol, n = 3) and 1.6 pg/ml (3.2 uM), respectively. Mean levels of
total anthocyanins were 8.1 ug/g in mucosa tissue and 12.3 pug/ml in urine.
‘Glucosides of delphinidin and cyanidin were present in the urine of mice
receiving Mirtoselect at concentrations near the limit of detection, considerably
below those of their respective galactosides, which occurred at 0.6 £ 0.7 and
06 £ 06 pug/g (1.4 £15, n =3 and 1.2 £ 1.2 nmol, n = 3), respectively.
LC/MS/MS analysis of urine samples from mice receiving Mirtoselect yielded
evidence of parent anthocyanins from Mirtoselect and a range of metabolic
conjugates (see Table 5.1). Mass spectrometric analyses of intestinal mucosa
samples afforded peaks, which hinted at the presence of the aglycons;
delphinidin (transition 303 > 229), petunidin (transition 317 > 217) and peonidin

(transition 301 > 201), but these species were not unequivocally identified.

Liver and kidney samples from mice on Mirtoselect contained unchanged parent

anthocyanins and the same glucuronide metabolites which had been

characterized in intestinal mucosa, shown in table 5.1.
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Figure 5.1: HPLC chromatograms of Mirtoselect extracts from various

MIN mouse which received 0.3% Mirtoselect over 12

tissues of the Apc
weeks (0.3% w/w in diet). A standard of Mirtoselect is the first
chromatogram wifh peaks labelled - 1 = delphinidin-3-galactoside, 2 =
delphinidin-3-glucoside, 3 = cyanidin-3-galactoside, 4 = delphinidin-3-
arabinoside, 5 = cyanidin-3-glucoside, 6 = petunidin-3-galactoside, 7 =
cyanidin-3-arabinoside, 8 = petunidin-3-glucoside, 9 = peonidin-3-
galactoside, 10 = petunidin-3-arabinoside, 11 = peonidin-3-glucoside, 12
= malvidin-3-galactoside, 13 = peonidin-3-arabinoside, 14 = malvidin-3-
glucoside and 15 = malvidin-3-arabinoside. @ Chromatograms for
extracted plasma, urine, mucosa, kidney and liver are shown below,
from control and treated mice. Small, novel peaks are highlighted for

clarity with arrows. Each chromatogram is representative of 3—6

separate animals. Y-axis scale is different between HPLC traces.
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Table 5.1: Anthocyanins identified by LC/MS/MS analysis of urine and

mucosa samples from ApcMN

mice which received Mirtoselect (0.3%) with

their diet. Parent anthocyanins from Mirtoselect were detected, but are not

- shown for sake of clarity.

Anthocyanin Species RT (mins) MRM Transition m/z
Delphinidin glucuronide 11.3 479 - 303
Cyanidin glucuronide 13.1 463 > 287
Peonidin glucuronide’ 10.5,8.1,11.7 2 477 - 301
Malvidin glucuronide® 11.8,9.9, 12.6 2 507 > 331
Cyanidin glycoside glucuronide * 2.6,3.0° 625 > 287
Peonidin glycoside glucuronide ' 3.3,5.6,6.4°2 639 > 301
Peonidin arabinoside glucuronide ' 5.3 609 > 301
Methyl delphinidin arabinoside 2 8.7 449 > 317
Methy! delphinidin glycoside #° 5.9 479 > 317

'Some of the peonidin may be formed by methylation of C3G; 2Several

positional isomers; *Malvidin can be formed through dimethlyation of

delphinidin or methylation of petunidin; *“Not detected in urine; °In the

absence of authentic standards, species may represent either glucoside

or galactoside.
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5.2.2 Cyanidin-3-Glucoside

Figure 5.2 shows the HPLC traces obtained from analysing plasma, urine,
mucosa, kidney and liver from Apc™N mice fed 0.3% C3G in the diet for 12
weeks. Each sample gave peaks which were not present in control tissues.
Amounts of C3G in the plasma from 4 (of 16) mice on C3G were between the
limits of detection and quantitation (2.5 — 7.5 ng/ml, 5§ — 15 nmol, n = 4), 1
mouse contained 12.4 ng/ml (28 nmol) C3G while C3G levels in the remaining

11 mice were below the detection limit.

In the urine, metabolites of C3G were observed by HPLC-Vis (Figure 5.2), while
MS analysis afforded evidence for the following C3G metabolites: methyl C3G
(transition 463 > 301, 2 peaks), C3G glucuronide (transition 625 > 287, 2
peaks), methyl C3G glucuronide (transition 639 > 301, 3 6r 4 peaks), cyanidin
glucuronide (transition 463 > 287, 3 peaks) and methyl cyanidin glucuronide
(transition 477 > 301, 2 or 3 peaks). One of the 2 peaks consistent with methyl
C3G was the most abundant urinary metabolite of C3G (Figure 5.2 — urine,
marked with a star, *). The retention time of this species, when compared with
those of the anthocyanin components of Mirtoselect (Figure ‘5.1 - standard),
characterizes it tentatively as peonidin-3-glucoside. Total anthocyanin levels in

the urine were 7.2 £ 7.7 pg/ml (n = 3).

Mucosal levels of C3G and total anthocyanins were 16 = 22 ng/g (37 £ 51 pmol,
n = 5) and 43 ng/g tissue, respectively, and the analogous urine levels were 3.9
+ 4.2 ug/ml (8.7 £ 9.4 uM n = 4) and 7.2 ug/ml. Metabolites of C3G in the

mucosa of mice were identified by LC/MS/MS as methyl C3G (transition 463 >
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301, 2 or more peaks), C3G glucuronide (transition 625 > 287, one peak) and
cyanidin glucuronide (transition 463 > 287, 3 peaks), consistent with retention

times of peaks observed by HPLC—Vis analysis (Figure 5.2).
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Figure 5.2: HPLC-Vis chromatograms of C3G extracts from various tissues

of ApcMN

mice. A standard of C3G is the first chromatogram with the
prominent peak being C3G. Chromatograms of extracted plasma, urine,
mucosa, kidney and liver are shown below, with control and treated (0.3%
w/w C3G in the diet) for each. Each chromatogram is representative of 3—

6 separate animals. Star denotes position of peonidin-3-glucoside/methyl

C3G. Y-axis scale is different between HPLC traces.
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The mass spectrometric search in the mucosa for cyanidin using the MRM
transition transition 287 > 137 or selected ion monitoring (transition 287),
yielded 2 peaks, neither of which could be unequivocally identified by coelution

with authentic compound.

- Kidney and liver tissue extracts revealed the presence of cyanidin glucuronide

and methylated derivatives of C3G and C3G glucuronide.
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5.3 Tissue Distribution and Pharmacokinetics of Cyanidin-3-

Glucoside and its Metabolites in Mice Following Oral Bolus

Figure 5.3 shows the time versus concentration curves for the oral bolus
experiment. Total anthocyanins refers to the sum concentration of all
anthocyanin-related peaks, including C3G. C3G refers to the parent
anthocyanin C3G. Pharmacokinetic calculations were completed as described
in section 2.4.6. Table 5.2 shows Tuax and Cuax values for each tissue for both
C3G and total anthocyanins. Most matrices show a Tyax of 30 min or less,
except bile which peaked at 90 min. Urine possessed the highest Cuax for C3G
with 3560 nmol/ml (n =2, SD not calculated), with mucosa tissue concentrations
being the second highest with 548.4 + 338.1 nmol/g (n = 3). The lowest levels
observed were in brain tissue, 0.57 £0.1 nmol/g (n = 3) for C3G. The difference
between C3G values and total anthocyanin values is an approximate marker for
the extent of metabolism, with a large difference between the two values
suggesting a high degree of metabolism. In bile, for example, a route of
excretion for anthocyanins, the majority of anthocyanin content is the result of

C3G metabolism (92.1%).
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Figure 5.3: Plasma, urine and tissue concentration versus time
curves for C3G and total anthocyanin content in C57BL mice which
received C3G (500 mg/kg) via oral gavage. Individual biofluids and
tissues identified for each graph. Dotted line represents total
anthocyanin concentration, solid line represents C3G concentration.
Values are the mean +SD, except in tissues which were pooled, with

n = 3 animals per time point.
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Table 5.2: Total anthocyanin and C3G Tuax and Cuax values for a range
of biomatrices from mice orally dosed with 500 mg/kg C3G. Cwmax

concentrations in nmol/ml or nmol/g depending on biomatrix.

Biomatrix |  Total Anthocyanins | C3G

TmAX Cmax (n =3, ¥SD - Tmax Cumax (n=3, +SD

(min) nmol/mi or g) (min) nmol/ml or g)
Plasma | 20 251 (x36) | 10 12.9 (z3.1)
Urine 30 3927.4 20 3560.2
Mucosa 30 723.8 (+463.3) 30 548.4 (+338.1)
Liver 30 29.2 (£23.1) 30 28.9 (+23.0)
Bile 90 25.4 (pooled) 90 2.0 (pooled)
Kidney 10 364.7 (+199.4) 10 191 (+39.4)
Lung 10 55.2 (+15.2) 20 35.6 (+5.6)
Heart 10 14.5 (8.1) 10 3.5 (+2.9)
Brain 20 1.1 (£0.4) 30 0.57 (+0.1)
Prostate 5 50.5 (pooled) 5 41.8 (pooled)

Urine, in both cases, n = 2, therefore calculation of SD was not possible

Table 5.3 shows other calculated pharmacokinetic parameters. The range of
coefficients of variation (Cy) for each set of tissue concentrations is shown as a
footnote to Table 5.3. The range of Cys is included to allow assessment of the

reproducibility of the data used for the pharmacokinetic analysis.
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Table 5.3: Pharmacokinetic data derived from a range of biomatrices from
mice dosed C3G by oral gavage. Data derived from biomatrix

concentrations of C3G, with PK analysis as described in section 2.4.6
Biomatrix  Rate of Elimination (Kg) Half-life AUC\r

h (h)  (nmol.h/ml)
Plasma 0.431 1.6 25.05
Urine 0.992 0.7 3655
Mucosa 0.394 1.8 448.2
Liver 0.447 1.6 35.34
Kidney 0.601 1.2 216.8
Lung 1.084 0.6 28.34
Heart 0.563 1.2 3.634
Prostate 0.580 1.2 49.59

Range of coefficient of variations for tissue concentrations (with relevant
time points) used to calculate AUC: Plasma 9% (0.5 h) to 78% (2 h), urine
48% (2 h) to 88% (0.5 h), mucosa 27% (1 h) to 86% (1.5 h) and liver 24%
(0.3 h) to 86% (1 h). Of the remaining tissues, lung had the lowest Cy

with 5% at 0.08 h, and heart had the highest Cy with 103% at 0.33 h.

The elimination rate constant (Kg) described in Table 5.3 ranges from 0.394 to
1.084 h™' for mucosa and lung, respectively. The measured half-life ranges from
0.7 h to 1.8 h for lung and mucosa, respectively. Therefore, with the exception
of lung, the half-life of the tissues closely matches that of plasma. Values for
bile and brain are omitted because their time-concentration profile did not fit the
pharmacokinetic profile in WinNonlin, as described in 2.4.6. It should be noted
that the data in Table 5.3 relate only to C3G, and do not include total

anthocyanin content.
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5.4 Tissue Distribution and Pharmacokinetics of Cyanidih-s-

Glucoside in Mice Following L.V. Injection

Figure 5.4 shows the time versus concentration curves for the |.V. experiment.
Total anthocyanin content refers to the total concentration of all anthocyanin-
related peaks, including C3G. Table 5.4 shows Tmax and Cuax values for each
tissue for both C3G and for total anthocyanin content. The I.V. dose was 1
mg/kg, 500 times lower than the oral dose used in 5.3. Urine had the highest
levels of C3G with levels of the remaining tissues being considerably less than
this value. Extracted brain tissue showed the presence of anthocyanin
metabolites, but C3G levels were below the limit of detection. Mucosa levels
were also low. The actual concentration of C3G observed was 0.026 nmol/g,
showing little elimination of anthocyanins back into the intestinal tract via biliary
excretion. However, the total anthocyanin concentration in mucosa was 0.34
+0.08 nmol/g (n = 5), over ten times higher. This finding suggests that the
biliary and mucosal anthocyanin contents are mostly metabolites of C3G; this is
also mirrored in the liver, where C3G and total anthocyanin Cuax were 0.51 +0.2
and 3.37 £0.5 nmol/g (n = 5), respectively, and is in agreement with the high

ratio of metabolites to C3G observed in bile following oral bolus dosing.
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Figure 5.4: Plasma, urine and tissue concentration versus time

curves for C3G and total anthocyanin content in C57BL mice

which received C3G (1 mg/kg) via L.V. injection. Individual

biofluids and tissues identified for each graph. Dotted line

represents total anthocyanin concentration and solid line
represents C3G concentration. Values are the mean £SD, except
in tissues which were pooled, with n = 5 animals per time point.
The measurement of C3G in mucosal samples was below LOQ in

too many samples to make calculation of SD possible.
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Table 5.4: Total anthocyanin and C3G Tuax and Cuax values for a range of
biomatrices from mice dosed intravenously through the tail vein with 1

mg/kg C3G. Cwmax concentrations in nmol/ml or nmol/g depending on

tissue type.
Biomatrix Total Anthocyanins C3G
' Tuax Cmax(n =5, SD Tuax Cmax(n =5, tSD

(min) nmol/mli or g) (min) nmol/ml or g)
Plasma 10 83220 | 10 7.4 (12.2)
Urine 60 539.2 (+359.5) 60 387.6 (+58.1)
Mucosa 60 0.3 (£0.08) 60 0.026 (n = 1)
Liver 15 3.4 (10.5) 15 0.5 (+0.2)
Bile 15 11.2 (pooled) 15 4.3 (pooled)
Kidney 15 5.0 (+2.8) 15 1.5 (+1.1)
Lung 15 6.6 (pooled) 15 1.0 (pooled)
Heart 15 3.4 (1.1) 15 1.5 (£1.1)
Brain 5 0.3 (pooled) N/A N/A
Prostate 20 12.2 ( pooled ) 20 8.1 ( pooled )

Further pharmaéokinetic data are shown in Tlable 5.5. Footnotes to Table 5.5
show the range of coefficient of variations for biomatix concentrations used in
the pharmacokinetic analysis. The ranges of Cys are included to allow
assessment of the reproducibility of the data used for the pharmacokinetic

analysis.
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Table 5.5: Pharmacokinetic data derived from a range of tissues for
mice dosed by V. injection. Data derived from biomatrix concentrations

of C3G, with Pk methods described in section 2.4.6.

Biomatrix Rate of Elimination (Kg) Half-life AUCNe

h! (h) (nmol.h/ml)
Plasma 1.844 04 3.01
Mucosa 0.9?1 0.7 0.027
Liver 1.918 0.4 0.083
Kidney 1.538 0.5 0.969
Lung 1.786 0.4 0.428
Heart 2.281 0.3 0.716

Range of coefficient of variations for tissue concentrations used to
calculate AUC: Plasma 11% (0.25 h) to 80% (1.5 h), urine 15% (1 h) to
135% (1.5 h), mucosal levels were too low to give a Cy and liver 14%
(0.25 h) to 112% (1 h). Of the remaining tissues lung had the lowest Cy

with 20% at 0.33 h, and heart had the highest Cy with 169% at 0.17 h

The elimination rate constant (Kg) described in Table 5.5 ranges from 0.971 to
2.281 h™' for mucosa and heart, respectively. The measured half-life ranges
from 0.3 h to 0.7 h for heart and mucosa, respectively. Values for urine, bile,
brain and prostate are omitted because their time-concentration profile did not
fit the pharmacokinetic profile in WinNonlin, as described in section 2.4.6. It
should be noted that the data in Table 5.5 relates only to C3G, and does not

include total anthocyanin content.
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5.5 Metabolite Identification of Anthocyanins by LC/MS/MS

Administered via Oral Bolus

5.5.1 Anthocyanins from Tissues of Mice Dosed with Cyanidin-3-
Glucoside

Figure 5.5 shows the complete HPLC analysis of every tissue analysed from the
oral bolus study (see chapter 5.3). Time points shown are not the same for
each tissue (see Figure legend), and the peak area (and concentration) cannot
be compared directly as they are derived from different amounts of sample.
C3G is present in all tissues, and the contaminant in the standard (~ 26 mins)
should not be interpreted as a metabolite. Limited metabolite identification is
possible using co-elution experiments, but individual metabolite reference
standards were not available. Groups of metabolites can be identified; more
polar metabolites than C3G elute sooner (glucuronides) and less polar
metabolites elute later than C3G (methylated metabolites). The order of elution
is determined based on the order of elution of C3G and peonidin-3-glucoside in
Mirtoselect (Figure 5.1) where peonidin-3-glucoside, effectively methylated
C3G, elutes later than C3G. Also the more polar delphinidin-3-glUcoside elutes
earlier than C3G. There are multiple peaks of each metabolite type due to the
multiple sites of metabolism in C3G (see 1.4.2 for structure). As well as the
multiple sites for metabolism, it is also possible that more than one site may be
metabolised — further complicating the identification of individual species. Aside
from plasma, urine and kidney the most abundant of the metabolites visible in

the analysed tissues are the two, less polar methylated metabolites. For
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complete identification of metabolites each tissue was analysed via LC/MS/MS

(see section 5.5.2).
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Figure 5.5: Example chromatograms of various biomatrices from male
C57BL mice dosed orally with C3G via gavage (see 5.3). C3G standard is
shown at the top. The contaminant observed at ~25 min is contained in the
authentic C3G material. Spectra from the analysis of murine tissues are
shown below the spiked control. The time points used represent Tyax for
individual tissues, which were: 20, 20, 30, 30, 90, 10, 10, 10, 20 and 5 min,
respectively for plasma, urine, mucosa, liver, bile, kidney, lung, heart, brain
and prostate. C3G is observed at ~13.8 min in all samples.
Chromatograms, and amounts of anthocyanins, cannot be compared
directly as differently sized aliquots were used in each example. The

method used was that described in 2.2.2.
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5.5.2 LC/MS/MS Identification of Metabolites

To accurately identify each metabolite in the tissues, LC/MS/MS was employed.
When using LC/MS/MS in multiple reaction monitoring (MRM) mode, for a
component to be identified its mass to charge ratio (m/z) and the m/z for its
fragment ion have to be entered into the software, so only transitions entered
will be identified. The lists of transitions investigated are shown in Tables 2.2.3
— 2.2.7, and represent the known metabolites from previous metabolism studies
(see sections 1.4.3 — 1.4.5), sulphate conjugates and combinations of the two.
These transitions were investigated in every tissue obtained from the oral bolus
study (see section 5.3). Shown here are a urine sample (Figure 5.6) and a
mucosal sample (Figure 5.7), and they represent the total range of metabolites
observed across all tissues. Table 5.6 shows the distribution of metabolites in
all tissues and their respective m/z ratios. Individual spectra are not shown.
Figure 5.6, 1 and 2, are HPLC traces of control tissue and of tissue taken 30
minutes after dosing with C3G. A — G represent the transitions detected in the
urine sample (mass to charge ratios in Figure legend). As expected the
glucuronidated metabolites are eluted earlier than C3G, and the less polar

methylated metabolites later. C3G sulphate was also detected.

Presented in Figure 5.7 are the HPLC and LC/MS/MS chromatograms for
mucosal tissue from the oral bolus of C3G. Chromatograms 1 and 2 show
control and treated mucosa, respectively, 30 minutes after the oral dose of
C3G. Spectrograms A — E show the transitions observed for anthocyanins in
the mucosal sample. The metabolites observed are shown in the Figure legend
and Table 5.6. Of interest in the mucosa is the presence of the aglycone

cyanidin.
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Figure 5.6: HPLC and LC/MS/MS chromatograms of urine from the oral
bolus study (see section 5.3). 1 and 2 are HPLC chromatograms of control
urine and urine 30 min (Tuax for total anthocyanin content) after an oral
dose of C3G, respectively. Traces A - G represent individual transitions
(units m/z) for particular species: A - methyl-cyanidin (peonidin, marked
with arrow, 301 = 201), B — methyl cyanidin glucuronide (477 - 301, 4
isomers), C — methyl C3G (463 > 301, 2 isomers), D — C3G (449 -> 287),
E - C3G sulphate (529 > 287), F — methyl C3G glucuronide (639 - 301, 4
isomers) and G — C3G glucuronide (625 > 287, 4 isomers). Cyanidin
glucuronide was also detected, but at very low levels (not shown). Note the

differing scale in C and D, cps = cycles per second.
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Figure 5.7: HPLC and LC/MS/MS chromatograms of mucosa from the oral bolus
study (see section 5.3). 1 and 2 are HPLC chromatograms of control mucosa
and mucosa 30 min after the oral bolus of C3G (Twmax), respectively. Traces A -
E represent individual transitions (units m/z) for a particular species: A — methyl
cyanidin (peonidin, marked with arrow, 301-> 201), B — cyanidin aglycon
transition 287 - 137 (b) and unknown (a) (transition 287 2> 137), C — methyl
C3G (463 > 301, 2 isomers), D — C3G (449 > 287), E — C3G glucuronide (625
-> 287, 4 isomers) (marked with arrow). Cyanidin and peonidin glucuronides
were also detected, but at very low levels (not shown). Note the differing scale in

D, cps = cycles per second.
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Table 5.6: Identification of metabolites present in all tissues after oral bolus dose of C3G (500 mg/kg). Metabolite identification determined
by LC/MS/MS analysis, using MRM transitions. Mass to charge ratio transition (m/z) for each metabolite is shown. Numbers represent the

number of peaks observed for each transition. C3G observed in every tissue, so has been excluded from the table.

€L1

Metabolite Transition Plasma Urine Mucosa Liver Bile Kidney Lung Heart Brain Prostate
C3G Glucuronide 625 > 287 4 4 4 3 3 3 2 - - 3
Methylated & glucuronidated C3G 639 > 301 6 4 - 3 3 3 1 - - 4
Cyanidin 287 > 137 - - 1 - - - - - - .
Cyanidin glucuronide 463 > 287 - 1 1 - - - - - - -
Methylated cyanidin glucuronide 477 > 301 1 4 1 - 3 - - - - -
Methylated C3G 463 > 301 2 2 2 2 2 2 2 2 2 2
Methylated cyanidin 301 > 201 - 1 1 - 1 - - - - -
C3G Sulphate 529 > 287 - 1 - 1 - - - - - -

Total number of metabolites 13 17 10 9 12 8 5 2 2 9




5.6 Bioavailability of Cyanidin-3-Glucoside

Bioavailability of C3G was calculated using AUC and dose after oral and I.V.
administration (Tables 5.3 and 5.5, method see section 2.4.6). In order to
estimate the bioavailability of total anthocyanins, the AUC for all species derived

from C3G were used in the calculation, values are shown in Table 5.7.

Table 5.7: AUC and dose values necessary to calculate the

bioavailability of both C3G and total anthocyanin content (TAC).

AUC Value C3G Dose

(nmol.h/ml) (mg/kg)

C3G Oral 25.051 500
C3G I.V. 3.014 1
TAC Oral 62.928 500
TAC V. 3.842 1

The bioavailability of C3G calculated using C3G alone and the total anthocyanin

content was 1.66 and 3.28%, respectively.
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5.7 Discussion

In this chapter the level of anthocyanins found in tissues and excreta after the
administration of Mirtoselect or C3G and the nature of anthocyanin metabolites
were investigated. Firstly, metabolism and pharmacokinetics of anthocyanins

MIN mice in a feeding study, followed by a second study

were investigated in Apc
in C57BL mice after oral and I.V. administrations of C3G. In this discussion, the
measured levels are compared with results obtained by other authors, after
administration of anthocyanins to either rats or pigs. The levels of
anthocyanins, types of metabolites encountered and bioavailability are
compared with published data. Finally, levels of anthocyanin achieved in the

MIN mice, are interpreted in

intestinal mucosa, the target tissue in the case of Apc
comparison with concentrations which elicit biochemical effects related to

chemoprevention in cells in vitro.

5.7.1 Levels of Anthocyanins in Animals In Vivo

Talavéra et al (2005) fed rats a blackberry-enriched diet (1.5% w/w), which was
comprised primarily of C3G, and the daily dose per rat was approximately 162
mg anthocyanins/day. The level observed in plasma for C3G was 67.2 ng/ml
(Talavéra et al., 2005). Mice in our study consumed less than in the Talavéra et
al study, approximately 12 mg/mouse/day of C3G, and the highest C3G plasma
concentration, 12.4 ng/ml (see section 5.2.2), was considerably lower than that
observed in rats, (see 5.2.2). Analysis of liver and kidney tissue from mice

consuming an AIN diet containing a blackberry extract (Talavéra et al., 2005)
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gave concentrations of total anthocyanin of 0.38 and 3.27 nmol/g, respectively.
Levels observed in the study described here were lower than in the blackberry
study, and were near or below the limit of quantitation of 0.04 nmol/g. The
difference between the two studies is probably due to the fact that the dose
used by Talavéra et al (2005) was higher than the dose used in the work

described here.

The pharmacokinetic profile of C3G has been investigated previously in rats
(Ichiyanagi et al., 2005a and 2005b). Peak plasma levels observed for C3G by
Ichiyanagi et al (2005a) after oral dosing of C3G (100 mg/kg) gave a Cmax of
0.19 uM. In the oral bolus experiment described in chapter 5.3 the dose used
was 500 mg/kg of C3G, and the Cuax for plasma was considerably higher, 14.9
MM (section 5.3), much more than one would expect when a linear dose-Cmax

relationship is assumed (Ichiyanagi et al., 2005a).

Ichiyanagi et al (2005a) observed a Tmax of 15 min for C3G in the plasma of
rats, whereas in the work described here a Tyax of 10 min was recorded for
C3G in the plasma of mice. Ichiyanagi et al (2005a) also observed a delay in
Tmax for the metabolites of C3G as compared to the Tuax for parent C3G, as
was seen in the work described here. The reason for this delay might be
complicated. The explanation may entail several potential rate-determining
processes, such as metabolism in the gut and liver, re-absorption, and further
metabolism via the enterohepatic circulation, all contributing to a complex
dynamic equilibrium (Table 5.6 and Ichiyanagi et al, 2005a, 2005b and

Fleschhut et al., 2006).
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5.7.2: Bioavailability of Anthocyanins

The bioavailability of C3G calculated using C3G concentration alone and total
anthocyanin content were 1.66 and 3.28% of the dose, respectively. Literature
reports of bioavailability of anthocyanins in mice do not exist, and the work here
is novel in this respect. There are presently two studies which have been
similar in design and scope to the one described here. Matsumoto et al (2006)
conducted an oral and I.V. comparison using delphinidin-3-rutinoside in rats in
which the bioavailability was 0.49% for the sum of parent anthocyanin and its
metabolite. Ichiyanagi et al also calculated bioavailability in rats, using a
bilberry extract similar to Mirtoselect (Ichiyanagi et al., 2006). They calculated
the anthocyanin bioavailability as 0.98%. The bioavailability determined here is
of a similar order of magnitude as the values in the literature. Another
experiment, similar to the one conducted here, but one which investigated
anthocyanin bioavailability in rats was conducted by Borges et al., 2007. Their
study, which employed a raspberry anthocyanin extract dosed orally, measured
the amount of anthocyanins excreted in urine as a percentage of the ingested
dose. The bioavailability was calculated to be 1.2%, which resembles the

bioavailability described here.

The literature contains several reports on the bioavailability of anthocyanins in
humans (Bub et al., 2001, Netzel et al., 2001, Milbury et al., 2002, Frank et al.,
2003, Felgines et al., 2003 and Bitsch et al., 2004). They range from 0.05% -
0.23% of the ingested dose. It is worth noting that the calculation of
bioavailability in these papers has been unusual and perhaps flawed (Ichiyanagi

et al., 2006) in that it only took the extent of anthocyanins excreted in the urine
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into consideration and related it to the dose. The method more generally
employed for calculating bioavailability makes use of both ILV. and oral
administration, as was carried out here (see section 5.6). In my observations
(Figures 5.3 and 5.4) | have demonstrated that anthocyanins are also excreted
via the biliary route, and therefore using urinary excretion alone will
underestimate the bioavailability. All of these values, however, show that the
bioavailability of anthocyanins is low, but is similar to that of other polyphenols.
Examples of polyphenols with a similar bioavailability are quercetin for which
bioavailability values of 0.07 — 6.4% of the dose have been reported (Manach et
al., 2005), and curcumin which has been shown to have a bioavailability of <5%
of the dose (Pan et al., 1999). In the case of anthocyanins, the low apparent
bioavailability may be due to the rapid degradation of anthocyanins in the
intestinal tract by gut micro-flora (Keppler et al., 2005 and Fleschhut et al.,
2006). The products of this degradation process (see section 1.4.5 and Figure
1.11) are not detected at 520nm, and so would not be observed by the HPLC
methods employed in these studies. He et al reported anthocyanin losses in
the faecal content were high for glucosides of cyanidin, and rapid degradation
was observed after storage in faecal matter at -18°C (He et al.,2005). Similarly,
Felgines et al noted that caecal contents of rats contained low levels of parent
anthocyanin or anthocyanidin, suggesting anthocyanins are unstable in this
environment (Felgines et al., 2002). Borges et al., found almost full recovery of
anthocyanins in rats 2h after dosing when the anthocyanins have passed
through the stomach and duodenum/jejunum, but after 3h <50% were
recovered. The loss of more than half the anthocyanins is speculated by the
authors to be the consequence of colonic degradation (Borges et al., 2007).

Other publications have also suggested the absorption of anthocyanins is low
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(Cao et al., 2001 and Bub et al., 2001), yet Talavéra et al have shown good
absorption in the stomach and small intestine despite a low urinary output
(0.02% of the ingested amount) again using HPLC and LC/MS (Talavéra et al.,
2003, 2004 and 2005). Research into the potential cancer chemopreventive
properties of anthocyanin degradation products is on-going. Kern et al.,
determined that of the anthocyanins investigated (glycosides of delphinidin,
cyanidin, peonidin, pelargonidin and malvidin) only delphinidin formed a
phenolic degradation product (gallic acid) that killed cancer cells in vitro, and
this was present in such small amounts compared to parent drug as to negate
any efficacy which may be seen in vivo (Kern et al., 2007). The concentrations
of these degradation products have been suggested to be significant. Tsuda et
al showed that protocatechuic acid, the phenolic degradation product of
cyanidin, was present in the plasma at concentrations 8 times higher than
cyanidin itself, however it may be possible that other processes may produce

similar agents (Tsuda et al., 1999 and El Mohsen et al., 2006).
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5.7.3: Anthocyanin Metabolism

The range of metabolites previously observed in rats and pigs is very similar to
that observed in mice in the study described here. Metabolites identified
include methylated, glucuronidated species and molecules with dual-
‘conjugation of methyl and glucuronide groups (Tsuda et al., 1999, Felgines et
al., 2002, Talavéra et al., 2003, 2004, 2005, Wu et al., 2004, Ichiyanagi et al.,
2004, 2005a, 2005b, Matsumoto et al., 2006, He et al., 2006 and Felgines et al.,

2006).

An interesting observation by Ichiyanagi et al (2005a) is the difference in
metabolite composition between oral and I.V. dosing. The metabolites identified
were tentatively divided into hydrophilic metabolites, those eluted by HPLC with
a shorter retention time than C3G and hydrophobic metabolites, eluted by
HPLC after C3G i.e. at longer retention times. Ichiyanagi et al went on to
discover that oral dosing produced 4 of the hydrophobic metabolites, whereas
when a comparable dose was administered by 1.V. injection, only 2 hydrophobic
metabolites were produced. The metabolites produced after I.V. administration
were the same as 2 of the metabolites found after oral dosing; these
metabolites were identified as two methylated forms of C3G, peonidin-3-
glucoside and a structural isomer, methylated at the 4’ position of the B ring
(see Figure 1.7). The metabolites observed only after oral administration were
glucuronides of cyanidin and peonidin. In the oral bolus experiment conducted
here (section 5.3, Table 5.6), the presence of these glucuronides was confirmed
after oral dosing. In agreement with Ichiyanagi et al (2005a) these metabolites

were not present in the L.V. bolus experiment completed here (section 5.4) as
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adjudged by HPLC (Ichiyanagi et al, 2005a). The identification of
cyanidin/peonidin glucuronides is tentative evidence for the intermediate
formation of anthocyanidins, the aglycons, postulated to be more
pharmacologically active than the glycosides (see section 1.4.9, Table 1.5).
Production of the aglycons after oral administration is likely to involve g-
glucuronidase-catalysed cleavage of the glucoside. Aglycons then may rapidly
undergo UDP glucuronyltransferase-catalysed glucuronidation; both enzymes
exist in the mucosa (Ichiyanagi et al., 2005a, 2005b and Felgines et al., 2002).
In contrast to this Wu et al speculated that the glucuronide may be formed
directly from the glycoside, and thus not via the intermediary aglycon. The
method for this route of glucuronidation is thought to be through the action of

UDP-glucose dehydrogenase (Wu et al., 2002).

Talavéra et al (2005) analysed kidney and liver tissues in a feeding study. The
chemical nature of metabolites they detected in tissues by HPLC-ESI/MS/MS is
consistent with that observed in mice here, as adjudged by retention times, as
the levels observed in the study described here were too low to allow

confirmation by LC/MS/MS.

Subtle structural differences between anthocyanidin molecules influence the
types of metabolic modification observed, hinting at a high degree of specificity
of the enzyme-substrate interaction. Where there is a catechol structure on the
B ring, as with cyanidin (Figure 1.7) with phenols at the 3’ and 4’ position,
methylation occurs, thought to be catalysed by catechol-O-methyl transferase
(COMT) in the liver (Wu et al., 2004 and Ichiyanagi et al., 2005a and 2005b).

Methylation in this molecule can occur at either the 3’ or 4’ position, but not at

181



both sites simultaneously (Wu et al, 2004 and Ichiyanagi et al., 2005a and
2005b). In contrast, delphinidin-3-glucoside possesses three phenols on the B-
ring, at 3’, 4’ and 5’ (Figure 1.7), forming a pyrogallol, while methylation of
delphinidin-3-glucoside produces only one product (Ichiyanagi et al., 2004), with
a methyl on the 4’ position. It is suggested that methylation of both C3G and
delphinidin-3-glucoside is catalysed by COMT (Ichiyanagi et al., 2004 and
2005a). The sites and extent of methylation through COMT is consistent with
other flavonoids containing a catechol structure (e.g. cyanidin). Generally, the
catechols get methylated at the 3’ and/or 4’ positions; whereas, molecules
containing the pyrogallol structure (e.g. delphinidin) still get methylated by
COMT, but tend to be methylated only at the 4’ position (Shahrzad et al., 1998,
Hodgson et al.,, 2000 and Meng et al., 2001). There are no reports in the
literature of the hydroxyl groups on the A-ring undergoing methylation, and
similarly in the work reported here, methylation seemed to occur only on the B-
ring. Cyanidin-3-glucoside which had undergone methylation on either the 3’ or
4’ position were detected in all tissues (Table 5.6). Glucuronidation seems to
occur at any available phenolic position of C3G to produce a wide range of
conjugates (Table 5.6 and Wu et al., 2002 and 2004, Felgines et al., 2003 and
2005, Kay et al., 2004, Talavéra et al., 2004 and Ichiyanagi et al.,, 2005a and

2005b)

5.7.4: Comparison of Target Tissue Anthocyanin Levels with In Vitro
Efficacy

In order to relate the adenoma-reducing ability of the anthocyanins described in
Chapter 4 with tissue levels observed in the feeding study, it might be suitable

182



to compare concentrations in the target tissue, mucosa, with concentrations
shown to be efficacious in cultured cells in vitro. To interpret such a comparison
several assumptions have to be made. Anthocyanins engage a range of
mechanisms pertinent to chemoprevention (Chapter 1, Tables 1.5 and 1.6).
Focusing on colorectal cancer cells, amounts which elicit these effects range
from 1 uM for down-regulation of EGFR tyrosine-kinase in A431 cells (Marko et
al., 2004), to 446 uM for 88% growth inhibition in HT-29 colon adenocarcinoma
cells, depending on the anthocyanin molecule (Olsson et al., 2004). In the
following comparison, the assumption is made that effects reported for cells in
vitro are potentially important in the observed efficacy in the Apc™N mouse
(Chapter 4). Taking HT29 colon carcinoma cells as an example (Olsson et al.,
2004) and assuming 1 g of mucosa roughly equals one ml of aqueous media, a

very tentative comparison can be made between concentrations in mucosa and

cell media.

For C3G a concentration of 200 ug/ml caused 88% growth inhibition in HT29
cells (Olsson et al., 2004). Levels of anthocyanins derived from C3G detected
in the mucosa of mice were much lower, 0.043 pg/g (Section 5.2.2). This
discrepancy hints at the possibility that growth inhibition was not a mechanism

MIN

elicited by anthocyanins in the Apc™" mouse gastrointestinal tract. Yet there

are reasons to putatively link observed efficacy in the two paradigms, ApcM™
mice and HT-29 cells, despite this disparity in anthocyanin concentration.
Firstly, mice in the study described here were killed throughout the day, and
mice typically eat in the late evening. Therefore, the mucosal concentrations

observed are steady-state levels, and post-eating levels may well be much

higher. In the oral bolus study described in section 5.3, the dose was designed
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to be similar to the total daily dietary intake (12 mg/mouse/day) in the feeding
study described in section 5.2.2. Therefore, the levels recorded in the intestinal
mucosa of mice after an oral bolus of C3G (500 mg/kg, 10 mg/mouse/day) may
reflect more accurately post-eating levels of C3G. The mucosal levels of C3G
detected in the bolus study (section 5.3) were 172 ug/g, much closer to the 200
- pg/ml shown to inhibit growth of HT29 cells (Olsson et al., 2004). However, it is
unlikely that mice eat such a large dose all at once. A more accurate
comparison between anthocyanin concentrations in mucosa in vivo and in cells
in vitro would be provided by analysis of the respective AUC values. For
mucosal anthocyanin levels the AUC is likely to increase every night post-eating
and then return to steady state throughout the day. In in vitro experiments
typically a single concentration is applied at the start, and levels decrease with
time, as anthocyanins are unstable at the pH of cell medium (see section 1.4.2).
Unpublished observations in our laboratory estimate the half-life of
anthocyanins in cell culture media at 37°C to be less than 4h. Furthermore, the
concentrations of anthocyanins observed in the mucosa of mice should be more
appropriately compared with the concentrations within HT-29 cells rather than

those in the medium.

For Mirtoselect, the mucosal concentrations can be correlated with in vitro
concentrations in a study involving a bilberry extract (Zhao et al, 2004).
Bilberry extract was tested in cell lines in vitro, and growth inhibition of HT29
cells was characterised with an 1Cso of 50 pug/ml (Table 1.5, Zhao et al., 2004).
Mucosal levels observed for anthocyanins derived from Mirtoselect in the

feeding study described here were about a fifth of that value, 8.1 ug/g.
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All these considerations intimate that anthocyanin concentrations measured in

the mucosa of Apc“N

mice, in which anthocyanins interfered with
gastrointestinal carcinogenesis, are lower, but perhaps not dramatically lower
than those which have been shown to engage anti-oncogenic mechanisms in
cancer cells in vitro. One may therefore tentatively conclude that at least some
of the mechanisms which have been found to affect cells in vitro may also be

MIN

engaged to mediate anti-carcinogenesis in the Apc™" mouse model.
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6. Discussion

The overall objective of the work described in this thesis was to gain information
to help further the knowledge of anthocyanins and their potential role in
chemoprevention. Experiments using a single anthocyanin (C3G) and a
standardised mixture of 15 anthocyanins (Mirtoselect) were conducted in Apc“™
mice. To help interpret any activity, HPLC and LC/MS/MS were used to identify
amounts and types of anthocyanins present. M1dG — a potential biomarker for

oxidative DNA damage which may be associated with cancer — was also

investigated to measure any effect anthocyanins may produce.

Once the beneficial effect of anthocyanins in preventing adenoma formation
was established, investigation into their absorption, metabolism, distribution and
excretion (ADME) was undertaken. A comparison between oral and 1.V. bolus
dosing was employed. Comprehensive analysis of tissues via HPLC and
LC/MS/MS gave an understanding of levels and forms of anthocyanins
encountered in each tissue or biofluid, and bioavailability of C3G was also

calculated.
In the following, ways are described in which the work presented here

contributes to the overall body of knowledge pertaining to anthocyanins in

cancer management.
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6.1 Contribution to Knowledge of Efficacy

Mirtoselect and C3G significantly reduced adenoma number in the ApcMM

mouse, a rodent model which has previously been shown to predict efficacy in
humans of celecoxib and other NSAIDs (Jacoby et al., 1996 and 2000, Baron et
al., 2006, Swamy et al., 2006 and Yona et al., 2006). This result tentatively
suggests that anthocyanins may possess preventive efficacy towards adenoma
occurrence and recurrence in humans. In this study (see chapter 4), C3G and
Mirtoselect reduced adenoma number in the Apc"™N mouse by 45 and 35%,
respectively (Cooke et al., 2006). Literature reports show that NSAIDs and
COX-2 inhibitors reduce Apc™™ mouse adenomas more efficiently than the
anthocyanins studied here and at lower doses. The reductions in Apc™ mouse
adenoma numbers were 88% at a dietary dose of 0.02% for piroxicam (Jacoby
et al., 1996) and a reduction of 70% for celecoxib at a dose of 0.03% in the diet
(Swamy et al., 2006). Both traditional NSAIDs and COX-2 inhibitors have toxic
side-effects in the Gl tract, and coxibs cause cardiovascular complications,
which means their usefulness as chemopreventive agents in humans is
questionable (see section 1.3.3). As a result of these side-effects, the need for
novel efficacious non-toxic colorectal chemopreventive agents is clear. Other
phytochemicals shown to be non-toxic which have been investigated in Apc™™
mice include curcumin (0.5% w/w in diet, Perkins et al., 2002) and tricin (0.2%
w/w in diet, Cai et al., 2005), and these inhibited adenoma occurrence in the

MIN mouse by 40% and 33%, respectively. These agents prevent adenoma-

Apc
occurrence with a similar potency to anthocyanins, but Mirtoselect seemed
more potent. Mirtoselect possessed similar efficacy at a very low dose: the

0.3% w/w dose contributes effectively 0.08% anthocyanins, which gave a 35%
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reduction in adenoma number. This evidence tentatively supports the notion
that anthocyanins should be considered for clinical evaluation. Another benefit
of promoting Mirtoselect for potential clinical development is that it already

exists as a formulation fit for human consumption (Morazzoni et al., 1996).

6.2 Contribution to Knowledge of ADME

The work described in chapter 5 shows that an oral administration of
anthocyanins in mice, at a dose equivalent to 1.8g in humans, leads to
measurable levels in all of the tissues analysed. This is consistent with
previous investigations (Miyazawa et al, 1999, Bub et al., 2001, Cao et al,
2001, Netzel et al., 2001, Wu et al., 2002, Felgines et al., 2003, 2005 and 2006,
Ichiyanagi et al., 2004, 2005a and 2005b, Kay et al., 2004 and 2005, Talavéra
et al., 2005). The distribution of anthocyanins throughout the body shows that
at these doses anthocyanins reach a large number of tissues where one may
wish to prevent cancer, and as such it may be worthwhile to consider the
evaluation of anthocyanins as potential chemopreventives. However, the levels
observed in all tissues, except the Gl mucosa, are considerably lower than the
levels shown to cause biochemical changes commensurate with
chemoprevention, such as growth inhibition of cells and inhibition of signalling
pathways in vitro (see Tables 1.5 and 1.6). With levels in the Gl tract of the
same order of magnitude as levels shown to elicit relevant biochemical changes
in cancer cells in vitro, one could argue that anthocyanins should be
investigated clinically for their ability to prevent GI adenoma recurrence in

humans.
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The bioavailability of C3G was calculated to be 1.66% for parent C3G (chapter
5), and this is consistent with bioavailability reports in the literature, albeit in rats
(Matsumoto et al., 2006 and Ichiyanagi et al., 2006). In comparison with other
phytochemicals the value is similar: curcumin, resveratrol and quercetin
possessed bioavailability values in mice of <5% (Pan et al., 1999), 0.07 - 6.4%
(Asensi et al., 2002 and Manach et al., 2005) and 5.3% (Chen et al., 2005),
respectively. These calculated bioavailabilities can be considered low when
compared to chemopreventive pharmaceuticals such as tamoxifen and aspirin,
which possess bioavailabilities of 15.0% (Shin et al, 2006) and 91.2%
(Woodford et al, 1981) respectively, considerably higher than the

phytochemicals discussed here.

The difficulty associated with such a low bioavailability is achieving levels in the
target tissues high enough to elicit biochemical changes related to
chemoprevention. Comparing total anthocyanin content from C3G
administration gives a slightly higher bioavailability (3.28%, chapter 5). The
work described in chapter 4 shows administration of the mixture gave similar
levels of adenoma-reducing ability, but at a lower dose, since only ~39% of the
mixture consists of anthocyanins. The anthocyanin concentrations observed in
the mucosa after oral administration of Mirtoselect (chapter 5) were also
considerably higher than those after C3G (section 5.2.1 and 5.2.2). Therefore,
administration of the mixture may be a way to improve, at least to some extent,
the bioavailability. Whilst the mixture is safe, having only a low bioavailability
necessitates giving high doses to achieve efficacious levels in the target tissue,

the intestinal mucosa. However, this would probably only result in low levels in
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the circulation and tissues, which may be a safeguard to prevent systemic

toxicity.

One of the major problems associated with cancer chemoprevention trials is
compliance (the extent to which the patient continues the agreed-upon
treatment regime under limited supervision when faced with conflicting
demands). It has been estimated that in developed countries only 50% of
patients who suffer from chronic diseases adhere to treatment (Sabaté, 2003).
Chemoprevention trials are especially prone to poor compliance as they
normally involve healthy people taking agents over a long time for a disease
they do not have. Therefore, the motivation to take the agent is low, as there is
no direct immediate benefit. There are currently ways to monitor adherence,
but these are not infallible. A non-invasive marker for measuring adherence is
therefore desirable. In chapter 5 the steady-state urine levels in mice were
easily measurable (Cooke et al., 2006), and this is paralleled in humans (Cooke
et al.,, 2006a). As such, adherence may be monitored simply by sampling and

analysing the subjects’ urine.

The observed urine levels of C3G were 3.56 mM, the highest of any matrix
analysed. In a current ongoing sister project in Leicester, the ability of
Mirtoselect to inhibit the growth of bladder cancer cells is being investigated.
These cells seem sensitive to the anti-proliferation effects of anthocyanins (Dr
Don Jones and Dr Karen Brown, unpublished), and it is conceivable that levels
of 3 — 5 mM cause growth inhibition. These preliminary results hint at the
possibility that anthocyanins are a potential treatment option against superficial

bladder cancer. Superficial bladder cancer is a disease with very limited

190



treatment options; one is surgical bladder resection (Meyer et al., 2007). So itis
conceivable that anthocyanins may offer a treatment role after surgical
resection to help prevent any recurrence of the cancer. However, considerable

further work is needed before this hypothesis can be clinically tested.

- 6.3 Contribution to Knowledge of Pharmacodynamics

The work described in chapter 4 tentatively suggests that M1dG in colorectal
target tissue was affected by anthocyanin administration. This result is
consistent with the notion that M1dG may be a biomarker of anthocyanin
efficacy. Chapter 4 also showed the immuno slot-blot method developed for
measuring M1dG adduct levels has numerous methodological drawbacks. As a
result of this and other ongoing research, a new method for detecting M1dG
adducts is being developed, using LC/MS/MS. Measurement of M1dG levels at
sites remote from the target tissue, including plasma ahd urine, were not

investigated as a surrogate biomarker for efficacy.

Whilst the direct anti-oxidant capacity of anthocyanins was not measured here,
it has previously been compared to known standards ex vivo (see section
1.4.8). Anthocyanins have also been shown to lower the oxidétive potential of
mouse plasma (Ramirez-Tortosa et al., 2001). M1dG is a product of oxidative
DNA damage (Leuretti et al.,, 1998 and Marnett et al., 1999), and changes in
oxidant status may be reflected by changes in M1dG levels. Anthocyanins have
been shown to decrease murine liver concentrations of 8-oxo-dG, another
product of oxidative DNA damage (Ramirez-Tortosa et al., 2001). The data

presented here shows the decrease in M1dG levels paralleling the decrease in
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adenoma burden (see chapter 4). Therefore, determining the role of
anthocyanins in affecting oxidation status may be possible using biomarkers

such as M1dG or 8-oxo-dG.

6.4 Clinical Trial of Mirtoselect

MIN mouse intervention study

Encouraged by the results observed in the Apc
(chapter 4), a phase | clinical trial has been initiated in Leicester, conducted by
Sarah Thomasett. Mirtoselect is being used in this trial as it is available from
Indena SpA as a formulation fit for human consumption, and as there are a

priori no human safety concerns (Morazzoni et al., 1996).

In this trial the hypothesis is being tested that when Mirtoselect is given to
humans with colorectal cancer, who are waiting to undergo colectomy,
anthocyanins are present at levels in colorectal tumour tissue, which are
consistent with pharmacodynamic activity in cells in vitro and/or mucosal
concentrations in vivo (chapter 5). The doses chosen are 1.4, 2.8 and 5.6 g of
Mirtoselect per day, which equates to 360, 720 and 1440 mg of anthocyanins
per day. Mirtoselect is taken as three doses throughout the day and will be
taken for 7 days. Using the dose/surface area calculation to éonvert between
species (Freireich et al., 1966) the doses used in the trial encompass the 0.3%

MIN mice. The 0.3% dose used in

dose shown here to be efficacious in Apc
chapter 4 is tentatively calculated as being equivalent to 0.65 g/day in humans,
with assumptions being made on the amount of diet consumed by mice and any
inherent error within the body mass/area conversion (Freireich et al., 1966).

The endpoint of this trial is to collect pre- and post-treatment tumour biopsies,
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plasma and urine from these colorectal cancer patients. These samples will be
used to measure anthocyanin levels in urine, plasma and colorectal tissue.

M1dG biomarker analysis of colorectal tissue and blood will also be undertaken.

Tentatively, it may be possible to predict three potential outcomes from the
o‘ngoing clinical trial. These outcomes and the potential steps following the
clinical trial could be as follows:

1. The formulation is safe, low-levels or no anthocyanin compounds are
detected in CRC target tissue and no pharmacodynamic biomarkers
are affected. A potential follow-up procedure may be to repeat the
trial, and increase the dose of Mirtoselect, or investigate different
formulations of anthocyanins with enhanced bioavailability. Curcumin
formulated with phosphatidylcholine has been shown to have

improved systemic availability. (Marczylo et al., 2007).

2. The formulation is safe; the levels of anthocyanins detected in CRC

target tissue are similar to those described in chapter 5 for the Apc*™
mouse, but the pharmacodynamic biomarkers are not affected by
Mirtoselect. If levels of anthocyanins in CRC tissue are similar to the

MN mouse study (chapter 5) that would be promising, as it would

Apc
show levels which inhibited adenoma development in mice can be
achieved in the human G.l. tract. It is conceivable that giving
Mirtoselect for only 7 days is insufficient to cause pharmacological
changes. In the present study volunteers receive Mirtoselect for 7
days, whereas the mice received it for 12 weeks. Therefore, to aid

with the measuring of changes in biomarker levels the study could be
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repeated with the dosing period of Mirtoselect extended. One problem
with this is that once patients are diagnosed with cancer the hospital is
duty bound to provide treatment or surgery as soon as possible. To
delay this treatment for the extension of a clinical trial would be
ethically very difficult. An option would be to conduct a study where

patients with no further treatment options are used as volunteers.

3. The formulation appears safe, levels detected in the CRC target tissue

MN' mouse and

are similar to those observed in chapter 5 for the Apc
the pharmacodynamic biomarkers are decreased. Assuming this
outcome there would be strong evidence to support advancing

Mirtoselect to the stage of adenoma prevention trials in humans.

Irrespective of the outcome of the clinical trial, the work presented here may aid
interpretation of the results of the clinical trial by helping to explain the
pharmacokinetics of Mirtoselect and potential pharmacodynamic biomarker

changes.
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