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To improve prostate cancer management in humans who have, or are at risk of
developing, the disease, biomarkers are required to aid early diagnosis and
monitoring of response to chemotherapeutic or chemopreventive intervention.

In this project metabonomic and peptidomic approaches were used to study
biological changes associated with prostate carcinogenesis in a transgenic mouse
model (TRAMP, TRansgenic Adenocarcinoma of the Mouse Prostate). Observed
changes were compared with pathological alterations. Metabolome and peptidome
analyses were conducted in TRAMP mice exposed to chemopreventive intervention
with green tea polyphenols (GTP). Effects of consumption of GTP or black tea
theaflavins on the plasma and urine metabonome/peptidome in patients with benign
prostatic hyperplasia (BPH) were also investigated. Oxidative stress status reflected
by urinary 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) was assessed in mice
and humans on tea polyphenols.

Metabonomic profiling revealed that at early stages of carcinogenesis in mice,
alterations of tumour levels of choline metabolites resembled the human disease. In
contrast, in advanced stages of TRAMP prostate carcinogenesis, phospholipid
metabolism 1is affected differently by malignancy than in its human counterpart.
Disturbed prostate-specific citrate metabolism seems common to both human and
TRAMP prostate tumours when compared to normal tissue. These results suggest
that the TRAMP mouse may be a better model with respect to humans of early stage
carcinogenesis with minor proliferative lesions than of more advanced stages of
malignancy.

Urinary 8-oxodG levels were not affected by presence of prostate cancer or
intervention with tea. Metabolic profiling gave evidence for an effect of GTP on
energy metabolism in both mice and humans. Although TRAMP and GTP-group-
specific metabonomic and peptidomic changes were found in plasma and urine, none
of these metabolites or peptides could be unambiguously identified as biomarkers of
carcinogenesis or GTP exposure. Among possible confounding factors which should
be taken into consideration in future metabonomic/peptidomic studies is the host’s
gut microflora.
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1. Introduction

This thesis describes work that focused on biological changes associated with prostate
cancer in a transgenic mouse model and intervention with tea polyphenols with the aim
of preventing it. The work encompasses metabonomic and peptidomic approaches as
well as assessment of oxidative stress status as reflected by urinary 8-oxo-7,8-dihydro-
2’-deoxyguanosine (8-oxodG). The effects of green tea polyphenols (GTP) and black
tea theaflavins (BTT) on patients with benign prostatic hyperplasia (BPH) were
investigated by the same approaches. The introduction provides an overview of
chemoprevention of prostate cancer by tea in humans and in the TRAMP mouse model.

The background for the analytical methods used here is also described.

1.1 Prostate Cancer

1.1.1 Epidemiology and risk factors

With nearly a quarter (24%) of the total, prostate cancer is the most common male
cancer in the UK and second leading cause of cancer related deaths after lung cancer.
Indeed, 13% of all male cancer deaths are accounted for by prostate cancer. The chance
that a man will be diagnosed with the disease at some stage in his life is currently 1:14
in the UK. Men under the age of fifty are rarely affected but the incidence increases
exponentially with age. It is estimated that by the age of 80 up to 70% of men show
histopathological evidence of cancer in the prostate. This makes age the greatest risk
factor that a man will be diagnosed with prostate cancer (Cancer Research UK cancer

statistics: http://info.cancerresearchuk.org/cancerstats/types/prostate/).

Apart from age, prostate cancer incidence is also greatly influenced by ethnicity and
geography. While the incidence rate per 100000 is 137.0 amongst African Americans, it

is 100.8 for white Americans and only 47.2 and 20.2 in Japanese and Chinese
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Americans, respectively, (Los Angeles). In China (Tianjin), India (Bombay) and Japan
(Hiroshima) these rates are only 1.9, 7.9 and 10.9, respectively. Interestingly, migrants
from low risk countries tend to take on the risk of their adopted country, though not to a
full extent. This shows that apart from environmental circumstances other population
differences are also accountable for prostate cancer incidence (Gronberg, 2003).

An increased risk for the development of prostate cancer has also been assigned to the
aggregation of the disease in the immediate family. In particular brothers and sons of
patients with early-onset prostate cancer are also at a high risk of suffering from prostate
cancer at an early age (9-40%). The risk increases with the number of immediate
relatives affected. If three or more relatives are affected, an individual’s risk of
developing early onset prostate cancer is 15 times higher than that of a man with a
negative family history of the disease. Hereditary prostate cancer is defined by either
three affected generations from the paternal or maternal side, three affected family
members in two subsequent generations or diagnosis before the age of 55 in two family
members (Bratt, 2007). In 1996 Smith et al. mapped genes responsible for hereditary
prostate cancer to the HPCI locus on chromosome 1 (Smith et al., 1996). Despite
intense research efforts to date no one high-risk gene has been identified unequivocally
that would allow scanning of patient populations. Therefore familial anamnesis is still
the only way to class prostate cancer as hereditary, familial (familial accumulation but
less than hereditary) or sporadic (one case in the family). It has been estimated that 5 to
9% of all prostate cancers are hereditary prostate cancer. In recent years numerous
genetic polymorphisms associated with a 1.5 to 2 fold risk increase have also been
reported (Bratt, 2007).

As mentioned above migrant studies have delivered evidence that environmental factors

play a significant role for the risk of developing prostate cancer. The observed increased
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prostate cancer risk for migrants from low risk countries in their host countries may
stem from new risk factors or the depletion of protective factors. Differences in dietary
patterns have been intensely investigated and some studies suggest a positive correlation
between prostate cancer incidence and the intake of dairy products, calcium, meat, fat
and zinc. Other potential risk increasing lifestyle elements are smoking and low
physical activity (Wolk, 2005).

Protective effects have been associated with tomatoes and tomato-based products (with
lycopene as active component), vitamin E and D, selenium, soy, and green tea. Vitamin
E, selenium, lycopene and soy are now being tested in major long term prevention
studies (Fleshner and Zlotta, 2007).

The role of tea in the prevention of prostate cancer is described in more detail in section

1.2.

1.1.2 Pathology, diagnosis, staging and treatment

The majority (95%) of all prostate cancers are adenocarcinomas; the remainder
comprise transitional cell carcinoma of the epithelia of the urethra and glands,
neuroendocrine carcinomas and sarcomas. The main site for the occurrence of prostate
cancer is the peripheral zone of the prostate (Mazhar and Waxman, 2002).

High-grade prostatic intraepithelial neoplasia (HG-PIN) is regarded as the pre-
neoplastic lesion with the best predictive value for the occurrence of cancer. The
likelihood of being diagnosed with cancer at a follow-up biopsy after HG-PIN was
found initially has been established at between 21 and 36%. However, HG-PIN does not
always seem to be a necessary prerequisite step for carcinogenesis as some low grade

cancers do not seem to be associated with areas of an HG-PIN. The cytological features
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of HG-PIN lesion are very similar to those of adenocarcinomas. The main difference is
the presence of the basal membrane in HG-PIN (DeMarzo ef al., 2003).

The grading of prostate tumours is performed using the Gleason system (Gleason and
Mellinge, 1974) where the sum of the two most dominating grades gives the so called
Gleason score. The grades range from 1 to 5, whereby 1 is well differentiated carcinoma
with uniform gland pattern and 5 very poorly differentiated carcinoma with no or
minimal gland formation. The treatment which a patient will receive is decided on the
basis of Gleason scoring and the TNM staging system (updated 1997). The TNM
staging scheme was developed by the International Union Against Cancer (UICC) and
takes into account the presence, size and extent of the primary tumour (T 0-4), the
absence or presence of pelvic nodal metastasis (N 0/1) and the absence or presence of
distant metastasis (M 0/1) (Mazhar and Waxman, 2002).

The treatment options for organ confined prostate cancer range from active monitoring
(“watchful waiting”) for low grade, low volume cancers to radical prostectomy or
radiotherapy for higher grades. Patient choice and physical fitness influence the decision
for or against a certain treatment. Patients presenting with metastatic disease will
initially receive androgen ablation therapy until after a period of about one year the
prostate cancer inevitably becomes hormone-refractory. Chemotherapeutic approaches
have hardly any impact on life expectancy. Hormone-independent prostate cancer

remains incurable to date (Mazhar and Waxman, 2002).
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1.1.3 Tumour metabolism

In healthy human prostate tissue zinc accumulates and inhibits mitochondrial aconitase,
an enzyme which recycles citrate to oxaloacetate in the Krebs cycle. Thus, in normal
prostate, the cycle is truncated resulting in net citrate synthesis. This phenomenon is
unique to prostatic tissue which is characterized by very high zinc and citrate levels.
The accumulation of citrate and subsequent excretion into the prostatic fluid has
considerable bio-energetic consequences. The cells lose approximate 60% of the energy

that could be gained from complete oxidation of citrate (equation 1.1).

A) Normal prostate:

1 glucose + 2 aspartate + 2 O, = 2 citrate + 2 CO, + 14 ATP

B) Normal mammalian cells and malignant prostate:

1 glucose + 6 O, 2 6 CO, + 38 ATP

Equation 1.1 Bio-energetic balance of net citrate production (A) versus normal glucose

oxidation via the Krebs cycle (B).

In malignant prostate cells the accumulation of zinc is lost which consequently results in
lower citrate levels compared to healthy prostatic tissue (Costello and Franklin, 1994;
Costello and Franklin, 2001; Costello and Franklin, 2006). The underexpression of zinc
uptake transporters has been identified as a reason for this metabolic shift. With a shift
towards citrate oxidizing metabolism the cell has increased energetic resources which

could be utilized for malignant cell growth. The genes encoding for the zinc uptake
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transporters Zip 1-3 have been postulated to act as tumour suppressor genes in prostate
carcinogenesis (Desouki et al., 2007; Franklin ez al., 2005).

Increases in choline and choline related species, namely phosphocholine (PC) and
glycero-phosphocholine (GPC), are other metabolic changes associated with
malignancies of the prostate (Glunde and Serkova, 2006; Griffin and Shockcor, 2004).
Increased choline species are also inherent to other cancers, such as breast and
colorectal cancer (Glunde et al., 2006). Total choline species (choline, PC plus GPC),
and individual components (choline and PC plus GPC), were reported to be elevated in
human prostate samples containing at least 20 % malignant tissue, and these increases
have been suggested to serve as markers of prostate cancer progression (Swanson ef al.,
2003). Choline kinase (ChK), which catalyses the phosphorylation of choline, is
overexpressed in human prostate cancer, and plays a major role in the mechanism
leading to elevated levels of choline-derived species in malignant tissue (Ramirez de
Molina et al., 2002). Tumour levels of PC have been shown to be a pharmacodynamic
marker of the chemotherapeutic efficacy of choline kinase inhibitors in experimental
human breast and colon cancer models (Al-Saffar ef al., 2006). Measurement of citrate
and total choline species using magnetic resonance spectroscopy imaging (MRSI) has
been proven to be useful as a non-invasive tool to investigate the metabolic profile of
the prostate in situ. This could help to diagnose and localize prostate cancer, aid staging
and monitor treatment response (Heerschap et al., 1997; Kurhanewicz et al., 1996).
Other changes that have been postulated to occur in prostate cancer are increases in
taurine, lactate, alanine and myo-inositol and a decrease in polyamines levels

(Kurhanewicz et al., 2002; Swanson, 2006).
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1.2 Prostate cancer chemoprevention

1.2.1 General concepts

The term chemoprevention was coined in 1976 (Sporn et al., 1976) and can be defined
as the use of natural or synthetic chemical agents in order to suppress, prevent or reverse
carcinogenesis (Lippman ef al., 1994). The fact that in the development of prostate
cancer decades can lie between the occurrence of PIN lesions and clinically manifest
tumours (Mazhar and Waxman, 2002) makes it an ideal target for chemopreventive
strategies. As discussed above the treatment options, especially for hormone-refractory
prostate cancer, are limited. It should therefore be the primary aim to avoid the
development and progression of the disease.

The recently completed Prostate Cancer Prevention Trial has proven that
chemoprevention of prostate cancer is possible. In this large scale phase III placebo
controlled trial the hypothesis was tested that finasteride can reduce the risk of
developing prostate cancer. Finasteride is a 5-a reductase type II inhibitor and decreases
the conversion of testosterone to dihydrotestosterone, which is the major androgen
effector in the prostate. The trial was prematurely stopped as it could be shown that 5Smg
of finasteride daily reduced the risk of developing prostate cancer. While 24.4% in the
placebo group were diagnosed with prostate cancer this number was reduced to 18.4%

in the finasteride group (Thompson ef al., 2003).
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1.2.2 Chemoprevention of prostate cancer by tea polyphenols

The high tea consumption in Asian countries has attracted much attention as a possible
dietary factor responsible for the low incidence of prostate cancer in these regions (see
section 1.1.1). Worldwide tea is a popular beverage and has long been thought to have
health-beneficial attributes. It is almost certain that a drug derived from tea, may it be an
extract or a single compound, would find acceptance and compliance within the

population.

1.2.2.1 Green and black tea polyphenols

Green tea and black tea are both derived from Camellia sinensis. Black tea is produced
from fully fermented leaves, while green tea originates from un- or only slightly
fermented leaves. Tea fermentation is understood to be the natural browning process
which is catalyzed by endogenous enzymes. Theaflavins are the products of this
fermentation process and unique to black tea. They account for 3-5% of the extract
solids. The characteristic benzotropolone ring structure results from a dimerisation of a
catechin and a gallocatechin. This structure is responsible for the red-orange colour of
black tea and also adds to the aroma. Figure 1.1 shows the structure of theaflavins.
Thearubigens are oligomeric and polymeric fermentation products and account for more
than 20% of the extract solids. They are chemically not as well characterised as the
theaflavins. The remaining un-oxidised catechins account for around 9%. The given
values are only estimates as the exact chemical composition of black tea polyphenols is
always dependant upon the conditions and length of the fermentation process as well as

the sub species of Camellia sinensis used.
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compound Ry R
theaflavin H H
theaflavin-3-gallate  gallate H
theaflavin-3’-gallate H gallate

teaflavin-3,3’-
gallate gallate
digallate

HO

HO COOH

HO

Figure 1.1 Structure of (A) theaflavins and (B) gallic acid

For green tea the fresh leaves are fired or steamed at elevated temperatures to inactivate

the fermentating enzymes and subsequently undergo drying and rolling steps. The

chemical composition remains similar to that of the fresh leaves. Catechins account for

30% of the dry weight of the solids in brewed green tea. The main catechins in green tea

are (-)-epicatechin-3-gallate (ECQG), epigallocatechin (EGC), (-)-epigallocatechin-3-

gallate (EGCG) and (-)-epicatechin (EC). Amongst these EGCG is the most abundant

polyphenol (see figure 1.2). One cup (150ml) of green tea contains about 160mg

catechins (Harbowy and Balentine, 1997).
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Figure 1.2 Structures of tea catechins

Tea, especially green tea, has long been suggested to have antioxidant and
chemopreventive properties. In vitro and preclinical studies provided evidence that the
anti-carcinogenic effects of tea polyphenols are mediated via numerous molecular
pathways which have been reviewed by Saleem et al. (Saleem et al., 2003). Amongst
others, GTP were shown to down regulate androgen synthesis, lower PSA levels and
inhibit signalling pathways and enzymes associated with proliferation (Saleem et al.,

2003).

1.2.2.2 Epidemiological and clinical evidence for prostate cancer prevention by tea

Epidemiological data about chemoprevention of prostate cancer by tea consumption are
equivocal. A prospective cohort study which included nearly 8000 men of Japanese
ancestry living in Hawaii, found a negative correlation between black tea consumption
and prostate cancer incidence (Heilbrun et al., 1986). Jain et al. found a decreased
prostate cancer risk with the intake of more than 500g of unspecified tea (Jain et al.,

1998). Other studies did not find any correlation of prostate cancer risk and tea

11



Chapter 1

consumption. This included an American case-control study (Slattery and West, 1993),
an Italian case- control-study (Lavecchia et al, 1992) and a Canadian retrospective
cohort study (Ellison, 2000). While the above mentioned studies considered undefined
tea preparations, mostly black tea, a case-control study from China investigated the
effects of green tea consumption on prostate cancer risk. A dose dependent negative
correlation of green tea consumption and the incidence of prostate cancer was shown
(Jian et al., 2004).

To my knowledge, clinical studies concerning BTT and prostate cancer prevention have
yet to be published. Clinical trials in which the effects of GTP have been investigated
delivered equivocal results. In a Phase II trial in which patients with androgen-
independent metastatic prostate carcinoma were given 6g of green tea powder per day,
only one out of 42 patients showed a transitional decrease in PSA (prostate-specific
antigen), and no patient presented with a tumour response which could be
radiographically or physically detected (Jatoi et al., 2003). Another study, also carried
out in patients with hormone-independent prostate cancer, used a dose of 500mg of
green tea extract as a complementary alternative medicine. Nineteen patients completed
the trial with a minimum duration of two months. No discernible clinical activity of
green tea extract was found as determined by change of PSA levels and radiological
disease progression (Choan ef al., 2005). Treatment of individuals presenting with high-
grade prostate intraepithelial neoplasia with 600mg GTP per day over a period of one
year, resulted in a 9-fold reduction of tumour occurrence (Bettuzzi et al., 2006). In the
GTC arm prostate cancer was only diagnosed once, compared to nine times in the
placebo group. Each group consisted of 30 patients. These results indicate that GTP

may be effective in the prevention or delay of early stage prostate cancer.
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1.3 The TRAMP mouse model of human prostate cancer

The use of mouse models of prostate cancer is of great importance for the investigation
of molecular mechanisms of carcinogenesis and of the effect of therapeutic or
preventive agents on it. Autochthonous mouse models of prostate cancer are able to
mimic interactions between cellular, tissue and hormonal compartments that constitute a
complex organ system.

In 1994 the first transgenic mouse strain with susceptibility to prostate cancer was
created. The so called TAg mouse model carries a recombinant gene expressing the
early region of the simian virus 40 (SV40) large tumour antigen (TAg) using the 5°-
flanking region of the rat prostatic steroid binding protein [C3(1)] gene as promoter.
Female animals of this strain develop mammary adenocarcinoma (Maroulakou ef al.,
1994).

The TRAMP (TRansgenic Adenocarcinoma of the Mouse Prostate) (Greenberg et al.,
1995) and so called Lady (Kasper et al., 1998; Masumori et al., 2001) transgenic mouse
strains also use the prostate specific expression of this viral oncogene. While the
TRAMP mouse expresses both the large T and small t-antigen, Lady transgenic mice
only express the SV40 large T- antigen (Roy-Burman et al., 2004).

The TRAMP mouse model of prostate cancer was introduced by Greenberg ef al. in
1995. The regulatory elements of the rat probasin (rPB)-encoding gene is the promoter
of this transgenic system leading to a prostate specific gene expression (Greenberg et
al., 1995).

The simian virus 40 (SV40) early-region tumour antigens are able to induce
transformation in vivo. The SV40 large tumour T antigen (TAg) is an oncoprotein
which interacts with the retinoblastoma (Rb) and p53 tumour-suppressor gene products,

whereas the small t tumour antigen interacts with a protein phosphatase (Greenberg et
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al., 1995). It has been shown that the loss of wild type p53 and Rb is implicated in the
development and progression of human prostate cancer (Bookstein et al., 1990; Isaacs
et al., 1991). Therefore, the direct expression of the SV40 tumour antigens in the
prostate is a logical step, creating an animal model which allows the investigation of
molecular steps between early prostatic intraepithelial neoplasia (PIN) and progressive
prostate cancer (Greenberg et al., 1995). This genetically engineered mouse model
facilitates the assessment of the efficacy of potential chemopreventive agents in a
relative short time. In order to assess results obtained from studies with the TRAMP
model, knowledge of the similarities and dissimilarities between human and murine
prostate is absolutely vital.

There are major morphological and physiological differences between these species.
The human prostate is one compact anatomical structure located between the base of the
bladder and the rectum surrounding the proximal urethra, consisting of a central,

transitional and peripheral zone (figure 1.3).
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Figure 1.3 Schematic image of the normal adult human prostate (sagittal section);
adapted  from  “The  Visible @ Mouse @ PROJECT”  (available  from:

http://tvmouse.compmed.ucdavis.edu/prostate/)

The murine prostate on the other hand consists of four paired lobes situated around the
urethra: anterior (AP), dorsal (DP), lateral (LP) and ventral (VP) prostate. DP and LP
are often referred to as one structure (DLP) (figure 1.4). The DLP is considered to be
analogous to the peripheral zone (PZ) of the human prostate, where most carcinomas
arise. These anatomical differences between the murine and human prostate confound
the ability to draw conclusions about local invasiveness in human prostate cancer from

findings in mice.

15



Chapter 1

ductus deferens
seminal
vesicle

anterior
prostate
ventral prostate

lateral prostate dorsal prostate

Figure 1.4 Schematic image of the normal adult mouse prostate (lateral view); adapted
from “The Visible Mouse PROJECT” (available from:

http://tvmouse.compmed.ucdavis.edu/prostate/)

However, at the cellular and microanatomic levels there are greater resemblances
between the two species. Both human and murine epithelial prostate consist of basal,
secretory and neuroendocrine cells, although in different ratios. It is assumed that these
cells are responsible for the same physiological functions in both species. Ducts and
glands are part of both human and murine prostate, but the stroma is very different. In
human prostate it is a robust fibromuscular structure while it is only a very modest
component of the mouse prostate.

While humans are very prone to spontaneously develop benign or malignant prostate
pathology, especially with advanced age, this occurs rarely in mice, whereas the
hormone responsiveness of the prostate is innate to both species. The loss of functional
androgen receptors with progressing disease is a feature of prostate cancer in humans as

well as in TRAMP mice. The increased nuclear p53 protein levels in neoplastic cells in
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TRAMP mice mimics a feature often observed in high-grade human prostate cancer
(Greenberg et al., 1995).

The TRAMP transgenic mice develop prostatic intraepithelial hyperplasia by 10 weeks
of age, 12 weeks later nearly all prostatic glands are hyperplastic but invasive

adenocarcinoma can already be detected at 20 weeks of age (Greenberg ef al., 1995).

1.3.1 Chemoprevention by tea polyphenols in the TRAMP mouse model

Green tea polyphenols (GTP) have been the subject of numerous chemoprevention
studies in TRAMP mice. The landmark experiments were carried out by Gupta et al. In
these experiments, the transgenic mice were, from week 8 of age, given a 0.1% GTP
solution for 24 weeks. The control group received tap water. While 100% of the control
group developed fully malignant, palpable tumours with distant site metastases in nearly
all cases, tumour incidence and burden were significantly delayed in TRAMP mice on
GTP. The incidence of metastasis was reduced from 95% in water-fed group to 0% in
the GTP-fed TRAMP mice. Furthermore, the GTP fed animals showed a significant
increase in time of tumour-free survival (up to 50%) as well as in life expectancy in
general (68 weeks on average compared to 42 weeks for the control group). Observed
molecular changes were reduced expression of proliferating cell nuclear antigen
(PCNA), increased apoptosis and reduction of serum insulin-like growth factor-1 (IGF-
1) levels in conjunction with restoration of insulin-like growth factor binding protein 3
(IGFBP-3) levels (Gupta et al., 2001). Further investigations into the effects of GTP on
the IGF/IGFBP-3 signalling pathway suggested it plays a major role in GTP-mediated

chemoprevention in TRAMP mice (Adhami ef al., 2004).
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The same group postulated metastasis-associated protein SI00A4 (Mts 1) to be a
biomarker of chemoprevention. Feeding of a 0.1% GTP solution resulted in a marked
decrease in cancer progression which was associated with reduced mRNA and protein
expression of SI00A4 (Saleem et al., 2005).

Caporali ef al. and Scaltriti et al. have pointed out that only 80% of TRAMP mice are
sensitive to GTP prevention. Failure to respond to GTP was accompanied by
overexpression of histone H3 (H3) and growth arrest-specific gene 1 (Gas 1) plus
downregulation of clusterin (Clu) (Caporali ef al., 2004). An 8-gene signature, which
was found to be differentially expressed in human prostate cancer, could distinguish
between GTP-sensitive and GTP-insensitive TRAMP mice. In particular, lower levels
of Clu, and higher levels of ornithine decarboxylase antizyme (OAZ), H3 and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were found in non-responders
(Scaltriti et al., 2006).

The intervention with EGCG, the major catchin in green tea, was found to be efficient
in early rather than late stage carcinogenesis in the TRAMP mouse as determined by
histopathological assessment. The effect showed mainly in the ventral parts of the
prostate (Harper et al., 2007; Nyska et al., 2003). The EGCG-induced reduction of
proliferation observed after 5 weeks of treatment in animals of 12 weeks of age (Nyska
et al., 2003) was not matched by decreased 8-oxodG tissue levels as measured by
immunohistochemistry. However, after 13 weeks of treatment (at 20 weeks of age)
EGCG drastically reduced 8-0xodG in the prostate. The authors suggested additional
“non-antioxidant” anti-tumour effects for EGCG (Tam et al., 2006). A study from our
laboratory has shown that GTP are able to reduce the tissue levels of malondialdehyde-
deoxyguanosine (M;dG) in the TRAMP mouse prostate, a DNA adduct that is linked to

lipid peroxidation (Thorpe et al., 2007).
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In summary, GTPs have shown good chemopreventive efficacy in the TRAMP mouse

model of prostate cancer.

1.4 Relevant analytical platforms for biomarker discovery

The National Cancer Institute (NCI) defines a biomarker as a biological molecule found
in blood, other body fluids, or tissues that is a sign of a normal or abnormal process, or
of a condition or disease. A biomarker may be used to see how well the body responds
to a treatment for a disease or condition

(http://www.cancer.gov/dictionary/?searchTxt=biomarker).

In recent years non-hypothesis driven “omic” approaches have become increasingly
popular in the quest for new cancer biomarkers. The simultaneous measurements of as
many gene expressions (genomics), proteins (proteomics), peptides (peptidomics),
metabolites (metabonomics or metabolomics), lipids (lipidomics) etc. hold great
promise for the discovery of new biomarkers and affected pathways. Therefore, a
biomarker obtained from such studies is not restricted to a single molecule. It can also
be an array of markers such as gene expression fingerprints (Santin ef al., 2005),
combinations of up or down regulated mass to charge ratios (Willingale et al., 2006) or

metabolite profiles (Odunsi et al., 2005).

1.4.1 Metabonomic approaches in cancer research

“Metabonomics is the quantitative measurement of the multivariate metabolic
responses of multicellular systems to pathophysiological stimuli or genetic
modification. It is an approach to understanding global metabolic regulation of the

organism and its commensal and symbiotic partners” (Nicholson and Wilson, 2003).
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Metabonomics is often differentiated from metabolomics which can be defined as the
measurement of metabolite concentration and fluxes and secretions in cells and tissues
in which there is a direct connection between the genetic activity (gene expression) and
the metabolic activity itself (Nicholson and Wilson, 2003). The term metabolomics is
widely used in the field of plant functional genomics.

Throughout this thesis, research involving methods that investigate metabolic patterns

will be referred to as metabonomics.

The existence and abundance of metabolites present in biofluids and tissues is a result
of the activity of metabolic pathways. Although alterations in the concentrations or
activities of single enzymes (detected by proteomic approaches) mostly do not have an
extensive impact on metabolite concentration (detected by metabonomics), changes in
pathway activity will be detectable. The reason for this statement lies in the fact that the
control of a metabolic flux is spread across all enzymes participating in a metabolic
pathway (Griffin and Shockcor, 2004).

The up- and down-regulation of metabolic pathways is the body’s response to all kinds
of influences e.g. disease, medication, physiological processes and even diet. Metabolite
levels reflect the final outcome of multiple changes in the genome and proteome.
Therefore, the use of metabonomic approaches is a sophisticated way of investigating

the process of carcinogenesis and the effect of dietary chemoprevention.

1.4.1.1 "H-NMR based metabonomics in cancer research
'H nuclear magnetic resonance (NMR) spectroscopy is a technique widely used in
metabonomic research. It is based on the magnetic spin property of the 'H isotope. The

hydrogen nucleus spins about its own axis. Since it has a positive charge its motion
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builds up a weak local magnetic field (the so called magnetic moment). The orientation
of the magnetic field depends on the spin state of the nucleus.

When a sample is subjected to a single strong magnetic field (static field) the nuclei are
forced into a precession (referred to as Larmor precession) about the axis of the
magnetic field. The Larmor precession occurs at the Larmor frequency v and is directly
proportional to the applied magnetic field. It depends as well on the magnetogyric ratio
y (still often referred to as gyromagnetic ratio) which is a nuclide specific constant ('H,
’H, 1°C etc.) that indicates how “strongly magnetic” a nucleus is.

In the static magnetic field, the spin state where the nuclear magnetic field is aligned
with the external field (o state) has a lower energy than that spin state that gives rise to
an opposing field (B state). The net magnetisation of the sample is the result of an
excess of nuclei in the o state. The o state can be excited to the [ state by
electromagnetic radiation oscillating at the Lamor frequency. Protons of a molecule may
precess at different Lamor frequencies, caused by the distinct chemical environment in
which every proton is situated. A short (“hard”) radiofrequency pulse, which covers the
range of the proton Lamor frequencies, applied at an angle perpendicular to the static
magnetic field, results in excitement of the nuclear spins from the lower energy a state
to the higher energy P state. This can be conceived as rotation of the bulk magnetisation
into the orthogonal plane. The resulting oscillating and decaying current which is
induced in the receiver coil as the nuclear magnetisation precesses is detected as a
function of time and is Fourier transformed to a NMR spectrum. The frequency scale in
the spectrum is a relative scale which uses a reference substance, e.g. tetramethylsilane
(TMS). Strictly speaking, the chemical shift (8) is a dimensionless property but the units
of parts per million (ppm) are used. Peak intensities in the spectrum of a given

compound are proportional to the number of protons that give rise to the signal.
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Splitting of resonance lines (peaks) is the result of coupling between nuclear spins.
These “peak patterns” provide information about the structural properties of the analyte
(Harwood and Claridge, 1997). This basic depiction of NMR principle by no means
reflects the complex technology of modern NMR spectrometers.

Metabonomic profiling of serum has for example found successful application in the
detection of epithelial ovarian cancer (Odunsi ef al., 2005) and coronary heart disease
(Brindle et al., 2002). It has also been proven to be useful for the determination of
biochemical modifications in biofluids following dietary intervention (Solanky et al.,
2005; Solanky et al., 2003a; Solanky et al., 2003b).

Another technique, called high-resolution magic angle spinning (HRMAS) '"H NMR is
used to obtain high-resolution spectra from intact tissue samples. With this approach
both aqueous and lipid-soluble metabolites can be detected simultaneously. As the
samples are not subjected to extraction procedures, the risk for metabolite modifications
caused by the preparation method is eliminated. The analysis of intact prostatic tissue
by HRMAS 'H NMR for the assessment of prostate cancer is one example of its

successful application (Cheng ef al., 2005; Tomlins ef al., 1998).

1.4.1.2 LC-MS based metabonomics in cancer research

More recently, HPLC-MS (high performance liquid chromatography-MS) and UPLC-
MS (ultra performance liquid chromatography) methods have found application in the
field of metabonomics. The LC step prior to mass spectrometry is mostly performed on
a reversed-phase (RP) column, although hydrophilic interaction liquid chromatography
(HILIC) is gaining increasing popularity. The analyte flow from the column is directly

subjected to electrospray ionisation (ESI). The mass analyser is typically a time of flight
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(Tof) or quadrupole instrument. Ionisation occurs at atmospheric pressure and is
achieved by applying a potential difference of several kV between the capillary, which
conducts the eluent from the HPLC into the source and the counter electrode (0.3 — 2cm
distance). The coaxial injection of a warmed nitrogen gas flow produces an aerosol of
charged droplets. Subsequent desolvation and droplet rupture caused by repelling
coulombic forces (exceeding the cohesion forces as droplet shrinks) leaves gas phase
ions, or alternatively, desorption of ions from the droplet surface occurs. The exact
mechanism of ESI ionisation is still not fully understood. The formed gas phase ions are
conducted through focusing lenses with very small orifices into the low pressure
compartment of the mass spectrometer leading to a mass analyser, e.g. a quadrupole (de
Hoffmann and Stroobant, 2002).

Quadrupole mass analyzers consist of four parallel circular rods. The electric field
within the analyser is composed of direct current voltages and superimposed
radiofrequency (RF) voltages. Two diagonally opposite rods are regarded as one pair.
To one pair of rods a positive direct current voltage is applied while the other pair
receives a negative direct current voltage. The RF voltages are applied to each pair such
that they are 180° out of phase. The ions entering the quadrupole undergo oscillation. At
a given combination of RF and direct current voltages only those with a particular mass
to charge (m/z) ratio will experience a stable trajectory to reach the end of the
quadrupole and the detector. The RF voltages are constantly varied to allow m/z scans

across a defined range (de Hoffmann and Stroobant, 2002).

LC-MS based metabonomic approaches have been used in rodent toxicity studies (Lenz

et al., 2004a; Lenz et al., 2004b) and also as a tool to investigate normal physiological

variation (Plumb et al., 2003).
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As for metabonomics in general, the application of this technique to cancer research has
been up to now rather limited. Kind ez a/. used a combination of RP-UPLC-MS, HILIC-
HPLC-MS and GC-MS to mine the urinary metabolome for biomarkers of kidney
cancer (Kind et al., 2007).

In summary one can say that LC-MS is a promising tool for metabonomics. Direct
comparisons between NMR and LC-MS analysis has shown that both techniques gave
the same overall results, but the actual group-distinguishing markers were different
(Lenz et al., 2004a; Lenz et al., 2004b). These findings imply that both platforms are
suitable and complementary for metabonomic investigations. Therefore, using both

techniques for sample analysis has been recommended (Nicholson and Wilson, 2003).

1.4.2 Peptidomic approaches in cancer research

Peptidomics is defined as “the systematic, comprehensive analysis of native or
endogenous peptides in a biological sample at a defined time point and location
analyzed by multiplex assays” (Tammen et al., 2007).

The mining of biofluids such as plasma and urine for peptide biomarkers is justified by
the insight that malignancies are often connected with alterations in protease expression
or secretion. Changes in patterns of proteolytic products (peptides) may be more readily
identified than the proteases themselves (Villanueva et al., 2006).

Petricoin et al. (Petricoin et al., 2002a) first introduced the concept of using information
derived from serum protein patterns to diagnose ovarian cancer. Surface enhanced laser
desorption ionisation-time of flight (SELDI-Tof) mass spectrometry was used in

conjunction with pattern recognition software to diagnose women with ovarian cancer
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(Petricoin ef al., 2002a). The selectivity of the method was also shown by its ability to
differentiate between neoplastic and non-neoplastic ovarian disease.

SELDI-Tof mass spectrometry relies on affinity-based chromatographic separation of
proteins on the precoated surface of the target plate and is a variation of MALDI-Tof
mass spectrometry. SELDI chips are commercially available in a variety of different
matrices (sometimes referred to as baits) e.g. hydrophobic, ion exchange or metal
affinity (Hamdan and Righetti, 2005). The principle of ionisation in SELDI is matrix-
assisted laser desorption ionisation (MALDI): The compound is dissolved in a matrix
that has a strong absorption at the laser wavelength. This mixture is applied to a target
plate and, when crystallized, subjected to laser irradiation. Through the absorbed
energy, matrix molecules locally sublimate and entrain compound molecules in their
plume into the gas phase. One proposed mechanism of the actual molecule ionisation is
a proton transfer in the expanding plume. The mass to charge (m/z) ratio of the ion is
then calculated by a time of flight analyzer: The ion is accelerated by a determined
potential between source and detector. The time that the ion needs to fly a fixed distance
is measured (de Hoffmann and Stroobant, 2002). The obtained raw data are processed
using bioinformatic tools of data reduction and pattern recognition.

Adam et al. first reported the utility of this approach in prostate cancer research (Adam
et al., 2002). Using SELDI-MS of serum in combination with a decision tree
classification algorithm, the investigators could distinguish between healthy controls,
BPH and prostate cancer with high sensitivity and specificity. Several others studies
(Pan et al., 2006; Petricoin et al., 2002b; Qu et al., 2002), also using spectral patterns of
serum proteins, supported the possibility of a more accurate prostate cancer diagnosis
method than the measurement of prostate specific antigen. The method has also been

applied to assess the effect of vitamin E, selenium and lycopene on the serum
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peptidome of Lady mice, a transgenic mouse model for prostate cancer (Venkateswaran
et al., 2003).

However, the initial enthusiasm about SELDI-MS profiling as a diagnostic tool in
oncology has diminished (Skytt ef al., 2007), and questions have been raised concerning
the diagnostic potential and the reliability of protein profiles gained from SELDI-Tof
mass spectrometry (Baggerly et al., 2004; Check, 2004; Diamandis, 2003; Diamandis,
2004). Further investigation of this issue has shown that inter-laboratory reproducibility
of SELDI-Tof-MS profiling can be achieved (Semmes et al., 2005), but it has become
clear that consistency of protocols, procedures and instrument performance at all stages
of the experiment is crucial (Baggerly ef al, 2004; Semmes et al., 2005). These

prerequisites probably apply to any protein profiling technique.

A similar approach to investigate the peptide pattern in biological matrices is analysis
by MALDI-Tof mass spectrometry (MS) after extraction of the peptides in a separate
step. The application of this technique has some advantages. MALDI instruments are
capable of producing spectra with resolution in excess of 10,000, mass accuracy within
20ppm and sensitivity in the femtomolar range.

In 2004 Villanueva et al. validated MALDI-Tof mass spectrometry as a suitable method
for differential serum peptide profiling investigating the serum peptide pattern of
patients with brain tumours compared to healthy controls (Villanueva et al., 2004).
MALDI-Tof mass spectrometry has also been used to obtain peptide patterns for
diagnostic purposes in patients with asthma (Zhang er al., 2004), prostate cancer
(Mobley et al., 2004) and colorectal cancer (Seraglia et al., 2005). This technique was
also applied in a prostate cancer chemoprevention study to detect changes in serum

proteomic patterns before and after treatment (Kim ez al., 2005).
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SELDI-MS based profiling approaches have also been applied in investigations of
urinary peptidomic and proteomic patterns in medical research, including cancer
research (Clarke et al., 2003; Hampel et al., 2001; Rogers et al., 2003; Schaub et al.,
2004; Vlahou et al., 2001; Ye et al., 2006). Urine samples can be obtained non-
invasively in relatively high quantities, and therefore constitute an advantage over blood
and tissue specimens. The usefulness of urinary peptide patterns for prostate cancer
detection and biomarker development has been demonstrated by a study employing
capillary electrophoresis online coupled to a mass spectrometer (Theodorescu et al.,
2005). M’Koma et al. have shown that MALDI-MS based profiling is a suitable
analytical platform to distinguish and investigate the urinary peptidomic patterns of men

with normal prostate, BPH, HGPIN and prostate cancer (M'Koma et al., 2007).

1.4.3 Data analysis for global profiling approaches

All global profiling approaches have in common a requirement for multivariate
statistical analysis for data evaluation, as the sheer number of acquired data points
prohibits evaluation by conventional statistics. Pattern recognition methods of an
unsupervised or supervised nature allow the determination of inherent and group
specific variation in the data set and the identification of responsible signals as well as
dimensional reduction for easy visual evaluation of separation trends, similarities or
outliers.

Principal Component Analysis (PCA) is an unsupervised pattern recognition method
which finds lines, planes and hyperplanes (principal components) in a multidimensional
data space. Each variable (e.g. a certain m/z value) represents one dimension of that

data space while each observation (=sample) is a point in that data space. The first
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principle component will describe the largest variation within the data and each
successive principal component describes the greatest possible portion of the remaining
variation, whereby all prinicipal components are orthogonal to each other and therefore
independent from each other. Usually, most of the variation within a certain data set is
described by the first few principal components which allow a good overview. The
principal components can be plotted either as loadings or scores. In the latter, each
sample is represented by a point in the coordinate system of the principal components,
which are the newly created variables of the data space. In the loadings plot the points
represent variables. The position of each variable in the loadings plot reflects the way in
which the original variables are linearly combined to form the principal components.
The location of a variable in a loadings plot indicates the weight in determining the
position of a sample, or sample group, in the corresponding scores plot. In other words,
the loadings plot allows for the identification of m/z values or spectral regions which
are responsible for the separation observed in the scores plot (Eriksson et al., 2001;
Lindon et al., 2007).

Partial Least Squares-Discriminate Analysis (PLS-DA) is a supervised pattern
recognition method which maximises the separation between samples according to
group affiliation. The scores and loadings plots of the calculated PLS components can
be interpreted in the same way as described for PCA. PLS-DA is a useful tool to
identify group-specific differences in data sets which are overlaid by a larger variation
of a group-unspecific nature, and would therefore not show up in PCA (Eriksson et al.,

2001; Lindon et al., 2007).
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1.5 Urinary 8-o0x0-7,8-dihydro-2’-deoxyguanosine (8-oxodG) as a biomarker of
oxidative stress status

8-Ox0dG is formed by the hydroxylation of the C-8 position of guanine (Kasai, 1997)
by reaction with reactive oxygen species (ROS) such as the superoxide radical (O;),
singlet oxygen ('0,), hydrogen peroxide (H,0-) and the hydroxyl radical (OH). 'O, and
‘OH are the only ROS capable of directly damaging DNA, and H,O, and O™ act as
precursors (Halliwell and Cross, 1994; Halliwell and Gutteridge, 1984). The sources of
ROS are endogenous, e.g. mitochondrial metabolism and inflammatory responses, or
exogenous exposure to ionizing radiation or chemicals such as methylene blue. Aging
and diseases like cancer, diabetes and rheumatism, all involving inflammation, have
been linked to ROS (Ames et al., 1993; Evans et al., 2004; Loft and Poulsen, 1996; Wu
et al., 2004). 8-OxodG can lead to chromosomal aberrations and the induction of
mutations, which mainly involve GC to TA transversions (Grollman and Moriya, 1993;
Joenje, 1989).

The detection of 8-0xodG in urine of humans and rodents, which was first described in
1989 by Shigenaga et al., represented the possibility of non-invasive analysis of a
biomarker for the determination of oxidative DNA damage (Shigenaga et al., 1989).
The potential sources of 8-0xodG in urine are diet, cell death/turnover, DNA repair and
the nucleotide pool (Cooke et al.,, 2002). The contribution of diet and cell death /
turnover to the presence of 8-0xodG in urine appears to be minimal (Cooke et al.,
2005). Recent evidence suggests that the occurrence of 8-0xodG in urine results from
nucleotide excision repair (NER) of cellular DNA or from the action of nudix
hydrolases on the nucleotide pool (Haghdoost et al, 2006; Jaiswal et al., 1998;
Nakabeppu et al., 2006; Reardon et al., 1997; Tsuzuki et al., 2001). The repair of 8-

0x0dG in cellular DNA by N-glycosylases has been well characterised resulting in the
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cleavage of the glycosidic bond and formation of 8-oxoguanine. 8-Oxoguanine DNA
glycosylase 1 (OGG1) is the major enzyme involved in the removal of 8-oxoguanine
from cellular DNA and excretion into urine (Boiteux and Radicella, 1999; Croteau and
Bohr, 1997). The repair of bulky lesions (adducts) by NER has been well defined
(Friedberg, 2001), however there is also evidence that NER may repair 8-oxodG present
in cellular DNA which is excised as a single stranded oligomer and further metabolised
by endonucleases to yield 8-0xodG (Reardon et al., 1997).

The function of nudix hydrolases is to prevent the incorporation of oxidatively damaged
nucleotides present in the nucleotide pool into newly synthesised cellular DNA. The
enzyme NUDTI1 (MutT homologue, MTHI), which has 8-oxo-2'-deoxyguanosine
triphosphatase activity, catalyses the hydrolysis of 8-o0xo0-2'-deoxyguanosine
triphosphate to 8-oxo0-2'-deoxyguanosine monophosphate (8-oxodGMP) (Hayakawa et
al., 1995). The 8-oxodGMP may then be further metabolised by nucleotidases to yield
8-0x0dG, which is excreted into the urine.

The enzyme 8-oxodG-endonuclease has also been described to catalyse the
simultaneous cleavage of the phosphodiester bonds on either side of the 8-oxodG
residue in DNA, resulting in the generation of 8-oxodG diphosphate (8-oxodGDP),
which can potentially undergo further metabolism by nucleotidases to 8-oxodG. The
contribution of this pathway to the presence of 8-0xodG in urine has not yet been
clarified (Bessho et al., 1993).

Figure 1.5 provides a summary of the possible mechanisms/pathways that can lead to
the excretion of 8-0xodG into the urine originating from both nuclear and mitochondrial

DNA in cells.
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Figure 1.5 Repair mechanisms that possibly contribute to 8-oxodG excreted in urine.

NER, nucleotide excision repair; NUDT1, nudix hydrolase

31



Chapter 1

1.6 Aims

At present serum prostate-specific antigen (PSA) is the only clinically approved non-
invasive marker for the diagnosis of prostate cancer and the assessment of success of its
treatment. PSA is a glycoprotein excreted by epithelial prostate cells. The fact that it is
prostate-specific but not prostate cancer-specific, gives rise to issues of low sensitivity
and specificity, especially in the case of values near the commonly used “normal”
baseline cut-off of 4ng/ml (Thompson and Ankerst, 2007). Measurement of serum PSA
in combination with digital rectal examination (DRE) is the standard in screening tests
for prostate cancer. On the one hand it has been reported that 15% of men with PSA
<4ng/ml and normal DRE have prostate cancer as determined by biopsy (Thompson et
al., 2003), on the other hand, the issue of over-detection has been raised. In the US,
where a screening program for prostate cancer has been established, the lifetime risk of
diagnosis is reported to be 18%, whereas the chance of death from prostate cancer is
only 3% (Thompson and Ankerst, 2007). Serum PSA is not a dichotomous biomarker,
and so far no convincing evidence has been provided that screening programs lower
prostate cancer mortality rates. This notion includes PSA related measures such as PSA
velocity, PSA density and percent free PSA (Lim and Sherin, 2008).

Biomarkers to aid early diagnosis and monitoring of response to chemotherapeutic or
chemopreventive intervention are urgently needed to improve prostate cancer

management in humans who have, or are at risk of developing, the disease.
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1.6.1 Main aim

The overall aim of this project was the evaluation of biomarkers of prostate

carcinogenesis and of the efficacy of chemopreventive intervention with GTP in the

TRAMP mouse model. To achieve this aim, non-hypothesis driven metabonomic and

peptidomic profiling approaches and measurement of urinary 8-oxodG levels, reflecting

oxidative stress status, were applied.

1.6.2 Specific objectives

L

IIL.

Metabolism in human prostate tumours greatly differs from that in normal tissue
(see section 1.1.3). The first aim of this work was to characterise the metabolic
profile of TRAMP mouse prostate tumours using 'H NMR analysis of aqueous
tissue extracts, as well as high resolution magic angle spinning '"H NMR analysis of
intact tissue. Significant changes were investigated further by genomic means such
as microarray and real time PCR analysis. All findings were correlated to general

histopathological analysis of prostate tissue.

The metabolic profiles of plasma and urine reflect influences on the organism, of
either an external (e.g. lifestyle, medication) or endogenous nature (e.g. age,
disease; see section 1.4.1). The second aim of this work was to search for changes
in the metabolic profile that are related to cancer progression and chemoprevention
by GTPs. The metabolic profiles of urine and plasma from TRAMP mice were
evaluated at early and late stages of their life and compared to age-matched wild
type controls. LC-MS and 'H NMR metabonomic platforms were used to achieve

this aim.
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III.

IV.

Differential patterns of plasma and urine peptides have been employed successfully
to distinguish patients with cancer from healthy individuals (see section 1.4.2). The
third aim of this work was to subject plasma and urine from TRAMP mice to
peptide analysis by MALDI-MS to detect changes relating to carcinogenesis and

GTP intervention.

8-Ox0dG 1is a marker for oxidative damage in blood and tissues (see section 1.5).
The hypothesis was tested that levels of urinary 8-oxodG reflect stages of
carcinogenesis in TRAMP mice and can serve as a biomarker for GTP
chemoprevention. 8-OxodG was measured using liquid chromatography — tandem

mass spectrometry (LC-MS/MS).

BPH, a common disease in men, is regarded as a precursor lesion for prostate
cancer (see section 1.1.2). The hypothesis was tested that changes in metabolite and
peptide patterns seen in TRAMP mice upon treatment with tea polyphenols
resemble those in humans. Urine and plasma samples from patients with BPH were
analysed by peptidomic and metabonomic means, and urinary levels of 8-oxodG

were determined prior and post treatment with GTP or BTT.

Figure 1.6 shows an overview of the studies undertaken for the work described in this

thesis.
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TRAMP mouse model (study is described in Chapter 4). B: Effect of tea constituents on
features of carcinogenesis in the TRAMP mouse model (described in Chapter 5). C:
Effect of tea constituents on patients with BPH (described in Chapter 6). BPH = benign

prostatic hyperplasia, GTP = green tea polyphenols, BTT = black tea theaflavins
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2. Materials and methods

2.1 Materials

2.1.1 General chemicals and Kkits

All chemicals and reagents were purchased from Sigma-Aldrich Company Ltd
(Gillingham, UK) and solvents from Fisher Scientific, Inc. (Loughborough, UK), unless

stated otherwise.

2.1.2 Animals

Mice were bred in the Leicester University Biomedical Services facility using female
hemizygous transgenic mice on a C57BL/6J background, originally obtained from the
NCI Mouse Repository (NCI Frederick, USA) and male wild type C57BL/6J mice.
Terminal anaesthesia was induced via inhalation of isoflurane (Isocare, Animalcare Ltd,

York, UK) 3% in 1m’/ min nitric oxide : 0.5m’/ min oxygen.

2.1.3 Animal diet

All animals were fed AIN93g standard diet (DYETS, Inc., USA).

2.1.4 Green Tea Polyphenols (GTP)

Greenselect was purchased from Indena S.p.A, Milan, Italy.
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2.1.5 Specimen collection

Li-Heparin micro tubes (1.3ml) and sterile 2ml, 5Sml and 15ml polypropylene screw top
tubes and were purchased from Sarstedt, Leicester, UK.

Li-Heparin BD vacutainer” tubes (2ml) were obtrained from Becton, Dickinson and

Co., Oxford, UK.

2.1.6 Muricholic acid (MCA) standards

a-, B- and w-MCA standards were purchased from Steraloids Inc., Newport, RI, USA
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2.2 Methods

2.2.1 Studies and tissue collection

2.2.1.1 Maintenance of C57BL/6J TRAMP mouse colony

Biomedical Services, University of Leicester, carried out the general animal husbandry.
The animals had unlimited access to AIN93g standard diet and water, unless stated
otherwise. Ear punching of each animal at approximately 3 weeks of age allowed
identification. The superfluous tissue was used for genotyping (see section 2.2.1.2).

All animal work was carried out under the Project Licence 40/2496 granted by the UK
Home Office. The University of Leicester Ethical Committee for Animal

Experimentation gave approval for all animal studies conducted.

2.2.1.2 Determination of genotype

Genotype determination was carried out by Sharon Platon and Stephanie Euden,
Department of Cancer Studies and Molecular Medicine, University of Leicester. The
presence of the transgene was detected in DNA extracted from ear punch tissue,
obtained during cage identification at weaning, using an allele-specific polymerase
chain reaction (PCR) assay published on The Jackson Laboratory website:

http://jaxmice.jax.org/pubcgi/protocols/protocols.sh?objtype=protocol&protocol_id=18

8

2.2.1.3 Study for method validation
Seven female C57BL/6]J mice were used. To reduce the number of experimental
animals employed, ex-breeders that were due to be culled were used. All mice were held

in metabolism cages for 16 hours under food deprivation. Urine was collected in tubes
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cooled with dry ice. Upon removal from the metabolism cages the animals were
returned to normal holding cages with unlimited access to diet and water for 24 hours
before being sacrificed. The blood was collected into BD vacutainer™ Li-heparin tubes

and placed on ice until further processed.

2.2.1.4 TRAMP - C57BL/6J wild type study

Each of 22 male TRAMP mice was paired with a C57BL/6J wild type control from the
same litter or from a litter with the same father. At 4 weeks of age the animals were
weaned and received AIN93g standard diet. At 8 weeks of age, 10 TRAMP mice and
their matched controls were held in metabolism cages over night for 16h under food
deprivation. Urine was collected in 15ml tubes at room temperature. Each tube
contained 10ul of a 0.1% Na-azide solution and 10ul of protease inhibitor cocktail for
mammalian tissue. Upon removal from the metabolism cages the animals were placed
back in normal cages with unlimited access to diet and water for 24h before being
sacrificed. Blood was collected by cardiac exsanguination into Sarstedt Li-heparin
micro tubes and placed on ice until further processed. Prostates were dissected with the
avoidance of seminal vesicles and weighed. One half was transferred to 2ml screw top
tubes and frozen in liquid nitrogen and the other half was preserved in neutral buffered

formalin for pathological analysis.

2.2.1.5 TRAMP GTP intervention study

Each of 44 male TRAMP mice was paired with a C57BL/6J wild type control from the
same litter or from a litter with the same father. At 4 weeks of age the animals were
weaned and received AIN93g standard diet, 22 TRAMP and 22 wild type mice received
drinking water supplemented with 0.05% (w/v) GTP. The GTP water was kept in black

drinking bottles to protect it from light and was freshly prepared three times per week.
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At 8 weeks of age 10 TRAMP mice and their matched controls, and at 29 weeks of age
the remaining animals, were held in metabolism cages for 16 hours under food
deprivation. Urine was collected in 15ml tubes cooled with dry ice. Upon removal from
the metabolism cages the animals were returned to normal holding cages with unlimited
access to diet and water for 24 hours before scarifice. The blood was collected into Li-
Heparin BD vacutainer” tubes and placed on ice until further processed. Prostates were
dissected avoiding the seminal vesicles and weighed. One half was transferred to 2ml
screw top tubes and frozen in liquid nitrogen. The other half was preserved for

pathological analysis.

2.2.1.6 Clinical tea polyphenol intervention study

The clinical pilot study was conducted by Dr James Thorpe, Department of Cancer
Studies and Molecular Medicine, University of Leicester. In total, 18 patients,
diagnosed with BPH, who required a prostate biopsy and a transurethral prostate
resection as part of their ordinary clinical care were enrolled in the trial. The men
received lg/day GTP, 1g/day BTT or no polyphenols, for four weeks prior to their
surgery. GTP polyphenols were encapsulated by Nova Laboratories, Leicester, UK.
The black tea theaflavin mixture capsules were obtained from Beverages GTC
(Unilever), Bedford, UK. For the work presented here plasma and spot urine samples
were used. Samples were collected at recruitment before treatment started and at the day
of surgery. Blood was collected into BD vacutainer® tubes. Urine was stored at -80°C
within 2h after collection. Patients were not required to follow any dietary restrictions

prior to or during the intervention period.
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2.2.1.7 Plasma
The blood (stored on ice immediately after collection) was centrifuged for 10min at
2000g and 4°C. The supernatant (plasma) was taken off, divided in aliquots for each

analysis and stored at -80°C.

2.2.1.8 Tissue and urine samples
The tissue was stored at -80°C. After collection urine samples were thawed and divided

into aliquots for each analysis prior to storage at -80°C.

2.2.1.9 Tissue processing and histology

The dissected tissues were fixed in 10% neutral buffered formalin. Further tissue
processing and generation of haematoxylin and eosin stained paraffin sections was
performed by Jennifer M. Edwards, MRC Toxicology Unit, Leicester.

The histological assessment was performed by Dr Peter Greaves, Department of Cancer

Studies and Molecular Medicine, University of Leicester.

2.2.2 Peptide profiling

2.2.2.1 Omix® peptide extraction

The samples were adjusted with 2.5% trifluoroacetic acid (TFA) to give a final
concentration of 1% TFA (10ul 2.5% TFA + 15ul plasma). The Omix" tips (Omix”
pipette tips C18, 10ul, Varian Inc., Walton-on-Thames, UK) were wetted twice with
50% acetonitrile in water. After repeated equilibration with 0.1% TFA the sample was
applied onto the Omix ™ tip by aspirating and re-dispensing it ten times. The tip was then
washed with 0.1% TFA twice and the peptides eluted with 50% acetonitrile in 0.1%

TFA. All steps were carried out using a pipette volume of 10ul.
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2.2.2.2 BOND ELUTE" peptide extraction

BOND ELUTE® C18 EWP, 100mg, 1ml columns (Varian Inc., Walton-on-Thames,
UK) were used for peptide extraction on a vacuum manifold maintained at a vacuum of
SmmHg. The columns were twice primed with 1ml of methanol and then twice washed
with 1ml HPLC grade water followed by a repeated wash with 1ml 0.1% TFA. Plasma
or urine samples (50ul) were diluted with Iml of 1% TFA and left on ice for 20min
before being applied to the column. After washing twice with 1ml of 0.1% TFA, two
subsequent elution steps with Iml of acetonitrile/1% TFA (60:40, v/v) and Iml of
acetonitrile/1% TFA (90:10, v/v) were carried out. After approximately 30min in the
centrifugal evaporator the reduced volume eluates were combined, freeze dried, and

reconstituted in 50pl of 0.1% TFA.

2.2.2.3 Strata"™-X peptide extraction

Strata"™-X columns (30mg/1ml, Phenomenex, Inc.) were used for peptide extraction on
a vacuum manifold maintained at a vacuum of SmmHg. Prior to extraction, each 50ul
sample (either plasma or urine) was acidified with 0.8l glacial acetic acid. The column
was washed with Iml methanol and equilibrated with Iml of 0.1% acetic acid before
the sample (50ul) was loaded onto the column. Following repeated washing with 1ml of
0.1% acetic acid, the peptides were eluted from the column with 1ml of 1% acetic acid
in water/acetonitrile (40:60, v/v). After approximately 30min reduction in the
centrifugal evaporator, the eluate was freeze dried, and reconstituted in 50ul of 0.1%
TFA. This extraction is an adaptation of the method published by Hortin ef al. (Hortin et

al., 2004).
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2.2.2.4 Oasis”® peptide extraction

Oasis® HLB cartridges, 1cc/30mg (Waters Ltd, Thermo Electron, Elstree, UK) were
used for peptide extraction on a vacuum manifold maintained at a vacuum of SmmHg
following the manufacturer’s guidelines for peptides (Waters, 2003). Plasma or urine
samples (50ul) were acidified with 50ul of 4% phosphoric acid. The column was
conditioned with Iml methanol and 1ml HPLC grade water before application of the
sample. After a wash step with 1ml of acetonitrile/0.1% TFA (10:90, v/v), the peptides
were eluted with acetonitrile/0.1% TFA (80:20, v/v). After approximately 30min
reduction in the centrifugal evaporator the eluate was freeze dried, and reconstituted in

50p1 of 0.1% TFA.

2.2.2.5 Microcon” filtration

The Microcon® YM-30 centrifugal filter device (30,000 molecular weight cut-off)
(Millipore Ltd, Watford, UK) was used, unless stated otherwise. For filter preparation
500ul HPLC grade water were centrifuged for 12min at 14,000g at 4°C twice. The
samples were centrifuged for 80min at 14,000g and 4°C. Plasma samples from all

studies underwent Microcon® filtration following Oasis® peptide extraction (section

2.2.2.4).

2.2.2.6 Precipitation method

The general principle of the method was obtained from a publication in the Millipore
Technical Library (Gutierrez et al., 2003). Plasma samples were diluted to 20% or 50%
acetonitrile and left on ice for 20min. 50ul of that mixture was spun through Microcon®™
filters as described in section 2.2.2.5, using 30,000 or 100,000 molecular weight cut-off

filters. The filtrates were freeze dried and reconstituted in HPLC grade water to the
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®

volume of the original plasma sample and extracted using the Omix™ method (see

section 2.2.2.1).

2.2.2.7 Albumin / IgG removal

Plasma samples were depleted of albumin and IgG using the ProteoExtract®
Albumin/IgG Removal Kit (Calbiochem®, Merck, Nottingham, UK). Plasma samples
(35ul) were mixed with 315ul binding buffer and processed according to the
manufacture’s instructions. The eluents were further extracted using the Omix” method

described in section 2.2.2.1.

2.2.2.8 MALDI-Tof mass spectrometry

The MALDI-Tof mass spectrometry was performed on a Q-Tof Ultima Global
instrument (Waters, Manchester, UK) operating in positive ionisation mode. a-cyano-4-
hydroxy-cinnamic acid dissolved in acetonitrile/methanol (50:50, v/v, 2mg/ml) was
used as matrix. Equal volumes of sample and matrix were mixed, 1pl of this mixture
spotted to each well (referred to as spots in the following text) of a MALDI target plate
(12x1 wells, Waters, Manchester, UK) and left to dry. For method development, four
spots were analysed for each sample. For the analysis of study samples the number of
spots analysed was increased to 8 for plasma samples from the TRAMP GTP
intervention study (see section 2.2.1.5) and to 12 for all other plasma and urine samples.
These adjustments were made to maximise the number of peaks detected in case the
laser power diminished over time. The m/z range was from 1000 to 10000. Each spot
was subjected to 100 laser ablations. The data were processed using Mass Lynx

software (Waters, Manchester, UK).
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2.2.2.9 Mathematical data processing of MALDI-MS data

Following the conversion of the raw data to text files, processing of the data was
performed by Dr Richard Willingale, Department of Physics and Astronomy, University
of Leicester as published previously (Willingale ez al., 2006). Briefly, the data obtained
from each individual spot were binned with Am/z = 1 resulting in 9000 bins per
analysis. Subsequently, spots for one sample were combined and the unresolved
background continuum was removed. Peaks were detected from the Gaussian smoothed,
summed spectrum over all individuals (samples) by detecting local maxima. Peaks were
integrated by summing bins left and right to the centroid point of the peak
corresponding to the full width at half maximum (FWHM). The significance of each
peak was estimated using Poisson counting statistics. A significance cut-off of 6<7 was
applied. Spectra of individual samples were then normalised using a set of stable and
ubiquitous peaks, characterised by a fractional relative mean square scatter s/S < 0.5
and a mean total count S between 50 and 6000. For human plasma the fractional scatter
was set to 6s/S < 0.4 and the total count to 100-10000. For human urine peaks in the
same total count range was used for normalisation but the fractional scatter was set to
os/S < 0.25. For further data analysis the peak lists were exported to SIMCA-P 11.5
(Umetrics, Umea, Sweden) and MatLab (Mathworks, Natick, MA, USA).

For comparison of extraction methods during method development the number of
significant peaks (c>5, detected as described above from the smoothed, summed
spectrum over all samples) and the number of significant bins (6>5, detected from the

unsmoothed, summed spectrum over all samples) was used.
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2.2.3 Urinary 8-oxodG

2.2.3.1 Synthesis of *N-labelled internal standard

The ['°Ns]8-0xodG stable isotope internal standard was synthesised as described
previously (Singh et al., 2003). In brief, 5mg [°Ns]deoxyguanosine (Spectra Stable
Isotopes, Columbia, MD, USA) were dissolved in 5.0ml HPLC grade water and 350pul
of freshly prepared 170mM ascorbic acid solution, 350ul of 20mM copper(Il)sulphate
and 250ul of 30% hydrogen peroxide were added. The reaction mixture was incubated
in the dark for 15min at room temperature, dried down using a centrifugal vacuum
evaporator and redissolved in 500ul HPLC grade water. The ["’Ns]8-oxodG was
purified by HPLC with UV detection (254nm) using a Hypersil C18 BDS column (250
x 10mm, Sum, Thermo Electron Corporation, Runcorn, UK). The flow rate was set to
3ml/min, solvent A was HPLC grade water and solvent B was methanol. Over 20min B
was increased from 2% to 15%, to 20% at 25min and returned to 2% at 30min. The
fractions corresponding to [°Ns]8-0xodG were collected and combined, evaporated to
dryness and reconstituted in HPLC grade water. The concentration was determined by

UV spectroscopy (293nm, extinction coefficient € = 10300).

2.2.3.2 Urine clean up method modified after Lin ef al.

The method described here is a modification of the SPE method published by Lin ez al.
(Lin et al., 2004). To 200ul of each urine sample 21ul 10% formic acid and 10pmol of
the internal standard ['°Ns]8-0xodG (1pmol/ ul) were added. The mixture was incubated
at 4°C for 1h and subsequently centrifuged at 10000g for 10min at 4°C. The supernatant
was diluted to 1ml with 20mM formic acid. The samples were subjected to SPE using
Oasis HLB columns (1 cc, 30 mg, Waters Ltd., Elstree UK) connected to a vacuum

manifold maintained at a vacuum of SmmHg (Phenomenex, Macclesfield, UK). After
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initiating the cartridge with 1ml methanol followed by Iml 20mM formic acid the
sample was applied. A wash step with 1ml 20mM formic acid was followed by elution
of 8-0x0dG from the column with 1ml of 17.5% methanol in 20mM formic acid. The
eluent was dried down in a centrifugal vacuum evaporator and reconstituted in 100ul

HPLC grade water.

2.2.3.3 Urine clean up method HLB I

A 200pul aliquot of each urine sample was diluted with 790ul of 0.1% TFA and spiked
with 10pmol of the stable isotope internal standard, ['°Ns]8-oxodG (lpmol/ul). The
urine samples were subjected to SPE using Oasis HLB columns (1 cc, 30 mg, Waters
Ltd., Elstree UK) connected to a vacuum manifold maintained at a vacuum of SmmHg
(Phenomenex, Macclesfield, UK). The columns were initially conditioned with 1ml of
methanol followed by Iml of 0.1% TFA. The urines samples (1ml) were then loaded
onto the columns and washed with Iml HPLC grade water. The 8-oxodG was eluted
from the columns with 1ml of acetonitrile/0.1% TFA (80:20, v/v), dried down using a

centrifugal vacuum evaporator and redissolved in 100pl of HPLC grade water.

2.2.3.4 Urine clean up method HLB 11

A 100ul aliquot of each urine sample (200ul for method testing) was diluted with 890ul
(790ul) of HPLC grade water and spiked with 10pmol of the stable isotope internal
standard, ['°Ns]8-oxodG (1pmol/ul). The urine samples were subjected to SPE using
Oasis HLB columns (1 cc, 30 mg, Waters Ltd., Elstree UK) connected to a vacuum
manifold maintained at a vacuum of SmmHg (Phenomenex, Macclesfield, UK). The
columns were initially conditioned with Iml of methanol followed by 1ml of HPLC

grade water. The urines samples (1ml) were then loaded onto the columns and washed
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with 1ml HPLC grade water. The 8-oxodG was eluted from the columns with 1ml of
acetonitrile/HPLC grade water (80:20, v/v), dried down using a centrifugal vacuum

evaporator and redissolved in 50ul (100ul) of HPLC grade water.

2.2.3.5 Determination of urinary 8-oxodG by HPLC-MS/MS

The LC-MS system consisted of a Waters Alliance 2695 separations module connected
to a Micromass Quattro Ultima Platinum (Waters-Micromass Ltd., Manchester, UK)
tandem quadrupole mass spectrometer with an electrospray interface. The temperature
of the electrospray source was maintained at 110 °C and the desolvation temperature at
350 °C. Nitrogen gas was used as the desolvation gas (approximately 650 I/h) and the
cone gas was set to 251/h. The capillary, cone and RF1 lens voltages and the collision
energy were optimized with a 8-0xodG tuning standard (10pmol/ul) dissolved in 0.1%
acetic acid in water/methanol (92:8, v/v) introduced by continuous infusion at a flow
rate of 10 uL/min with a Harvard model 22 syringe pump (Havard Apparatus Ltd.,
Edenbridge, UK). The dwell time was set to 200 ms and the resolution was two m/z
units at peak base. Selected reaction monitoring (SRM) analysis was performed for the
[M+H]" ion to oxidised base [B+H,]" transitions of 8-0xodG (m/z 284 to 168) and the
stable isotope internal standard ['°N5]8-0x0dG (m/z 289 to 173). A 10uL aliquot of the
purified sample was injected onto a HyPurity Cis, (3 um, 2.1 x 150 mm, Thermo
Electron Corporation, Runcorn, UK) column connected to a Uniguard HyPurity C;s (3
um, 2.1 x 10 mm) guard cartridge attached to a KrudKatcher disposable pre-column
(0.5 pm) filter. The column was eluted isocratically with 0.1% acetic acid in
water/methanol (92:8, v/v) at a flow rate of 120ul/min and then washed with 100%
methanol from 20 to 25 min before being finally re-equilibrated to starting condition for

20min. The level of 8-0xodG in each sample was determined from the ratio of the peak

49



Chapter 2

area of 8-0xodG to that of the internal standard [°Ns]8-0x0dG. The method described

here is adapted from Cooke et al. (Cooke et al., 2006a).

2.2.3.6 Determination of creatinine by Jaffé reaction

Creatinine concentrations in murine and human urine samples were determined using
the Creatinine FS kit (DiaSys Diagnostic Systems, Holzheim, Germany). The kit
consisted of a 160mM sodium hydroxide solution (R1), a 4mM picric acid solution
(R2) and 177uM creatinine standard. Human and mouse urine samples were diluted
with HPLC grade water 1:50 and 1:5, respectively. The sample, standard or water
(=blank) (50ul) was mixed with 1.0ml R1 and incubated for 2min at room temperature
before 250ul of R2 were added. After 60s incubation the absorbance A1 was measured
and after further 120s the absorbance A2 (492nm, Hitachi U-3010 spectrophotometer).

The level of creatinine in each sample was determined as shown in equation 2.1.

I AA = [(A2-Al) sample or standard] — [(A2-A1) blank]

IIa Creatinine [uM] = (AA sample / AA standard) x 177uM x 50

IIb  Creatinine [uM] = (AA sample / AA standard) x 177uM x 5

Equation 2.1 Calculation of creatinine concentration in human urine (I and Ila) and

mouse urine (I and IIb)
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2.2.3.7 Determination of creatinine by LC-MS/MS

Concentrations of [*Hs]creatinine (Cambridge Stable Isotope Laboratories, Andover,
MA, USA) and creatinine standards were determined by UV spectroscopy (235nm,
extinction coefficient € = 6900) (Rikitake ef al., 1979). Mouse and human urine samples
were diluted with HPLC grade water 1:1000 and 1:10000, respectively. The diluted
urine samples (100ul) were transferred to a new vial and 50pmol of [*H;]creatinine
stable isotope internal standard (Ipmol/ul dissolved in acetonitrile/water (2:98, v/v))
followed by 1ml ice-cold acetonitrile were added. After vortex mixing and
centrifugation for 15min at 14000g and 4°C, the supernatant was transferred to a new
vial and dried down using a centrifugal vacuum evaporator, reconstituted in 100ul

acetonitrile/water (2:98, v/v) and transferred to HPLC vials.

The LC-MS system consisted of a Waters Alliance 2695 separations module connected
to a Micromass Quattro Ultima Platinum (Waters-Micromass Ltd., Manchester, UK)
tandem quadrupole mass spectrometer with an electrospray interface. The temperature
of the electrospray source was maintained at 110 °C and the desolvation temperature at
350 °C. Nitrogen gas was used as the desolvation gas (approximately 6501/h) and the
cone gas was set to 251/h. The capillary, cone and RF1 lens voltages and the collision
energy were optimized with a creatinine tuning standard (20pmol/ul) dissolved in
water/acetonitrile (98:2, v/v) introduced by continuous infusion at a flow rate of 10
pl/min with a Havard model 22 syringe pump (Havard Apparatus Ltd., Edenbridge,
UK). The dwell time was set to 200 ms and the resolution was one m/z unit at peak
base. SRM analysis was performed for transitions m/z 114 to 86 and m/z 114 to 44 for
creatinine and m/z 117 to 89 and m/z 117 to 47 for [*Hs]creatinine. A 10pl aliquot of the
purified sample was injected onto a HyPurity C;s, (3 um, 2.1 x 150 mm, Thermo

Electron Corporation, Runcorn, UK) column connected to a Uniguard HyPurity C;s (3
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um, 2.1 x 10 mm) guard cartridge attached to a KrudKatcher disposable pre-column
(0.5 um) filter. Solvent A was 0.1% formic acid in 10mM ammonium acetate and
solvent B was 0.1% formic acid in acetonitrile. The flow rate was set to 120ul/min. B
was increased from 2% to 35% in 10min and returned to 2% at 10.1min. The column
was left to equilibrate for a further 10min. The level of creatinine in each sample was
determined from the ratio of the peak area of creatinine to that of the internal standard
[*H;]creatinine using the SRM transitions m/z 114 to 86 and m/z 117 to 89, respectively.

The result was multiplied by a response factor of 1.750 (see section 3.2.2).

2.2.3.8 Determination of specific gravity

Specific gravity in urine samples was determined using Reichert TS 400 refractometer

(Reichert Analytical Instruments, Depew, USA).

2.2.4 NMR-based metabolic profiling

2.2.4.1 Urine sample preparation for '"H NMR analysis

Each NMR sample was prepared by addition of 200ul phosphate buffer (40mM
NaH,PO4, 200mM Na,HPOj4, 0.36mM NaN3;, 1.4mM sodium 3-(trimethylsilyl-2,2,3,3-
2H4)-l-p1r0pionate (TSP) in 20:80 D,O:H,0) to 400ul human urine or a mixture of
150ul mouse urine and 250ul D,0. After vortex mixing the samples were centrifuged at
15000g for Smin at room temperature. A 550ul aliquot of the supernatant was
transferred to a NMR tube (GPE-S-5-400, length 175mm, GPE Limited, Leighton

Buzzard, UK).
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2.2.4.2 Plasma sample preparation for "H NMR analysis

A solution of saline containing 0.9% NaCl (w/v) dissolved in D,O/water (10:90, v/v)
was prepared. Mouse plasma (100ul) or human plasma (200ul) were mixed with 500ul
or 400ul of saline solution, respectively. After vortex mixing the samples were
centrifuged at 15000g for Smin at room temperature. A 550ul aliquot of the supernatant
was transferred to a NMR tube (GPE-S-5-400, length 175mm, GPE Limited, Leighton

Buzzard, UK).

2.2.4.3 Preparation of aqueous tissue extracts

The frozen tissue (20-40mg) was homogenized in 300ul of a mixture of chloroform and
methanol (2:1, v/v). After the addition of 30pul HPLC grade water and further mixing,
the homogenate was centrifuged for 5min at 15000g and room temperature. The
aqueous and organic phases were separated, and the tissue pellet was re-extracted. Both
aqueous phases were combined, freeze dried and re-dissolved in 575ul of phosphate
buffer (D,O with 8mM NaH,PO4, 40mM Na,HPO,, 1.4mM TSP, 0.58mM sodium
azide, 5% H,0). Following vortex mixing the samples were centrifuged at 15000g for
Smin at room temperature. A 550ul aliquot of the supernatant was transferred to a NMR

tube (GPE-S-5-400, length 175mm, GPE Limited, Leighton Buzzard, UK).

2.2.4.4 Tissue preparation for HRMAS '"H NMR analysis
Intact tissue samples (30-50 mg) of prostate or prostate tumour from three TRAMP and
five wild type mice (28 weeks of age) were used. Tissues were defrosted immediately

before analysis, dipped in D,O and placed into a 3 mm zirconium rotor.
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2.2.4.5 NMR data acquisition and processing

'H NMR spectra of aqueous extracts, intact tissue, urine and plasma were acquired
using a Bruker DRX600 spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany)
operating at a frequency of 600.13 MHz and a temperature of 300 K. Tissue extracts
and urine samples were analysed using a 1-D NOESY (Nuclear Overhauser Effect
Spectroscopy) pulse sequence (RD-90°-t;-90°-1,-90° aquire) with t; = 3us and 1, =
100ms. Intact tissue and plasma samples were analysed using a CPMG (Carr-Purcell-
Meiboom-Gill) pulse frequency (RD-90°-{ t-180°-t},-aquire) with n = 250 and t =
400us. For HRMAS analysis a Magic Angle Spinning probe with a rotation speed of
SkHz was used. For all spectra, 128 free induction decays (FIDs) were collected into 32
K complex data points, using a spectral width of 12,019 Hz and a 2 s relaxation delay
(RD) between pulses. A water presaturation pulse was applied throughout the RD. All
FIDs were zero filled by a factor of 2 and multiplied by an exponential weighting
function equivalent to a line broadening of 1 Hz prior to Fourier transformation
(XWINNMR, Bruker). All subsequent data processing and analysis was conducted
using in-house software developed in MATLAB (Mathworks) written and compiled by
Drs TMD Ebbels, HC Keun, JT Pearce and O Cloarec (Imperial College, London). The
acquired spectra were corrected for phase and baseline distortions and referenced
internally to the anomeric proton signal of a-glucose at & 5.23 (plasma and intactissue)
or to TSP at 6 0 (urine and tissue extracts). Spectra were interpolated to a common ppm

scale from 32K to 42K data points prior to visualisation and integration.
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2.2.4.6 Spectral integration and statistical analyses

Visualisation, normalisation and integration of NMR spectra were performed in MatLab
(Mathworks, Natick, MA, USA). The same normalisation method was applied to
spectra obtained for tissue extract, urine and plasma samples. Spectra of all groups were
averaged to generate an overall median spectrum (reference spectrum). Each individual
spectrum was then divided by the reference spectrum to obtain the fold change for each
spectral data point. The median of these fold changes was used to normalise each
individual spectrum (Dieterle et al., 2006). HRMAS 'H NMR spectra were normalised
to creatine (singlet at 3.04ppm).

For PCA and PLS-DA analysis data were exported to SIMCA-P 11.5 (Umetrics, Umea,
Sweden) following binning with Appm = 0.01. Prior to PCA and PLS-DA analysis data

were mean centred and scaled to unit variance.

2.2.5 Immunohistochemical analysis for ChK

Formalin-fixed, paraffin sections (5um) of prostate and a lymph node metastasis were
de-waxed in xylene and taken to water through descending concentrations of industrial
methylated spirit. They were then placed in 0.01M citrate buffer (pH 6.0) and
microwaved (20min, 700 W). Sections were placed in distilled water, and endogenous
peroxidase activity was blocked with 3% H,O, in water (v/v) (20 min). ChK was
detected using polyclonal antibodies for murine ChK-a and ChK-p (Aoyama et al.,
2002) at a dilution of 1:800. For control staining normal rabbit serum lacking ChK
reactivity was used. The primary antibodies were applied to sections and incubated at

room temperature (3 h). Detection was by the DAKO Duet detection system (DAKO,
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Ely, UK) using 3,3’-diaminobenzidine for visualization. Sections were counterstained

with haematoxylin prior to dehydration and mounting.

2.2.6 RNA extraction from prostate tissue

Total RNA was extracted from prostate tumours obtained from four TRAMP mice, a
lymph node metastasis from one TRAMP mouse and normal prostates from two
C57BL/6J wild-type mice, all 28 weeks of age. In the case of three tumors and both
normal prostates, tissue was taken from two different sites, yielding seven tumour and
four normal samples in total. Tissue (40-60 mg) was homogenised in 1ml TRI reagent
for 40s and incubated at room temperature for Smin. Following the addition of 200ul of
1-bromo-3-chloropropane the mixture was vortex mixed, incubated at room temperature
for 2min and centrifuged for 15min at 12000g and 4°C. The upper aqueous layer was
transferred to a new tube and 600ul isopropanol were added. The mixture was incubated
at room temperature for 10min and centrifuged at 12000g and 4°C for 10min. The
supernatant was removed and the RNA pellet washed with 2ml ice-cold ethanol/water
(75:25, v/v) and centrifuged at 12000g and 4°C for 5min prior to removal of the
supernatant. The wash step was repeated and the RNA pellet was re-dissolved in 25ul
DEPC-treated water (diethylpyrocarbonate; 0.1%, v/v). RNA was used for Real Time

PCR and microarray analysis.
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2.2.7 Real Time PCR analysis

Primers were designed to cross exon-exon boundaries to eliminate the detection of any
contaminating genomic DNA using Primer Express software v2.0 (Applied Biosystems,
Warrington, UK). Total RNA (500 ng) was reverse-transcribed using Superscript IIT RT
(Invitrogen, Paisley, UK). The resulting ¢cDNA product was amplified with SYBR
Green Mastermix (Applied Biosystems, Warrington, UK) using an ABI PRISM 7700
RT-PCR Sequence Detection System (Applied Biosystems) and the following
optimized primers: 900nM forward primer and 900nM reverse primer for ChK-a or
ChK-B and 900nM and 300nM of forward and reverse primer for B-actin, respectively.
The sequences (forward primer/reverse primer) were
CTCCCTGCCAGACTCCATAGC / CTCATCTTTAAGATTGCCCCATAGAG for
ChK-o and CTAGGGCCCCAGCTTTACG / CCGGCTTGGGAGGTACTGT for ChK-
B. Expression levels were normalized to those of B-actin. Relative quantification of ChK
gene expression was performed with the comparative cycle threshold method (Applied
Biosystems, User Bulletin no 2, 1997). The mean expression level of ChK-a or ChK-3

in normal prostate samples was used as calibrator.

2.2.8 Microarray analysis

cDNA microarrays were made on aldehyde slides (Genetix, New Milton, UK) using a
Stanford type microarray spotter. Targets were the MEEBO set designed in the
laboratory of Alizadeh (http://alizadehlab.stanford.edu/) and obtained from Invitrogen
(Paisley, UK). Targets were printed from a 10uM solution in 1.5M Betaine/3 X SSC
(Saline - Sodium Citrate; 450mM NaCl, 45mM Na-citrate, pH 7.0). After printing

microarrays were processed according to the manufacturer’s (Invitrogen) instructions.
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RNA (10pg) was labelled using an indirect technique of incorporation of aminoallyl-
dUTP (Ambion, Warrington, UK) in the reverse transcription reactions, which were
primed using both a locked oligodT,s primer and pentadecamers. Superscript III
(Invitrogen) was used to generate cDNA. After synthesis of labelled cDNA, it was
coupled to the Alexa 555 or 647 dyes (Invitrogen). Labelling efficiency was checked
using a Nanodrop spectrophotometer. Each experimental sample was hybridised against
a common reference, which was a mixture of all samples. Hybridization was performed
under coverslips in a humidified chamber (Genetix, New Hamilton, UK) at 42°C in a
hybridisation buffer, which contained 50 % deionized formamide. After hybridisation
overnight, microarrays were washed to a stringency of 0.05 X SSC (7.5mM NacCl,
0.75mM Na-citrate, pH 7.0) before drying by centrifugation and scanning using an
Axon 4200A scanner and GenePix 5.10.19 (Molecular Devices Coop, Sunnyvale, CA,
USA). Data was acquired from the image using GenePix. Data was processed using

NorTT and statistical methods published previously (Zhang and Gant, 2004).

2.2.9 HPLC-MS based metabolic profiling

2.2.9.1 Urine sample preparation

Urine (20ul) was mixed with 80ul of 0.1% formic acid and transferred to HPLC vials.
Prior to analysis the HPLC vials were centrifuged at 3000 rpm for 3min (centrifuge:
Sorval RT 7 plus). A quality control (QC) sample was obtained by mixing equal

amounts of each sample.
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2.2.9.2 Plasma sample preparation

Each plasma sample (50ul) was transferred to a reaction tube and mixed with 250ul ice-
cold acetonitrile. After brief vortex mixing the tubes were centrifuged at 14000 rpm for
15min (Centrifuge 5417C, Eppendorf). The supernatant (200ul) was transferred to a
glass tube and blown to dryness under a stream of nitrogen for 15min at 40°C
(TurboVap LV Evaporator, Zymark). The samples were redissolved in 100pul of 0.1%

formic acid/acetonitrile (90:10, v/v). The QC sample was treated in the same way.

2.2.9.3 HPLC-MS analysis of urine and plasma (10min gradient)

HPLC was performed using a CTC HTC PAL autosampler (CTC analytics) and two
series 200 Micro pumps (PerkinElmer). A 2.1 x 100mm Symmetry C18 column,
particle size 3.5um, was maintained at 30°C. The flow rate was set to 0.4ml/min.
Samples were maintained at 4°C in the auto sampler. The injection volume was 10pul.
Elution solvents were A: 0.1% formic acid in water and B: 0.1% formic acid in
acetonitrile. Initial conditions were 100% A for 0.5 minutes. This then changed to 20%
B at 4 minutes and 95% B at 8 minutes. The mobile phase remained at 95% B for 1min
before returning to the starting conditions. Mass spectrometry was performed using a
4000 Q TRAP instrument (AB Sciex Instruments, Toronto, Canada) operating in
enhanced mass spectrometry scan mode, set either to positive or negative ionisation
mode. The mass range was set 100 — 1000m/z. The electrospray source temperature was
350°C. The cone voltage was set to -4500V in negative ionisation mode and 5500V in
positive ionisation mode. The ion trap was set to dynamic fill mode. The scan rate was
1000 amu/s with a step size of 0.08 amu. Instrument operation and data processing was
performed with Analyst software version 1.4.1 (AB Sciex Instruments, Toronto,

Canada).
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2.2.9.4 HPLC-MS analysis of plasma (30min gradient)

The same HPLC-MS system, including the same column, as described in section 2.2.9.3
was used. Samples were maintained at 4°C in the auto sampler. The injection volume
was 10ul. The flow rate was 0.2ml/min and the column was maintained at 30°C.
Solvents were A: 0.1% formic acid and B: 0.1% formic acid in acetonitrile. B was
increased from 0 to 95% with a linear gradient over 30min and held at 95% for 2min.
Subsequently, two cycles of washing that switched from 100% A to 95% B after 0.2min
were applied, before the column was left to equilibrate at 100% A until 35min. The
mass spectrometer was operating in enhanced mass spectrometry scan mode, set either
to positive or negative ionisation mode. The mass range was set 100 — 1000m/z. The
electrospray source temperature was 350°C. The cone voltage was set to -4000V in
negative ionisation mode and 5500V in positive ionisation mode. The ion trap was set to

dynamic fill mode. The scan rate was 1000 amu/s with a step size of 0.08 amu.

2.2.9.5 Peak finding, integration and statistical analyses

For data reduction and peak finding, the raw data were exported to MarkerView ™
software Version 1.1.0.3 (Applied Biosystems, Toronto, Canada). The method by which
peaks were detected and integrated has been described previously (Sangster et al.,
2007). For the analyses described here the subtraction offset was set to 10 scans
multiplied by a factor of 1.3. The noise threshold was 10000 counts per second and the
minimum peak width 0.25amu. The retention time peak width was set to be between 2
and 60 scans. Peak alignment parameters were 0.1min retention time and lamu mass
tolerance. Peaks were integrated from the raw data. For PCA and PLS-DA analysis peak
list were exported to SIMCA-P 11.5 (Umetrics, Umea, Sweden). Prior to PCA and PLS-

DA analysis data were mean centred and Pareto scaled.
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2.2.9.6 SPE method for purification of unknown compound

A total of 100ul mouse urine (combined from three samples) was mixed with 900ul
0.1% formic acid and subjected to SPE using Oasis HLB columns (1 cc, 30 mg, Waters
Ltd., Elstree UK). Positive pressure was manually applied to the column via a syringe
with a rubber adaptor. The column was primed with Iml methanol and 1ml 0.1% formic
acid before the sample (Iml) was applied. The sample flow though and all subsequent
elutions were collected separately. Further elution steps were 20% acetonitrile in 0.1%
formic acid, increasing to 40%, 60%, 80%, and finally 100% acetonitrile. Fractions
were evaporated to dryness under a constant stream of nitrogen at 40°C. Each fraction

was redissolved in 200ul 0.1% formic acid prior to HPLC-MS analysis.

2.2.9.7 HPLC-MS analysis for identification of muricholic acids

The same HPLC-MS system, including the same column, as described in section 2.2.9.3
was used. Samples were maintained at 4°C in the auto sampler. The injection volume
was 10ul. The flow rate was 0.4ml/min and the column was maintained at 30°C.
Solvents were A: 0.1% formic acid and B: 0.1% formic acid in acetonitrile. The starting
condition was 100% A which were held for 0.5min. From 0.5 to 4.0min B was
increased to 20%, to reach 40% at 8.0min, 75% at 28min and 95% at 32.0min. After
1.0min at 95% B the gradient returned to starting conditions and was left to equilibrate
for a further 3min. The mass spectrometer was operated in enhanced mass spectrometry
scan mode, with negative ionisation mode. The mass range was set to 100 — 1000m/z.
The electrospray source temperature was 350°C. The cone voltage was set to -4500V.
The ion trap was set to dynamic fill mode. The scan rate was 1000amu/s with a step size

of 0.08amu.
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2.2.9.8 HPLC-MS method for comparison of fragment patterns of cholic acid
isomers

The HPLC-MS system, including the column, was identical to that described in section
2.2.9.3 and the HPLC gradient was as described in section 2.2.9.7. Samples were
maintained at 4°C in the auto sampler. The injection volume was 10ul. The mass
spectrometer was operating in enhanced product ion scan mode set to negative
ionisation mode. Production of the precursor ions m/z 453 (muricholic acids) or m/z
407 (cholic acid) were monitored using four different collision energies: -10V, -30V, -
60V and -80V. The electrospray source temperature was 350°C. The cone voltage was
set to -4500V. The ion trap was set to dynamic fill mode. The scan rate was 1000 amu/s

with a step size of 0.08 amu.
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3. Method development

The objective was to develop analytical methods for peptide profiling and urinary 8-
oxodG measurement which were suitable for murine samples. In the case of urinary 8-
0x0dG the limited amount of sample volume available from mice required adaptations
of existing methods. For peptide profiling two considerations were taken into account: 1)
The SPE extraction method needed to be suitable for plasma derived from blood
collection tubes containing Li-heparin, as samples were also analysed by NMR for
which only heparinised plasma can be used. i1) The method should be equally suitable
for human and murine samples in order to facilitate direct comparison of the two

species.

3.1 Peptide extraction for MALDI MS profiling

3.1.1 Peptide extraction method for plasma

The analysis of the plasma peptides was carried out using a MALDI-MS method that
has been described previously (Willingale et al., 2006), spanning a range from 1000 —
10000m/z. Preliminary extraction experiments were carried out with mouse plasma
provided by Dr Richard Verschoyle, Department of Cancer Studies and Molecular
Medicine, University of Leicester. Samples prepared with Omix® extraction tips (see
section 2.2.2.1) showed spectra with numerous peaks and good signal intensity (figure
3.1 A). However, in subsequent experiments carried out on human plasma the extraction
with Omix® pipette tips failed to yield any measurable signals (figure 3.1 B). This
failure was observed for plasma derived from blood collected into tubes containing
either Li-Heparin or EDTA. Sample pre-treatment such as protein precipitation with

acetonitrile (figure 3.2) as investigated by Gutierrez et al. (Gutierrez et al., 2003) (see
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section 2.2.2.6) or removal of Immunoglobulin G (IgG) and albumin with affinity
columns (see section 2.2.2.7.) did not lead to an improvement in the results. Omix®
pipette tips were not considered further for the extraction of peptides from plasma.
Although the reason for the failure of the Omix™ extraction method for human samples
i1s not known, the conditions of sample handling and storage could potentially have
contributed to the failure of the method. Sample degradation occurs relative quickly at
room temperature and therefore influences the peptide profile (Banks et al., 2005;
Findeisen et al., 2005). The mouse blood samples were stored at room temperature for a
few hours prior to centrifugation and long term storage was at -20°C, in contrast, the
human blood samples were immediately stored at 4°C and the plasma was stored at -
80°C. A lower degree of degradation might be a reason for the lack of success with
human plasma samples prepared with the Omix® extraction method.

Sample degradation is more readily controllable and easier to standardise with cooling
of the samples immediately after collection and long term storage at -80°C. Therefore,
the extraction method was optimized for samples collected in a way to minimise
degradation (see section 2.2.1.7). New mouse plasma samples were prepared according

to this protocol.
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Figure 3.1 MALDI MS spectra of (A) mouse and (B) human plasma extracted with

Omix" pipette tips.

Another issue encountered during method development was the occurrence of ion
patterns with mass differences of 44m/z between each ion (figure 3.2), indicative of the
presence of polyethylene glycol (PEG) in the sample (Thuermer ef al., 1998). This
effect seemed to be enhanced whenever acetonitrile was used in the sample preparation
(e.g. precipitation). Therefore, Eppendorfs and Sarstedt blood collection tubes
(microtubes®) containing 1ml of 50% acetonitrile were incubated for 24h then the
solution was analysed by MALDI mass spectrometry (see section 2.2.2.8). A series of
experiments identified the beads of the blood collection tubes as the source of the
contamination. The problem of PEG contamination in samples arising from blood
collection tubes has previously been reported in the literature (Weaver and Riley, 2006).
The protocol for future blood collection was altered to use BD vacutainer” tubes which

were shown not to contain PEG. However, for the first animal study, from which some
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animals had already been sacrificed, the use of Sarsted microtubes® was continued in

order to minimize any variation.

TOF MS LD+
1464 58

0 ! y y AL LWy L I m/z
1000 2000 3000 4000 5000 6000 7000 8000 9000

Figure 3.2 MALDI-MS spectrum of human plasma precipitated with 50% acetonitrile,
spun through 30,000 molecular weight cut-off Microcon® filter, and extracted with

Omix® pipette tips. The dominating ion pattern arose from PEG contamination.

The final step of method development involved the comparison of three extraction
methods from the literature: BOND ELUT®, Strata-X", and Oasis® (see sections 2.2.2.2
— 222.4). The effect of subsequent filtration with Microcon™ centrifugal filters
(molecular weight cut-off 30,000Da, see section 2.2.2.5), in order to remove abundant
high molecular weight proteins such as IgG and albumin, was also tested for each
method. Murine and human blood samples were collected into BD vacutainer™ tubes
and immediately placed on ice until centrifugation. Plasma samples were stored at -
80°C. All methods were tested in triplicate using aliquots of the same sample. Raw data
were evaluated as described in section 2.2.2.9. The quantity of peptides present in a

sample was assessed by using the number of significant peaks and bins (0>5). These
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values give an overview of the number of signals that can be evaluated present in the

spectrum. Means of these values were used for comparison (see table 3.1).

Table 3.1 Comparison of peptide extraction methods for plasma

extraction method

Human plasma

Oasis” HLB

Oasis® HLB + Micron® filter
BOND ELUTE"

BOND ELUTE® + Microcon” filter
Strata’ -X

Strata™-X + Microcon® filter
Murine plasma

Oasis” HLB

Oasis” HLB + Micron” filter
BOND ELUTE"

BOND ELUTE® + Microcon"” filter
Strata™-X

Strata™-X + Microcon® filter

number of
significant bins

(0>5)

988

730
15
565

25
1188

861
21
1215

number of

significant peaks

(0>5)

132

102

84

153

115
3
161

Values represent means of three analyses from aliquots of the same sample.

From the results shown above it is clear that size exclusion filtration is an essential step

for each method to improve the signal intensity for lower molecular weight species, on

which the applied method focuses. Figure 3.3 demonstrates the effect of filtration on the

spectrum.
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Figure 3.3 MALDI-MS spectra of mouse plasma extracted with Oasis® HLB cartridges

(A) with or (B) without subsequent Microcon” filtration.

For human plasma the Oasis® HLB method gave by far the most information rich
spectra, while Strata-X" was marginally superior for mouse plasma. As mentioned
above, it was necessary to choose a method that is suitable for plasma from both
species. Therefore, due to its clear advantages over the other methods for human

plasma, the Oasis® HLB method was chosen for all peptide extractions from plasma.
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3.1.2 Peptide extraction method for urine

As in the case of the plasma peptide extraction method an extraction method was
required that was suitable for urine samples of both human and murine origin, in order
to create a basis for comparability.

To minimise sample degradation mouse urine samples were collected over dry ice in
metabolism cages over night and then stored at -80°C. Human urine samples were
aliquoted and stored at -80°C immediately after collection. Oasis® HLB, BOND
ELUT®, and Strata-X® were compared using the same mathematical measures as
described above (section 3.1.1 and sections 2.2.2.2-2.2.2.4). All methods were tested in
triplicate using aliquots of the same sample. Preliminary results showed that additional
Microcon” filtration did not improve the signal intensity for urine samples. Table 3.2
shows the results of the mathematical comparison of the three extraction methods.
Consistent with the results for the plasma peptide extraction (see section 3.1.1), Oasis”
HLB extraction showed the best overall performance and was chosen for all future urine
peptide extractions. Figure 3.4 shows MALDI-MS spectra obtained from human and

mouse urine extracted using Oasis® HLB cartridges
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Table 3.2 Comparison of peptide extraction methods for urine

extraction method

Human urine
Oasis” HLB
BOND ELUTE"
Strata™-X
Murine urine
Oasis” HLB
BOND ELUTE"
Strata™-X

significant bins (0>5)

number of

382
377
284

779
601
696

number of

significant peaks (0>35)

52
63
46

109
88
102

Values represent means of three analyses from aliquots of the same sample.
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Figure 3.4 MALDI-MS spectra of human (A) and mouse (B) urine extracted with

Oasis® HLB cartridges.
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3.2 Measurement of urinary 8-oxodG

3.2.1 SPE of urine samples

The objective was to determine the concentration of 8-oxodG in mouse and human
urine samples. The LC-MS/MS method used for the quantification has been described
previously (Cooke et al., 2006a). However, the method required alterations due to the
limited volume available from the mice.

In order to investigate whether the determination of 8-oxodG was feasible using smaller
urine volumes, 200ul aliquots of a human urine sample were processed with different
SPE methods. For each method three aliquots were extracted and analysed in duplicates.
Firstly, the sample preparation method by Lin et al. (2004), which was also used by
Cooke et al. (2006a) was adjusted to use a smaller sample volume (see section 2.2.3.2).
Modifications of the Water Oasis® HLB guidelines for peptide extraction (Waters,
2003) were also tested (see sections 2.2.3.3 and 2.2.3.4). All three methods used Oasis®™
HLB columns (30mg). Other than the method by Lin et al. the HLB methods did not
involve acid incubation and centrifugation steps. The difference between the HLB I and
HLB II method is that HLB II uses non-acidified solvents while in HLB I all wash and
elution solvents contain 0.1% formic acid. None of the three methods tested showed any
major differences for the detected amount of 8-oxodG. However, the values for the peak
areas suggested that the HLB II method had a better recovery than the other two

methods (table 3.3).
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Table 3.3 Comparison of SPE methods for urine for the determination of 8-oxodG

extraction method peak area [counts]
s 8-ox0dG [pmol/ml]
8-oxodG [ "Ns]8-oxodG
mod. paper method 18833 (1560) 40419 (4440) 23.4(0.8)
HLB 1 17415 (2347) 37562 (4974) 23.2 (0.3)
HLB 11 25857 (2161) 55423 (4879) 23.3(0.6)

Values given are means from all 6 analyses; standard deviation in brackets.

Sample volumes were further reduced to 100ul for both murine and human urine and
the reconstitution volume was therefore changed to 50ul instead of 100ul. HLB II
showed significantly higher peak areas than the other two methods and was therefore
chosen for final validation. The recovery of 8-0xodG following SPE was 93 to 98% for
mouse urine and 94 to 104% for human urine as determined by the addition of 8-oxodG
standard ranging from 0.5 to 20pmol to 100ul aliquots of the same mouse urine sample
before or after SPE purification and the addition of 10pmol of [*Ns]8-0xodG following
SPE. Linearity for the detection of 8-oxodG was tested by plotting the 8-oxodG peak
area / [°Ns]8-oxodG peak area ratio against 8-oxodG standard ranging from 0 to
25pmol on column spiked into aliquots of the same mouse urine sample and subsequent
subjection to the entire analysis procedure. For both murine and human urine the
response was linear to the amount of added standard with correlation coefficients (R?)
of 0.9999 and 0.9994, respectively. The average coefficient of variation for the
determination of 8-0xodG was 2.2% in mouse urine and 4.6% in human urine, which
was obtained by the analysis of aliquots of the same urine sample five times. The limit
of detection for the analysis of 8-0xodG by LC-MS/MS was 5fmol on column (signal-

to-noise ratio, S/N = 3) for pure 8-0xodG standard and 10fmol in matrix (100ul of urine
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subjected to SPE) (S/N, = 4), for both human and mouse urine. Figure 3.5 and 3.6 show
typical chromatograms from human and mouse urine in the SRM channels of §8-oxodG

and [°N;s]8-0x0dG.

100- 284 to 168 SRM
A 8-oxodG 12.81

N

%

0.00 250 500 750 1000 1250 1500 1750  20.00 2250  25.00
o0, 12.80
15
B ['*N;]8-0x0dG 289 to 173 SRM
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Figure 3.5 Typical chromatogram obtained from human urine showing the SRM

channels for (A) 8-0xodG and (B) [’Ns]8-0x0dG.
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Figure 3.6 Typical chromatogram obtained from mouse urine showing the SRM

channels for (A) 8-0xodG and (B) [°’Ns]8-0x0dG.
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3.2.2 Determination of urinary creatinine by LC-MS/MS

Urinary creatinine is derived from phosphocreatine degradation in muscle tissue. It is
filtered through the glomeruli and is not reabsorbed by the tubules (Narayanan and
Appleton, 1980). It is frequently used as normalisation factor for endogenous and
exogenous substances measured in urine (Heavner ef al., 2006). The most commonly
used method to determine urinary creatine in the clinic is the Jaffé reaction with picric
acid in alkaline medium (Jaffé, 1886). However, this method has its limitations as it is
very sensitive to changes in experimental conditions such as temperature and pH. In
addition to that the assay suffers from cross reactivity with carbonyl compounds
(Narayanan and Appleton, 1980; Weber and Vanzanten, 1991).

For mouse urine samples a maximum of 50ul was available for the creatinine
measurement which was too little for the automated measurement in the clinic. The
manual determination of creatinine using a creatinine kit (see section 2.2.3.6) proved to
be very time consuming and the reliability was questionable, since the difference
between the replicate analyses was in some cases up to 50%. Therefore it was decided
to develop a method to determine creatinine by LC-MS/MS using SRM and a stable
isotope internal standard.

Creatinine can be measured using two different transitions in positive ionisation mode
mass spectrometry: 114 m/z to 86 m/z or 114 m/z to 44 m/z; with corresponding
transitions of 117 m/z to 89 m/z and 117 m/z to 47 m/z for the [*Hs]creatinine stable
isotope internal standard. Both SRM transitions have been employed previously for the
determination of creatinine by LC-MS/MS (Huskova et al., 2004; Takahashi et al.,
2007) and were therefore both investigated for their suitability.

The HPLC conditions are described in section 2.2.3.7. In brief, the acetonitrile was

increased from 2% to 35% over 10 min before returning to starting conditions. The
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column was then left to re-equilibrate for 10 min. The sample preparation (section
2.2.3.7) was a simple protein precipitation following dilution of 1:1000 for mouse urine
and 1:10000 for human urine since the creatinine concentration in human urine is
approximately ten times higher. A similar method of sample preparation has previously
been used by Takahashi ez al. (2007).

During method development an interfering contamination peak at the same retention
time as creatinine was observed in blank injections using HPLC grade water (figure
3.7). This contamination peak also persisted following the switch from laboratory
purified HPLC grade water to bottled HPLC grade water. Injections with acetonitrile
did not show any interfering peak, neither did 2% acetonitrile in water. It was therefore
decided to use 2% acetonitrile as solvent for standards and samples as well as for blank
injections. Another phenomenon observed was the persistence of the creatinine and
[*H;]creatinine peaks in blank injections after the first sample or standard injections.
This problem was solved by injecting a sample containing creatinine five times prior to
the analysis of study samples. Figures 3.8 and 3.9 show SRM chromatograms obtained

from murine and human urine, respectively.
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Figure 3.7 Chromatogram of interfering peaks obtained from blank water injections

showing the different SRM channels for creatinine and [*H;]creatinine.

The ionisation properties of deuterated compounds are different from natural isotope
containing compounds due to altered electronegativities of the covalent bonds (Haskins,
1982). The use of deuterated internal standards therefore requires the determination of a
response factor. To calculate this factor, mixtures of equal amounts of labelled and
unlabelled creatinine standard ranging from 0.5 to 10fmol on column, were injected
onto the mass spectrometer. The peak area of the [*Hs]creatinine was then divided by
the peak area of creatinine. For the 117 m/z to 89 m/z SRM transition the response
factor for [*Hs]creatinine was 0.854 and 1.750 in the 117 m/z to 47 m/z SRM transition.
Linearity for the detection of creatinine was tested by plotting the creatinine peak area /
[*H;]creatinine peak area ratio against creatinine standard ranging from 0 to 50pmol on
column spiked into aliquots of the same urine sample prior to sample extraction. For

mouse urine the correlation coefficients (R?) were 1.000 and 0.9999 for the 114 to 86
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m/z and 114 to 44 m/z SRM transitions, respectively. For human urine the correlation
coefficients (R?) were 0.9998 and 0.9996 for the 114 to 86 m/z and 114 to 44 m/z SRM
transitions, respectively. The average coefficient of variation (CV) was obtained by the
analysis of aliquots of the same urine sample five times. The CV for the 114 to 89 m/z
SRM transition was 1.8% in human and 4.9% in mouse urine and 1.0% and 4.7% for
114 to 44 m/z in human and mouse urine, respectively. For determination of creatinine
the 114 to 86 m/z SRM transition was used since it gave a higher response when

compared to the 114 to 44 m/z SRM transition.
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Figure 3.8 Typical chromatogram obtained from mouse urine showing the SRM

) .. ..
channels for ["H;]creatinine and creatinine.
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Figure 3.9 Typical chromatogram obtained from human urine showing the SRM
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4. Search for biochemical features of carcinogenesis in the TRAMP mouse model
of prostate cancer

It was the aim of this study (see section 2.2.1.4) to search for biomarkers related to the
process of carcinogenesis in the TRAMP mouse model of prostate cancer and to
elucidate further its mechanism. Age matched TRAMP and wild type mice were
sacrificed at an early and a late stage of carcinogenesis; 8 and 28 weeks of age,
respectively. In the following text the 8 week old mice are referred to as “young” and
the 28 week old as “old”. Urine, plasma and prostate tissue samples were collected as

described in sections 2.2.1.4 and 2.2.1.7 - 2.2.1.9.

4.1 Metabolic and pathological changes in prostate tissue of TRAMP mice

Metabolic changes accompanying human prostate carcinogenesis are already used in the
clinic as a diagnostic feature (see Chapter 1). It was the aim of this experiment to
compare the TRAMP mouse tumour metabolite profile to that in humans with prostate

cancer.

4.1.1 Histopathological changes in prostate tissue of TRAMP mice

Young TRAMP mice presented with small and scattered foci of hyperplasia
characterised by the presence of dense hyperchromatic epithelial cells. These were the
earliest proliferative lesions observed. Figure 4.1 A shows a photograph of prostate
tissue from an 8 week old TRAMP mouse with a hyperplastic focus. Glands in old
TRAMP mice were characterised by varying degrees of glandular hyperplasia and

atypical hyperplasia (prostatic intraepithelial neoplasia, PIN), carcinomas with
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microinvasion through to overtly invasive well-differentiated adenocarcinomas (figure
4.1 B) In a small proportion of the animals poorly differentiated carcinomas were found.

Wild type mice did not show any discernible malignant change at either time point.

with haematoxylin and eosin. Dark staining reflects elevated chromatin levels indicating

an above-average cell division rate. Note early focal zone of hyperplasia in A, and edge
of a large well differentiated carcinoma showing the disordered glandular structure and
tumour cells pushing through to the edge of the fibrous capsule at the periphery,

features of microinvasion in B. Bar: 100 um.

4.1.2 "H-NMR metabolic profiling of aqueous tissue extracts

The results described here are for a combination of aqueous tissue extracts from both
TRAMP studies (see sections 2.2.1.4 and 2.2.1.5); only water-fed animals from the
second study were included. Sample preparation, acquisition method and data handling
are described in sections 2.2.4.3, 2.2.4.5 and 2.2.4.6. Spectral assignments were made
with a combination of homonuclear COSY experiments (carried out by Dr Hector Keun,

Imperial College, London), literature (Bollard ez al., 2005; Nicholson et al., 1989), the
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BMRB database (http://www.bmrb.wisc.edu/) (Seavey et al., 1991) and advice from

Drs Hector Keun and Muireann Coen, Imperial College, London. Glycero-
phosphoinositol (GPI) was assigned by additional analysis of extracts by 'H-'P
correlation spectroscopy (HMQC) using a QXI probe and a Bruker Avance 800 MHz
spectrometer, carried out by Dr Hector Keun, and by comparison to spectra of
phosphoinositol standards and literature data (van der Rest et al., 2002).

Changes in metabolite levels were calculated from the medians and significance was

established using the Mann-Whitney U-test.

Figure 4.2 shows a representative 'H-NMR spectrum of an aqueous prostate tissue
extract from an old wild type mouse. Signals of citrate, choline, phosphocholine (PC),
glycero-phosphocholine (GPC), GPI, lactate, taurine, glucose, UDP-linked sugars
(UDPx), tyrosine, aspartate, glutamate, and alanine were integrated for comparative
quantitative evaluation.

In the young animal groups there were no significant differences in single metabolite
levels between transgenic and non-transgenic mice. In contrast, old TRAMP mice
presented with decreased levels of citrate, choline, PC, GPC, GPI, glucose and UDPx
by 49, 33, 57, 66, 61, 54 and 45%, respectively, as compared to normal prostate in age-
matched wild type mice. An increase was observed for taurine, tyrosine, alanine,
glutamate and aspartate by 27, 28, 18, 39 and 12%, respectively, in tumour tissue when
compared to wild type prostate. The difference was statistically significant only in the

case of aspartate. No group difference was observed in lactate tissue levels (table 4.1).
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Figure 4.2 Typical 'H-NMR spectrum of an aqueous prostate tissue extract from a 28

week old wild type mouse in the (A) aromatic and (B) aliphatic region.

Results very similar to those shown in Table 4.1 were obtained when metabolite levels

were normalised to creatine (singlet 3.04 ppm) (results not shown), which has been used

previously to normalise metabolite data in human studies (Swanson ef al., 2003). This

finding reflects the robustness of the results obtained.
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Table 4.1 Median relative metabolite peak areas in prostate tissues of 8§ week or 28

week old wild type or TRAMP mice

metabolite wild type
8 weeks
citrate 1.21x10°
(d 2.55ppm) (0.54x10° / 1.76x10°)
choline 1.13x10°
(s 3.20ppm) (0.32x10° / 2.72x10°)
PC 2.36x10°
(s 3.23ppm) (1.60x10° / 4.31x10%)
GPC 5.22x10°
(s 3.24ppm) (2.92x10° / 10.44x10°)
GPI 2.87x10°
(t4.247ppm) (2.30x10°/ 5.45x10°)
taurine 3.07x10°
(t 3.43ppm) (1.64x10° / 4.72x10°)
lactate 2.52x10°
(d 1.33ppm) (1.28x10°/ 4.61x10°)
glucose 0.84x10°
(d 5.23ppm) (0.45x10° / 1.88x10°)
tyrosine 3.82x10’
(d 6.90ppm) (2.54x107 / 5.33x10")
aspartate 1.78x10°
(d 2.82ppm) (1.17x10%/ 2.26x10°)
glutamate 7.91x10°
(td 2.36ppm) (5.84x10%/ 9.25x10°)
alanine 7.25x10°
(d 1.48ppm) (3.90x10°/ 8.99x10°)
UDP-sugars 0.59x10°
(d 7.96ppm) (0.07x10°/ 1.53x10°)
creatine 1.73x10°
(s 3.04ppm) (0.66x10° / 3.28x10°)

TRAMP
8 weeks

1.27x10°
(0.52x0° / 2.14x10°)
0.87x10°
(0.47x10° / 1.65x10°%)
3.44x10°
(1.53x10° / 4.87x10%)
6.34x10°
(1.34x10°/ 9.87x10°)
3.34x10°
(1.87x10° / 5.76x10°%)
3.03x10°
(1.37x10° / 4.16x10°%)
2.88x10°
(1.01x10° / 3.90x10°)
0.70x10°
(0.52x10° / 1.13x10°)
3.11x10’
(2.10x107 / 4.51x107)
1.71x10°
(1.42x10° 1 2.25x10%)
7.40x108
(5.44x10° 1 9.03x10°%)
6.07x10°
(3.28x10° / 8.36x10°%)
0.58x10°
(0.08x10° / 1.26x10%)
1.76x10°
(0.66x10° / 2.96x10°)

wild type TRAMP
28 weeks 28 weeks
1.72x10° % % 0.88x10°
(0.58x10°/2.61x10°)  (0.33x10°/ 1.61x10°%)
0.81x10°  *  0.54x10°
(0.57x10°/0.96x10%)  (0.13x10°/0.93x10°)
590x10° XX 253x10°
(2.62x10°/6.78x10%)  (0.39x10° / 6.44x10°)
8.02x10° % %k x 2.75x10°
(4.92x10°/ 11.23x10°)  (0.39x10° / 5.44x10°)
5.24x10° * %% 2.07x10°
(4.13x10°/5.80x10°%)  (1.16x10%/4.07x10°)
2.75x10° 3.50x10°
(1.87x10°/3.28x10%)  (1.40x10°/6.10x10°)
1.90x10° 1.96x10°
(1.44x10°/ 3.27x10°)  (1.08x10°/ 3.47x10°%)
0.83x10° % % % 0.38x10°
(0.60x18 / 1.22x10°%) (0.18x10° / 0.59x10°)
2.79x10’ 3.57x10’
(2.20x107 / 4.91x10")  (2.02x107 / 7.60x107)
1.80x10° 4  2.02x10°
(1.44x10°/1.93x10%)  (1.58x10%/ 3.63x10°%)
5.99x10° 8.32x10°
(4.81x108/7.19x10%)  (4.68x10°/ 12.73x10%)
4.16x10° 4.90x10°
(3.93x10%/6.03x10%)  (3.07x10%/ 7.15x10%)
0.63x10°  x  0.34x10°
(0.41x10°/ 1.51x10%  (0.14x10%/0.59x10%)
1.56x10° 2.10x10°

(1.03x10°/2.74x10%)  (0.39x10°/ 8.42x10°)

Stars indicate that differences between median metabolite levels were significant

according to Mann-Whitney U-test, * p<0.05; % % p<0.01; % % % p<0.001. Values in

brackets are minima and maxima. ppm values under the metabolite denote the signal

that has been integrated.
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Peak ratios of choline to citrate (Cho/Cit) and total choline (choline+PC+GPC) to citrate
(tCho/Cit) can be used to distinguish malignant from normal prostate in humans
(Kurhanewicz et al., 1996). These ratios did not show a significant change between
TRAMP and wild type mice at either time point. However, the GPC to PC ratio
(GPC/PC) was decreased by 22% in young TRAMP mice compared to age matched

wild type mice (table 4.2).

Table 4.2 Median metabolite ratios in prostate tissues of 8 week or 28 week old wild

type or TRAMP mice
metabolite wild type TRAMP wild type TRAMP
ratio 8 weeks 8 weeks 8 weeks 8 weeks
CholCit 0.79 0.88 0.50 0.56
(0.36 / 5.07) (0.22 / 3.20) (0.24 / 0.98) (0.25/1.12)
«Cho/Cit 9.35 9.03 9.17 6.76
(4.30/16.06)  (3.96/13.35)  (4.17/20.48)  (2.73/16.89)
2.40 * 1.88 1.33 1.03
GPC/PC (1.23/3.55) (0.87 / 2.36) (0.92 / 3.33) (0.42 / 2.23)
0.062 0.056 0.032 * * * 0.057
aspartate/PC (0.052/0.11)  (0.041/0.11)  (0.027/0.055)  (0.056 / 0.46)
0.48 0.42 089 * *x* 025

GPlglutamate  ( 55/ 61) (0.26 / 0.69) (0.69 / 1.08) (0.18/0.32)

Stars indicate that differences between median metabolite levels were significant
according to Mann-Whitney U-test, * p<0.05; * % p<0.01; % * % p<0.001. Values in

brackets are minima and maxima.

Hierarchical cluster analysis (carried out by Dr Hector Keun) of metabolite levels
showed that at 28 weeks of age the metabolite profiles of TRAMP mice formed distinct
clusters from those of wild type mice (figure 4.3 B). Young animals revealed no group

specific clustering (figure 4.3 A), hence, the clustering was driven by natural variation
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and not by the presence of the TRAMP genotype. In this analysis metabolites separated
into two main groups. In the old animals one group consisted of phospholipid related
species (PC, GPC, GPI, choline), citrate, UDPx and glucose, which were present at
lower levels in tumour tissue compared to normal tissue. The other group contained
amino acids, which were more abundant in tumour tissue than in normal prostate. In
young animals the pattern of metabolite clustering was broadly similar, with the
exception of glucose and aspartate. These two metabolites changed the clusters in
conjunction with the presence of malignancy. At 28 weeks, when the TRAMP mice
have fully developed tumours, glucose is associated with the phospholipid group and
aspartate with the amino acid group (figure 4.3 B), whereas the reverse scenario is
observed in 8 week old mice (figure 4.3 A). This finding suggests that glucose and

aspartate are related to different metabolic events in tumour and normal tissue.

8 wezks 28 weeks
A 5 0.6/
o8 W= Wildtype B W o Wi byna
08 T-TRAMP _ 0.8 1 T - TRAMF
W T TWTWW TWTW I AT T W W g B LA 1 AR AT TT AT T T T T TWWWWWWWW
{ choline 15 T 1 lactate -
| tyrosine = | alaning i B
| gucose L} | aspartate 2
| gutamate s E 1 tyrogne £
| tawine i=] | ghtamate 0 2
—] N ] 1 taunne 2
1 lactate ) &
| alanine o5 = UDPx ;s £
| citrate E 1 itrate _-
UDPx -1 g l — reil g
| espartale 15 T L I | GPI : S
GPC = {  choline =3
FC g I crcil E
GPI 25 T 1 gucose

Figure 4.3 Hierarchical clustering of metabolite levels showing that TRAMP and wild
type mice can be distinguished by prostate metabolic profile at 28 weeks of age (B) but
not at 8 weeks of age (A). Data are presented as mean-centred log, values, such that a
value of 1 indicates a 2-fold change from the average amount of each metabolite across

all samples from the same age group.
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This apparent shift in metabolism was also observed when inter-metabolite correlations
(carried out by Dr Hector Keun) for TRAMP mice were compared with those in wild
type mice (figure 4.4). These correlations were calculated using data from young and
old mice combined, hence patterns obtained reflect variation due to the normal process
of aging in wild type mice and tumourigenesis in TRAMP mice. This analysis suggests
that normal prostate tissue development is characterised by a positive correlation
between levels of aspartate and citrate, with both metabolites sharing a common
correlation pattern, and by a negative correlation between levels of citrate and glucose.
The reverse scenario was observed in TRAMP mice, in which there was a positive
correlation between levels of citrate and glucose, and both constituted part of the same
cluster. In TRAMP mice aspartate was not correlated to citrate and clustered with other

amino acids.

A wild type {8 & 28 weeks) B TRAMP (8 & 28 weaks)
EEE W‘E-EEEEE ¢ BEE, 40
Tt Yz EBSESEE E8F L_2TFEELc
= =& g = 5 [+ aoE o § = C
GESL00TE5E3E3 223850 E553a52
choline - choline 1
glucose = A5é -
P s
PC & PC ;
GPC E GPC 5
GPI 8 GPi E
citrate E cifrate o
aspartate = aspartate &
tyrosine = tyTosine 0 =]
alutamate E ghulamate E
taurine E taurine ]
lactate lactate E
alanine alanine -0.5

Figure 4.4 Matrices of correlation coefficients (r) between metabolite levels in extracts
of prostate from wild type mice at either age (A), or in extracts of prostate from
TRAMP mice at either age (B), showing a difference in metabolite clustering between

prostate carcinogenesis and normal prostate aging.

89



Chapter 4

The hypothesis was tested that ratios of metabolites allow better discrimination between
TRAMP and wild type animals than levels of individual metabolites. Hierarchical
clustering analysis suggests that metabolites from each cluster provides similar
information regarding the presence of malignancy, and hence that the evaluation of
combinations of metabolites from different clusters could be potentially more
informative. For example, the aspartate/PC ratio was completely discriminatory
between the two groups, whereas levels of the individual species were not (table 4.2).
GPI levels separated between old TRAMP and wild type mice, but the GPI/glutamate
ratio improved separation considerably: For GPI alone the difference between the
lowest value for wild type tissue and the highest value for tumour tissue was only 1.3%
of the combined wild type and tumour tissue value range, whilst for the GPI/glutamate
ratio this value was 41.1% (Table 4.2, figure 4.5). Collectively, the results of the
metabolite ratio and clustering analyses provide evidence for an effect of malignancy on
the production and/or utilisation of metabolites, even when the difference in absolute

concentration between wild type and TRAMP mice was, in some cases, not statistically

significant.
GPI Glutamate GPI/ glutamate
7.0E+08 1.4E+09 ° 1.2E+00
6.0E+08 o a 1.28:09 1.0E+00 %
H o B8 £ 10E+09 Q 2 Q
§ som08 8 o E . é g g S B.OE01 o)
M =
§ 40808 8 o H Q 8 2 6.0E01 ©
o 3.0E+08 8 @ 6.0E+08 B o B
° g 2 o o) < 4.0E01
E 20E+08 6] 5 4.0er08 s " 8
©omos om0 a 20801
0.0E+00 0.0E+00 0.08+00 " -
wild type TRAMP wild type TRAMP wild type TRAMP wild type TRAMP wildtype  TRAMP wild type TRAMP

8weeks 8 weeks28 weeks 28 weeks 8 weeks 8 weeks 28 weeks 28 weeks 8weeks B8weeks 28weeks 28 weeks

Figure 4.5 Individual metabolite levels for GPI, glutamate and GPI / glutamate ratio
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4.1.3 High-Resolution Magic Angle Spinning (HRMAS) "H-NMR analysis of intact
tissue

Human prostate cancer is associated with increased levels of choline metabolites as
compared to healthy prostate tissue (see Introduction, section 1.1.3). In TRAMP mouse
tumours choline species were lower than in healthy wild type prostates (see above). In
order to verify the unexpected results for choline species in tissue extracts, intact
prostate tissue samples from old mice were analysed by HRMAS 'H-NMR (see sections
2.2.4.4 and 2.2.4.5). Median levels of PC plus GPC, as reflected by relative peak areas,
were 4.33 in tumour samples (minimum 3.21, maximum 4.93) and 9.41 in normal
prostate (minimum 2.77, maximum 15.79, p=0.101, figure 4.6), suggesting tumour
levels were 54 % below controls, even though the difference was not significant. No

discrepancy was found in choline levels between normal and malignant tissue.

A i—oee B M GrCiPC

' i: Pe '.‘\ -~

1 Ii I"Il / : :\
= o - H Y
F T . . ' Choline
£ A 8
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-\:‘-EH:‘-"—F_._____.
JE 131 13 1Rm 1A 12 1M

Figure 4.6 Median 'H-NMR spectra of aqueous tissue extracts (A; wild type n = 8,
TRAMP n = 12) and median HRMAS NMR spectra of intact tissue (B; wild type n =5,
TRAMP n = 3) of normal prostate from 28 week old wild type mice (broken line) or

TRAMP mouse tumours (solid lines). Spectra focus on the choline metabolite region.
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4.1.4 Comparison of choline kinase (ChK) expression in prostate of 28 week old
TRAMP and wild type mice

Immunohistochemistry and RT-PCR analysis for murine ChK-a and -B in normal or
malignant prostate from old mice was carried out as described in sections 2.2.5 — 2.2.7.
Expression of ChK-f protein was present in the cytoplasm of glandular epithelial cells
in the prostate gland (figure 4.7). In wild type animals, the staining intensity varied
between different lobes of the gland; intense expression was only observed in the
ventral regions (figure 4.7 A). Hyperplastic glands and well-differentiated carcinomas
generally showed low expression (figure 4.7 B). Even less or no expression of ChK-f3
was seen in poorly differentiated carcinomas, either in primary tumours or in a lymph
node metastasis (figure 4.7 C, D). The antibody against ChK-a failed to generate

significant staining in any of the tissues studied.
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Figure 4.7 Immunohistochemical staining for ChK-p in normal ventral prostate (A) of
C57BL/6]J wild type mice, and in prostate tumours, well-differentiated (B) and poorly
differentiated (C), or in a pelvic lymph node metastasis (D) in TRAMP mice. All mice
were 28 weeks of age. Brown staining intensity reflects presence of enzyme. Bar: 100

pm.

There was no difference in mean expression levels of ChK-a or ChK-f mRNA between
wild type prostate and TRAMP prostate tumour tissue as determined by RT-PCR. In
contrast, in the lymph node metastasis sample ChK-a and -f mRNA levels were only 8

and 50%, respectively, of those found in normal tissue (figure 4.8).
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Figure 4.8 Mean expression levels of ChK-a (open bar) and ChK-f (textured bar)
mRNA normalised to B-actin expression, in prostatic tissue from 28 week old mice.
The values for each gene have been expressed as fold change compared to the wild

type prostate samples expression levels. Error bars indicate standard deviation.

4.1.5 Comparison of gene expression linked to phospholipid metabolism in prostate
of 28 week old TRAMP and wild type mice

cDNA microarray analysis (see sections 2.2.6 and 2.2.8) focused on changes in genes
specifically linked to metabolic pathways related to phosphatidylcholine synthesis
(Kennedy pathway) and degradation. In prostate tumour tissue of old TRAMP mice,
mRNA expression levels of choline phosphotransferase 1 (Chptl) and
lysophospholipase 3 (Lypla3) were reduced as compared to normal prostate. Fold
reduction was 0.47 for Chptl (n=5 TRAMP and 4 wild type, p=0.008) and 0.57 for
Lypla3 (n=7 TRAMP and 4 wild type, p=0.028). Other significant changes in the
expression of genes germane to these pathways, including ChK, were not observed,

consistent with the results obtained by RT-PCR. Figure 4.9 illustrates and integrates the
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findings in TRAMP mouse prostate described in the present study for metabolite and

enzyme components in pathways of phosphatidylcholine synthesis and degradation.
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Figure 4.9 Pathways of phosphatidylcholine synthesis (solid arrows) and degradation
(broken arrows). Block arrows indicate changes described in the present study for
TRAMP tumour compared to normal prostate in levels of metabolites measured by 'H-
NMR or of mRNA expression. PC= phosphocholine; GPC= glycero-phosphocholine;
PtdCho= phosphatidylcholine, Chk= choline kinase (E.C. 3.1.4.2), CT=
CTP:phosphocholine  cytidyltransferase  (E.C.  2.7.7.15), ChPT=  choline
phosphotransferase (E.C. 2.7.8.2), PLC= phospholipase C (E.C. 3.1.4.3), PLD=
phospholipase D (E.C. 3.1.4.4), PLA2= phospholipase A2 (E.C. 3.1.1.4), LPL=
lysophospholipase (E.C. 3.1.1.5), PD= glycerol-phosphocholine diesterase (E.C.

3.1.4.2).
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4.1.6 Discussion

This is the first report of the tumour metabolome in the TRAMP mouse model of
prostate cancer. When compared to normal prostate, tumour tissue displayed decreased
levels of citrate, choline, PC and GPC, GPI and increased levels of taurine, aspartate,
tyrosine and glutamate. These changes were observed in old mice, which presented with
histopathologically well established tumours. In young mice, in which
histopathological investigation detected subtle preneoplastic lesions, the only metabolic
feature which allowed discrimination between TRAMP and wild type mice was a
reduction in the GPC/PC ratio. In the following, the differences in levels of metabolites
between TRAMP tumours and normal prostate described here are juxtaposed with those

reported in humans.

Amino acids and citrate

The changes in citrate and taurine in TRAMP tumours described above mimic those
reported in humans. In healthy human prostate tissue zinc accumulates and inhibits m-
aconitase, an enzyme which recycles citrate to oxaloacetate in the Krebs cycle. Thus, in
normal prostate, the cycle is truncated resulting in net citrate synthesis (see
Introduction). In prostate cancer such truncation does not exist, which explains why it
harbours lower citrate levels than normal prostate. The decrease in citrate observed here
in TRAMP tumours is consistent with results in the murine DU-145 prostate xenograft
and PB-ErbB-2A x Pten”” models (Fricke et al., 2006; Kurhanewicz et al., 1993).
Reduced recycling of citrate in normal prostate means that alternative sources for
oxaloacetate are utilised, namely transamination of aspartate, hence prostate tissue
contains high levels of this metabolite (Costello and Franklin, 2005). According to the

results described above, in normal prostate tissue from C57BL/6] mice aspartate
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concentrations were directly correlated to citrate levels, whilst in TRAMP tumour tissue
aspartate was increased and citrate reduced. These observations suggest that in TRAMP
tumours a greater proportion of citrate produced from aspartate is consumed by the
Krebs cycle than in normal prostate, mimicking the biochemistry of the human
counterpart. The observed increase in other amino acids in tumour, relative to normal
prostate, is consistent with a general enhancement in amino acid catabolism via the

Krebs cycle.

Choline Species

Human prostate cancer is characterised by increased choline and choline metabolites
when compared to healthy prostate (see Introduction). Total choline species (choline,
PC plus GPC), and the individual components (choline and PC plus GPC), were
reported to be elevated in human prostate samples containing at least 20 % malignant
tissue, and these measures have been suggested to serve as markers of prostate cancer
progression (Swanson ef al., 2003). In contrast to human prostate cancer, prostate
tumours from old TRAMP mice with well-established malignancy are shown here to
harbour lower choline, PC and GPC than normal prostate. Furthermore, the GPC/PC
and total choline/citrate species ratios did not differ between the two tissue types. These
results are consistent with a recent analysis in which the total choline/citrate species
ratio was measured in TRAMP mouse tumour using 'H-MR spectroscopic imaging,
which did not resolve individual choline species (Fricke er al., 2006). The authors
reported that in contrast to the finding in TRAMP mice, in PB-ErbB-2AxPten”” mouse
tumours the total choline/citrate species ratio was increased, consistent with

observations in human prostate cancer.
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The observed decrease in GPC/PC ratio in young TRAMP mice, which showed only
minor signs of dysplasia, is consistent with changes demonstrated in human cancer
(Glunde and Serkova, 2006). This finding suggests that at an early stage of
carcinogenesis TRAMP mice may be subject to metabolic alterations similar to those
observed in the human disease. However, as carcinogenesis progresses, secondary

processes are engaged, which differ between TRAMP mice and humans.

GPI

Altered levels of GPI have hitherto not been associated with prostate cancer, and the
finding presented here, that levels of GPI in TRAMP tumours were lower than in
normal prostate, is novel. GPI is generated by deacylation of membrane
phosphoinositides (PIs). PIs occur at micromolar concentrations in most cell types
(Alonso et al., 1988; Falasca et al., 1997). GPI has been found to be elevated in Ras-
transformed cell lines (Alonso et al., 1988; Valitutti et al., 1991), and exposure to
exogenous GPI inhibits tumour cell invasion of the extracellular matrix (Buccione et al.,
2005). The difference in GPI levels observed here between normal murine prostate and
prostate tumour was strongly correlated to differences in levels of PC and GPC,
implying commonality in the source of variation or mechanism of regulation. The
phospholipid metabolism profile in TRAMP tumours, in which malignancy is driven by
SV40 T/t-antigen mediated inactivation of p53 and Rb, may conceivably be influenced
by events associated with p53 and/or Rb inactivation. Loss of normal p53 function has
been shown to increase glycolysis (Bensaad et al., 2006, Matoba et al., 2006), and our
observation that TRAMP tumours had lower glucose levels than normal prostate is

consistent with this finding.
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Enzymes affecting choline metabolite levels

Altered choline phospholipid metabolism in human prostate cancer, as compared to
normal tissue, has been linked to overexpression of ChK (Ramirez de Molina et al.,
2002), and overexpression of ChK has been postulated to be a critical requirement for
malignant disease progression in breast cancer (Ramirez de Molina et al., 2004). Here,
ChK overexpression, or a link between ChK expression and PC levels, was not found in
TRAMP mice. Regional or lobe-specific differences in enzyme expression might have
confounded detection of subtle differences. These results are consistent with a recent
gene expression study in which ChK expression was demonstrated to be decreased in
advanced stage TRAMP tumours (Morgenbesser et al., 2006). These results imply that
ChK overexpression is not a necessary consequence of, nor a requirement for, TRAMP
tumour development, as suggested for mammary tumours (Ramirez de Molina et al.,
2004). The decrease in GPC observed here in TRAMP tumour as compared to normal
prostate might be explained by transcriptional down-regulation of lysophospholipase
Lypla3 (figure 4.9). Malignancy-related underexpression of lysophospholipase has been
demonstrated in breast cancer cells (Glunde er al., 2004). The underexpression of
choline phosphotransferase Chpt/ mRNA shown here in TRAMP tumour, compared to
normal prostate, contrasts with overexpression of this enzyme reported in mammary
tumours (Akech et al., 2005; Ghosh et al., 2002).

In summary, the results show both similarities and differences between metabolic
profiles associated with prostate cancer in humans and in TRAMP mice. Whilst
perturbation in prostate-specific citrate metabolism seems to be conserved in prostate
tumours between rodent prostate carcinogenesis models including TRAMP and humans,
regulation of choline metabolism differs between them. NMR methodology has been

used before to show that cancer chemotherapeutic intervention changes choline
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phospholipid metabolite levels (Al-Saffar ez al., 2006), and choline kinase inhibition has
been suggested as a potential prostate cancer chemotherapeutic approach (Ramirez de
Molina et al., 2002). Hence, the observations presented here imply that the TRAMP
model may respond to chemotherapeutic or chemopreventive strategies impinging on
choline phospholipid metabolism in a fashion which differs from other rodent models
and humans. The results shown here demonstrate that NMR spectroscopy is an
eminently suitable tool for the detection of metabolic differences between normal
prostate and prostate tumours and for the characterisation of biochemical connections
between these differences. The results also exemplify the power of the profiling
approach, which allows combined measurement of two or more species and their
correlation, as it can provide more discriminatory and process-specific biomarkers than

single metabolites.
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4.2 Metabolic changes in urine of TRAMP mice

4.2.1 '"H-NMR metabolic profiling of urine

In this experiment urine samples from young and old TRAMP and wild type mice were
subjected to 'H-NMR analysis in order to identify biomarkers relating to the TRAMP
genotype. Sample preparation and analysis and data processing are described in sections
2.2.4.1,2.2.4.5 and 2.2.4.6. Spectral assignments were made with homonuclear COSY
experiments (carried out by Dr Hector Keun), literature (Bollard ef al., 2005; Nicholson

et al., 1989), the BMRB database (http://www.bmrb.wisc.edu/) (Seavey et al., 1991)

and advice from Dr Hector Keun. Changes in metabolite levels were calculated from the
medians and significance was established using the Mann-Whitney U-test with p<0.05.

Figure 4.10 shows a typical urine spectrum obtained from an old wild type mouse.
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Figure 4.10 Typical 'H-NMR urine spectrum of a 28 week old wild type mouse in the

(A) aromatic and (B) aliphatic region.

Predominant separation of the urine spectra was related to age as shown by the Principal

Component Analysis (PCA) scores plot (figure 4.11).
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Figure 4.11 PCA scores plot of urine NMR spectra showing the first and second

principal component (PC). The data are scaled to unit variance.

In order to identify differences that are related to the TRAMP genotype,
difference/correlation spectra from TRAMP and wild type mice of 8 and 28 weeks of
age were generated. Metabolite decreases in TRAMP compared to wild type mice are
shown as negative peaks and increases as positive peaks. The absolute peak height
depicts the average group difference and the colour indicates the magnitude of
correlation to the groups, with red being highly correlated. Mathematically this plot
equals an orthogonal partial least square discriminate analysis (O-PLS-DA) loadings
plot (Cloarec et al., 2005). Young TRAMP mice showed significantly increased
excretion of lactate, alanine, acetate and an unknown compound (multiplet at 0.96ppm)
by 18, 11, 30 and 2%, respectively, as compared to young wild type mice (figure 4.12

A).
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Figure 4.12 Difference/correlation spectrum of urine spectra from 8 week old TRAMP

and wild type mice. A: Elevated metabolite levels in TRAMP mice compared to wild

type mice. B: Decreased unknown compound in TRAMP mice compared to wild type

mice.
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A decrease of an unidentified compound (d 4.52ppm) by 31% was observed in the urine
of young TRAMP mice when compared to age matched wild type mice (figure 4.12 B).
In a homonuclear COSY experiment the doublet at 4.52ppm coupled with a doublet at
3.51ppm. It is therefore likely that the unknown compound is a sugar. Figure 4.15 at the
end of this section shows the individual levels for most of the metabolites discussed.

In the difference/correlation plot of the 28 week old animals the most prominent peak
was a singlet at 6.74ppm, showing an increase in TRAMP mice by 43% compared to
wild type mice. Other signals that were increased in TRAMP mice included doublets at
5.27ppm (+29%), 7.50ppm (+13%, not significant), 7.63ppm (+25%), 7.70ppm (+25%)

and 8.16ppm (+32%) (figure 4.13).
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Figure 4.13 Difference/correlation spectrum of urine spectra from 28 week old TRAMP
and wild type mice showing TRAMP related increases in unknown metabolites as

indicated by green to red colouration.
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Additional visual inspection of overlaid raw spectra (coloured according to groups) and
PLS-DA analysis did not highlight further differentially excreted metabolites in
TRAMP or wild type mice. PCA showed that the main variance in the data set was due
to age related changes. In agreement with this observation, the difference/correlation
spectrum of young and old animals revealed more discriminatory signals than the
difference/correlation spectra for TRAMP and wild type mice at each time point. The
strongest group-correlated changes were increases in creatinine and carnitine excretion
in old compared to young mice, of 95 and 76%, respectively. Isoleucine and

phenylalanine excretion increased by 65 and 80%, respectively (figure 4.14).
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Figure 4.14 Difference/correlation spectrum of urine spectra from 8 week and 28 week
old TRAMP and wild type mice. Differences related to age were established regardless

of genotype.
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Figure 4.15 Summary of changes in urinary metabolome. Circles indicate metabolite

levels of individual samples and the black bars the group medians. * = significant

difference between TRAMP and wild type mice at either 8 or 28 weeks of age; * * =

significant difference between young and old animals, regardless of genotype.

Significance was establish with the Mann-Whitney U-test with p<0.05.
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4.2.2 Metabolic profiling of urine by LC-MS

Urine samples from young and old TRAMP and wild type mice were prepared and
analysed as described in sections 2.2.9.1, 2.2.9.3 and 2.2.9.5. The chemical properties of
a compound will determine whether it is more susceptible to ionisation in an
environment of either positive or negative voltage. In order to enhance the chances for
the discovery of a potential biomarker the samples were analysed in positive as well as

negative ionisation mode.

4.2.2.1 Analysis in negative ionisation mode

A typical total ion current (TIC) chromatogram obtained for a wild type mouse urine
sample is shown in figure 4.16. The scores plots of the PCA analysis show that variation
unrelated to the groups dominates the data set (figure 4.17 A). The spread of the quality
control (QC) samples provides a measure for the analytical variation. The QC sample
consisted of a mixture of equal volumes of all the samples and was injected throughout
the analysis procedure after every fifth sample in order to monitor the performance and
stability of the LC-MS system. The scores plot of the second and third principal
component (figure 4.17 B) shows that the QC samples are grouped closely together and
located in the middle of the data space, which reflects the fact that it is a mixture of all
analysed samples. A metabonomics test mix, containing theophylline, caffeine,
nortriptyline, 4-nitrobenzoic acid, and hippuric acid (Waters Ltd.) was run before and
after the sample set in order to verify the performance of chromatography and mass
spectrometry. In negative ionisation mode, theophylline, 4-nitrobenzoic acid and
hippuric acid were detected. The mass spectrum of each peak confirmed the identity of
the detected compound. Figure 4.19 shows the mass spectrum of theophylline. The TIC

chromatograms of the test mix run before and after the samples are shown in figure
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4.18. The retention times and peak intensities were consistent before and after running

the complete sample set. QC samples and the test mix confirmed the validity of the

sample analysis.
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Figure 4.16 TIC chromatogram of urine from a 28 week old wild type mouse analysed

in negative ionisation mode.
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Figure 4.17 PCA scores plots of urine samples analysed by LC-MS in negative

ionisation mode showing (A) the first and second and (B) the second and third principal

component (PC). The data are Pareto scaled.
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Figure 4.18 Negative ionisation TIC chromatograms of test mix injection prior (red

trace) and post sample analysis (blue trace).
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Figure 4.19 Negative ionisation mass spectrum of theophylline peak in the test mix

chromatogram (figure 4.18).

In order to identify potential biomarkers related to the TRAMP phenotype, PLS-DA

models were generated for each time point. Figure 4.20 shows the scores and loadings
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plots for each time point. Table 4.3 lists potential biomarkers revealed by PLS-DA
analysis. The group differences of the listed ions were significantly different as
established by Mann-Whitney U-test. Furthermore, peak values were only considered to
be indicative of potential markers when the value for the QC samples was consistent

throughout the entire sample analysis.
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Figure 4.20 Scores and loadings plots of PLS-DA models for maximal separation
between TRAMP and wild type mice at (A) 8 and (B) 28 weeks of age. The dots in the
areas of the loadings plots marked red are ions which were significantly different

between the groups. The data are Pareto scaled.

The effect of urine concentration on group differences was investigated by normalising
the peaks to specific gravity (SG) (see section 2.2.3.8). Colours in table 4.3 indicate

which peaks were significantly different unnormalised or normalised or both ways.
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Table 4.3 Potential urinary biomarkers of TRAMP genotype disclosed by HPLC-MS

analysis in negative ionisation mode

Peak Change in TRAMP vs. Peak Change ifl TRAMP vs.
[m/z / min] wild type [m/z / min] wild type
(unnormalised data) (unnormalised data)
8 weeks 201.2/6.24 -24%
407.6 / 6.58e +119% 177.0/0.76 -21%
408.7/ 6.56@ +86% 225.3/6.58 -36%
409.4/6.56e +119% 294.3/6.45 -34%
453.5/6.58e +216% 187.2/5.99 -15%
454.4/6.56e +167% 408.2/5.10 -45%
475.8/6.568 +75% 195.0/0.74 -17%
815.8/6.56e +864% 28 weeks
407.6/6.71e +278% 380.2/4.88 +69%
408.8/6.73e +231% 380.2/5.19 +64%
409.4/6.73e +171% 380.2/4.99 +114%
405.4/6.69e +283% 775.4/5.68 +157%
451.4/6.95 +360% 381.2/5.21 +55%
423.3/6.20 +60% 303.3/4.18 +44%
405.4/6.61 +71% 321.4/5.27 -43%
391.4/7.11 +156% 337.4/4.67 -27%
365.2/6.37 +57% 319.4/5.18 -45%
383.3/7.53 +163% 222.2/6.70 -16%
391.4/7.69 +330% 187.2/5.99 -18%
389.4/7.35 +396% 415.4/6.24 -14%
630.6/ 6.70 +111% 317.3/5.63 -28%
404.3/5.35 -33% 201.2/6.24 -20%
405.6/5.22 -45%

— group difference significant in unnormalised and SG-normalised data

— group difference only significant in SG-normalised data

— group difference only significant in unnormalised data

e [ons labelled with a dot of the same colour are likely to originate from the same

compound.
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4.2.2.1.1 Identification of marker ion 407

PLS-DA analysis revealed that the ion with m/z 407.6 at 6.58min was significantly
increased in 8 week old TRAMP mice as compared to age-matched wild type mice.
Comparison of intensity profiles of the potential markers eluting at the same time,
provided evidence that different ions originated from the same compound. Figure 4.21
exemplifies this conclusion for ions with m/z 407.6 and 453.5 eluting at 6.58min. The
difference of 46 in the m/z value can be explained by the loss of a formic acid from the
formate adduct ion [M+HCOO]". Formic acid was used in sample preparation and as
part of the HPLC solvent. The formate plus sodium adduct ion [M-H+HCOONa] of the
compound has a m/z of 475.8. The intensity profiles for ions at 407m/z, 408m/z and
409m/z as well as ions at 453m/z and 454m/z also suggest a common origin for the ion.
The intensity ratio was 407 : 408 : 409 = 100 : 27 : 4 which is a typical *C isotope
pattern for a molecule with 24 to 26 C atoms (figure 4.22). An ion at m/z 815 also
showed a similar ion intensity profile as the ion with m/z 407 at the same elution time,
suggesting the formation of a dimer. From the findings described above it was assumed
that one compound with different stereoisomers produced the marker ions highlighted
by dots in table 4.3. Further efforts for biomarker identification were focused on this

compound.
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Figure 4.21 Intensity profiles of potentially related marker ions at (A) m/z 407.6 and

(B) m/z 453.5 both eluting at 6.58min
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Figure 4.22 Overlaid extracted ion chromatograms showing “C isotopes of a

compound with the m/z 407
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In order to purify and concentrate the unknown compound with a m/z at 407 and
retention time at 6.58min, a pooled urine sample was subjected to SPE fractionation
(see section 2.2.9.6), and each fraction was initially analysed by the HPLC-MS method
used in the original sample analysis. The compound of interest was mainly found in the
40% and 60% acetonitrile fractions.

For determination of the elemental composition of the unknown compound accurate
mass measurements were carried out using a Finnigan hybrid linear ion trap-Fourier
transform mass spectrometer (Thermo Electron Corp.). The 60% acetonitrile SPE
fraction was analysed by the same LC conditions used for the original sample analysis.
The analysis was performed by Dr Richard Gallagher, DMPK, AstraZeneca, Alderley
Park, Macclesfield. The accurate m/z for the 407 ion was 407.28043. The most likely
elemental composition for the [M-H] ion was determined to be C,4H390s. This was in
agreement with the observed ">C isotope pattern (see above). A search of the Metlin

database (http://metlin.scripps.edu/), (Smith et al.,, 2005) for compounds with the

formula C,4H40Os returned unconjugated cholic acid derivatives as the most likely

identity for this compound.

Both the 40% and 60% acetonitrile SPE fractions were subjected to 'H-NMR analysis
using a Brucker AV600 spectrometer in order to structurally identify the cholic acid
isomers. The analysis was carried out by Dr Eva Maria Lenz, DMPK, AstraZeneca,
Alderley Park, Macclesfield. The spectrum of the 40% acetonitrile fraction (figure 4.23
A) was dominated by broad, unresolved signals in the aliphatic region which
confounded confirmation for the presence of cholic acid derivates in the urine samples.
Equally, the 60% acetonitrile fraction failed to show the three singlets around 1ppm
typical of cholic acid derivatives, probably due to an insufficient concentration of the

compound in the sample.
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Figure 4.23 Aliphatic region of '"H-NMR spectra of SPE extracts of pooled mouse urine

samples; A: 40% acetonitrile fraction; B: 60% acetonitrile fraction

For identification of the cholic acid isomers by HPLC-MS a more shallow HPLC
gradient was employed, which went up to 95% acetonitrile in 32min rather than 10min,
in order to facilitate better separation (see section 2.2.9.7). This prolonged gradient
resulted in the 6.57min peak being eluted at around 9.4min (figure 4.24). It was also

observed that the original two peaks were now further resolved into four peaks.
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Figure 4.24 Overlaid extracted ion chromatograms of a mouse urine sample (TRAMP,
8 weeks) analysed in negative ionisation mode using a gradient over 32min instead of

10min.
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A recently published study has investigated bile acids in the ileal content of mice and
identified bile acids with a molecular weight of 408Da which were cholic acid,
hyocholic acid and a-, B- and ®w-muricholic acid (MCA) (Martin et al., 2007). The latter
three eluted closely together with the HPLC conditions used by the authors. Comparison
of retention times of standard solutions of MCAs and cholic acid strongly suggested the

presence of all four cholic acid isomers in mouse urine (figure 4.25).
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Figure 4.25 Overlaid extracted ion chromatograms (407.0-407.6m/z) of a urine sample
and 5Spg/ml standard solutions of a-, - and w-muricholic acid (MCA) and cholic acid

(CA).

The identity of all four cholic acid isomers was confirmed by spiking urine samples
with standards as well as comparison of fragment patterns for the sample, standard and
spiked sample. To compare the fragments of the cholic acid isomers, an enhanced
precursor ion scan method with four different collision energies (-10V, -30V -60V and -
80V) was used (see section 2.2.9.8). For the MCAs and cholic acid the product ions of
m/z 453 and 407 were analysed, respectively. Collision energies of -10V and -30V led
to loss of formic acid in the MCAs, while at -80V the precursor ions were fragmented to

many low molecular weight fragments with low intensity, which were unsuitable for
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fragmentation pattern comparison. Identification was made from patterns generated with
-60V collision energy. Figures 4.26 to 4.28 exemplify the identification process for ®-
MCA. In both sample and the standard, an additional minor peak eluting 0.4min after
the main peak was observed. This may be due to isomerisation in solution.

Due to the fact that in the original sample analysis a-, - and ®-MCA were not
chromatographically separated, it was difficult to conclude by how much exactly each
compound was elevated in urine of young TRAMP mice as compared to their wild type
counterparts. It was only possible to deduce that o- and B- MCA and probably a-MCA

excretion was greater in young TRAMP mice than in young wild type mice.
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Figure 4.26 Overlaid extracted ion chromatograms of a mouse urine sample (TRAMP,
8 weeks), ®-MCA standard (5pg/ml) and a mouse urine sample spiked with ®-MCA

standard; A: 407.0 — 407.6m/z; B: 453.0 — 453.6m/z.
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Figure 4.27 Product ion spectra for ®-MCA peaks from (A) a mouse urine sample
(TRAMP, 8 weeks), (B) o-MCA standard (5pg/ml) and (C) a urine sample spiked with
®-MCA standard. The collision energy employed was -60V, the instrument was set to

scan for product ions of the precursor ion at 453m/z.
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4.2.2.2 Analysis in positive ionisation mode

A typical TIC chromatogram obtained from a mouse urine sample (TRAMP, 8 weeks)
acquired in positive ionisation mode is shown in figure 4.28. The same HPLC gradient
as used for negative ionisation mode was employed. The sample analysis was deemed
to be valid, as the chromatograms of the test mixes, run before and after the sample set,
were congruent without shift in retention time or intensity. Also the QC samples
clustered reasonably close together in the second and third principal component (figure
4.29). However, the variation in the data set due to group-unspecific differences is more
pronounced than in negative ionisation mode. The spread of the QC samples in the first
principal component indicates the extent of the analytical variation. Only in the third

principal component did group specific differences become apparent.
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Figure 4.28 TIC chromatogram of urine from a 28 week old TRAMP mouse analysed

in positive ionisation mode.
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Figure 4.29 PCA scores plots of urine samples analysed by LC-MS in positive
ionisation mode showing (A) the first and second and (B) the second and third principal

component (PC). The data are Pareto scaled.

In general, electrospray ionisation in positive ionisation mode leads to ionisation of
more molecules than negative ionisation mode. For metabolic profiling this fact can
mean higher variation due to increased background noise as well as increased ionisation
suppression. The number of ions extracted after data processing was 12064 as compared
to 8062 in negative ionisation mode using identical peak extraction parameters (see
section 2.2.9.5).

For the identification of potential marker ions PLS-DA models were generated to
maximise the difference between TRAMP and wild type animals at either time point
(not shown). Tons significantly different in TRAMP and age-matched wild type mice
were only considered when the QC samples were consistent throughout the run. To
exclude dilution effects as a source of group differences, significance testing was
repeated on the data normalised to specific gravity, and only ions which were
significantly different in the raw and normalised data were considered. Table 4.4 lists all
ions passing the criteria described above. A considerable number of potential marker
ions had to be rejected due to inconsistent intensity values for the QC samples. There

were no overlapping marker ions between the two age groups.
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Table 4.4 Potential urinary biomarkers of TRAMP genotype disclosed by HPLC-MS

analysis in positive ionisation mode

Peak Change in TRAMP vs. Peak Change in TRAMP
[m/z / min] wild type [m/z / min] vs. wild type
(unnormalised data) (unnormalised data)
8 weeks 28 weeks
355.3/6.66e +66% 381.9/5.04 +84%
356.5/6.66e +180% 383.1/5.03 +129%
373.4/6.66e +90% 384.1/5.03 +93%
355.7/6.81 +204% 763.0/5.04 +391%
593.5/5.68 +234% 206.0/5.05 +104%
372.7/6.32e +38% 205.0/5.76 +56%
372.9/6.32e +47% 4422 /4.62 +47%

e Jons labelled with a dot of the same colour potentially originate from the same

compound.

4.2.3 Discussion

The urinary metabolic profile of TRAMP and wild type mice at 8 and 28 weeks of age
was investigated using 'H-NMR and LC-MS analysis. Both analytical platforms showed
that metabolic changes related to age are much greater than those related to the TRAMP
phenotype. NMR analysis showed that old mice excrete more creatinine, carnitine,
phenylalanine and isoleucine than young mice, which is due to differences in the body
mass.

Differences between TRAMP and wild type mice were more pronounced at 8 weeks of

age than at 28 weeks. The PCA scores plots revealed a trend of separation for the young

but not the old animals.

122



Chapter 4

The urinary metabolic profile of young TRAMP mice was characterised amongst others
by elevated levels of lactate, acetate, ®-, - and possibly a-MCA. a- and B-MCA are
primary bile acids which are synthesised in the liver, while ®-MCA, which is a
secondary bile acid, is the product of bacterial C-6 epimerisation in the gut microflora
(see figure 4.30). Intestinal bacteria are responsible for a variety of other bile acid
modifications, including deconjugation (Cummings and Macfarlane, 1997). The
observation of increased renal excretion of MCAs together with elevated levels of
lactate and acetate may be indicative of an altered gut microflora in TRAMP compared
to wild type mice. Previous metabonomic investigations have shown that the urinary
metabolic profile of rodents is greatly influenced by the composition of the gut
microflora (Martin ef al., 2007; Robosky et al., 2005; Rohde et al., 2007). High levels
of lactate in urine are commonly described in patients with small bowl syndrome (SBS)
as a consequence of dominating, lactate producing lactobacilli in the gut microflora
(Bongaerts et al., 1997). Similarly, patients with small intestine bacterial overgrowth
(SIBO) have been reported to present with higher levels of lactate, acetate and formate
as well as unconjugated bile acids in upper-gut aspirate (Bala et al., 2006). Enhanced
bacterial bile acid deconjugation due to bacterial overgrowth in the gut has been
suggested to play a role in dietary fat malabsorption (Tabaqchali et al., 1968). With
regard to the findings described above and the fact that the 8 week old TRAMP mice in
this study had a 7% lower bodyweight than the age matched controls (statistically
significant, see section 4.5), it is conceivable that the young TRAMP mice, but not their
wild type litter mates, suffered from malabsorption due to bacterial overgrowth or a gut
microflora imbalance. Other possible explanations for differences in the gut microflora
of young TRAMP and wild type mice could be different rates of maturation of the gut

microflora in transgenic and non — transgenic mice, or the influence of different
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Figure 4.30 Synthesis of a-, - and ®-muricholic acids (MCA) in liver and intestine
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microenvironments, e.g. the cage position in the isolator. In the 28 week old animals
there were no group differences in any of the discussed metabolites, and levels were
comparable to those observed in young wild type mice. If, and in what way, the
TRAMP genotype influences the bacterial composition in the gut remains unclear. It
should be noted, however, that the gut microflora is of great importance for the host’s
health (Nicholson et al., 2005). An unhealthy gut microflora can impose enormous
stress on the host organism and therefore might contribute to cancer development. Bile
acids, for example, are known to have endocrine functions and play a role in energy,
triglyceride, cholesterol and glucose metabolism (Houten et al., 2006). The gut micro-
organisms modify bile acids, and some of those bacterial products re-enter the host’s
bile acid circulation. Therefore, it is not surprising that the gut microflora has been
suggested to play a role in obesity and the onset of Type II diabetes (Cani and Delzenne,
2007).

None of the TRAMP and wild type differences observed in 8 week old mice were found
in 28 week old animals. Therefore, none of the compounds identified to be
differentiating at either time point can unambiguously be linked to prostate
carcinogenesis in TRAMP mice.

It was mentioned earlier that differences in the old mice were less pronounced than
those in young animals, and that there was no evidence for a difference in the bacterial
composition of the gut in the old TRAMP or wild type mice, suggesting that changes in
the gut microflora have a greater impact on the urinary metabonome than an advanced

prostate tumour.
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4.3 Metabolic changes in plasma of TRAMP mice

4.3.1 '"H-NMR metabolic profiling of plasma
Plasma samples were prepared and analysed as described in sections 2.2.4.2, 2.2.4.5 and
2.2.4.6. Spectral assignments were made based on the literature (Nicholson et al., 1995;

Teahan et al., 2006), the BMRB database (http://www.bmrb.wisc.edu/), (Seavey et al.,

1991) and personal communication with Dr Hector Keun. Figure 4.31 shows a typical
'H-NMR spectrum of plasma from an 8 week old TRAMP mouse acquired using a

Carr-Purcell-Maiboom-Gill (CPMG) pulse frequency.
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Figure 4.31 Typical 'H-NMR plasma spectrum of an 8 week old TRAMP mouse in the

(A) aromatic and (B) aliphatic region.

PCA analysis of the data set revealed that, as for urine, the main variance arose from
age related changes (figure 4.32). Difference/correlation spectra of TRAMP versus wild
type mice at either 8 or 28 weeks of age did not reveal any group-specific metabolic

alterations. Equally, visual inspection of overlaid spectra coloured according to group,
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and PLS-DA analysis did not disclose any TRAMP genotype-related differences in the
plasma metabolic profile at either time point. Phenylalanine (m 7.42ppm), valine (d
1.04ppm), isoleucine (t 0.96ppm), creatine (s 3.02ppm) and creatinine (s 3.03ppm)
levels were decreased by 27, 37, 30, 29 and 25% respectively, in older mice, regardless
of genotype. A multiplet at 1.72ppm showed 36% lower intensity in old animals.
Signals from fatty acid =CH (m 5.29ppm) and terminal CH; groups (m 0.86ppm) were
increased by 30 and 23%, respectively, in 28 week old mice compared to 8 week old
mice. All changes described above were highly statistically significant, with p<0.001

according to the Mann-Whitney U-test.

wild type 8 weeks
0 TRAMP 8 weeks

wild type 28 weeks
u TRAMP 28 weeks

PC 1

Figure 4.32 PCA scores plot of plasma NMR spectra showing the first and second

principal component (PC). The data are scaled to unit variance.
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4.3.2 LC-MS metabolic profiling of plasma

The plasma samples were prepared as described in section 2.2.9.2. The LC-MS method
used was identical to the method employed for the urine samples (see sections 2.2.9.3
and 2.2.9.5). Samples were analysed in both negative and positive ionisation mode.
Figure 4.33 shows TIC chromatograms obtained for both ionisation modes. Although
the test mixes did not show any retention time shift or signal intensity change, PCA

analysis of the data set revealed substantial analytical variation (figure 4.34 and 4.35).
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Figure 4.33 TIC chromatogram of a plasma sample obtained from a 28 week old

TRAMP mouse analysed in (A) negative and (B) positive ionisation mode.
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Figure 4.34 PCA scores plots of plasma samples analysed by LC-MS in negative

ionisation mode showing (A) the first and second and (B) the second and third principal

component (PC). The data are Pareto scaled.
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Figure 4.35 PCA scores plots of plasma samples analysed by LC-MS in positive

ionisation mode showing (A) the first and second and (B) the second and third principal

component (PC). The data are Pareto scaled.
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The high content of lipophilic compounds in plasma results in the majority eluting at the
high organic phase end of the gradient (see figure 4.33). The increased number of co-
eluting substances might lead to ionisation suppression effects, which may cause the
observed analytical variation. In order to circumvent such a potential effect, a prolonged
gradient increasing the organic phase over 30min rather than 10min was employed (see
section 2.2.9.4) using both, negative and positive ionisation mode. PCA analysis
showed that for positive, but not negative ionisation mode, the modified gradient has
reduced the analytical variation (figure 4.36). In positive ionisation mode the QC
samples moved closer together, apart from one outlier, and an age related difference
became apparent. However, for both gradients, in negative and positive ionisation
mode, the QC samples were not situated in the middle of the samples, but as a group in
the periphery of the multivariate data space. This indicated that the composition of the
QCs differed from that of the other samples. Procedures during sample preparation
might have introduced these differences. Nevertheless, the QC samples could still be
used to judge the extent of the analytical variation as long as there was no time
trajectory visible. To what extent the sample preparation differently influenced the other
samples is unclear, but as the preparation and run order was randomised, it should not
have biased the result.

On the basis of the results from the PCA analysis, the data obtained from sample
analysis using the 10min gradient in positive and negative ionisation mode, as well as
data from the 30min gradient in negative ionisation mode, were rejected for further data
analysis. For the positive ionisation mode data, PLS-DA models were generated for
maximal separation of TRAMP and wild type mice at both time points. However, no
potential markers were found due to the fact that, none of the ions suspected of

separating as judged by their position on the loadings plot, showed a stable QC sample
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profile and were therefore not considered further. All in all, the data obtained from the

plasma samples were rejected due to inordinately large analytical variation.
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Figure 4.36 PCA scores plots of plasma samples analysed by LC-MS in (A) negative

ionisation mode and (B) positive ionisation mode using a 30min gradient showing the

first and second principal component (PC). The data are Pareto scaled.

4.3.3 Discussion

The analytical variation in the LC-MS analysis of plasma samples from 8 and 28 week

old TRAMP and wild type mice confounded the disclosure of potential biomarkers. The

literature contains a large number of LC-MS metabonomic studies for urine, but studies

using LC-MS metabolic profiling of plasma or serum are less common (Lenz and

Wilson, 2007; Wilson et al., 2005). Although successful application of plasma profiling

with only protein precipitation as sample pre-treatment has been reported for UPLC-MS

(Plumb et al., 2006; Williams et al., 2006), additional phospholipid capture was shown

to enhance the detection of metabolites by HPLC-MS profiling of serum (Want et al.,
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2006). The conclusion from this study is that the methods employed here for sample
preparation and chromatographic separation need to undergo further development
before they can be suitably applied to other studies.

In the case of NMR analysis, TRAMP-specific differences were not found in plasma,
while age differences where readily detected. These findings do not reflect results from
plasma metabonomic profiling of the PC3 xenocraft model for prostate cancer
(Rantalainen ef al., 2006). The authors detected decreased amino acid levels and
increased levels of P-OH-butyrate, acetate and glucose in tumour-bearing mice
compared to controls. A reason for the discrepancy between the two studies might lie in
the fact that PC3 cells are derived from prostate cancer metastatic to the bone (Kaighn
et al., 1979) while the tumours in the TRAMP mice were not necessarily metastatic and
presented a wide range of pathological stages (see section 4.1.1). Furthermore, PC3
tumours are likely to have a greater impact on the hosts metabolism than TRAMP
tumours because they are faster growing.

All metabonomic techniques employed in the present study showed aging to be the
major reason for changes in metabolic profiles in plasma. The changes observed are not
further discussed here as they are not related to carcinogenesis. The fact that urine, but
not plasma, revealed TRAMP-related differences may be related to the fact that urine is
an excreted body fluid, while blood remains in the body, and its composition is tightly

controlled e.g. by excretion of unwanted compounds into the urine.
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4.4 Peptide profiling of plasma and urine of TRAMP mice

Samples were prepared and analysed as described in sections 2.2.2.4, 2.2.2.5 and
2.2.2.8. Data reduction and normalisation are described in section 2.2.2.9. The obtained
peak lists were exported to SIMCA and MatLab software for detailed evaluation.
Changes in m/z intensities were calculated from the group medians, and significance

was established using the Mann-Whitney U-test with p<0.05.

4.4.1 Peptidomic changes in urine of TRAMP mice

Figure 4.37 shows the binned, combined mass spectra of all urine samples with the
green line indicating the unresolved background continuum which was subtracted
before data evaluation. From the background-subtracted spectrum 344 significant peaks
were extracted for further analysis. Figure 4.38 shows the heat map of count values of
the significant peaks for all samples. The majority of the high intensity signals can be

found in the lower molecular weight region.

134



Chapter 4

2000

1500

count
1000

L.ll..LJL,

1
2030 4000 S000 8000
Mz

Figure 4.37 Combined and binned mass spectra of all mouse urine samples analysed by
MALDI-MS. The green line indicates the unresolved background continuum which is

subtracted prior to data evaluation.
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Figure 4.38 Count values heat map of significant peaks of urine MALDI spectra. The
peaks are sorted in ascending order of m/z values. The brightness is proportional to

signal intensity. Samples are listed in run order.
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PCA analysis revealed that the major variation in the data set is unrelated to groups

(figure 4.39 A). Age differences were revealed in the third principal component (figure

439 B).

wild type 8 weeks

t TRAMP 8 weeks
A wild type 28 weeks
u TRAMP 28 weeks

PC 2

PC 3

PC 1

Figure 4.39 PCA scores plots of urine samples analysed by MALDI-MS showing (A)
the first and second and (B) the first and third principal component (PC). The data are

scaled to unit variance.
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In order to identify changes related to the TRAMP genotype, a PLS-DA model for each
time point was generated. Although the model for the old mice did not pass the
validation test, five ions significantly different between old TRAMP and wild type mice
were identified. Figure 4.40 shows scores and loadings plots for young and old animals.
Table 4.5 lists all significant changes in the urinary peptide profile of TRAMP and wild
type mice at either time point. None of the ions that differentiated TRAMP and wild

type mice were common to both age groups.
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Figure 4.40 Scores and loadings plots of PLS-DA models for maximal separation
between TRAMP and wild type mice at (A) 8 and (B) 28 weeks of age. The dots in the
red marked areas of the loadings plots are m/z ratios which were significantly different

between the groups. The data are scaled to unit variance.

137



Chapter 4

Table 4.5 Significant changes in the urinary peptide profile of TRAMP mice compared

to age matched wild type mice

/2 Change in TRAMP /2 Change in TRAMP
vs. wild type vs. wild type
8 weeks

1744.0 -69% 1291.0 +41%
2073.9 -27% 13223 +134%
2090.1 -46% 1433.0 +118%
2257.1 21% 1435.0 +176%
2273.0 -38% 2100.9 +115%
2393.0 -34% 2184.9 +38%
24242 -25% 2211.9 +219%
2998.0 -19% 2592.0 +358%
3008.0 -60% 8223.1 +45%
3505.0 -44% 28 weeks

4006.0 -37% 4406.0 -3%
4236.0 21% 8510.0 -13%
4317.0 -44% 5839.0 +9%
4528.0 -50% 7703.0 +14%
6469.0 -33% 9250.0 +17%

From table 4.5 and figure 4.40 it is evident that differences in the urinary peptide pattern
between TRAMP and wild type mice were much more pronounced in the young
animals compared to the older group. In agreement with the PLS-DA analysis, the
difference/correlation plots (figure 4.41) highlight the most significant changes in
TRAMP mice. While in the young animals group differences were mostly concentrated
on the lower molecular weight range, in the old animals changes were found at the

upper end of the investigated m/z range.
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4.4.2 Peptidomic changes in plasma of TRAMP mice

Figure 4.42 shows the binned combined mass spectra of all plasma samples with the
green line indicating the unresolved background continuum which was subtracted
before data evaluation. From the background-subtracted spectrum 286 significant peaks
were extracted for further analysis. The unresolved background signal only reached
about 100 counts as compared to 500 counts in the urine spectra. The peaks were more
evenly distributed across the first half of the m/z range than in the urine spectra. Figure

4.43 shows the heat map for count values of the significant peaks for all samples.
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Figure 4.42 Combined and binned mass spectra of all mouse plasma samples analysed
by MALDI-MS. The green line indicates the unresolved background continuum which

is subtracted prior to data evaluation.
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Figure 4.43 Count values heat map of significant peaks of plasma MALDI spectra. The
peaks are sorted in ascending order of m/z values. The brightness is proportional to

signal intensity. Samples are listed in run order.

PCA analysis (figure 4.44) shows that age differences are the major contributors to
variation in the data set. Differences related to the TRAMP genotype were established
using PLS-DA models generated to maximise the separation between wild type and
TRAMP at both time points. In contrast to the urine data, the differences were stronger
in the old animals, in which tumours in TRAMP mice were fully developed. The PLS-
DA model for the young animals did not pass the validation test. However, it was
possible to identify five m/z values significantly different between TRAMP and wild

type mice (figure 4.45, table 4.6).
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Figure 4.44 PCA scores plots of plasma samples analysed by MALDI-MS showing (A)

the first and second and (B) the second and third principal component (PC). The data

are scaled to unit variance.
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Figure 4.45 Scores and loadings plots of PLS-DA models for maximal separation

between TRAMP and wild type mice at (A) 8 and (B) 28 weeks of age. The dots in the

red marked areas of the loadings plots are m/z ratios which were significantly different

between the groups. The data are scaled to unit variance.

The difference/correlation plots generated for the separation of TRAMP and wild type

mice at each time point confirmed the findings from the PLS-DA analysis (data not

shown). As for the urine samples, there were no overlaps in the differing ions between

the two age groups. Furthermore, there was no overlap found between urine and plasma

samples.
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Table 4.6 Significant changes in the plasma peptide profile of TRAMP mice compared

to age-matched wild type mice

/e Change in TRAMP 2 Change in TRAMP
vs. wild type vs. wild type

8 weeks 3361.0 +25%
5539.0 +68% 4260.0 +89%
1030.3 -35% 5186.9 +15%
6066.0 -T1% 1183.2 -51%
6517.0 -70% 1241.0 -37%
7430.0 -38% 1346.0 -44%

28 weeks 3713.9 -52%
2103.0 +40% 4072.2 -29%

4.4.3 Discussion

Peptidomic profiling of urine and plasma from TRAMP and wild type mice at 8 and 28
weeks of age revealed group specific differences in both young and old animals.
However, a marker ion common to both age groups was not detected in plasma or urine.
Therefore, none of the differentially excreted ions can be unequivocally termed a
marker for early detection or related to the process of prostate carcinogenesis in the
TRAMP mouse. This finding is in agreement with the results obtained from the
metabolic profiling. Also consistent with findings from the metabonomic investigations
is the fact that the age of the animals is the major contributor to differences observed in

urinary and plasma peptide profiles.
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As for NMR analysis, urine samples showed a greater variation between TRAMP and
wild type mice at 8 weeks of age compared to 28 weeks of age. This finding may be due
to the suspected alteration in the gut microflora in 8 week old TRAMP mice (see section
4.2). It remains unclear which of these changes are related to the TRAMP phenotype or
whether gut microfloral alterations and TRAMP phenotype are linked at 8 weeks of age.
The presence of a prostate tumour had a less prominent effect on the urinary peptidome
than aging or bacterial alterations in the gut. The plasma peptidome on the other hand
showed more variation between TRAMP and wild type mice at 28 weeks. The plasma
peptidome seems to be more influenced by the presence of a tumour than changes in the
gut microflora. The reason for the better detection of the neoplasm in the plasma
peptidome compared to the urine peptidome may either be explained by the “closeness”
of the plasma to tumour or by bias due to sample preparation. Both samples types were
prepared following the same SPE method (see section 2.2.2.4) which would allow for
the detection of the same markers, if they were the same. However, “hydrophilising”
metabolic changes, which the peptides might undergo prior to renal excretion, may lead
to a poorer recovery using the applied SPE method. The heat map plots have shown that
the peptide composition of urine and plasma is different with regard to mass
distribution. An analogous situation might also apply to hydrophilic / hydrophobic
properties. For future studies an additional SPE extraction for urine samples

concentrating especially on hydrophilic species could be envisaged.
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The literature (Adam et al., 2002; Banez et al., 2003; M'Koma et al., 2007; Mobley et

al., 2004; Pan et al., 2006; Petricoin et al., 2002b; Qu et al., 2002) was checked for

peptide markers inherent to both human and TRAMP prostate cancer. Table 4.3 lists the

peaks (+/- 15 mass units) that were also found to distinguish patients with prostate

cancer (PCa) from healthy controls or patients with BPH.

Table 4.7 Marker ions which differentiate TRAMP and wild type mice, and similar

marker 1ons found in human studies

Ion different

between Change Marker ion
Type of
TRAMP and TRAMP vs. found in Reference
change
wild type wild type humans (m/z)
(m/z)
decrease .
decrease in (Pan et al.
3714 (plasma, 3700 ’
28 weeks) PCa (serum) 2006)
decrease differentiating (Qu et al
4072 (plasma, 4071 BPH from 2u 0326)1 ”
28 weeks) normal (serum)
decrease differentiating (Qu et al
4072 (plasma, 4079 PCa from 2002) "
28 weeks) normal (serum)
differentiating
increase PCa from (Petricoin ef
2103 (plasma, 2092 benign al., 2002)
28 weeks) condition ”
(serum)
increase Increased in .
1433 (urine, 1434 pCavs. gpy | (M'Komaeral,
. 2007)
8 weeks) (urine)
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Many reports state that SELDI or MALDI-MS profiling of serum samples can detect
prostate cancer with better accuracy than PSA. Though it is remarkable that the overlap
of markers between the different studies is only minimal (Mobley et al., 2004). In this
respect the work described here is no exception. It should be borne in mind though that
murine and not human samples, and plasma rather than serum, were analysed. The great
effects of sample preparation and handling on the composition of the mass spectra and
the need for rigorous validation have been recognised (see Introduction, section 1.4.2).
But even after inter-laboratory reproducibility has been established (Semmes et al.,
2005) and sources of sample bias identified (McLerran et al., 2008a) and eliminated,
correct classification of a sample cohort independent from the training set failed
(McLerran et al., 2008b). In agreement with these authors I conclude that a mass
spectrometry approach measuring peptide signals in specimens of blood or urine is
unlikely to succeed as a diagnostic tool for prostate cancer. However, the many reports,
including the work presented here, that show differences in the peptide profile of
prostate cancer and BPH patients, are good evidence that the peptidome of biofluids
contains valuable diagnostic information. A peptidomics shotgun approach as is
described here and in other studies, gives a snap-shot of a “peptidomic situation”, which
is influenced by numerous pre-analytical factors. Bearing this scenario in mind, peptide
profiling can be a valuable stepping stone for biomarker discovery. Marker ions have to
be identified and assessed in their biological context, and then a robust testing method

for a specific molecule can be developed.
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4.5 Levels of urinary 8-0xodG in TRAMP mice

4.5.1 Results

4.5.1.1 Data normalisation

The concentration of 8-0xodG in urine of TRAMP and wild type mice was determined
by LC-MS/MS as described in sections 2.2.3.4 and 2.2.3.5. In order to assess dilution
factors, normalisation to creatinine (see section 2.2.3.7 and 3.2.2), specific gravity (SG)
(see section 2.2.3.8) and a combination of SG with the animal weight were investigated.
Statistical significance was tested using the Mann-Whitney U-test with p<0.05.

SG is the ratio of the density of a given substance or liquid to that of water. The value of
(SG-1) has been shown to correlate with the total mass of dissolved solids (Levine and
Fahy, 1945). In studies measuring urinary compounds SG is often used to account for
the dilution of urine samples (Heavner ef al., 2006). The renal excretion of creatinine
occurs in a relative constant relation to muscle mass (Narayanan and Appleton, 1980),
and is therefore to a certain extent correlated to body mass, namely lean body mass.
This fact makes creatinine a common point of reference in many research investigations
and clinical measurements (Heavner et al., 2006). The normalisation to SG and weight
was chosen in order to account for dilution and body mass, respectively. Since oxidative
damage does not only occur in muscle tissue, and the animals undergo substantial
weight gain between 8 and 28 weeks of age, the influence of total body weight on levels
of urinary 8-0xodG was investigated.

Table 4.8 shows the median values of urinary 8-0xodG for all four groups of mice using
the described normalisation procedures. The median values of the factors used for
normalisation are shown in table 4.9. Young wild type and TRAMP mice differed

significantly in body weight (indicated by one dot). When all young versus all old
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animals were compared, body weight and creatinine, but not SG, were significantly
different. Table 4.10 presents the percent differences of median 8-oxodG levels between
animal groups. The unnormalised and SG-normalised data show large age differences,
since here body mass is not taken into account. The correction for creatinine reduces the
differences since an older mouse will excrete more creatinine due to an increase of
muscle mass. SG- and weight-adjusted data exhibit the least differences in relation to
animal age. This finding reflects the fact that the median body weight of old animals
was 97% higher than in young animals while the creatinine excretion was elevated by
only 43%.

The values normalised by SG and weight did not confirm the significant increase of
urinary 8-0xodG levels with age in TRAMP mice. This can be explained by the increase
of 8-0x0dG in young TRAMP mice compared to young wild type mice (table 4.10),
which is caused by a significant weight difference between these two animal groups
(table 4.9). However, this weight difference is not reflected by the difference in
creatinine, suggesting that the cause for the weight difference is not related to the lean
body mass. The source for the difference in body weight is unknown; however, fat and
water deposits might play a role, both of which are unlikely to contribute to renally
excreted 8-oxodG. Normalisation to creatinine seemed therefore the most appropriate
for the analysis of the data. Previous studies in humans show evidence that urinary 8-
oxodG is in fact formed in the lean body mass (Pilger ef al., 2001; Pourcelot et al.,

1999).
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4.5.1.2 Comparison of urinary 8-0xodG levels in TRAMP and wild type mice

For data evaluation the creatinine-normalised data were used (marked yellow in tables
4.8 and 4.10). There is no significant difference in urinary 8-oxodG levels between
TRAMP and wild type mice at either time point. However, a significant elevation was
observed in old mice of both genotypes as compared to the young animals (table 4.10,
figure 4.46). The general trend of these findings (no difference between TRAMP and
wild type but a strong increase with age) was the same in the data that were normalised
to SG or unnormalised. The reasons for the discrepancies in the SG- and weight-

normalised data are discussed in the section above.
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Table 4.8 Median values for urinary 8-oxodG across the four animal groups using

different data normalisation techniques.

wild type TRAMP wild type TRAMP
8 weeks 8 weeks 28 weeks 28 weeks
unnormalised 5.80 5.71 17.75 16.59
[pmol/ml] (2.35/12.71) (2.90/8.79)  (13.95/26.54) (11.83/22.22)
(n=9) (n=9) (n=7) (n=8)
creatinine-normalised 3.68 4.00 6.91 6.73
[nmol/mmol] (2.22/4.24) (2.83/4.89) (6.46/16.66) (5.98/8.53)
(n=7) (n=8) (n=6) (n=8)
SG-normalised 5.01 5.48 12.34 11.46
[pmol/ml] (3.13/5.75) (3.58/10.31) (11.16/16.51) (10.33/15.15)
(n=9) (n=9) (n=7) (n=8)
SG- & weight normalised 252 318 356 356
[fmol/ml/g] (168/338) (216/617) (326/479) (304/469)
(n=8) (n=8) (n=7) (n=8)

The numbers in brackets are the minima and maxima; n is the number of animals per

group.
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Table 4.9 Median values for measurements used for the normalisation of 8-oxodG

concentrations
wild type TRAMP wild type TRAMP
8 weeks 8 weeks 28 weeks 28 weeks
animal weight
2] 179 ¢ 16.65 34.29 33.65 ¢¢
g
(16.98/20.84) (16.26/19.47) | (31.3/37.3) (30.3/38.4)
creatinine
(uM] 1709 1648 2613 2176 ¢
R
(1057/3282) (691/2480) (837/3267) (1822/3566)
specific gravity 1.026 1.017 1.0285 1.0265

(1.015/1.049) (1.012/1.042)

(1.024/1.039) (1.020/1.043)

Values in brackets are minima and maxima. ¢ = significant difference between animals

within one age group; ¢¢ = significant difference between all young vs. all old animals

(Mann-Whitney U test, P<0.05)
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Figure 4.46 Levels of urinary 8-0xodG in TRAMP and wild type mice. The circles

represent the urinary 8-oxodG levels for individual animals normalised to creatinine.

The black bars indicate the median value for each group.
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Table 4.10 Changes in 8-0xodG levels between TRAMP and wild type mice

wild type wild type wild type TRAMP
8 weeks 28 weeks 8 weeks 8 weeks
VS. VS. VS. VS.
TRAMP TRAMP wild type TRAMP
8 weeks 28 weeks 28 weeks 28 weeks
unnormalised -2% -7% +206% +191%
[pmol/ml] (p=0.691) (p=0.298) (p=0.0009) (p=0.0005)
creatinine-normalised
+9% -3% +88% +69%
[nmol/mmol]
(p=0.563) (p=0.366) (p=0.003) (p=0.0008)
SG-normalised
+9% -7% +146% +109%
[pmol/ml]
(p=0.122) (p=0.298) (p=0.0009) (p=0.0005)
SG- & weight normalised
+26% 0% +41% +12%
[fmol/ml/g]
(p=0.074) (p=0.772) (p=0.002) (p=0.401)

4.5.2 Discussion

The initial aim was to test the hypothesis that animals which harbour the TRAMP
genotype show higher levels of urinary 8-oxodG as a result of increased oxidative
stress. Elevated levels of urinary 8-oxodG have been linked to human cancers in general
(Wu et al., 2004) and prostate cancer in particular (Chiou et al., 2003; Miyake et al.,
2004). However, decreased urinary 8-oxodG levels in cancer patients have also been
reported (Cooke et al., 2006b). In the TRAMP mouse 8-oxodG was detected in prostate

tissue by immunohistochemical staining, but it was not detectable in age matched wild
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type mice (Tam et al., 2006). However, the present study could not show an increase in
urinary 8-0xodG in TRAMP compared to wild type mice at either 8 or 28 weeks of age.
Bearing in mind that urinary 8-0xodG is a product of DNA repair or derived from the
nucleotide pool (see Introduction, section 1.5) and assuming that the findings by Tam et
al. (2006) are genuine, there are three possible explanations as to why 8-oxodG was not
elevated in the urine of TRAMP mice: i) The contribution from the prostate tissue and
tumour is only minor in comparison with 8-0xodG from other body compartments, and
therefore changes do not register in urine. i1) The DNA repair mechanisms that remove
8-0x0dG (see Introduction, section 1.5) are impaired in TRAMP prostate tissue leading
to unchanged 8-0xodG levels in urine despite increased oxidative DNA damage in the
prostate. McCabe ef al. have shown that in TRAMP prostates hypermethylation leads to
underexpression of O°-methylguanine-DNA methyltransferase (Mgmt) (McCabe ef al.,
2006), which plays an important role in the repair of O°-methylguanine and other
alkylation DNA damage (Margison and Santibanez-Koref, 2002). In this context, it is
conceivable that hypermethylation also affects other DNA repair enzymes, e.g.
nucleotide excision repair, 8-oxodG endonuclease, and 8-oxodGTPase, which are
thought to be responsible for the excretion of 8-oxodG in urine (see Introduction,
section 1.5). An impaired repair mechanism in cancer patients has also been postulated
by Cooke et al. who found slightly decreased urinary 8-oxodG in colorectal and lung
cancer patients (Cooke et al., 2006b). iii) The accumulation of nuclear 8-oxodG in
TRAMP prostate observed by Tam et al. (2006) does not contribute to 8-oxodG in
urine. This possibility would favour the nucleotide pool as a major contributor to
excreted 8-o0xodG. Recently, the nucleotide pool has been suggested to be significantly
affected by radiation-induced oxidative stress and to greatly contribute to extra-cellular

8-0x0dG, as found in urine (Haghdoost ef al., 2005; Haghdoost et al., 2006).
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The other observation of this study was the increase of urinary 8-oxodG in 28 week old
TRAMP and wild type mice compared to their 8 week old counterparts. Due to the
confounding factors of normalisation, discussed in section 4.5.1.1, it is difficult to say
by how much the value does exactly increase, but the general trend of increase with age
is undeniable. The increase of oxidative damage with age has been intensely discussed
in the literature. Various studies in mice and rats have shown that tissue levels of 8-
oxodG increase with age, though to different extents in different tissues (Fraga et al.,
1990; Hamilton et al., 2001; Sohal et al., 1994). Studies on human subjects have
demonstrated increases of 8-oxodG in skeletal muscles (Mecocci et al., 1999) and
leukocytes (Siomek et al., 2007) from adulthood to old age. The latter study could also
show that the renal excretion of 8-o0xodG follows a similar pattern. Other researchers
reported no or even a slightly negative correlation of urinary 8-0xodG to age in humans
(Miwa et al., 2004; Pilger et al., 2001; Poulsen et al., 1998). A significant decrease of
urinary 8-oxodG with age has been shown for rats, despite increases in the 8-0xodG in
tissues (Fraga et al., 1990). The authors of this study postulated impaired repair
mechanisms as the cause of decreased 8-oxodG excretion. However, more recently,
Hamilton ef al. demonstrated that the increase of 8-oxodG with age in various tissues of
female C57BL/6 mice was not due to a diminished ability to remove these lesions
(Hamilton et al., 2001). Young and old animals, exposed to y-irradiation, showed no
difference in the rate of removal, but old animals exhibited much higher levels of 8-
oxodG than young mice upon radiation exposure. The authors concluded that an
enhanced sensitivity to oxidative stress is responsible for increasing 8-oxodG levels in
aging. C57BL/6 is the background strain used for the TRAMP study here. It seems
reasonable to assume that the observed increase of urinary 8-oxodG in 28 week old

TRAMP and wild type mice compared to their 8 week old counterparts reflects the
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increase in susceptibility to oxidative stress as described by Hamilton er al. It is
interesting to note that these processes seem to start relatively early in the life of the
mouse, as the group that is here marked “old” (28 weeks) is the “young” group in the
study by Hamilton et al. (2001).

The changes in urinary 8-0xodG observed for mice, rats and humans during aging are
quite different from each other, although an increase in tissue levels is common to all
species. Further research is required to determine the source of urinary 8-oxodG and
whether, and to what extent, differences in DNA and nucleotide pool repair in general,
and during aging in particular, exist between these species. It seems important to be able

to assess the transferability of data acquired in preclinical animal studies to humans.
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4.6 Summary

The metabolic profiling of prostate tissue showed that the loss of prostate-specific
citrate metabolism in prostate cancer is common to both TRAMP mice and men. The
tumour phospholipid metabolism on the other hand was found to be different to that
observed in human prostate cancer. The implications of these findings for the use of the
TRAMP model in chemoprevention research will be discussed in Chapter 7.

Metabolic and peptidomic profiles of urine showed greater differences between 8 week
old TRAMP and wild type mice than between 28 week old mice. In 8 week old mice
gut microflora related alterations of the urinary metabolic profile were found to be the
major contributors to group separation. These findings showed that the urinary
metabolite and possibly peptide profile is greatly influenced by the composition of the
gut microflora. This fact should be borne in mind for the design of future studies.

NMR based metabolic profiling of plasma did not reveal any TRAMP-specific changes,
whereas peptidomic profiling was able to pick up TRAMP-specific alterations. None of
the profiling approaches, however, detected TRAMP-specific markers consistent to both
age groups. It was therefore not possible to identify a marker that could be assigned
unambiguously to carcinogenesis. All profiling approaches have identified aging to be
the most influential factor for the metabolic and peptidomic profiles. It is conceivable
that these general underlying changes influence the way the organism deals with cancer
related “threats”, which would make the detection of markers common to both age
groups unlikely. Metabolic and peptidomic profiling studies investigating smaller time
windows would be of great benefit to elucidate possible connections.

The urinary excretion of 8-oxodG was not different between TRAMP and wild type
mice at either time point, but great increases were seen in old compared to young mice.

This finding is consistent with the results from investigations mentioned above, that
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aging is the major cause of changes in the organism. Reports for urinary 8-oxodG as
cancer biomarkers are equivocal; increases as well as decreases have been reported.
Since the origin of urinary 8-0xodG is currently not clear, it is not possible to define the
role of urinary 8-0xodG in cancer. The present study showed that in a well controlled
and — compared to humans — homogenous model organism the development of
advanced prostate cancer did not lead to changes in levels of urinary 8-oxodG. Although
the development of LC-MS/MS methods has given researchers a tool for the accurate
determination of 8-0xodG, its use as biomarker has to be looked at with caution until

the origin of its appearance in urine is elucidated.
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5. Effect of green tea constituents on features of carcinogenesis in the TRAMP
mouse model

This study (see section 2.2.1.5) was conducted with the aim of assessing the effect of
intervention with green tea polyphenols (GTP) on TRAMP mouse carcinogenesis and to
find biomarkers to monitor possible effects. Age matched wild type and TRAMP mice
were divided into tea treatment and control groups and sacrificed at either 8 or 29 weeks
of age. Urine, plasma, and tissue samples were collected as described in sections
2.2.1.5,2.2.1.7,2.2.1.8 and 2.2.1.9. In the following the 8 week old mice are referred to

as “young” and the 29 week old as “old”.

5.1 Effect of GTP on prostate tissue of TRAMP mice

5.1.1 Pathological assessment of prostate tissue

At 8 weeks of age TRAMP mice presented with early focal hyperplastic alterations to
the glandular epithelium of the prostate. In TRAMP mice receiving GTP these lesions
seemed overall a little less extensive. However, accurate quantification was not possible
due to the highly focal nature of these lesions their variable size and random distribution
within the sections. As discussed previously (see Chapter 4.1.1), two histological types
of carcinoma were present in old TRAMP mice: well-differentiated adenocarcinoma
and poorly differentiated carcinoma (less common). The latter were much larger and
more extensive tumours. Wild type mice did not present with any discernible malignant

change at either time point.
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5.1.2 Effect of GTP on prostate weights in TRAMP mice

Prostates and prostate tumours were dissected avoiding the seminal vesicles. For weight
comparison two and three large central tumours (weighing from 1.2g to 10g) were
excluded from the old TRAMP groups receiving GTP and water, respectively. Prostate
weights were not significantly different (Mann-Whitney U-test, p<0.05) between water-
and GTP-fed TRAMP or wild type mice at either time point (figure 5.1). At 8 weeks of
age the prostates of TRAMP mice already showed a tendency to increased prostate
weights compared to their wild type litter mates. In the case of the water-fed animals

this difference (+12%) was significant (p=0.0321, figure 5.1 A).
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Figure 5.1 Prostate weights in 8 week (A) and 29 week old (B) mice.
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5.1.3 Effect of GTP on metabolic profile of prostate tissue of TRAMP and wild
type mice

Prostate tissue was extracted and analysed as described in sections 2.2.4.3, 2.2.4.5 and
2.2.4.6. Spectral assignments were made with a combination of homonuclear COSY
experiments (carried out by Dr Hector Keun, Imperial College, London), literature
(Bollard et al.,, 2005; Nicholson et al, 1989), the BMRB database

(http://www.bmrb.wisc.edu/) (Seavey et al., 1991) and advice from Dr Hector Keun.

Changes in metabolite levels were calculated from the group medians, and significance
was established using the Mann-Whitney U-test.

Figure 5.2 shows the PCA scores plot of all tissue extracts analysed by 'H-NMR. The
presence of tumours and the age of the animals are the greatest contributors to variation
in the data set. In order to eliminate the aging effect, the young and old animals were
evaluated separately. For each age group a PLS-DA model was generated such that the
separation between wild type and TRAMP mice was maximised regardless of treatment.
The validity of each model was tested by comparing the predictive ability of the model,
summarised by Q? statistics, with those of 20 models where the TRAMP and wild type
mice were randomly assigned to different groups. Only in the case of the old animals
was the model Q° greater than all ‘permuted’ models, confirming the model predictivity
as statistically significant (p< 0.05). For both age groups a scores plot of the PLS-DA
model was created which was coloured according to genotype and treatment (figure
5.3). This allowed the visualisation of the green tea effect on the profile in the TRAMP
— wild type profile shift. However, GTP-fed mice did not form a separate cluster but
were grouped together with water-fed animals.

To confirm this observation, the Y predictive values for water-fed TRAMP mice and

GTP-fed TRAMP mice as well as water- and GTP-fed wild type mice were compared.
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The values did not differ significantly (t-test), indicating that both TRAMP groups are
equally distant to the wild type animals and vice versa. GTP did not have a global effect

on the metabolic profile of prostate tissue in 8 and 28 week old TRAMP mice.
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Figure 5.2 PCA scores plot of all prostate extract NMR spectra showing the first and

second principal component (PC). The data are scaled to unit variance.

A wild type - water
A TRAMP - water
A wild type - GTP
TRAMP - GTP
A B 40
20 30
A4
20
10 A
10 A
—_ A —_ A 4
N0 : N9 i AAP:
-10 A
-10 A
A -20
-20 -30
30 20 10 0 10 20 30 -40 30 20 10 0 10 20 30 40

t[1] 1]

Figure 5.3 Scores plots of PLS-DA models generated to maximise the difference
between TRAMP and wild type mice at (A) 8 and (B) 29 weeks of age regardless
treatment. The groups are coloured according to genotype and treatment. The data are

scaled to unit variance.
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Differences in the prostate metabolome of TRAMP and wild type mice at 8 and 28
weeks of age are described in Chapter 4. At 8 weeks of age the only discriminating
feature was the GPC/PC ratio. In the old animals significant decreases of citrate,
glucose, UDP-linked sugars, choline, PC, GPC and GPI were observed, while aspartate
was significantly increased. GTP did not show an effect on any of these metabolites at
either time point.

In order to mine the data set for more subtle GTP effects on prostate tissue, four
difference/correlation plots were generated to visualise the differences between GTP-
and water-receiving TRAMP and wild type mice at either time point. Additionally,
overlaid spectra coloured according to groups were inspected for GTP related
differences. Five spectral regions differed significantly between GTP- and water-fed
animals (table 5.1). None of these differences were consistent throughout the animal

groups.

164



Chapter 5

Table 5.1 Effects of GTP on prostate tissue metabolite levels

metabolite change in GTP-fed
or spectral region compared to water-fed p-value
8 week old wild type mice (ngrp= 5; Nwater = 5)
s 8.19ppm -26% 0.0472
8 week old TRAMP mice (ngrp= 5; Nwater = 5)
d 2.94ppm +54% 0.0472
29 week old wild type mice (ngrp= 5; Nyater = 4)
creatine (s 3.04ppm) -46% 0.0143
s 1.92ppm -14% 0.0143
s 2.92ppm -17% 0.0192
29 week old TRAMP mice (ngrp= 5; Nyater = 5)
s 3.36ppm +279% 0.0472

ppm value in brackets indicate the signal that was used for integration; s = singlet, d =
doublet. Changes were calculated from the group median values. Significance was

established with the Mann-Whitney U-test.

5.1.4 Discussion

Histopathological assessment of TRAMP prostate tissue suggested a slight anti-
neoplastic effect of GTP at 8 weeks of age but not at 29 weeks of age (see section
5.1.1), while comparison of prostate weights did not provide evidence for
chemopreventive efficacy of GTP at either time point (see section 5.1.2). In agreement
with this observation, no global GTP effect diminishing the TRAMP phenotype at the
metabolic level could be observed (see section 5.1.3). A small number of differences in
signal intensities in tissue extract NMR spectra between GTP- and water-fed animals,
which were discovered upon detailed data mining, were not consistent between the

groups. Only in 29 week old wild type mice was more than one signal found to be
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significantly different, suggesting that in this group the GTP effect on the prostate
metabolome was more pronounced.

Although histopathological examination suggests a slight anti-neoplastic effect of GTP
in 8 week old TRAMP mice, all the findings from prostate tissue examination taken
together were unable to give sufficient evidence of chemopreventive efficacy of GTP in
this study. This observation is in contrast to previously reported green tea mediated
chemoprevention in the TRAMP mouse model (see Chapter 1, section 1.3.1). It should
be emphasised, however, that the success rates for chemoprevention of prostate
carcinogenesis in TRAMP mice with GTP or EGCG as reported in the literature, are
very variable. Supplementation of drinking water with 0.1% and 0.3% GTP have been
reported to lead to a 65 and 80% reduction in the development of palpable tumours,
respectively (Caporali et al., 2004; Gupta et al., 2001). Treatment with EGCG, the
major catechin in green tea, has been shown to exert an effect on the ventral prostatic
lobes, but a significant reduction of hyperplasia in the whole of the prostate in animals
older than 12 weeks was not found (Harper et al., 2007; Nyska et al., 2003). The
observation by Harper ef al. that EGCG was only effective in 12 week old but not 28
week old animals, is consistent with the less extensive lesions in the 8 week old GTP-
fed TRAMP mice compared to water-fed TRAMP mice observed in this study.
Comparison of the results from the studies published in the literature (see above)
suggests that EGCG as a single compound is less effective than a mixture of GTP.

The study described here used 0.05% GTP dissolved in the drinking water, which is less
GTP and equivalent EGCG compared to that used in previously published studies. It
appears clear, that the dose administered here was not sufficient to exert a
chemopreventive effect. In this context, it should also be considered that a possible

oxidation of GTP in the drinking bottle (air bubbles introduced by drinking) could have
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lowered the GTP-dose further. Miura ef al. observed a nearly 60% decrease in the
EGCG concentration over 24h in a GTP solution offered to rats, while the compound

was relatively stable in the same bottle kept on the bench (Miura ez al., 2001).
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5.2 GTP effects on the urinary metabolic profile of TRAMP mice

5.2.1 'TH-NMR metabolic profiling of urine

Urine samples were prepared and analysed as described in sections 2.2.4.1, 2.2.4.5 and
2.2.4.6. Spectral assignments were made by comparison with the literature (Bollard ez

al., 2005; Nicholson et al., 1989), the BMRB database (http:/www.bmrb.wisc.edu/)

(Seavey et al., 1991) and personal communication with Dr Hector Keun (Imperial
College, London). Changes in metabolite levels were calculated from the medians, and
significance was established using the Mann-Whitney U-test. Figure 5.4 shows a urine

NMR spectrum obtained from a GTP-fed 29 week old TRAMP mouse.

5.2.1.1 Effect of GTP on urinary metabolite profile of TRAMP mice

Figure 5.5 shows a PCA scores plot for all urine NMR spectra. The trend of separation
along the first principal component indicates that the main variation within the data set
arises from the age difference. Subsequent data analysis was carried out for both age
groups separately. As described in section 5.1.3 for tissue extract NMR data, PLS-DA
models were generated to maximise the separation between TRAMP and wild type mice
regardless of treatment. In the 29 week old animals the PLS-DA model could
successfully separate (as tested against permutated models) wild type (WT) and
TRAMP (T) mice (figure 5.6). However, the consumption of GTP did not show a global
effect on the urinary metabolic profile of TRAMP mice. To confirm this observation the
Y predictive values for water-fed TRAMP mice and GTP-fed TRAMP mice were
compared. The values did not differ significantly (t-test), indicating that both TRAMP

groups are equally distant to the wild type animals. Similarly, in the urine of the 8 week
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old animals no global effect of GTP could be established (not shown). At neither time

point could GTP metabolites be detected in the mouse urine.
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Figure 5.4 Typical 'H-NMR urine spectrum of a 28 week old TRAMP mouse receiving

0.05% GTP in the drinking water in the (A) aromatic and (B) aliphatic regions.
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Figure 5.5 PCA scores plot of all urine NMR spectra showing the first and second

principal component (PC). The data are scaled to unit variance.
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Figure 5.6 Scores plot of a PLS-DA model generated to maximise the separation
between 29 week old TRAMP (T; red & green) and wild type mice (WT; blue & black).

The data are scaled to unit variance.

In order to mine the data set for differences in single metabolites, which might have
been overlooked by the PLS-DA models described above, the following approaches

were taken for each age group: 1. visual inspection of the NMR spectra, 2. calculation
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of difference/correlation spectra from tea and water TRAMP samples at each age and 3.
examination of loadings plots from PLS-DA models calculated to maximise the
separation between GTP- and water-fed TRAMP mice at each time point.

In the urine of the young animals no metabolite changes indicating a TRAMP specific
GTP effect could be found using any of the data mining techniques. However, in the
urine of old mice signals for TRAMP specific GTP effects were identified. In all cases
the difference between the water-fed TRAMP mice and those receiving GTP was
statistically significant according to the Mann-Whitney U-test with p<0.01 (table 5.2),
while no significant differences were observed for the wild type counter parts (U test
with p < 0.05). None of these signals was significantly changed in young TRAMP mice
receiving GTP compared to the water group. Figure 5.7 shows the median spectra of
each group. The effect of GTP on TRAMP mice seems such that it moves the
metabolite levels closer to levels seen in the healthy wild type mice and reverses the

effect of the TRAMP genotype.
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Figure 5.7 Median spectra of urine from 29 week old mice (WT water, n=5; TRAMP

water, n=18; WT GTP, n=7;, TRAMP GTP, n=12) zoomed in on regions that were

TRAMP specifically affected by GTP; WT = wild type
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Table 5.2 TRAMP specific effects of GTP on urinary metabolite levels in 29 week old

TRAMP mice
metabolite change in GTP-fed

or spectral region compared to water-fed p-value
taurine (t 3.43ppm) +166% 0.0012
s 3.355ppm +30% 0.0030
s 7.18ppm +32% 0.0013
d 1.17ppm -13% 0.0098
m 1.50ppm -15% 0.0023

ppm value in brackets indicate the signal that was used for integration; s = singlet, d =
doublet, t = triplet, m = multiplet. Changes were calculated from the group median

values. Significance was established using the Mann-Whitney U-test.

Regions that were similarly changed in TRAMP and wild type mice were tryptophan
and phenylalanine (figure 5.8). These changes were only observed in old animas and
statistical significance was only reached when TRAMP and wild type mice were
evaluated together. The excretion of tryptophan (d 7.71ppm) and phenylalanine (m
7.42ppm) increased by 59% and 26%, respectively. These changes have to my

knowledge not previously been associated with GTP consumption.
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Figure 5.8 Median urine NMR spectra of all groups (WT water 8 weeks, n=7; TRAMP
water 8 weeks, n=9; WT water 29 weeks, n=5; TRAMP water 29 weeks, n=18; WT
GTP 8 weeks, n=10; TRAMP GTP 8 weeks, n=9; WT GTP 29 weeks, n=7; TRAMP

GTP 29 weeks, n=12); WT = wild type

5.2.1.2 Effect of TRAMP genotype on urinary metabolite profile

In order to establish whether metabolites, which were discriminating between TRAMP
and wild type mice in the study described in Chapter 4, were also discriminatory in this
study, a difference/correlation plot, which focused on spectral differences correlating to
the TRAMP genotype, was calculated for each age group. The observed changes are
listed in table 5.3. None of these differences between TRAMP and wild type mice were
observed in the TRAMP study described in Chapter 4. NMR analysis did not show any

evidence for differences in the gut microflora of 8 week old TRAMP and wild type
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mice, as seen in the previous TRAMP study, thus ruling out this phenomenon as being

generally linked to the TRAMP genotype.

Table 5.3 Effects of TRAMP genotype on urinary metabolite levels

metabolite change in TRAMP vs. wild
p-value
or spectral region type mice

effect of TRAMP genotype in 8 week old mice receiving water

s 2.93ppm +5% 0.0172
s 4.72ppm +58% 0.0129
effect of TRAMP genotype in 29 week old mice receiving water
s 3.355ppm -23% 0.0014
taurine (t 3.43ppm) -52% 0.0091
m 1.50ppm +15% 0.0369
d 1.17ppm +14% 0.0442

ppm values in brackets indicate the signal that was used for integration; s = singlet, d =
doublet, t = triplet, m = multiplet. Changes were calculated from the group median

values. The p-value was determined using the Mann-Whitney U-test.

5.2.1.3 Age related changes of the urinary metabolic profile

Changes related to aging have been determined using a difference/correlation spectrum
from all young versus all old animals (figure 5.9). Consistent with the study described
in Chapter 4, differences between old and young animals were more pronounced than
changes relating to GTP intake or TRAMP genotype. Table 5.4 summarises the effect of
age on urinary metabolite levels. Creatinine, carnitine, isoleucine, phenylalanine and
taurine have also been found to be elevated in older mice of the study described in

Chapter 4.
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Figure 5.9 Difference/correlation spectrum of urine spectra from 8 week and 28 week
old TRAMP and wild type mice. Differences related to age were established regardless

of genotype or treatment.

Table 5.4 Effect of aging on urinary metabolite levels

metabolite

or spectral region change p-value
creatinine (s 3.05ppm) +58% <0.0001
carnitine (s 3.23ppm) +36% <0.0001
isoleucine (d 3.66ppm) +51% <0.0001
phenylalanine (m 7.42ppm) +52% <0.0001
taurine (t 3.43ppm) +51% 0.0102
creatine (s 3.04ppm) -33% 0.0054
d 6.86ppm -29% <0.0001

ppm values in brackets indicate the signal that was used for integration; s = singlet, d =
doublet, t = triplet, m = multiplet. Changes were calculated from the group median
values of all young and old animals, regardless of genotype or treatment. Significance

was established using the Mann Whitney U-Test
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5.2.2 LC-MS metabolic profiling of urine

Urine samples were prepared and analysed as described in sections 2.2.9.1, 2.2.9.3 and
2.2.9.5. Sample analysis was conducted in both negative and positive ionisation mode.
The PCA scores plots of all urine samples from analysis in negative and positive
ionisation mode are shown in figures 5.10 and 5.11, respectively. In both cases the QC
samples were widely spread over the data space indicating that the analytical variation
was very high. Even though in higher principal components the QC samples cluster
closer together along an axis that roughly divides young and old animals, the analytical
variation was still too great to distinguish TRAMP and wild type mice or treatment
groups (figures 5.10 B and 5.11 B). The analytical instability had occurred after the LC-
MS system had been relocated to another building. Repeated analysis after intensive
cleaning of the mass spectrometer and the injection system as well as change of the
HPLC column did not lead to improved analytical stability. Due to the unacceptably
high variation the data set had to be discarded and further mining for biomarkers was

not performed.
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Figure 5.10 PCA scores plots of all urine samples analysed in negative ionisation mode

showing (A) the first and second and (B) the fourth and fifth principal component (PC).

The data

are Pareto scaled.
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Figure 5.11 PCA scores plots of all urine samples analysed in positive ionisation mode

showing (A) the first and second and (B) the second and third Principal Component

(PC). The data are Pareto scaled.
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5.2.3 Discussion

NMR analysis did not detect strong general effects of GTP consumption on the urinary
metabolite profile, probably due to the low dose on the one hand and large physiological
variation on the other. Multivariate data analysis showed that GTP-fed TRAMP mice
were equally distant to the wild type phenotype as the water-fed counterparts. Only
detailed inspection of the spectra of 29 week old animals revealed some signals, which
were shifted in GTP-fed TRAMP mice towards the wild type level. However, these
results have to be interpreted with caution, firstly because there is no other evidence of
chemopreventive efficacy of GTP in the old TRAMP mice and secondly because none
of the signals discriminating old TRAMP and wild type mice in this study were markers
of the TRAMP phenotype in the study described in Chapter 4. The latter argument may
be questionable, since urine collection conditions were different in the two studies (see
section 2.2.1.4,2.2.1.5 and 3.1).

Overall, urinary metabolic profiling did not provide convincing evidence for a general

GTP effect and/or chemopreventive activity of GTP in TRAMP mice in this study.
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5.3 GTP effects on the plasma metabolic profile of TRAMP mice

5.3.1 'H-NMR metabolic profiling of plasma

Plasma samples were prepared and analysed as described in sections 2.2.4.2, 2.2.4.5 and
2.2.4.6. Spectral assignments were made based on the literature (Nicholson et al., 1995;

Teahan ef al., 2006), the BMRB database (http://www.bmrb.wisc.edu/), (Seavey et al.,

1991) and communication with Dr Hector Keun. Figure 5.12 shows a typical 'H-NMR

spectrum of plasma from an old wild type mouse receiving GTP.
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Figure 5.12 Typical '"H-NMR plasma spectrum of a 28 week old TRAMP mouse
receiving 0.05% GTP in the drinking water in the (A) aromatic and (B) aliphatic regions

acquired using a Carr-Purcell-Maiboom-Gill (CPMG) pulse frequency.
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The PCA scores plots of all samples (figure 5.13) show that the main variation, as
represented by the first principal component, is unrelated to age, genotype or treatment.

A trend of age separation is visible in the second principal component.

) wild type 8 weeks water wild type 8 weeks GTP
U TRAMP 8 weeks water TRAMP 8 weeks GTP
[ wild type 29 weeks water wild type 29 weeks GTP
u TRAMP 29 weeks water TRAMP 29 weeks GTP

o B3 8
]
at
g o0
Bl
u]
o
Yom
o
[ %)
oD
m]

PC2
=)

PC3
>
a
°
[ ] .l
] [
ny
at®
&
0
o

-20

-30

-30 20 -10 0 10 20 30 40 50 60 -20 -10 0 10 20
PC1 PC2

Figure 5.13 PCA scores plots of all plasma samples analysed by 'H-NMR showing (A)
the first and second and (B) the second and third principal component (PC). The data

are scaled to unit variance.

To establish whether GTP had a global effect on the metabolic TRAMP phenotype in
plasma, PLS-DA models maximising the separation between TRAMP and wild type
mice, regardless of treatment, were generated for each time point. A valid PLS-DA
model (as tested against permutation models, see above) could not be calculated for
either the 8 or 29 week data. Further steps in the search for GTP effects on plasma
metabolites included the examination of difference/correlation spectra and PLS-DA
loadings plots of GTP- and water-fed TRAMP mice at either time point, as well as the
examination of overlaid, group coloured, NMR spectra. Lower plasma lipid levels were

observed in young animals receiving GTP-supplemented water compared to the control
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groups (see figure 5.14). When TRAMP and wild type mice were evaluated together,
significantly (Mann-Whitney U-test, p<0.05) lower intensities were observed for the
signals from CH,CH,C=C (m 2.00ppm), CH,CH,CO (m 1.58ppm) and CH; groups (m
1.26ppm) by 19, 61, and 27%, respectively.

Plasma metabolic profiling did not reveal any differences between TRAMP and wild
type mice in the study described in Chapter 4. Here, difference/correlation spectra of
TRAMP and wild type mice receiving water at either time were used to mine the data
set for potential metabolic markers of the TRAMP genotype. The only significant
difference observed was a 38% higher formate level (s 8.45ppm, p = 0.0307) in old
TRAMP mice compared to old wild type mice. In general, no metabolic difference was
present between transgenic and non-transgenic mice, which is in agreement with finding
from the previous study (see Chapter 4).

Age related changes were established using a difference/correlation spectrum of all
young versus all old animals regardless of genotype and treatment. Old mice showed
decreased levels of lactate (d 1.32ppm), isoleucine (t 0.95ppm) and phenylalanine (m
7.42ppm) by 12, 23 and 10%, respectively. The multiplet at 1.72ppm was decreased by
89% in old compared to young animals. Glucose (d 5.23ppm) was 11% higher in the old
group. Signals from fatty acids at 2.00ppm (CH,CH,C=C), 1.58ppm (CH,CH,CO),
1.26ppm (CH; groups) and 0.88ppm (CHj; groups) were decreased by 17, 94, 15 and
33%, respectively. Lower levels of phenylalanine, isoleucine and the multiplet at
1.72ppm are consistent with the findings from the study described in Chapter 4, while
increases in plasma lipids (=CH groups, m 5.29ppm and CHj3 groups, m 0.85ppm) and
decreases in creatine (s 3.02ppm) and creatinine (s 3.03ppm) previously detected, could

not be confirmed.
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Figure 5.14 Median "H-NMR spectra zoomed in on regions of plasma lipid signals; (A)
CHj3; groups (mainly lipoproteins), (B) CH, groups (mainly lipoproteins), (C) other CH;

groups of fatty acids
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Figure 5.14 continued Median 'H-NMR spectra zoomed in on regions of plasma lipid
signals; (A) CHj groups (mainly lipoproteins), (B) CH, groups (mainly lipoproteins),

(C) other CH; groups of fatty acids

5.3.2 Discussion

Plasma metabolic profiling did not reveal any TRAMP specific GTP effects or global
shift of the TRAMP phenotype towards the wild type phenotype. However, in the young
animals GTP-treated groups exhibited lower levels of some lipids compared to the
water-fed groups. This effect was observed regardless of genotype. In the case of the
young TRAMP mice this effect was accompanied by a significant lower body weight (-
7%, p<0.05). But an unequivocal assignment of this weight difference to GTP is not
possible, as the body weights were not different between young TRAMP and wild type

mice on water or tea, respectively.
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Recent studies have associated green tea consumption with increased fatty acid
oxidation and energy expenditure in both humans and mice (Harada et al., 2005;
Murase et al., 2005; Ota et al., 2005; Shimotoyodome ef al., 2005). Decreases in plasma
lipoproteins following green tea consumption have also been described and linked to an
effect on energy metabolism (van Dorsten ef al., 2006). Increased energy expenditure
has been shown to significantly lower the adenoma frequency in TRAMP mice
(Huffman et al., 2007). TRAMP mice housed at 22°C were shown to be leaner and
develop fewer tumours than controls housed at 27°C receiving the same amount of
food. No difference in tumour development between the two temperature groups was
observed when the animals were fed ad libitum, which resulted in a 30% higher calorie
intake in the 22°C housed mice. In the present study lower levels of plasma lipids
observed in GTP-fed young animals is concurrent with slightly less pronounced
preneoplastic lesions (see section 5.1.1). Although the data obtained are not strong
enough to formulate a conclusive assumption, it is conceivable that chemopreventive
efficacy of GTP in young TRAMP mice is mediated through effects on energy

metabolism. Further work using higher GTP doses is required to test this hypothesis.
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5.4 Effects of GTP on urine and plasma peptide profiles of TRAMP mice

Samples were prepared and analysed as described in section 2.2.2.4,2.2.2.5 and 2.2.2.8.
Data reduction and normalisation are described in section 2.2.2.9. The obtained peak
lists were exported to SIMCA and MatLab software for detailed evaluation. Changes in
m/z intensities were calculated from the group medians, and significance was

established using the Mann-Whitney U-test with p<0.05.

5.4.1 Peptidomic profiling of urine

Figure 5.15 shows the binned, combined mass spectra of all urine samples with the
green line indicating the unresolved background continuum which was subtracted
before data evaluation. From the background-subtracted spectrum 104 significant peaks
were extracted for further analysis. The majority of the high intensity signals can be
found in the lower molecular weight region up to 4000m/z.

PCA analysis indicated that the main variation in the data set was unrelated to age,
genotype or treatment. In the second and third principal component trends of separation
according to age, and in the young group, genotype, became apparent (figure 5.16).
Further data analysis for the evaluation of GTP-feeding effects on the urinary peptide
profile was carried out for each age group separately. As described in previous sections
of this Chapter, an attempt was made to establish a global GTP effect on the TRAMP
phenotype by generating PLS-DA models maximising the separation between TRAMP
and wild type mice regardless of treatment, but colouring the scores plot by genotype
and treatment. In the case of the 8 week old animals the PLS-DA model did not pass the

validation test (see section 5.1.3) and was not used to test for a GTP effect.
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Figure 5.15 Combined and binned mass spectra of all mouse urine samples analysed by

MALDI MS. The green line indicates the unresolved background continuum which is

subtracted prior to data evaluation.
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Figure 5.16 PCA scores plots of all urine samples analysed by MALDI-MS showing

(A) the first and second and (B) the first and third principal component (PC). The data

are scaled to unit variance.
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For the 29 week old animals the PLS-DA model was valid but GTP-treated mice did not
cluster separately from water-fed TRAMP mice (figure 5.17). This observation was
confirmed by comparison of the Y predictive values of GTP- and water-fed TRAMP
mice. There was no difference between the two groups (t-test) indicating that both

TRAMP groups were equally distant from the wild type phenotype.
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Figure 5.17 Scores plot of a PLS-DA model generated to maximise separation between
29 week old TRAMP (T; red & green) and wild type mice (WT; blue & black). The

data are scaled to unit variance.

In order to mine the data for more subtle TRAMP specific GTP effects, PLS-DA
models and difference/correlation plots separating GTP-and water-fed TRAMP mice at
both time points were generated. Figure 5.18 shows the scores and loadings plots for
each age group. For the older TRAMP the PLS-DA model passed the validation test.

Significant changes are marked red in the loadings plot and are summarised in table 5.5.

The only commonly affected ion in 8 and 29 week old animals was at m/z 1977.1. None
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of the observed changes were found to be different in the wild type counter parts,
indicating that they are not due to an overall GTP effect.

It was not possible to generate valid PLS-DA models for the separation of tea- and
water-fed animals regardless of genotype at either time point. This finding suggests that

GTP consumption did not exert a general effect on the urinary peptidome.
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Figure 5.18 Scores and loadings plots of PLS-DA models for maximal separation
between GTP- and water-fed TRAMP mice at (A) 8 and (B) 29 weeks of age. The dots
in red marked areas of the loadings plots are m/z ratios which were significantly

different between the groups. The data are scaled to unit variance.
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Table 5.5 Significant changes in urinary peptide profile of GTP-fed TRAMP mice
compared to age matched water-fed TRAMP mice

Change in GTP-fed Change in GTP-fed
m/z vs. water-fed m/z vs. water-fed
TRAMP mice TRAMP mice
8 weeks 29 weeks

1455.3 -15% 1132.0 -36%
1927.9 +22% 1618.9 -16%
1977.1 +143% 1733.1 -31%
2506.0 -39%
1977.1 +62%
2159.0 +47%

The urinary peptide profiles of water-fed TRAMP and wild mice were evaluated using
PLS-DA models in order to compare results with those reported in Chapter 4. For both
time points a valid model could be generated. The significant changes are summarised
in table 5.6. In the present study m/z 1743.9 was decreased in old TRAMP compared to
age-matched wild type mice. In the TRAMP study described in Chapter 4 an ion at m/z
1744.0 was found to be decreased in young TRAMP mice compared to young wild type
mice.

As in the preceding TRAMP study (Chapter 4), no differentiating ion was common to
both age groups. The observed differences in the urinary peptide profile can therefore
not be unequivocally assigned as markers of early malignancy or TRAMP

carcinogenesis.
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Table 5.6 Significant changes in urinary peptide profile of TRAMP mice compared to

age matched wild type mice

/2 Change in TRAMP /2 Change in TRAMP
vs. wild type vs. wild type
8 weeks 29 weeks

1026.9 +80% 1335.0 +30%
1138.0 +39% 1601.9 +48%
1262.9 +63% 1686.4 -40%
1373.2 +86% 1695.3 -42%
1390.4 +80% 1743.9 -48%
1455.3 +57% 1751.3 -25%
1586.4 +64% 1759.9 -47%
1699.3 +108% 1942.0 -30%
1703.9 +34% 2035.9 -49%
1733.1 +42%

1819.0 +69%

In summary, GTP consumption had no overall effect on the urinary peptide profile of

TRAMP and wild type mice at either age. Some TRAMP specific changes seemingly

related to GTP feeding were detected using PLS-DA (table 5.5). However, only one ion

(m/z 1455.3) was also found to be differentiating between TRAMP and wild type mice

in the water-fed groups (table 5.6).
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5.4.2 Peptidomic profiling of plasma

Figure 5.19 shows the binned, combined mass spectra of all plasma samples with the
green line indicating the unresolved background continuum which was subtracted
before data evaluation. From the background-subtracted spectrum 192 significant peaks

were extracted for further analysis.

count
1004

2000 4000 s000 BC00
m, =

Figure 5.19 Combined and binned mass spectra of all mouse plasma samples analysed
by MALDI-MS. The green line indicates the unresolved background continuum which

is subtracted prior to data evaluation.

Figure 5.20 shows the PCA scores plot of all analysed plasma samples. The major
source of variation (first principal component) is unrelated to age, genotype or
treatment. In the third principal component a trend of age separation is visible. Further

data evaluation was carried out for each age group separately.
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Figure 5.20 PCA scores plots of all plasma samples analysed by MALDI-MS showing
(A) the first and second and (B) the second and third principal component (PC). The

data are scaled to unit variance.

As described in the preceding sections, an attempt was made to establish the overall
effect of GTP on the TRAMP phenotype using PLS-DA models for the separation of
TRAMP and wild type mice regardless of treatment. At neither time point did the
generated models pass the validation test (see section 5.1.3) and they were therefore not
used. Instead, loadings plots of PLS-DA and difference/correlation plots maximising the
separation between GTP- and water-fed TRAMP mice were examined. Figure 5.21
shows the PLS-DA scores and loadings plots for each age group. At neither time point
were the group differences great enough to produce a valid PLS-DA model. Significant
differences are marked red in the loadings plots and summarised in table 5.7. There
were no overlaps of differentiating ions between the TRAMP mice at 8 and 29 weeks of
age. The ion at m/z 3421.0 was also found to be decreased in young and old wild type
mice receiving GTP compared to water fed controls, indicating that this might be a

general GTP effect. However, no valid PLS-DA model for the separation of tea- and
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water-fed mice could be generated at either time point, indicating that GTP

consumption did not exert a global effect on the plasma peptide profile.

TRAMP 8 weeks water
TRAMP 8 week GTP
TRAMP 29 weeks water
TRAMP 29 weeks GTP
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Figure 5.21 Scores and loadings plots of PLS-DA models for maximal separation
between GTP- and water-fed TRAMP mice at (A) 8 and (B) 29 weeks of age. The dots
in red marked areas of the loadings plots are m/z ratios which were significantly

different between the groups. The data are scaled to unit variance.
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Table 5.7 Significant changes in plasma peptide profile of GTP-fed TRAMP mice

compared to age matched water-fed TRAMP mice

Change in GTP-fed

Change in GTP-fed

m/z vs. water-fed m/z vs. water-fed
TRAMP mice TRAMP mice
8 weeks 1919.9 -19%
1420.2 +14% 2031.9 -38%
2236.1 +15% 2181.1 -38%
2535.0 +19% 2450.0 -8%
2581.0 +40% 2977.1 -33%
2592.9 +18% 3133.1 -46%
1468.1 -34% 3339.9 -41%
3421.0 -20% 3437.1 -31%
29 weeks 3493.9 -46%
1895.0 +14% 3509.0 -31%
1169.1 -26% 3769.0 -48%
1444.4 -43% 3782.9 -56%
1700.2 -40% 3882.0 -58%

PLS-DA analysis could not generate a valid model for the separation of water-fed

TRAMP and wild type mice at either time point. The number of discriminating ions was

minimal (table 5.8). The ion at m/z 2535.0 was also found to be significantly different

between the GTP- and water-fed young TRAMP mice. No overlaps in differentiating

ions were found between the two TRAMP studies.
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Table 5.8 Significant changes in plasma peptide profile of TRAMP mice compared to

age matched wild type mice

Change in TRAMP Change in TRAMP
m/z m/z
vs. wild type vs. wild type
8 weeks 29 weeks
1241.3 +13% 2169.1 +152%
1312.3 +57% 2375.9 -10%
2535.0 -17% 2493.0 -22%

5.4.3 Discussion

Peptidomic profiling could not detect an overall effect of GTP consumption on the
composition of the urine or plasma peptide profile of TRAMP and wild type mice. PLS-
DA analysis revealed some ions which were significantly different between GTP- and
water-fed TRAMP mice in urine and plasma at both time points. However, with regard
to the fact that most of these ions did not discriminate between TRAMP and wild type
mice and that no overall GTP effect was observed, the differences between GTP- and
water-fed TRAMP mice cannot be regarded as markers of chemopreventive activity of
GTP. This conclusion is in agreement with the fact that no conclusive evidence for
chemopreventive efficacy of GTP in TRAMP mice was found in this study (see section
5.1). As discussed earlier this may be due to the relatively low dose of GTP used.
Comparison of ions discriminating between TRAMP and wild type mice in the previous
study (Chapter 4) with those found in this study showed no overlap. The reason for this
observation may be due to the fact that sample collection was different for both studies
(see sections 2.2.1.4,2.2.1.5 and 3.1). The lack of common discriminatory ions between
the studies again highlights the importance of pre-analytical sample handling discussed

in sections 1.4.2, 3.1 and 4.4.3.
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5.5 Effect of GTP on levels of urinary 8-oxodG

Levels of 8-0xodG and creatinine were determined in urine of 8 and 29 week old
TRAMP and wild type mice as described in sections 2.2.3.4, 2.2.3.5 and 2.2.3.7. The
data are described using the median, and statistical significance was established using

the Mann-Whitney U-test with p<0.05.

5.5.1 Results

As in the study described in Chapter 4, for evaluation of the results, creatinine-
normalised data (marked yellow) were used. Tables 5.9 and 5.10 list the median values
of urinary 8-0xodG levels and percent group differences, respectively. Treatment with
GTP did not have a significant effect on the levels of renally excreted 8-oxodG.
However, the findings from the study investigating carcinogenesis in TRAMP mice (see
Chapter 4) were confirmed. The presence of the TRAMP genotype did not have any
effect on urinary 8-oxodG levels at either time point, with or without GTP treatment.
Older animals excreted higher levels of 8-oxodG, although the comparison between
young and old wild type mice receiving water was not quite statistical significant (table
5.10). This lack of significance might be due to the fact that there are only four old wild

type mice and there is one high outlier in the young wild type group (figure 5.22).
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Figure 5.22 Urinary 8-oxodG levels for individual animals normalised to creatinine.

The black bars indicate the median value for each group.

Table 5.9 Median values for urinary 8-oxodG using different data normalisation

techniques.
unnormalised creatln{ne- SG-normalised SG-& W?lght_
normalised normalised
[pmol/ml] [nmol/mmol] [pmol/ml] [fmol/ml/g]
wild type 10.83 6.18 9.02 354
8 weeks (4.45/13.88) (5.03/12.90) (6.35/16.33) (254/763)
water (n=7) (n=7) (n=7) (n=7)
9.18 5.55 8.15 365
(2.14/17.23) (3.56/7.07) (5.39/11.13) (247/515)
(n=10) (n=10) (n=10) (n=9)
TRAMP 6.56 5.38 7.61 325
8 weeks (4.35/11.37) (4.38/18.15) (5.44/22.74) (218/947)
water (n=10) (n=10) (n=10) (n=9)
7.53 6.17 8.75 381
(5.57/12.32) (4.76/8.55) (5.87/11.58) (258/495)
(0=9) (n=9) (0=9) (n=9)
wild type 20.73 9.80 20.49 632
29 weeks (20.01/26.59) (8.64/10.99) (14.29/24.17) (371/739)
water (n=4) (n=4) (n=4) (n=4)
24.47 11.35 18.25 542
(9.38/37.34) (7.49/14.94) (11.03/27.66) (363/758)
(n=6) (n=6) (0=6) (n=6)
TRAMP 18.79 10.19 21.52 632
29 weeks (11.76/32.09) (7.34/15.80) (14.65/33.55) (401/948)
water (n=17) (n=17) (n=17) (n=16)
29.35 11.47 20.10 580
(19.69/47.12) (7.59/27.26) (14.58/33.70) (393/1087)
(n=12) (n=12) (n=12) (n=12)

The numbers in brackets are the minima and maxima; n is the number of animals per

group.

198



Chapter 5

Table 5.10 Changes in 8-0xodG levels with respect to GTP treatment, transgenesis, and

age
unnormalised (ESE G SG- V?eGl . hstl-
[pmol/ml] normalised | normalised normﬁlise d
Effect of P [nmol/mmeol] | [pmol/ml] [fmol/mU/g]
WT'8 Vz‘s‘s water -15% -10% -10% +3%
WT 8 wl;s GTP (p=0.558) (p=0.097) (p=0.380) (p=0.370)
TRAMP 8 wks
water +14% +15% +15% +17%
VS. (p=0.142) (p=0.348) (p=0.514) (p=0.200)
A
5 TRAMP 8 wks GTP
WT 29 ysks water +18% +16% 1% -14%
WT 29 wks GTP (p=1.000) (p=0.286) (p=0.831) (p=0.521)
TRAMP 29 wks
Wj:e" +56% +13% 7% 8%
TRAMP 29 wks (p=0.005) (p=0.309) (p=0.825) (p=0.710)
GTP
WT 8 wks water
VvS. -39% -13% -16% -8%
TRAMP 8 wks (p=0.051) (p=0.205) | (p=0.495) | (p=0.340)
% water
= W1 8\‘::<s(.lP -18% +11% +7% +4%
2 e orp | (070.568) (p=0.165) | (p=0.414) | (p=0.480)
% WT 29 wks water
< vs. 9% +4% +5% 0%
& | TRAMP 29 wks (p=0.591) (=0.788) | (p=0.720) | (p=0.850)
water
WT 29 wks GTP
VS. +20% +1% +10% +7%
TRAMP 29 wks (p=0.349) (p=0.925) (p=0.574) (0.454)
GTP
WT8 Vi‘s‘s water +91% +59% +127% +79%
W 29 whs water (p=0.008) (p=0.059) | (p=0.014) | (p=0.131)
TRAMP 8 wks
Wj:"r +186% +89% +183% +94%
| TRAMP 29 wks (p<0.0001) (p=0.006) | (p=0.001) | (p=0.002)
% water
wis ‘V‘s" cre +167% +105% +124% +48%
R (p=0.007) (p=0.001) | (p=0.002) | (p=0.013)
TRAMP 8 wks GTP
VS. +290% +86% +130% +52%
TRAMP 29 wks (p<0.001) (p<0.001) | (p<0.001) | (p<0.001)
GTP
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5.5.2 Discussion

The TRAMP mouse model has been widely employed in the field of preclinical
chemoprevention research, including numerous studies investigating the effect of green
tea or compounds therefrom (see Chapter 1, section 1.3.1). In human subjects green tea
has been shown to reduce the excretion of urinary 8-oxodG (Hakim et al., 2003; Luo et
al., 2006). Tam et al. have shown that a 13 week treatment of TRAMP mice with
EGCQG eliminated immunohistochemical staining for 8-oxodG from the ventral prostate
and decreased it in the other prostate lobes (Tam et al., 2006). A slight reduction of
plasma peroxide levels in TRAMP mice after 13 weeks of EGCG treatment has also
been observed (Nyska et al., 2003). These studies provide evidence that green tea has
antioxidant properties in TRAMP mice. However, these findings are not supported by
decreased urinary levels of 8-0xodG in the study described here. GTP did not elicit an
effect on 8-0xodG in TRAMP or in wild type mice after 4 or 24 weeks of treatment.
This observation is consistent with findings described in the preceding sections of this
Chapter. Again the low dose of GTP used is a possible explanation. The animals in the
studies published by Tam et al. and Nyska et al. received 200mg EGCG/kg. That equals
Smg for a mouse weighing 25g. In order to consume the same amount of total
polyphenols, a 25g mouse in the present study would need to drink 10ml per day. The
estimated water intake, however, is only about 4ml (Wolfensohn and Lloyd, 1998). The
intake of polyphenols in this study was therefore less than half compared to that for
other studies. However, four cups of green tea, which is equivalent to approximately
850mg of polyphenols (Harbowy and Balentine, 1997), have been shown to decrease
the urinary 8-o0xodG levels in human smokers (Hakim ez al., 2003). Assuming that the
average person weighs 70kg, this dose is equivalent to 12mg/kg. Luo et al. have tested

doses of 29 and 58mg/kg (Luo et al., 2006) in humans at high risk of developing liver
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cancer and also observed reductions in levels of urinary 8-oxodG. The estimated dose
for the animals in this study (80mg/kg) was higher than those in both human studies. It
is conceivable that the dose response differs between the mice and humans. Also, as
discussed in section 5.1.4, the possibility of lowered GTP concentration in the drinking

bottles has to be considered.

5.6 Summary

Overall, the study presented here did not provide sufficient evidence for
chemopreventive activity of GTP in the TRAMP mouse model. Nevertheless, slightly
less pronounced focal hyperplasia in young TRAMP mice and lower plasma lipid levels
were observed in young GTP-fed mice compared to the water-fed controls. These
observations might reflect trends of chemopreventive activity and effects on energy
metabolism, both of which could potentially be linked. The reason for the poor
chemopreventive activity observed in this study is likely to be due to the low dose of

GTP given.
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6. Effects of tea constituents on patients with benign prostatic hyperplasia

This experiment was carried out as part of the analysis of the clinical trial conducted by
James Thorpe in our laboratory (see section 2.2.1.6). It was undertaken with the aim of
investigating whether the main polyphenolic compounds derived from either green or
black tea have an effect on urinary and plasma metabolic and peptide profiles and
whether they could alter levels of 8-0xodG in urine of patients diagnosed with benign
prostatic hyperplasia (BPH). It was also intended to compare possible effects of green
tea polyphenols (GTP) on humans with their effect in TRAMP mice.

Urine and plasma samples from patients with BPH receiving either 1g of GTP per day,
lg of black tea theaflavins (BTT) per day or no treatment (control), were collected

before and after the four week intervention period.

6.1 Effects of tea polyphenols on the urinary and plasma metabonome

6.1.1 "TH-NMR metabolic profiling of urine

Sample preparation and analysis are described in sections 2.2.4.1, 2.2.4.5 and 2.2.4.6.
Spectral assignments were made by comparison with the literature (Bollard ef al., 2005;

Nicholson et al., 1989), the BMRB database (http:/www.bmrb.wisc.edu/) (Seavey et

al., 1991) and personal communication with Dr Hector Keun (Imperial College,
London). Due to insufficient suppression of the water signal one spectrum from the
GTP pre-treatment group was excluded from the analysis. Figure 6.1 shows a typical
'H-NMR urine spectrum from a patient after four weeks of GTP intervention. PCA
analysis showed that the variation in the data set is dominated by physiological variation
rather than the consumption of GTP or BTT. Only in the fourth and fifth principal
component does a separation of GTP and BTT samples occur; more pronounced for the

GTP samples than the BTT samples (figure 6.2).

203



Chapter 6

x 10°
A" i
6 hippurate _
5, -
urea
at _
7 phenylalanine
3 - 1 —
2 = -
| WU |
o J_JQMM () o
L L L L L L L
8 7.5 7 6.5 6 5.5 5
x 10° ppm
B 12F T T T T T T T T -
creatinine

creatinine & creatine
glycine —

10+ \ \ =

citrate

Figure 6.1 Typical "H-NMR urine spectrum from a patient with BPH after one four

weeks intervention with GTP. A: aromatic region; B: aliphatic region

For the identification of metabolites altered by GTP or BTT consumption loadings plots
of PLS-DA models generated to maximise the separation between GTP or BTT and
controls (all untreated samples), respectively, were used. The model for the GTP and
control samples, but not the BTT and control samples, passed the validation test. In
addition overlaid spectra, coloured according to groups, were compared. Another data
mining approach employed was the inspection of PLS-DA loadings and
difference/correlation spectra comparing control with GTP or BTT samples following

the subtraction of the pre-dose spectrum from the post-dose spectrum for each patient.
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Figure 6.2 PCA scores plots of all urine samples analysed by '"H-NMR showing (A) the
first and second and (B) fourth and fifth Principal Component (PC). Samples labelled as

control include all non-treatment samples. The data are scaled to unit variance.

For samples from patients on GTP but not for BTT samples, excretion of aromatic
metabolites, probably GTP metabolites, were detected (figure 6.3). These metabolites
were mainly responsible for the separation of the GTP samples. Van Dorsten et al. have
also described aromatic metabolites in the same region after green tea but not black tea

consumption (van Dorsten et al., 2006).
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Figure 6.3 Median urine spectra of control, GTP and BTT samples zoomed in on the

region of suspected GTP metabolites.
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The statistical significance of potential markers of intervention other than the suspected
GTP metabolites was tested using the Wilcoxon-test for paired samples in each group.
Table 6.1 lists metabolites or spectral regions that were characterised by a significance
level of p<0.05 in the Wilcoxon test in any of the three groups. All the metabolites
which showed a significant difference in the control group were not further considered
as markers of GTP or BTT effect. In the case of acetyl-carnitine, however, it should be
noted that the change observed in the GTP group was an increase by 31% while the
second urine sample set in the control group exhibited a 27% lower level. The doublet
at 5.41ppm was decreased in GTP and BTT post-dose samples by 34 and 35%,
respectively, as compared to pre-dose samples. The singlet at 5.40ppm was 26% lower
in the GTP samples. Although not significant, the BTT samples showed a similar trend
(-28%). Phenylalanine levels were 77% higher in the GTP post-dose samples. Other
metabolites which were changed in the GTP post-dose samples with a significance level
of p<0.1 (Wilcoxon test) were alanine (-18%, d 1.47ppm), beta-hydroxybutyrate (+41%,
d 1.20ppm) and trimethylamine-N-oxide (TMAO; +51%, s 3.27ppm). All differences
were calculated with respect to the group medians. Figure 6.4 shows the levels of the
above mentioned metabolites in individual samples. The trend of increased
phenylalanine excretion was the only common alteration between the TRAMP (Chapter

5) and human GTP intervention study.

206



Chapter 6

Table 6.1 Levels of significance of urinary metabolite changes within one treatment

group (Wilcoxon test)

metabolite or spectral

Wilcoxon test

Wilcoxon test

Wilcoxon test

region control group GTP group BTT group
dimethylamine
p=0.0277* N p=0.2249 p=0.0464* N
(s 2.73ppm)
carnitine
p=0.0277* V¥ p=0.2249 p=0.7532
(s 3.23ppm)
acetyl-carnitine
p=0.0277* ¥ p=0.0431* P p=0.3454
(s 3.19ppm)
d5.41ppm p=0.6002 p=0.0796 p=0.0277*
s 5.40ppm p=0.3454 p=0.0431* p=0.1159
creatinine
p=0.0277* P p=0.2249 p=0.4631
(s 3.05ppm)
phenylalanine
p=0.9165 p=0.0431* P p=0.6002
(m 7.42ppm)

ppm values in brackets denote spectral region used for integration. * indicate statistical
significance according to the Wilcoxon test with p<0.05. Arrows indicate direction of

change.
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6.1.2 "H-NMR metabolic profiling of plasma
Samples were prepared and analysed as described in sections 2.2.4.2, 2.2.4.5 and
2.2.4.6. Figure 6.5 shows a typical 'H-NMR spectrum of a plasma sample acquired

using a CPMG pulse sequence.
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Figure 6.5 "H-NMR spectrum of plasma from a patient with BPH after four weeks of

GTP intervention. A: aromatic region; B: aliphatic region
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The same data mining techniques and statistical tools as described in section 6.1.1 were
used to identify GTP and BTT mediated changes in the plasma metabolic profile. PLS-
DA models for the separation of control and GTP or BTT samples did not pass the
validation test. Figure 6.6 shows the PCA scores plot of all plasma samples analysed by
NMR. The PCA model did not reveal any group-related clustering in any of the
components.

Table 6.2 lists metabolites or spectral regions that were characterised by a significance
level of p<0.05 in the Wilcoxon test in either of the three groups. All those metabolites
which showed a significant difference in the control group were not further considered
as markers of a GTP or BTT effect. Alanine and the doublet at 1.13ppm were decreased

by 16% and 15%, respectively, in the post-dose GTP samples compared to pre-dose

samples.
o control
20 GTP
o BTT
10
N
O 0
o
-10
-20
40 30 20 10 0 10 20 30 40
PC 1

Figure 6.6 PCA scores plots of all plasma samples analysed by 'H-NMR showing the
first and second a principal component (PC). Samples labelled as control include all

non-treatment samples. The data are scaled to unit variance.
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Table 6.2 Levels of significance of plasma metabolite changes within one treatment

group (Wilcoxon test)

metabolite or spectral Wilcoxon test Wilcoxon test Wilcoxon test
region control group GTP group BTT group

alanine (d1.47ppm) p=0.3454 p=0.0464* p=0.2489
lipids CH3 a

p=0.0464* ¥ p=0.0464* p=0.6002
(m 0.81ppm)
lipids CH3 b

p=0.0277* p=0.1730 p=0.4631
(m 0.87ppm)
unsat. lipids

p=0.0464* ¥ p=0.0277* ¥ p=0.6002
(m 5.31ppm)
lipoproteins

p=0.0464* & p=0.0464* & p=0.7532
(m 1.25ppm)
d 1.13ppm p=0.2489 p=0.0464* p=0.2489
valine

p=0.0464* & p=0.3454 p=0.9165
(d 1.03ppm)
s 3.92ppm p=0.0277* p=0.1159 p=0.4631

ppm values in brackets denote spectral region used for integration. * indicate statistical
significance according to the Wilcoxon test with p<0.05. Arrows indicate direction of

change.

Figure 6.7 shows the median plasma NMR spectra of the three treatment groups in the
region of the CHs groups of plasma lipids (mainly lipoproteins). In the GTP group as
well as the control group the post treatment samples exhibited lower lipoprotein levels.
In figure 6.8 the individual levels of alanine and the doublet at 1.13ppm for all samples

are depicted.
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Figure 6.7 Median NMR spectra of all treatment groups pre and post intervention

zoomed in on the signal of CHj3 groups of the plasma lipids.
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Figure 6.8 Metabolite levels in individual samples pre or post treatment. The colours

identify individual patients within one treatment group.
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6.1.3 Discussion

NMR analysis could not detect major changes in the endogenous urinary or plasma
metabolic profile following four weeks of intervention with either GTP or BTT. In the
case of urine, PCA analysis showed a separation of GTP samples from control and BTT
samples which was due to the urinary excretion of aromatic metabolites. The only valid
PLS-DA model for the separation of GTP or BTT from controls that could be generated
for urinary GTP and control samples, was again due to the excreted aromatic
metabolites. The reason for the lack of separation of the BTT samples probably lies in
the fact that patients were not asked to refrain from tea consumption over the period of
intervention. Nearly every patient reported consumption of black tea, the average being
three cups per day. Another factor that may have compromised the evaluation of any
GTP or BTT effects is the time of sample collection. The pre-dose samples were
obtained from patients during normal doctors appointments, while the post-dose
samples were collected on the day of the operation for prostectomy, prior to which
patients were asked to fast from 12am the night before. Diurnal and fasting effects on
urinary metabolite profiles have previously been reported for healthy humans and
rodents (Bollard et al., 2001; Gavaghan et al., 2002; Lenz et al., 2003; Maher et al.,
2007), and it seems likely that such effects would also occur in these patients.

In the plasma samples a decrease of lipoprotein signals was observed in both the GTP
and control post-dose samples (figure 6.7), which confounds the ability to draw any
conclusions about possible effects of GTP on that region. Apart from the general lack of
information about sampling times, the medication regime of the patients introduces
another variability. Although the prescribed medication (including anti-hypertension
and hypolipidemic drugs) would have been the same for each patient before and after

the intervention, no record was kept about the time these drugs were taken with regard
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to the time of sample collection. Neither was the use of any over-the-counter drugs
recorded. All these factors may have contributed to the fact that only a few metabolic
changes related to GTP or BTT intervention could be detected. In urine, tea-specific
changes were decreased signals at 5.41 (doublet) and 5.40ppm (singlet), probably sugar-
related compounds. To the best of my knowledge these signals have not been previously
associated with tea consumption. No further BTT effects on the metabolic profile could
be identified. Upon GTP intervention patients presented with increased TMAO
excretion, which may be due to alterations in the gut microflora (Nicholls ef al., 2003),
an effect which tea polyphenols have previously been shown to exert (Lee et al., 2006).
The GTP group further exhibited increased excretion of acetylcarnitine and B-OH-
butyrate, two metabolites which have been shown to be excreted at higher levels after
24h of fasting, due to elevated B-oxidation of fatty acids (Bales et al., 1986; Hoppel and
Genuth, 1980). However, increased levels of the other ketone bodies (acetate and
acetoacetate) could not be detected in the present study. Green tea has previously been
shown to stimulate fatty acid oxidation (Harada et al., 2005; Murase et al., 2005; Ota et
al., 2005; Shimotoyodome et al., 2005) and it is therefore conceivable that the increased
levels of B-OH-butyrate and acetylcarnitine reflect this effect of GTP. Furthermore, the
observed decrease in urinary and plasma levels of alanine might reflect a shift towards
metabolic features observed in prolonged fasting. In the initial phase of fasting, glucose
is generated from liver glycogen and increased amino acid oxidation, but after that, a
switch to protein conservation results in fat utilisation for energy generation (Saudek
and Felig, 1976). In the state of protein-sparing metabolism circulating levels of alanine
are significantly decreased, because the alanine-glucose cycle of gluconeogenesis

(figure 6.9) becomes less and less significant. Lower levels of plasma alanine, and
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increased levels of ketone bodies have also been previously associated with green tea

consumption (van Dorsten et al., 2006).
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Figure 6.9 Glucose-alanine-cycle

A link between cancer chemopreventive properties of GTP and its effects on energy
metabolism may be provided by the IGF-1 signalling pathway. Green tea has been
shown to significantly decrease IGF-1 levels (Adhami ef al., 2004) and IGF-1 is also
known to be down-regulated in fasting (Ross, 2000). It is conceivable that either the
down-regulation of IGF-1 or the increased pB-oxidation of fatty acids initiates the other
event. Equally, both effects could occur independently and synergise each other.

It should be stressed that the observed changes in urinary and plasma metabolite levels

can only be understood as trends, because the study design was not optimised towards
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the determination of metabolic changes (discussed above), and also the study population
was too small to make definitive claims. GTP intervention has shown promising trends
with regard to its effects on energy metabolism, but further investigations are required

to fully explain these trends.
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6.2 Effects of tea polyphenols on the urinary and plasma peptidome
Samples were prepared and analysed as described in sections 2.2.2.4, 2.2.2.5 and
2.2.2.8. Data reduction and normalisation are described in section 2.2.2.9. The obtained

peak lists were exported to SIMCA and MatLab software for detailed evaluation.

6.2.1 Peptide profiling of urine

Figure 6.10 shows the bucketed, combined mass spectra of all urine samples with the
green line indicating the background continuum which was subtracted before data
evaluation. From the background-subtracted spectrum 363 significant peaks were

extracted for further analysis.
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Figure 6.10 Combined and bucketed mass spectra of all urine samples analysed by
MALDI-MS. The green line indicates the unresolved background spectrum which is

subtracted prior to data evaluation.
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PCA analysis did not show group specific clustering in any components of the model,
indicating that physiological and analytical variation had a greater effect on the urinary

peptide profile than GTP or BTT intervention (figure 6.11).

o control
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Figure 6.11 PCA scores plots of all urine samples analysed by MALDI-MS showing
(A) the first and second and (B) third and fourth Principal Component (PC). The data

are scaled to unit variance.

Data mining techniques for the identification of ions, which were altered after GTP or
BTT intervention, included PLS-DA loadings and difference/correlations plots for
models, generated to maximise the separation between 1) all untreated samples and GTP
or BTT samples, ii) pre- and post-dose samples from the GTP or BTT group and iii) the
control and GTP or BTT group following the subtraction of the pre-dose peak list from
the post-dose peak list for each patient. None of the PLS-DA models passed the
validation test, indicating that tea polyphenol-related differences in peptide patterns
were subtle. Figure 6.12 shows the difference/correlation plot for control vs. GTP
samples after subtraction of the pre-dose peak list from the post-dose peak list for each
sample. Some ions which were identified using this data mining approach are marked in

the figure.
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Figure 6.12 Section of difference/correlation plot of GTP and control samples after

subtraction of the pre-dose from the post dose peak list for each individual sample

Significance of potential marker ions was tested using the Wilcoxon test for paired
samples in each treatment group with p<0.05. Ions which differed in the control group
with a significance level of p<0.2 were not considered further. This restriction led to the
exclusion of five ions. Table 6.3 lists m/z values of peptides which were differentially
excreted in urine after GTP or BTT intervention. The only commonly affected ion in the
GTP and BTT group was at 2601.9m/z. While this ion was present at lower levels in the
GTP post treatment samples, it was more abundant after BTT treatment. Comparison
with changes observed in the urinary peptide profile of TRAMP mice treated with GTP

(see Chapter 5, section 5.4.1) did not show any commonly altered ions.
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Table 6.3 Statistically significant changes in the urinary peptide profile after four weeks

of GTP or BTT intervention

change in post-

change in post-

m/z m/z
vs. pre-dose vs. pre-dose

TP 2828.9 -55%
1034.2 -55% 3027.0 -39%
1052.3 -69% 3045.0 -26%
1054.9 -44% 3463.1 -62%
1135.0 -23% 3880.0 +52%
1153.9 -35% 3890.9 +39%
1222.1 -43% 4130.0 +229%
1283.1 -51% 4729.9 +70%
1289.0 +89% BTT
1325.0 +24% 1152.1 +85%
1537.9 -39% 1319.9 -9%
1579.0 -53% 1349.0 +52%
1600.1 -77%% 1423.9 +89%
1717.9 -80% 1799.9 +63%
1734.1 -84% 2128.0 +90%
1738.1 -77% 2601.9 +63%
1742.9 -88% 2893.0 +16%
1751.1 -77% 3571.0 -28%
2568.1 -32% 3590.1 -25%
2601.9 -38% 6216.0 +2%

Changes were calculated from group medians. Significance was established with the

Wilcoxon test with p<0.05.
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6.2.2 Peptide profiling of plasma

Figure 6.13 shows the bucketed, combined mass spectra of all plasma samples with the
green line indicating the background continuum which was subtracted before data
evaluation. From the background-subtracted spectrum 162 significant peaks were

extracted for further analysis.
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Figure 6.13 Combined and bucketed mass spectra of all plasma samples analysed by
MALDI-MS. The green line indicates the unresolved background spectrum which is

subtracted prior to data evaluation.

PCA analysis showed that variation unrelated to intervention dominated the data set

(figure 6.14).
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Figure 6.14 PCA scores plots of all plasma samples analysed by MALDI-MS showing
(A) the first and second and (B) third and fourth Principal Component (PC). The data

are scaled to unit variance.

The same data mining techniques and exclusion criteria as described in section 6.2.1
were used to identify ions with different abundance before and after GTP or BTT
intervention. Only one ion had to be excluded due to variation in the control group. As
for the urine data, none of the plasma PLS-DA models passed the validation test. Table
6.4 lists all the ions which were found to be statistically changed in abundance after
GTP or BTT intervention. The ion with m/z 1700.9 was reduced after both GTP and
BTT intervention. No overlaps were found between the present study and the TRAMP

mouse GTP prevention study (see Chapter 5, section 5.4.2).
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Table 6.4 Statistically significant changes in the plasma peptide profile after four weeks

of GTP or BTT intervention

s change in post- s change in post-
vs. pre-dose vs. pre-dose

GTP 1317.8 -28%
1656.0 -37% 1435.1 -13%
1700.9 -25% 1618.8 -22%
2268.0 +26% 1700.9 -9%
3003.0 -1% 1718.8 -34%
3878.9 +15% 1901.9 -25%

BTT 2066.1 +25%
1034.3 -24% 2185.9 -31%
1134.8 21% 3432.1 +130%
1152.2 -17%

Changes were calculated from group medians. Significance was established using the

Wilcoxon test with p<0.05.

6.2.3 Discussion

Both the urinary and plasma peptide profile showed changes after a four week
intervention with either GTP or BTT. PLS-DA analysis, however, could not generate
predictive models. This lack of robust overall changes may be explained by the
heterogeneity of individual responses to the intervention and the small number of
patients enrolled in this trial. In order to determine the effects of compounds derived
from natural products at the peptidomic and metabonomic levels, larger study
populations are probably required, since the effect of natural occurring compounds with
little or no side effects, such as tea polyphenols, in humans is likely to be less

pronounced than that of pharmaceutical drugs, administered at a known effective dose.
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Furthermore, healthy individuals should be included as controls. The present study only
investigated the effect of tea polyphenols on patients with BPH, a condition which may
in itself alter the response to chemopreventive agents such as tea polyphenols. The
comparison of intervention effects between healthy and diseased individuals could
provide valuable information about the mechanism of action of the investigated
chemopreventive agent as well as underlying molecular processes of the disease.

The changes which were observed in this study indicate that GTP and BTT do exert an
effect on the peptide composition of both plasma and urine. However, no overlaps were
found between the TRAMP and human study, although both BPH patients and TRAMP
mice received the same GTP. The reason for this observation may lie in the fact that
GTP administration did not show an overall effect in the TRAMP study (see Chapter 5).
In summary, the data presented here provide evidence that the human urine and plasma
peptidome undergoes changes following chemopreventive intervention with tea
polyphenols and can therefore be used to discover pathways and mechanisms of
chemoprevention. However, larger study populations are required in order to determine
more robust changes. At present, the possibility that similar changes can be observed in
mice and humans cannot be excluded and has to be further investigated with studies

designed to carefully consider the equality of compound dose and mode of application.
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6.3 Effects of tea polyphenols on urinary 8-oxodG levels

8-0x0dG and creatinine concentrations were determined as described in sections 2.2.3.4,
2.2.3.5 and 2.2.3.7. 8-0x0dG values were normalised to creatinine rather than specific
gravity since this study is a follow up of individuals and creatinine is a relative stable

feature, as it is mostly dependent on the muscle mass (Narayanan and Appleton, 1980).

6.3.1 Results

Levels of urinary 8-oxodG were determined in 18 patients diagnosed with BPH and
awaiting prostectomy. These patients received GTP, BTT or no treatment for four
weeks prior to surgery. Urine samples were collected before and after treatment (see
section 2.2.1.6).

In none of the three groups could a significant change in 8-0xodG concentration be
observed (table 6.5). Figure 6.15 shows the values for the measured 8-oxodG
concentrations across all three groups with a colour code according to each patient. It is
evident that in most cases urinary 8-oxodG levels are relatively stable. The maximal
intra-person variation was 0.79nmol 8-oxodG/mmol creatinine, while the maximal
inter-person variation amounted to 2.68 nmol 8-oxodG/mmol creatinine. Due to the lack
of data about the weight or height of the patients, it was not possible to evaluate a
correlation of these measurements or the Body Mass Index (BMI) to urinary 8-oxodG.
The age of the patients enrolled in the study ranged from 51-79 years. There was no

correlation between age and 8-oxodG.
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Table 6.5 Median values for urinary 8-oxodG expressed in nmol/mmol creatinine and

percent changes after tea polyphenol intervention

controls
pre post
242 2.53
(1.94/3.49)  (1.60/3.29)

difference pre = post
+5%

(p=0.674)

GTP
pre post
1.70 1.56
(1.12/1.85)  (1.14/2.17)

difference pre = post
-8%

(p=0.753)

BTT
pre post
2.18 2.21
(0.81/3.11)  (0.75/3.49)

difference pre = post
+1%

(p=0.528)

Values in brackets denote the minima and maxima for each group. Significance was

established using the Wilcoxon signed-rank test for paired samples.
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Figure 6.15 Concentrations of urinary 8-oxodG measured in patients with BPH before

and after treatment with GTP, BTT, or no treatment. All values are normalised to

creatinine. The colours identify individual patients within one treatment group.
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6.3.2 Discussion

Epidemiological and preclinical investigations have long suggested that GTP is a good
chemopreventive agent for prostate cancer (see Introduction). The clinical studies are
not as numerous, but even so, there is good evidence that green tea indeed has
protective properties against this cancer. A case control study from China, based on
patient interviews and multivariate logistic regression, adjusting for several
confounding factors, such as physical features, dietary habits, and social environment,
showed a significant decrease in prostate cancer risk for regular tea drinkers with a
significant dose response relationship (Jian et al., 2004). The preventive effect of GTP
in men with high-grade prostate intraepithelial neoplasia was recently shown by
Bettuzzi et al. The consumption of 600mg of GTP per day over a period of one year
reduced the occurrence of a tumour to 3% compared to 30% in the placebo group
(Bettuzzi et al., 2006). The reports on the effects of green tea on the levels of urinary 8-
oxodG are equivocal. But in general there was a decrease of 8-oxodG observed
whenever the intervention was three months or longer (Hakim et al., 2003; Luo et al.,
2006), but not after only one month or less (Luo et al., 2006) (Young et al., 2002). The
exception is one study in which a decrease was observed after only 7 days (Klaunig et
al., 1999). No change of urinary 8-oxodG was seen after a four months intervention
with black tea (Hakim et al., 2003). The pilot study described here investigated the
effect of 1gram GTP or BTT per day administered over a period of four weeks (see
section 2.2.1.6). Neither GTP nor BTT had a significant effect on levels of urinary 8-
oxodG. It can be argued that four weeks was not long enough to produce significant
changes in the amount of 8-0xodG excreted. The same argument is of course also valid
for the BTF. However, in contrast to green tea, black tea has failed to show antioxidant

effects as previously measured by urinary excretion of 8-oxodG (Hakim ef al., 2003).
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On the statistical side it has to be taken into account that the number of enrolled
patients, only six per arm, is very small. For results to be significant it would require
very clear-cut differences. Another factor that might not have been optimally handled in
this study is the urine collection. Random creatinine corrected spot urine samples have
been shown to have a much higher intra-individual variation than 24h urine samples or
morning spot urine samples (Miwa ef al., 2004). The fact that all urine samples in this
study were collected during the first half of the day, though they were not necessarily
the first morning urine, might explain the relative good intra-subject reproducibility (see
figure 6.15). However, by using 24h samples or, for easier study conduct and sample
cooling, strictly only first morning urine samples, the variation could possibly be further
reduced and thus less obfuscation of possible changes may result.

In summary, the study conducted here failed to show an effect of either GTP or BTT on
urinary 8-0xodG levels. The results are in general agreement with the literature, and this
study is not arguing against the antioxidant properties of green tea. It also can not be

excluded that the study design confounded the detection of significant changes.
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6.4 Summary

Metabolic profiling of plasma and urine in humans has shown trends for the effects of
GTP consumption on energy metabolism introducing alterations similar to those seen in
prolonged starvation. However, due to sub-optimal study design, the changes observed
can only be interpreted cautiously. Peptidomic profiling has provided evidence for an
effect of tea polyphenols on the peptidome so rendering it suitable for the investigation
of such effects. Intervention with tea polyphenols over a period of four weeks did not
prompt any alterations in levels of urinary 8-oxodG which may be related to the relative

short intervention period.
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7. Final discussion

The work described in this thesis was aimed at detecting biomarkers of carcinogenesis
and GTP-mediated chemoprevention in the TRAMP mouse model using metabonomic
and peptidomic profiling approaches as well as the measurement of urinary 8-oxodG.
Although TRAMP and GTP-group-specific metabonomic and peptidomic changes were
found in plasma and urine, none of these metabolites or peptides could unambiguously
be identified as biomarkers of carcinogenesis or GTP efficacy. Possible confounding
factors and observed trends have already been discussed in the respective chapters. In
the following, the wider implications of the results for potential future work are

discussed.

7.1 The use of TRAMP mice for chemoprevention studies

7.1.1 General aspects

Metabonomic profiling of TRAMP mouse tumours (see Chapter 4, section 4.1) has
revealed that, in the advanced stages of carcinogenesis, phospholipid metabolism is
affected differently to that observed in human prostate tumours. The TRAMP mouse
exhibits lower levels of choline, phosphocholine and glycero-phosphocholine in
tumours compared to normal prostate, while in human prostate tumours choline
metabolites are relatively more abundant than in normal prostate (discussed in section
4.1.6). These findings are indicative of great differences in tumour characteristics, and
therefore growth mechanisms, between humans and TRAMP mice. However, in young
TRAMP mice, which presented with early proliferative lesions, a decrease in the
GPC/PC ratio was observed. This finding is consistent with changes demonstrated in

human prostate cancer (Swanson et al., 2008), suggesting that at an early stage of
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carcinogenesis TRAMP mice may be subject to metabolic alterations similar to those
observed in the human disease. In order to obtain results more relevant to humans, it
seems appropriate to restrict the use of the TRAMP mouse model for assessment of the
chemopreventive efficacy of a given compound to early stages of carcinogenesis with
minor proliferative lesions.

Furthermore, the lobe specific evaluation of chemopreventive efficacy in the TRAMP
mouse model should be envisaged for future studies. When the protein expression of
ChK was investigated, it was found that there were great differences in levels between
the different lobes. Pronounced expression was only found in the ventral parts of the
healthy prostate (see Chapter 4, section 4.1.4). Previously published work has also
pointed out the lobe specific effect of different chemopreventive agents in TRAMP

mice (Nyska et al., 2003).

7.1.2 GTP efficacy in the TRAMP mouse model

Intervention with 0.05% GTP in the drinking water did not prevent development of
prostate cancer in the TRAMP mouse model (see Chapter 5). This dose was chosen as it
complemented a TRAMP study in our laboratory in which effects of GTP and BTT at
this dose in drinking water were compared. This dose failed to exhibit major effects on
tumour progression in contrast to other researchers who observed efficacy using GTP
doses of 0.1% or 0.3% in drinking water (Gupta et al., 2001 and Caporali ef al., 2004,
see Introduction, section 1.3.1). It has been discussed earlier that the discrepancy
between the published studies and the results described here may stem from the
substantially lower dose that has been given in this study. It is conceivable that this

observation reflects a real dose-response effect. Ideally though, to ascertain dose-
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response relationships, experimental setups with multiple doses are required. The
comparison of studies from different laboratories does not allow conclusions to be
drawn in this respect. On the one hand it is possible that TRAMP mice in different
laboratories exhibit different genotypes and phenotypes due to genetic drift in the
colony (Stevens ef al., 2007). This can lead to different responsiveness of mice to
intervention. Alteration in the gut microbial composition may also be a cause of
differences in chemopreventive activity of GTP in TRAMP mice in different
laboratories (discussed in section 7.2). On the other hand it has to be taken into account
that the GTP extracts used by different laboratories are often not the same. Table 7.1

gives an overview of the composition the GTP extracts used in the respective studies.

Table 7.1 Composition of GTP used in TRAMP chemoprevention studies

Studies Total EGCG ECG EGC EC caffeine

GTP content
Gupta et al. (2001)
Adhami et al. (2004) >95% 62% 24% 5% 6% ~1%
Saleem et al. (2005)

Caporali ef al. (2004)

0 0 0 0 0 0
Scaltriti et al. (2006) 76% 52% 6% 6% 12% >1%

Present study

0 0 0 0 0 0
(from Bonoli et al., 2002) 2% 39% 10% 12% 6% >0.1%
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The work described in Chapter 5 was designed to investigate effects of GTP treatment
on the urinary and plasma peptidomic and metabonomic profile with the aim to discover
potential biomarkers of GTP efficacy. As discussed in Chapter 5, no definitive marker
of GTP could be identified due to the lack of an overall effect. For biomarker discovery
future studies should incorporate a dose which has a clear effect on cancer development
and can be assessed by pathological means. It is important to be able to relate a possible
biomarker to a primary outcome, otherwise the usefulness of the marker is questionable.
Changes in the metabolic or peptide profiles related to carcinogenesis or GTP
intervention were not the same between age groups. As discussed in Chapter 4, the
investigation of smaller time windows than those chosen in the present study would be
beneficial to identify and follow up markers of carcinogenesis. This notion can in
principle also be applied to the investigation of markers of GTP activity. Not only may
the response to an intervention change with progressing disease, but it may also be
possible to identify markers of success or failure of intervention before a correlation
with primary outcome is apparent. In order to be able to discover such markers, it is
vital to show that the marker changes over time as well as is correlating with the

primary outcome.

7.2 The role of the gut microflora in chemoprevention

Global profiling approaches like peptidomics and metabonomics are non-hypothesis
driven and therefore allow detection of changes which may fall beyond the anticipated
range. Metabonomic profiling of urine from 8 week old TRAMP and wild type mice
(see Chapter 4, section 4.2) indicated that there was a difference in the composition of

the gut microflora between the transgenic mice and their non-transgenic littermates. At
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28 weeks of age this difference was no longer noticeable, and the separation between
TRAMP and wild type mice was less pronounced, indicating that the gut microflora
perhaps had a greater influence on the urinary metabolic profile than the presence of
prostate tumours. In the second TRAMP study no evidence was found for a difference
in gut microflora between 8§ week old TRAMP and wild type mice (see Chapter 5,
section 5.2). The TRAMP phenotype can therefore be excluded as an intrinsic cause of
gut microbial alterations, and other factors such as a different microenvironment have to
be considered. It is for example conceivable that the position of the TRAMP and wild
type mouse cages in the isolator had an effect on the gut microflora. The fact that both
spatial and temporal separation lead to changes in the composition of the gut microflora
is well established (Robosky et al., 2005; Rohde et al., 2007). The fact that the impact
of gut microbes on the urinary composition is not minor has several implications for the
design and set up of biomarker studies. When profiling of urine is employed for the
discovery of biomarkers, either of disease or intervention, a great deal of consideration
should be directed towards possible effects caused by the intestinal microbiome. Every
effort should be made to avoid unintentional treatment- or disease-group-specific
differences in the gut microflora. In pre-clinical studies animals should not be housed in
group-specific areas, which may be easier for the animal house personnel, but in
randomly assigned spaces within the same room or isolator. It is also important to
ensure that control and test animals are derived from the same colony, with generations
being as close together as possible. As such factors are not controllable in human
studies, all emphasis has to be put into randomisation of patients. Factors that may play
a role in the composition of the metabolome (not limited to microbiota) and therefore
should be considered include gender, age, ethnicity, country or region of residence, diet,

smoking habits, medical conditions other than the investigated one and medication,
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including over-the-counter-drugs. The time points and conditions of sample collection
have to be the same for pre and post treatment samples (Lenz et al., 2003; 2004c;
Phipps et al., 1998).

Apart from being a possible confounding factor in the search for biomarkers, the gut
microflora may even play a role in the chemopreventive activity itself. A trend of
increased excretion of TMAO after intervention with GTP was observed, which could
be attributed to alterations in the gut microflora (see Chapter 6, section 6.1). It is known
that the gut microflora is generally influenced by diet and varies between populations
(Dumas et al., 2006; Lee et al., 2006; Li et al., 2008; Zanchi et al., 2008). But the host-
microbiome-axis is not a one way street: Intestinal bacteria and dietary compound can
affect each other. The bioavailability of polyphenols is affected by microbial
metabolism in the intestine (Xu et al, 1995) and therefore the extent of
chemopreventive activity may be influenced by the composition of the gut microflora.
This concept has already been proposed for the chemopreventive activity of soy
isoflavones, in particular daidzein (Yuan ef al., 2007). The ability to convert daidzein to
equol, a metabolite with stronger estrogenic properties, is dependant on the composition
of the intestinal microflora. A link between the ability to produce equol and a lower
incidence of prostate cancer has been suggested (Akaza et al., 2004). In addition, it has
been noticed that the percentage of “equol-producers” is significantly higher in Asians
as compared to Americans. Whether similar mechanisms would also apply to GTP is
currently not known. Further research is required to establish whether metabolites of
GTP are important for their chemopreventive properties, and what the role of gut micro-
organisms may be. In the light of the observations described above, it also seems
expedient to consider the assessment of potential chemopreventive agents specific to

ethnic and regional subgroups, as this could shed additional light on the mechanisms by
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which they act. Furthermore, a link between the composition of the gut microflora and
chemopreventive efficacy of the agent in question, such as GTP, would allow the design

of personalised chemoprevention (Nicholson et al., 2005).

7.3 Implications for clinical intervention studies

Differences in response to chemopreventive intervention may also stem from sources
other than the gut microflora. The pharmacokinetic characteristics of a drug or
chemopreventive agent are determined by physiology of an individual, interaction with
other pharmaceuticals or nutrients, as well as the enzyme compliment available for
metabolism. Polymorphisms or altered activity in metabolising enzymes may affect the
composition of metabolites or parent compounds available in the biophase to act as
chemopreventives. It is therefore advisable to take levels of chemopreventive parent
compounds and metabolites into account, when the success of an intervention is judged
by primary outcome. Correlations that may or may not exist between dose/metabolite
levels and primary outcome or other biomarkers can help to shed further light on
mechanisms of action and also provide information on which metabotype may be

sensitive to chemopreventive intervention.
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7.4 Summary

The work described in this thesis was designed to investigate markers of carcinogenesis
and GTP chemoprevention in the TRAMP mouse model of prostate cancer. Metabolic
profiling of TRAMP mouse prostate tumours provided evidence that the phospholipid
metabolism in late stage TRAMP mouse tumours greatly differs from that observed in
humans. It was therefore concluded that the TRAMP model should be used with caution
and that the assessment of chemopreventive drugs should be restricted to early stages of
carcinogenesis in that model. In order to discover and develop biomarkers of GTP
intervention in the TRAMP model it is important to investigate narrower time windows
of intervention as well as choosing at least one dose level that shows effects that can be
assessed by pathological means and used as primary outcome.

Although the studies failed to unambiguously identify markers of carcinogenesis or
GTP chemoprevention, valuable lessons were learned for future studies. Especially for
approaches using urinary profiling, the effect of the gut microflora has to considered, as
the urinary composition is heavily influenced by the gut microflora. Furthermore, the
mutual interactions of gut microbes and GTP have been highlighted. In clinical GTP
chemoprevention studies the relationship between actual levels of chemopreventive
parent compound or metabolites and the primary outcome or biomarkers should be
investigated.

Taking gut microfloral interactions and dose/metabolite-response relationships into
account may ultimately lead to a better understanding of mechanisms of action of GTP

and the possibility of offering personalised chemoprevention strategies.
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chemopreventive rationales. Here the hypothesis was tested using "H-NMR-based metabolic
profiling that the TRAMP tumor metabolic phenotype resembles that reported for human
prostate cancer.

METHODS. Aqueous extracts or intact tissues of normal prostate from 8- (“young’”) or
28-("old"”") week-old C57BL/ 6] wild-type mice or of prostate tumor from age-matched TRAMP
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TRAMP tumors suggest atypical phospholipid metabolism as compared to human prostate
cancer. TRAMP tumor and normal prostate tissues did not differ in expression of choline kinase,
which is overexpressed in human prostate cancer.

CONCLUSION. Although prostate cancer in TRAMP mice shares some metabolic features
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INTRODUCTION

Prostate cancer is the second most common cause
of male cancer deaths in most developed countries,
and the incidence has increased significantly over
recent years [1]. Rodent models of prostate carcino-
genesis are useful for the discovery of disease
biomarkers and in the development of novel chemo-
preventive or chemotherapeutic interventions. One
well established example is the “TRansgenic Adeno-
carcinoma of the Mouse Prostate” (TRAMP) mouse,
in which the prostate-specific expression of Simian
virus 40 (SV40) early-region tumor antigens (T and t
antigen) drives prostate neoplasia culminating in well
and poorly differentiated adenocarcinomas with meta-
stases in lung and pelvic lymph nodes [2,3]. The
TRAMP phenotype is thought to be the result of
inactivated p53 and Rb gene products, which have also
been associated with human prostate cancer [4,5]. The
TRAMP model has been frequently used in preclinical
studies of cancer chemopreventive or therapeutic
interventions [6-9]. Currently, the most common way
to assess outcome of intervention in TRAMP mice is by
weight of the urogenital tract combined with histo-
pathology. However, malignant cells are also charac-
terized by altered metabolism as compared to their
non-malignant counterparts [10-13], and this fact is
exploited in the diagnosis and therapy of many cancers,
including prostate cancer. Among metabolic features of
human prostate tumors, which differ from normal
prostate, are decreased levels of citrate [14] and
increased levels of phosphocholine (PC) and total
choline-containing metabolites [15-17]. Choline kinase
(ChK), which catalyzes the phosphorylation of choline,
is overexpressed in human prostate cancer, and plays a
major role in the mechanism leading to elevated levels
of choline-derived species in malignant tissue [18].
Tumor levels of PC have been shown to be a
pharmacodynamic marker of the chemotherapeutic
efficacy of choline kinase inhibitors in experimental
human breast and colon cancer models [19]. Measure-
ment of citrate and total choline species in vivo has
been used clinically in the diagnosis of prostate cancer
[20-22].

Metabolic profiling (metabonomics/metabolomics)
of intact tissue or tissue extracts allows measurement
of several metabolites simultaneously, rendering it an
attractive tool for the comprehensive assessment of the
metabolome associated with the malignant phenotype.
In the work described here 'H-NMR-based meta-
bonomics has been employed to test the following
hypotheses in TRAMP mice: (i) metabolic differences
between normal and malignant prostate tissue reflect
differences discernible by histopathology and (ii) the
metabolic phenotype of TRAMP tumors resembles that
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reported for human prostate cancer. When choline
metabolism in TRAMP tumors was found to differ from
that in humans, the expression of ChK and other
enzymes involved in choline metabolism was studied
to help interpret underlying mechanistic differences.

MATERIALS AND METHODS

Materials

Solvents were purchased from Fisher Scientific, Inc.
(Loughborough, UK) and chemicals from Sigma-
Aldrich Company Ltd (Gillingham, UK). Polyclonal
antibodies against murine choline kinases ChK-o and
ChK-p were kindly provided by Dr G Wu (Department
of Biochemistry, University of Alberta, Canada).

Animal Experimental Design

Experiments were carried out under UK Home
Office animal project license PPL 40/2496. The experi-
mental design met the standards required by the
UKCCCR guidelines [23]. Mice were bred in the
Leicester University Biomedical Services facility using
female hemizygous transgenic mice on a C57BL/6]
background, originally obtained from the NCI
Mouse Repository (NCI Frederick) and male wild-type
C57BL/6] mice. Mice had unlimited access to AIN93g
standard diet (Dyets, Inc., Bethlehem, PA) and water.
TRAMP genotype was established by PCR analysis of
an ear punch sample taken at approximately 3 weeks of
age. Each TRAMP mouse was paired with a C57BL/6]
wild-type control from the same litter or from a litter
with the same father. At 4 weeks of age the animals
were weaned and received AIN93g standard diet. At
8 or 28 weeks of age mice were killed by cardiac
exsanguination under terminal isoflurane anesthesia.
Analyses were performed on four groups of mice:
(1) wild-type 8 weeks of age, (2) wild-type 28 weeks of
age, (3) TRAMP 8 weeks of age, (4) TRAMP 28 weeks of
age.

ProstateTissue Preparation

Prostates from ten 8-week-old and eight 28-week-
old C57BL/6] wild-type mice and prostate tumors
from ten 8-week-old and nine 28-week-old TRAMP
mice were dissected out from surrounding tissues
also avoiding the seminal vesicles. Each tissue was
divided in two parts. One part was snap-frozen
(liquid nitrogen) and stored at —80°C prior to homog-
enization and extraction for 'H-NMR analysis. The
other part was fixed in neutral buffered formalin,
processed, sectioned, and stained with hematoxylin
and eosin for histopathological assessment applying
criteria outlined in the Bar Habor classification [24].
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Tissue parts for 'H-NMR analysis were selected
randomly without any bias for specific lobes. A lymph
node metastasis was dissected from one TRAMP
mouse. For "H-NMR analysis two separate tumor
samples per mouse, rather than one, were used in the
case of three out of the nine 28-week-old TRAMP mice.
Total sample number per group was between 8 and 12.
Aliquots (20-40 mg) of frozen tissue were homogen-
ized in 300 pl of a mixture of chloroform and methanol
(2:1). After addition of 300 pl water and further mixing,
the homogenate was centrifuged (5 min, 15,0003,
room temperature). Aqueous and organic phases were
separated, and the tissue pellet was re-extracted. Both
aqueous phases were combined, freeze-dried and re-
dissolved in buffer [575 ul D,O with 8 mM NaH,POy,,
40 mM NapHPO,, 1.4 mM sodium 3-(trimethylsilyl-
2,2,3,3-*H,)-1-propionate (TSP), 0.58 mM sodium
azide, 5% H,Ol.

For High-Resolution Magic Angle Spinning
(HRMAS) '"H-NMR analyses of intact tissue, samples
(30-50 mg) of prostate or prostate tumor from three
TRAMP and five wild-type mice (28 weeks of age) were
used. Tissues were dipped in D,O and placed into a
3 mm zirconium rotor prior to analysis.

NMR Data Acquisition and Processing

"H-NMR spectra of aqueous extracts were acquired
using a Bruker DRX600 spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany) operating at a fre-
quency of 600.13 MHz and a temperature of 300 K.
Tissue extracts were analyzed in a standard 5 mm
probe. 'H spectra were acquired using a 1D-NOESY
pulse sequence (RD-90°-t1-90°-1,,-90°-acquire) with
t; =3 ps and 1, =100 ms. Intact tissue was analyzed
using a Magic Angle Spinning (MAS) probe with
rotation speed set at 5 kHz. 'H spectra were acquired
using a Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence (RD-90°-{1-180°-t},-acquire) with n=250
and t1=400 ps. For all spectra, 128 free induction
decays (FIDs) were collected into 32 K complex data
points, using a spectral width of 12,019 Hzand a2 s
relaxation delay (RD) between pulses. A water pre-
saturation pulse was applied throughout the RD. All
FIDs were zero filled by a factor of 2 and multiplied by
an exponential weighting function equivalent to a line
broadening of 1 Hz prior to Fourier transformation
(XWINNMR, Bruker). All subsequent data processing
and analysis, unless specifically stated otherwise, was
conducted using in-house software developed in
MATLAB (Mathworks) written and compiled by
TMD Ebbels, HC Keun, JT Pearce, and O Cloarec
(Imperial College, London). The acquired spectra were
corrected for phase and baseline distortions and
referenced internally to the anomeric proton signal of
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a-glucose at & 5.23 or to TSP at & 0. Spectra were
interpolated to a common ppm scale from 32 to 42 K
data points prior to visualization and integration.
Spectral assignments were made by a combination of
2D homonuclear experiments, 1D NMR of authentic
standards, literature data [25,26], and the Biological
Magnetic Resonance Bank (BMRB, http://www.
bmrb.wisc.edu/) [27]. Glycerophosphoinositol (GPI)
was assigned by additional analysis of extracts by
"H-'P correlation spectroscopy (HMQC) using a QXI
probe and a Bruker Avance 800 MHz spectrometer, and
by comparison to spectra of phosphoinositol standards
and literature data [28]. UDP-linked sugars were
assigned by data provided by M Coen (Imperial
College, London).

Spectral Integration and Statistical Analyses

Spectra obtained from aqueous extracts of all groups
were averaged to generate an overall median spectrum
(reference spectrum). Each individual spectrum was
then divided by the reference spectrum to obtain the
fold change for each spectral data point. The median of
these fold changes was used to normalize each
individual spectrum [29]. HRMAS "H-NMR spectra
were normalized to creatine (singlet at 3.04 ppm).
For quantitation of individual metabolites, signals
were integrated at the following resonance
frequencies (values in ppm): citrate 2.55 (doublet),
choline 3.21 (singlet), phosphocholine (PC) 3.23 (sin-
glet), glycerophosphocholine (GPC) 3.24 (singlet),
creatine 3.04 (singlet), GPI 4.27 (triplet), taurine
3.43 (triplet), UDP-linked sugars (UDPx) 7.96 (doublet),
tyrosine 6.90 (doublet), glucose 5.23 (doublet), aspar-
tate 2.82 (doublet), alanine 1.48 (doublet), lactate
1.33 (doublet), glutamate 2.36 (triplet of doublets).
Table I shows the median, minimal, and maximal
integration units for each group of mice. Statistical
significance was established by Mann—Whitney U-test.
For pattern recognition analysis by hierarchical cluster-
ing, data were mean-centered and scaled to unit
variance. Single linkage analysis was applied. The
software used was written by TMD Ebbels (Imperial
College, London) using MATLAB.

Immunohistochemical Analysis

Formalin-fixed, paraffin sections (5 um) of prostate
and a lymph node metastasis were de-waxed in xylene
and taken to water through descending concentrations
of industrial methylated spirit. They were then placed
in citrate buffer (pH 6.0) and microwaved (20 min,
700 W). Sections were placed in distilled water, and
endogenous peroxidase activity was blocked with 3%
(v/v) HyO, in water (20 min). ChK was detected using
polyclonal antibodies for murine ChK-o and ChK-$
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TABLE I. Median Relative Metabolite Peak Areas (A) and Median Metabolite Ratios (B) in
ProstateTissues of C57BL /6] Wild-Type or TRAMP Mice Aged 8 or 28 Weeks

A

Metabolite

Relative peak area
(min / max)

Wild-type 8 weeks ~ TRAMP 8 weeks Wild-type 28 weeks TRAMP 28 weeks

citrate

choline

PC

GPC

GPI

taurine

lactate

glucose

tyrosine

aspartate

glutamate

alanine

UDP-
sugars

creatine
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&k

[ 1
1.21 x10° 1.27 x10° 1.72 x10° 0.88 x10°
(0.54 x10°/1.76 x10%)  (0.52x10°/2.14 x10°) (0.58 x10°/2.61 x10%) ¢ (0.33x10%/ 1.61 x10%)

[ 1
1.13 x10° 0.87 x10° 0.81x10° 0.54 x10°

(0.32x10°/2.72 x10%)  (0.47 x10°/ 1.65 x10°) (0.57 x10°/0.96 x10°)  (0.13 x10°/ 0.93 x10°)
ksk
[ 1
2.36 x10° 3.44x10° 5.90 x10° 2.53 x10°
(1.60x10°/4.31 x10%)  (1.53x10°/4.87x10%)  (2.62x10°/6.78 x10°)  (0.39 x10° / 6.44 x10°)
skekk
I 1
5.22x10° 6.34x10° 8.02 x10° 2.75x10°
(2.92x10°/10.44 x10°)  (1.34x10°/9.87 x10%) (4.92x10°/11.23 x10°)  (0.39 x10°/ 5.44 x10%)
kkk
[ 1
2.87x10° 3.34 x10° 5.24x10° 2.07 x10°

(2.30x10%/5.45x10%) (1.87 x10%/5.76 x10%)  (4.13 x10°/5.80 x10%)  (1.16 x10*/4.07 x10%)

3.07 x10° 3.03 x10° 2.75x10° 3.50 x10°
(1.64x10°/4.72x10%)  (1.37x10°/4.16x10°)  (1.87x10°/3.28 x10°) (1.40 x10°/6.10 x10°)

2.52x10° 2.88 x10° 1.90 x10° 1.96 x10°
(1.28 x10°/4.61 x10%)  (1.01 x10?/3.90 x10%) (1.44x10°/3.27x10%)  (1.08 x10°/ 3.47 x10%)
kkk
I 1
0.84 x10° 0.70 x10° 0.83x10° 0.38x10°

(0.45x10%/1.88 x10%)  (0.52 x10%/1.13 x10%) (0.60 x10%/1.22x10%  (0.18 x10*/0.59 x10%)

3.82x107 3.11x107 2.79 x10’ 3.57x10’
(2.54x107/5.33x107)  (2.10x107/4.51 x107) ~ (2.20x107/4.91 x107) (2.02x107/7.60 x107)
%k
[ 1
1.78 x10° 1.71 x10* 1.80 x10° 2.02x10°

(1.17x10%/2.26 x10%)  (1.42x10%/2.25x10%  (1.44x10%/1.93x10%)  (1.58 x10°/3.63 x10°%)

7.91 x10° 7.40 x10° 5.99 x10° 8.32 x10°
(5.84x10°/9.25x10%) (5.44x10°/9.03x10%)  (4.81x10%/7.19x10%)  (4.68 x10°/12.73 x10%)

7.25x10% 6.07 x10° 4.16 x10° 4.99 x10° .
(3.90x10°/8.99 x10%  (3.28 x10°/8.36x10%)  (3.93 x10%/6.03 x10%) (3.07x10°/7.15 x10%)
k
[ 1
0.59 x10* 0.58 x10° 0.63 x10* 0.34 x10°

0.07x10%/1.53 x10%)  (0.08 x10*/1.26 x10%)  (0.41 x10°/1.51 x10*)  (0.14 x10%/0.59 x10%)

1.73 x10° 1.76 x10° 1.56 x10° 2.10x10°
(0.66 x10°/3.28 x10%) (0.66 x10°/2.96 x10°)  (1.03x10°/2.74x10°)  (0.39 x10°/ 8.42 x10°)
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TABLE I. (Continued)

Peak area ratio (min / max)

Metabolite Wild-type 8 weeks TRAMP 8 weeks Wild-type 28 weeks TRAMP 28 weeks
pair
Cho/Cit 0.79 0.88 0.50 0.56
(0.36/5.07) (0.22/3.20) (0.24/0.98) (0.25/1.12)
tCho/Cit 9.35 9.03 9.17 6.76
(4.30/16.06) (3.96/13.35) (4.17 /20.48) (2.73 /16.89)
[ |
GPC/PC 2.40 1.88 1.33 1.03
(1.23/3.55) (0.87/2.36) (0.92/3.33) (0.42/2.23)
skskook
[ |
aspartate/PC 0.062 0.056 0.032 0.075
(0.052/0.11) (0.041/0.11) (0.027/0.055) (0.056/0.46)
skoskosk
[ |
GPI/glutamate 0.48 0.42 0.89 0.25
(0.28/0.61) (0.26 /0.69) (0.69 / 1.08) (0.18/0.32)

Values are the median of between 8 and 12 tissue samples, animal groups size was 8—10. Asterisks suggest that

differences between median metabolite levels or ratios were significant by Mann—Whitney U-test.

P <0.05.

"P <0.01; ""P<0.001. Values in brackets show the minimum and maximum, respectively, for each group.

[30] at a dilution of 1:800. For control staining normal
rabbit serum lacking ChK reactivity was used. The
primary antibodies were applied to sections and
incubated at room temperature (3 hr). Detection was
by the DAKO Duet detection system (DAKO, Ely,
UK) using 3,3-diaminobenzidine for visualization.
Sections were counterstained with hematoxylin prior
to dehydration and mounting.

RNA Extraction

Total RNA (duplicate samples) was extracted from
prostate tumors from four TRAMP mice, a lymph node
metastasis from one TRAMP mouse and normal
prostates from two C57BL/6] wild-type mice, all
28 weeks of age. In the case of three tumors and both
normal prostates, tissue was taken from two different
sites, yielding seven tumor and four normal samples in
total. Tissue aliquots (40-60 mg) were homogenized
(1 ml TRI reagent) according to the manufacturer’s
instructions (Sigma-Aldrich Company Ltd). RNA
pellets were re-dissolved in water containing diethy-
Ipyrocarbonate (0.1%).
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Real Time PCR Analysis

Primers were designed to cross exon-exon bounda-
ries to eliminate the detection of any contaminating
genomic DNA wusing Primer Express software
v2.0 (Applied Biosystems, Warrington, UK). Total
RNA (500 ng) was reverse-transcribed using Super-
script III RT (Invitrogen, Paisley, UK). The resulting
c¢cDNA product was amplified with SYBR Green
Mastermix (Applied Biosystems) using an ABI PRISM
7700 RT-PCR Sequence Detection System (Applied
Biosystems) and the following optimized primers:
900 nM forward primer and 900 nM reverse primer
for ChK-o or ChK-f and 900 and 300 nM of forward and
reverse primer for -actin, respectively. The sequences
(forward primer/reverse primer) were CTCCCTGC-
CAGACTCCATAGC/CTCATCTTTAAGATTGCCC-
CATAGAG for ChK-a and CTAGGGCCCCAGCTT-
TACG/CCGGCTTGGGAGGTACTGT  for ChK-p.
Expression levels were normalized to those of B-actin.
Relative quantification of ChK gene expression was
performed with the comparative cycle threshold
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method (Applied Biosystems, User Bulletin no 2, 1997).
The mean expression level of ChK-a or ChK-f in
normal prostate samples was used as calibrator.

cDNA Microarray Analysis

c¢DNA microarrays were made on aldehyde slides
(Genetix, New Milton, UK) using a Stanford type
microarray spotter. Targets were the MEEBO set
designed in the laboratory of Alizadeh (http://
alizadehlab.stanford.edu/) and obtained from Invitro-
gen. Targets were printed from a 10 uM solution in 1.5
M Betaine/3X SSC. After printing microarrays were
processed according to the manufacturer’s (Invitrogen)
instructions. RNA (10 pg) was labeled using an
indirect technique of incorporation of aminoallyl-
dUTP (Ambion, Warrington, UK) in the reverse tran-
scription reactions, which were primed using both a
locked oligodT»s primer and pentadecamers. Super-
scriptIII (Invitrogen) was used to generate cDNA. After
synthesis of labeled cDNA, it was coupled to the
Alexa 555 or 647 dyes (Invitrogen). Labeling efficiency
was checked using a Nanodrop spectrophotometer.
Hybridization was performed under coverslips in a
humidified chamber (Genetix) at 42°C in a hybrid-
ization buffer, which contained 50% deionized for-
mamide. After hybridization overnight, microarrays
were washed to a stringency of 0.05X SSC before
drying by centrifugation and scanning using an Axon
4200A scanner and GenePix 5.10.19 (Molecular
Devices Coop, Sunnyvale, CA). Data were acquired
from the image using GenePix. Data were processed
using NorTT and statistical methods published
previously [31].

RESULTS

Histopathology of TRAMP ProstateTumor

Normal prostate tissue from C57BL/6] wild-type
mice or malignant prostate from TRAMP mice of

8 weeks (in the following referred to as ““young’) or
28 weeks of age (in the following referred to as “old”)
were subjected to histopathological investigation.
While prostates from wild-type mice did not present
with any discernible malignant change, prostate glands
from young TRAMP mice showed minimal focal
neoplasia (Fig. 1a). Glands in old TRAMP mice were
characterized by varying degrees of glandular hyper-
plasia and atypical hyperplasia (prostatic intraepithe-
lial neoplasia, PIN), carcinomas with microinvasion
through to overtly invasive well-differentiated adeno-
carcinomas (Fig. 1b), which tended to be accompanied
by lung metastases. Although within each sample there
was a heterogeneous pattern of pathology the assign-
ment of stage was based on the predominant and most
advanced pathology, notably whether hyperplasia or
well differentiated adenocarcinoma. Some very poorly
differentiated tumors were also observed, usually
associated with lymph node deposits.

Comparison of Metabolites in Normal and
Malignant Prostate

Extracts of prostate and prostate tumor tissue were
subjected to 'H-NMR analysis. Figure 2A shows a
representative 'H-NMR spectrum of a prostate tissue
extract from an old wild-type mouse. Visual compar-
ison of spectra of tissue extracts from wild-type and
TRAMP mice suggested differences in resonance
intensity between the four groups of mice for
citrate, choline, PC, GPC, GP], lactate, taurine, glucose,
tyrosine, aspartate, glutamate, alanine and UDP sugar
conjugates (UDPx). Metabolite peaks were integrated
for comparative quantitative evaluation. There was
no significant difference in single metabolite level
between young TRAMP and wild-type mice (Table I).
In contrast, old TRAMP mice presented with levels of
citrate, choline, PC and GPC which were decreased by
49%, 33%, 57 %, and 66%, respectively, as compared to
normal prostate in age-matched wild-type mice

Fig. 1. Prostatic tissue fromTRAMP mice of 8 @) or 28 weeks of age (b) stained with hematoxylin and eosin. Dark staining reflects elevated
chromatin levels indicating an above-average cell division rate. Note early focal zone of hyperplasia in (a), and edge of a large well differentiated
carcinoma showing microinvasion at the periphery in (b). Bar: 100 pm. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com]

The Prostate
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Fig. 2. 'H-NMR analyses of prostate tissue from 28 -week-old mice. A: Typical spectrum of the aliphatic and aromatic (insert) regions of an
aqueous extract of prostate tissue from a C57BL/6] wild-type mouse. B,C: Median 'H-NMR spectra of aqueous tissue extracts (B) or median
HRMAS NMR spectra of intact tissue (C) of normal prostate from C57BL/6] wild-type mice (broken line) orTRAMP mouse tumors (solid lines).

Spectrain (B)and (C) focus on the choline metabolite region.

(Fig. 2B, Table I). GPI in tumor tissue was 61% below
normal tissue levels (Table I). Tumor levels of taurine,
tyrosine, alanine, glutamate and aspartate were 27%,
28%, 18%, 39%, and 12%, respectively, above those
in control prostate, although the difference was
significant only in the case of aspartate (Table I). Levels
of glucose and UDPx in tumor were decreased by 54%
and 45%, respectively, compared to normal tissue.
There were no differences between groups in lactate
levels (Table I). Although there was a clear difference
between normal and TRAMP prostate, there was no
correlation between tumor stage and metabolic profile
(data not shown). It is conceivable that pathological
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assessment was done at a tumor site not exactly
identical with that selected for biochemical analysis,
particularly in view of the histological heterogeneity
within each prostate

Peak intensity ratios of choline to citrate (Cho/Cit)
and total choline (choline+PC+GPC) to citrate
(tCho/Cit) are commonly used to distinguish normal
from malignant prostate tissue in humans [20]. Signi-
ficant changes in these metabolite ratios were not
observed between TRAMP and wild-type mice at either
age. However, the GPC to PC ratio (GPC/PC) was
decreased by 22% in young TRAMP mice compared to
age-matched wild-type mice. There was no significant
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difference in this ratio between old TRAMP and
wild-type mice (Table I).

Hierarchical clustering analysis of metabolite
levels showed that among old mice prostate profiles
in wild-type animals formed a cluster distinct from
TRAMP tumor profiles (Fig. 3A). In this analysis
metabolites separated into two main groups. One
group included phospholipid-related species (GPC,
PC, GPI, choline), citrate, UDPx and glucose and
exhibited lower abundance in tumor tissue than in
normal prostate. The other group contained amino acid
metabolites, which were more abundant in tumor
tissue than in normal prostate. Hierarchical clustering
analysis of tissue extracts from young animals did not
reveal group-specific clustering (Fig. 3B), hence the
clustering between metabolites at this time point was
largely driven by normal physiological variation and

A 28 weeks
06
W - Wild type
08 | —L— T- TRAMP
Similanty = L
0506 07 08 08 1 T T T T T I T T T T T WWWWWWWW

B weeks

° _hl HH

Sirmilanty
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not by the presence of malignancy. The pattern of
clustering of metabolites at each time point was broadly
similar, with the exception of glucose and aspartate.
These two species appeared to change clusters depend-
ing on presence or absence of malignancy, which
suggests that they are related to different metabolites
in malignant as compared to normal prostate. This
apparent shift in metabolism was also observed when
inter-metabolite correlations for TRAMP mice were
compared with those in wild-type mice (Fig. 3C,D).
These correlations were calculated using data from
young and old mice combined, hence patterns obtained
reflect variation due to the normal process of aging in
wild-type mice and to tumorigenesis in TRAMP
mice. This analysis suggests that normal prostate tissue
development is accompanied by positive correlation
between levels of aspartate and citrate, with both
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-
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Fig. 3. Patternrecognition analyses of variation in metabolite levels in aqueous extracts of prostate tumor tissue or normal prostate tissue
fromTRAMP or C57BL/6) wild-type mice, respectively, of 8 or 28 weeks of age. A ,B: Hierarchical clustering of metabolite levels showing that
TRAMP and wild-type mice can be distinguished by prostate metabolic profile at 28 weeks of age (A) but not at 8 weeks of age (B). Data are
presented as mean-centered log; values, such that a value of | indicates a twofold change from the average amount of each metabolite across all
samples from the same age group. C,D: Matrices of correlation coefficients (r) between metabolite levels in extracts of prostate fromTRAMP
mice at either age (C), or in extracts of normal prostate from wild-type mice at either age (D), showing a difference in metabolite clustering
between prostate carcinogenesis and normal prostate aging. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com]
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metabolites sharing a common correlation pattern, and
by negative correlation between levels of citrate and
glucose. The reverse scenario was observed in TRAMP
mice, in which there was a positive correlation between
levels of citrate and glucose, and both constituted part
of the same cluster. In TRAMP mice aspartate was not
correlated to citrate and clustered with other amino
acids.

We tested the hypothesis that ratios of metabolites
allow better discrimination between TRAMP and wild-
type animals than levels of individual metabolites.
Hierarchical clustering analysis suggests that meta-
bolites from each cluster provides similar information
regarding presence of malignancy, and hence that the
evaluation of combinations of metabolites from differ-
ent clusters could be potentially more informative. For
example the aspartate/PC ratio was completely dis-
criminatory between the two groups, whereas levels of
the individual species were not (Table I). GPI levels
separated between old TRAMP and wild-type mice,
but the GPI/glutamate ratio improved separation
considerably: for GPI alone the difference between
the lowest value for wild-type tissue and the highest
value for tumor tissue was only 1.3% of the combined
wild-type and tumor tissue value range, whilst for the
GPI/glutamate ratio this value is 41.1% (Table I).
Collectively, the results of the metabolite ratio and
clustering analyses provide evidence for an effect of
malignancy on the production and/or utilization of
metabolites, even when the difference in absolute
concentration between wild-type and TRAMP mice
was not statistically significant.

The results for choline species obtained in tissue
extracts were corroborated by HRMAS 'H-NMR
analysis using intact tissue samples from old mice.
Median levels of PC plus GPC as reflected by relative
peak areas were 4.33 in tumor samples (minimum 3.21,
maximum 4.93) and 9.41 in normal prostate (minimum
2.77, maximum 15.79, P=0.101, Fig. 2C), suggesting
tumor levels were 54% below controls, even though the
difference was not significant. There was no dis-
crepancy in choline levels between normal and
malignant tissue (Table I).

Results very similar to those shown in Table I were
obtained when metabolite levels were related to
creatine (singlet 3.04 ppm; results not shown), which
has been used previously to normalize metabolite data
in human studies [32]. This finding reflects the robust-
ness of the method of normalization used here for data
interpretation.

Choline Kinase (ChK) Expression in ProstateTumor

Elevated PC levels and its regulation by ChK has
been linked to malignancy [33]. Therefore we tested the

The Prostate

hypothesis that the difference in PC levels observed
by 'H-NMR analysis between normal prostate in
C57BL/6] wild-type mice and malignant prostate in
TRAMP mice was related to differential ChK expres-
sion. Immunohistochemistry of sections of normal or
malignant prostate from old mice suggests expression
of ChK-B protein in the cytoplasm of glandular
epithelial cells in the prostate gland (Fig. 4a). In wild-
type animals, the staining intensity varied between
different lobes of the gland; intense expression was
only seen in ventral regions. Hyperplastic glands and
well-differentiated carcinomas generally showed
low expression (Fig. 4b). Even less or no expression of
ChK-B was seen in poorly differentiated carcinomas,
either in primary tumors or in a lymph node metastasis
(Fig. 4C,D). The antibody against ChK-o failed to
generate significant staining in any of the tissues
studied.

There was no difference in mean expression levels of
ChK-o or ChK-ff mRNA between wild-type prostate and
TRAMP prostate tumor tissue as determined by RT-
PCR. In contrast, in the lymph node metastasis sample
ChK-o. and -f mRNA levels were only 8% and 50%,
respectively, of those in normal tissue (result not
shown).

Kennedy Pathway Gene Expression in ProstateTumor

c¢DNA microarray analysis focused on changes in
genes specifically linked to metabolic pathways related
to phosphatidylcholine synthesis and degradation
(Kennedy pathway). In prostate tumor tissue of old
TRAMP mice, mRNA expression levels of choline
phosphotransferase 1 (Chpt1) and lysophospholipase
3 (Lypla3) were reduced as compared to normal
prostate. Fold reduction was 0.47 for Chptl (n=>5
TRAMP and 4 wild-type, P =0.008) and 0.57 for Lypla3
(n=7 TRAMP and 4 wild-type, P=0.028). Other
significant changes in the expression of genes germane
to these pathways, including ChK, were not observed,
consistent with the results obtained by RT-PCR.
Figure 5 illustrates and integrates the findings in
TRAMP mouse prostate described here for metabolite
and enzyme components of the Kennedy pathway.

DISCUSSION

This is the first report of the tumor metabolome in
the TRAMP murine model of prostate cancer. When
compared to normal prostate, tumor tissue displayed
decreased levels of citrate, choline, PC and GPC, GPI
and increased levels of taurine, aspartate, tyrosine, and
glutamate. These changes were observed in old mice,
which presented with histopathologically well esta-
blished tumors. In young mice, in which histopatho-
logical investigation detected subtle preneoplastic
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Fig. 4. Immunohistochemical staining for ChK-f in normal ventral prostate (a) of C57BL/6] wild-type mice, and in prostate tumors,
well-differentiated (b)and poorly differentiated (c), orina pelviclymph node metastasis (d) inTR AMP mice. Allmice were 28 weeks of age. Brown
staining intensity reflects presence of enzyme. Bar: 100 um. For details of immunohistochemical analysis see Materials and Methods Section.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

lesions, the only metabolic feature which allowed
discrimination between TRAMP and wild-type mice
was a reduction in the GPC/PC ratio. In the following,
the differences in levels of metabolites between
TRAMP tumors and normal prostate described here
are juxtaposed with those reported in humans.

Amino Acids and Citrate

The changes in citrate and taurine in TRAMP tumors
described above mimic those reported in humans [14].
In healthy human prostate tissue zinc accumulates and
inhibits m-aconitase, an enzyme which recycles citrate
to oxaloacetate in the Krebs cycle. Thus, in normal
prostate, the cycle is truncated resulting in net citrate
synthesis [14,34,35]. In prostate cancer such truncation
does not exist, which explains why it harbors lower
citrate levels than normal prostate. The decrease in
citrate observed here in TRAMP tumors is consistent
with results in the murine DU-145 prostate xenograft
and PB-ErbB-2AxPten”’~ models [36,37]. Reduced
recycling of citrate in normal prostate means that
alternative sources for oxaloacetate are utilized,
namely via transamination of aspartate, hence prostate
tissue contains high levels of this metabolite [13].
According to the results described above, in normal
prostate tissue from C57BL/6] mice aspartate concen-
trations were directly correlated to citrate levels, whilst
in TRAMP tumor tissue aspartate was increased and
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citrate reduced. These observations suggest that in
TRAMP tumors a greater proportion of citrate pro-
duced from aspartate is consumed by the Krebs cycle
than in normal prostate, mimicking the biochemistry of
the human counterpart. The observed increase in other
amino acids in tumor, relative to normal prostate, is
consistent with a general enhancement in amino acid
catabolism via the Krebs cycle.

Choline Species

Human prostate cancer is characterized by increased
choline and choline metabolites when compared
to healthy prostate [38,39]. Total choline species
(choline, PC plus GPC), and its individual components
(choline and PC plus GPC), were reported to be
elevated in human prostate samples containing at least
20% malignant tissue, and these measures have been
suggested to serve as markers of prostate cancer
progression [32]. In contrast to human prostate cancer,
prostate tumors from old TRAMP mice with well-
established malignancy are shown here to harbor lower
choline, PC and GPC than normal prostate. Further-
more, the GPC/PC and total choline/citrate species
ratios did not differ between the two tissue types. These
results are consistent with a recent analysis in which the
total choline/citrate species ratio was measured in
TRAMP mouse tumor using 'H-MR spectroscopic
imaging, which did not resolve individual choline
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Fig. 5. Pathways of phosphatidylcholine synthesis (solid arrows)
and degradation (broken arrows). Block arrows indicate
changesdescribedhereforTR AMPtumor comparedtonormal pros-
tate in levels of metabolites measured by 'H-NMR or of mRNA
expression. PC = phosphocholine; GPC = glycerophosphocholine;
PtdCho = phosphatidylcholine, Chk = choline kinase (EC. 3.14.2),
CT =CTP:phosphocholine  cytidyltransferase (EC. 2.7715),
ChPT = choline phosphotransferase (E.C. 2.7.8.2), PLC = phospholi-
pase C (EC. 3.14.3), PLD = phospholipase D (EC. 3.1.44), PLA2 =
phospholipase A2 (E.C. 3.1.1.4), LPL = lysophospholipase (E.C. 3.1.1.5),
PD = glycerophosphocholine diesterase (E.C. 3.1.4.2).

species [36]. These authors report that in contrast to the
finding in TRAMP mice, in PB-ErbB-2AxPten™’~
mouse tumors the total choline/citrate species ratio
was increased, consistent with observations in human
prostate cancer.

The observed decrease in GPC/PC ratio in young
TRAMP mice, which showed only minor signs of
dysplasia, is consistent with changes demonstrated
in human cancer [15]. This finding suggests that at
an early stage of carcinogenesis TRAMP mice may
be subject to metabolic alterations similar to those
observed in the human disease. However, as carcino-
genesis progresses, secondary processes are engaged,
which differ between TRAMP mice and humans.

GPI

Altered levels of GPI have hitherto not been
associated with prostate cancer, and the finding
presented here, that levels of GPI in TRAMP tumors
were lower than in normal prostate, is novel. GPI is
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generated by deacylation of membrane phosphoinosi-
tides (PIs). PIs occur at micromolar concentrations in
most cell types [40,41]. GPI has been found to be
elevated in Ras-transformed cell lines [40,42], and
exposure to exogenous GPlinhibits tumor cell invasion
of the extracellular matrix [43]. The difference in GPI
levels observed here between murine prostate and
prostate tumor was strongly correlated to differences in
levels of PC and GPC, implying commonality in
the source of variation or mechanism of regulation.
The phospholipid metabolism profile in TRAMP
tumors, in which malignancy is driven by SV40 T/
t-antigen mediated inactivation of p53 and Rb, may
conceivably be influenced by events associated with
p53 and/or Rb inactivation. Loss of normal p53
function has been shown to increase glycolysis
[44,45], and our observation that TRAMP tumors had
lower glucose levels than normal prostate is consistent
with this finding.

Enzymes Affecting Choline Metabolite Levels

Altered choline phospholipid metabolism in human
prostate cancer, as compared to normal tissue, has been
linked to overexpression of ChK [18], and over-
expression of ChK has been postulated to be a critical
requirement for malignant disease progression in
breast cancer [33]. Here ChK overexpression, or a link
between ChK expression and PC levels, was not found
in TRAMP mice. Regional or lobe-specific differences
in enzyme expression might have confounded detec-
tion of subtle differences. Our results are consistent
with a recent gene expression study, in which ChK
expression was demonstrated to be decreased in
advanced stage TRAMP tumors [46]. These results
imply that ChK overexpression is not a necessary
consequence of, nor a requirement for, TRAMP tumor
development, as suggested for mammary tumors [33].
The decrease in GPC observed herein TRAMP tumor as
compared to normal prostate might be explained by
transcriptional down-regulation of lysophospholipase
Lypla3 (Fig. 5). Malignancy-related underexpression
of lysophospholipase has been demonstrated in
breast cancer cells [47]. The underexpression of choline
phosphotransferase Chptl mRNA shown here in
TRAMP tumor, compared to normal prostate, contrasts
with overexpression of this enzyme reported in
mammary tumors [48,49].

In conclusion, the work described here highlights
the potential utility of metabolic profiling in the
evaluation of tumor models. The results show both
similarities and differences between metabolic profiles
associated with prostate cancer in humans and in
TRAMP mice. Whilst perturbation in prostate-specific
citrate metabolism seems to be conserved in prostate
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tumors between rodent prostate carcinogenesis models
including TRAMP and humans, regulation of choline
metabolism differs between them. NMR methodology
has been used before to show that cancer chemo-
therapeutic intervention changes choline phospholipid
metabolite levels [19], and choline kinase inhibition has
been suggested as potential prostate cancer chemo-
therapeutic approach [18]. Hence, the observations
presented here imply that the TRAMP model may
respond to chemotherapeutic or chemopreventive
strategies impinging on choline phospholipid metab-
olism in a fashion which differs from other rodent
models and humans. The results shown here demon-
strate that NMR spectroscopy is an eminently suitable
tool for the detection of metabolic differences between
normal prostate and prostate tumors and for the
characterization of biochemical connections between
these differences. The results also exemplify the power
of the profiling approach, which allows combined
measurement of two or more species and their
correlation, as it can provide more discriminatory and
process-specific biomarkers than single metabolites.
Metabolomic profiling by NMR as exemplified by
the work shown here may in the future aid cancer
detection, patient stratification and pharmacodynamic
assessment of cancer chemopreventive or chemother-
apeutic interventions.
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Sources of analytical variation in high-performance liquid chromatography/mass spectrometry
(HPLC/MS), such as changes in retention, mass accuracy or signal intensity, have been investigated
to assess their importance as a variable in the metabonomic analysis of human urine. In this study
chromatographic retention and mass accuracy were found to be quite reproducible with the most
significant source of analytical variation in the data sets obtained being the result of changes in
detector response. Depending on the signal intensity threshold used to define the presence of a peak
a sample component could be present in some replicate injections and absent in others within the

same run. The implementation of a more sophisticated data software analysis package was found to
greatly reduce the impact of detector response variability resulting in improved data analysis.

Copyright © 2007 John Wiley & Sons, Ltd.

Metabonomics and metabolomics investigations are based
on the ability of the analyst to obtain robust and compre-
hensive global metabolite profiles from complex biological
samples such as plasma, urine and tissue extracts.' Currently,
a range of analytical methods are used to interrogate such
samples including liquid chromatography/mass spectro-
metry (LC/MS), gas chromatography/mass spectrometry
(GC/MS), capillary electrophoresis/mass spectrometry
(CE/MS) and nuclear magnetic resonance (NMR) spec-
troscopy (recently reviewed in*). There are many sources of
confounding variables that can be encountered in such
studies, many of which result from differences in, e.g., factors
such as diet, diurnal variation, strain, gender, age, disease
state, drug treatment, etc., and often such factors dominate
the final metabolite profile.”® Assuming that such variables
can be controlled, or at least monitored, the next important
source of variability comes from the analytical method itself.
A number of studies have now been published that have
emphasized the analytical reproducibility of NMR spectro-
scopic methods,”!° but, no doubt as a result of its relatively
recent application as a tool in this area, this is not yet
the case for LC/MS. Indeed, it is our experience that a
major difficulty, when chromatographic techniques are
employed, is ensuring that the analytical reproducibility
of the method is acceptable. Variability in the analytical
method (as opposed to the biological variability found in the
samples) can result from a variety of sources. Thus, methods
for endogenous metabolites that employ either high-
performance liquid chromatography (HPLC), or particularly

*Correspondence to: T. P. Sangster, Huntingdon Life Science, East
Millstone, NJ 08875-2360, USA.
E-mail: Sangstert@princeton.huntingdon.com

GC/MS, generally require some sample preparation. In the
case of GC-based analysis such sample preparation is often
extensive and multi-step,'" introducing the potential for
numerous sources of irreproducibility. The subsequent
chromatographic separation, and then detection using MS,
can also provide much potential for variability. Chromato-
graphic techniques are liable to degradation over time due to
column contamination whilst the response of the mass
spectrometer can also decline as contamination builds up. As
we have discussed elsewhere these factors can be controlled
to some extent using internal standards and quality control
samples.'” However, as LC/MS evolves from an experimen-
tal to a routine metabolomic/metabonomics tool, there will
be an increasing emphasis on producing robust, reprodu-
cible and validated methods (e.g. see’ ™).

Here we describe the results of investigations into the
causes and importance of particular aspects of analytical
variability in the collection and analysis of global metabolite
profiling data and techniques to minimize their effects.

EXPERIMENTAL

Materials

All solvents used were of HPLC grade and obtained from
Fisher Scientific (Loughborough, UK). Water (18.2MQ)
was obtained from a Purelab Ultra system (Elga, Bucks,
UK). All reagents were of analytical or higher grade and
were obtained from Fisher Scientific or Sigma-Aldrich
(Dorset, UK).

ST WWILEY )
. InterScience®

DISCOVER SOMETHING GREAT

Copyright © 2007 John Wiley & Sons, Ltd.



2966 T.P. Sangster et al.

Sample preparation

Mouse and human urine samples were stored frozen at
—80°C and —20°C, respectively, until analysis. For HPLC/
MS the samples were subjected to minimal sample pre-
treatment involving dilution with 0.1% aqueous formic acid
in a ratio 1:5v/v. These diluted samples were transferred
into autosampler vials and then vortex mixed. The vials were
then centrifuged at 3000 rpm for 2 min prior to analysis. The
use of these samples is described more fully in the text.

HPLC/MS

Chromatography was performed on a 3.5 pum Symmetry
C18100 x 2.1 mm HPLC column (Waters, Milford, MA, USA)
using gradient elution with a mobile phase of 0.1% formic
acid in acetonitrile and 0.1% formic acid aq. at a flow rate of
0.4mL/min. The HPLC system consisted of a CTC Pal
autosampler (CTC Analytics, Zwingen, Switzerland) con-
nected to a PE200 micro binary solvent delivery system
(Perkin Elmer Ltd., Norwalk, CT, USA). Mass spectrometry
was carried out using a 4000 QTRAP™ mass spectrometer
(Applied Biosystems, Concord, ON, Canada), with the Turbo
Ton Sprayaf‘ inlet in positive ion mode. Analysis was
performed using a linear reversed-phase gradient elution,
starting at 5% acetonitrile and rising to 95% acetonitrile over
10 min. Mouse urine samples were analyzed in negative ion
mode. A similar LC method was used. Initial conditions were
100% A and remained at 100% A for 0.5min. This then
increased gradually to 20% B at 4 min and 95% B at 8 min. The
mobile phase remained at 95% B for a further 1 min before
returning to the starting conditions.

Data analysis

All mass spectrometric data were acquired using Analyst™
141 and the initial metabonomic interpretation was
performed using Markerview™ software versions 1.0.0.3
and 1.1.0.1. As described in the text, experience with the first
software version led to the development of the second
version, which allowed peak re-integration directly from the
raw data (see later) and permits the data from several
samples to be compared so that differences can be identified.
This is done by applying principal components analysis
(PCA) to discover groupings and relationships between both
the samples and the variables (LC/MS peaks consisting of
retention, mass and intensity data). However, before PCA
can be applied, the data must first be transformed into a
two-dimensional (2D) format containing peak responses or
areas with the distinct variables or peaks as one dimension
and the individual samples as the other dimension. The
general process used by the software is illustrated in Fig. 1
and is discussed more fully in the Results and Discussion
section, where appropriate.

RESULTS AND DISCUSSION

Small variations between runs are to be expected in any
LC/MS-based procedure and, as a result, in conventional
bioanalysis, internal standards and quality control (QC)
samples are routinely used. As we have discussed else-
where'? it is difficult to do this in metabonomics because the

Copyright © 2007 John Wiley & Sons, Ltd.
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normalize peak areas)

Figure 1. Peak finding and subsequent processing takes
place in the order shown in the flowchart. The steps shown
in parentheses are optional within the software; for this work
steps 2 and 6 were not performed. For details of each step,
see the main text.

identities of many of the analytes that are likely to be present
in the sample are currently unknown. However, a simple and
pragmatic approach is to use a ‘standard’ sample of the
biofluid under investigation as a QC sample and analyze it
on multiple occasions through the run. After the run is
completed PCA can be performed and the tightness with
which the ‘QC’ samples cluster provides an indication of the
analytical variation in the system; this can be used to assess
the ‘process’ as opposed to the biological variability and
gives an indication of the quality of the data. This is
illustrated in Fig. 2 where a ‘test’” set of mouse urine samples
have been analyzed together with multiple injections of a
urine sample prepared by mixing aliquots of all of the test
samples to make a pool which was used as a ‘QC’ sample, as
described elsewhere.'? As can be seen from this figure, there
is variation between the replicate analyses of the pooled
urine QC sample, shown as stars near the centre of the figure.
As these samples are identical this result can only be
attributed to analytical (process) variation. As we have
described elsewhere,'?'® some of the variation in the first few
injections seen with such QC samples was due to changes in
chromatographic retention time as the chromatographic
system stabilizes (presumably as the result of the need to
‘condition” the system by masking active sites such as, e.g.,
silanols on the stationary phase). However, once the
system had achieved chromatographic equilibrium, indi-
cated by the relatively tight clustering of seven of the eight
QC samples shown in Fig. 2, we have found that retention
times are generally quite stable.’® However, to eliminate the
variability in the first few samples due to this system
conditioning, it is our standard practice to run several QC
samples prior to the start of the main run.'*' The remaining
variability, however, is due to other causes and further
investigations were undertaken with the aim of reducing,
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PCA scores plot of mouse urine study
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Figure 2. PCA scores plot of a metabonomics study on mouse urine
(four groups). The coloured circles and squares represent individual
samples; the black stars represent repeated injections of the QC
sample. Data were centred and Pareto scaled prior to PCA (SIMCA-

P+, Umetrix).

controlling and understanding its causes. This was under-
taken in the belief that, by reducing the process variation as
much as possible, there would be reduced noise within the
data set and, hence, the statistical analysis would be less
complex and more likely to give interpretable data.

We therefore further investigated variability in some of the
important parameters such as peak picking, chromato-
graphic retention, mass accuracy and signal intensity, which
are used in data processing. Thus, the first major step in
constructing the 2D data sets used for PCA is to find the
individual LC/MS peaks for each sample. It is important that
these variables represent the same compound in every
sample, so the next major step is alignment, which ensures
that this is the case by adjusting the data for small variations
in mass and retention time. Figure 1 shows the order for the
peak-finding and other processing steps (note that although
present in the software, steps 2 and 6 were not used in this
study). These steps are considered in detail below.

Peaks are found in the LC/MS data using an algorithm
known as ‘Enhance’, which processes each of the mass
spectra for a given run in order of increasing scan number.
The algorithm first locates crude peak ‘clusters’ or ‘islands’ as
follows: Each spectrum is background subtracted. For this
work, the current spectrum to be processed was subtracted
by the spectrum ten scans earlier, with the intensities of
the background spectrum first multiplied by a factor of 1.3
(the very first ten spectra are not processed). This procedure
prevents the algorithm reporting multiple peaks for noisy
background ions. A threshold (here 2.5e4 counts/s) was
applied to the spectra such that {mass, intensity} data points
with intensity less than the threshold are removed from the
spectrum. This threshold intensity was chosen pragmatically
as being close to the limits of detection for analyte peaks that
are generally observed in urine samples under these
analytical conditions. Working from low mj/z to high m/z,
each consecutive run of non-zero intensity (i.e. one spectral

Copyright © 2007 John Wiley & Sons, Ltd.

peak or group of overlapping peaks) in the current spectrum
is treated as a potential cluster. If the mass range overlaps
that of any currently active cluster within an absolute or
relative error (here 0.25Da) the run is merged into that
cluster, otherwise it defines a new cluster. Merging means
that the run, treated as a limited mass-range mini-spectrum,
is added to the current mini-spectrum for the cluster.

After each spectrum has been processed, any active
clusters which have no data merged from the current
spectrum are considered to be finished and no longer active.
Clusters for which both the mass and retention time ranges of
data merged that are larger than specified minima (here
0.5Da and 2 cycles) are kept for further processing, otherwise
they are discarded.

Once all spectra for the sample have been processed, the
net result is a collection of clusters which are (essentially)
limited mass-range spectra summed over the cycle range for
the corresponding LC peak.

For high-resolution instruments, each cluster will gener-
ally correspond to one particular isotopic form of a given
compound. However, for quadrupole data such as used here,
the cluster may correspond to a mass range comprising some
or all adjacent isotopic forms — depending on whether the
‘dip” between spectral peaks is above or below the threshold
(here 2.5e4 counts/s) mentioned above. For this reason, a
spectral-only peak finder was applied to the limited mass-
range spectra for each cluster to (potentially) break the
cluster into separate peaks corresponding to each isotope.

The final result for each sample was a collection of peaks
comprising a retention time range and a mass range (i.e. a
start and stop RT and mass) with a peak area. The centroid
mass and the retention time of the largest cluster originally
merged into the peak were also tracked.

Taking the thought experiment that assumes that the
peak-picking software itself is reliable and reproducible,
then, if the analytical data presented to it from a number of

Rapid Commun. Mass Spectrom. 2007; 21: 2965-2970
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repeat analyses of the same sample are identical (as a result of
perfect analytical reproducibility), then all of the samples
should cluster together. This assumption was tested by using
the data from a single sample and replicating it ten times on
the computer, thereby providing a “perfect’ data set free from
analytical variation. When this perfect electronic data set was
processed through the software via PCA it unsurprisingly
showed the data clustering as a single point. This result was
then compared against the data derived from the repeated
LC/MS analysis of a urine sample and processed using the
same peak-picking software. For this analysis a retention
time window of 0.3 min was selected for chromatographic
retention times within the peak-picking method, so that any
shifts in retention greater than this window would be
expected to result in significant analytical variation. This
corresponds to step 3 of Fig. 1 where peaks are aligned across
all samples. A mass tolerance of 0.4 Da was also used. Thus
cross-sample alignment was performed to determine if two
{mass, RT} peaks found in different samples represent the
same underlying chemical component or not. If their masses
and retention times are both within specific absolute or
relative tolerances this was assumed to be the case. This
alignment procedure was also applied within one sample. If
a single noisy chromatographic peak was initially found as
two or more separate entities, this procedure allowed them to
be recombined into a single peak. The extracted ion
chromatograms (XICs) from samples were examined and
the retention times compared throughout the repeated
analysis of the same sample with the result that over
100 replicate runs of a single human urine sample, none of
the selected marker ions moved outside of the 0.3 min
retention window set in the peak-picking parameters (data
not shown). The change in mass accuracy throughout the
analysis was monitored for a selection of analytes and,
although the mass accuracy was not absolute, it did allow the
markers to be correctly assigned within the analysis (data not
shown). However, despite this acceptable chromatographic
and mass accuracy performance, the real data sets, as
illustrated in Fig. 3, showed significant differences between
replicate injections within the analysis and did not cluster as
a single point, unlike the ‘perfect’ electronic data set. The
differences seen in the real data set, which are attributable to
analytical variation, must (if not the result of mass or
retention time variability) be due to some other factor. This
observation led us to consider the effects of changes in peak
intensity as a variable. This is potentially a very important
factor as one of the steps in the data-processing software for
peak picking enables the aligned peak list to be optionally
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Figure 3. Principal components analysis of the single
sample of human urine analysis from repeat analysis.

filtered to remove specific entries. In particular, peaks for
which the maximum peak height (for all samples) is below a
threshold, in this instance 5e4 counts/s, as well as known
background peaks with specific m/z and RT, and peaks
outside a specific retention time range are automatically
removed. It is also possible to limit the total number of peaks
by removing the smallest ones. To investigate the change in
intensities between samples the XICs from the samples were
examined and the intensity compared throughout the
analysis. The peak area reported from the peak picking
was also examined once markers had been assigned within
the software.

A change in signal intensity was indeed observed in both
the XICs and the mass chromatograms between samples.
This is not unexpected, as signal intensity in the mass
spectrometer using electrospray can be subject to variation.
Examination of the reported peak areas (see Table 1 for an
example of a small subset of the data) showed that, for a
selection of the replicates, there are markers where no peak
area has been reported, giving rise to zero values in the table,
despite the fact that these compounds must have been
present as they were detected in the remaining samples. On
investigation it was found that, although no peak area had
been reported, there were indeed detectable peaks for these

Table 1. Excerpt of the Marker list from two-subject experiment. Mass charge ratio vs. retention time vs. area (counts)

Mass/charge ratio (m/z)  Retention time (min)

Subject 1 Injection 2

Subject 2 Injection 2 Subject 1 Injection 3 ~ Subject 2 Injection 3

674.4 6.4 0
674.7 10.0 60114000
675.3 1.4 2199700
675.5 3.3 0
680.0 5.0 0
684.0 6.4 0
685.1 1.3 0
686.4 3.3 492510

0 0 0
67521000 83911000 56053000
10638000 2662300 0
31289000 0 4420800

0 0 0

0 0 0

0 0 0
71193000 0 19692000

Copyright © 2007 John Wiley & Sons, Ltd.
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analytes but in some analyses the intensities were below that
set for the threshold value used in the peak picking.
However, simply reducing the threshold was not a practical
solution to ‘recovering’ these peaks as this just moved the
problem to a different set of markers. Eliminating the
threshold value resulted in the data becoming completely
unusable due to the increased number of markers, which

Analytical variation in metabonomic analysis 2969

were difficult to distinguish from noise. This illustrates one
of the problems associated with a pure peak-finding
approach, namely that small or noisy peaks which are
present for a particular sample may be missed. Using the
algorithm described here, this will be the case for peaks
below the initial threshold; the assumption is that such peaks
are of limited importance, but this may not always be the
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Figure 4. Principal components analysis of a two-subject data set using the original peak-
finding algorithm (a) and the two-step algorithm (b).
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case. No matter how good an ideal threshold-free peak-
finding algorithm, this would presumably always be an issue
for peaks close to the signal/noise ratio.

The solution to the problem was to approach the peak
picking from a different angle, to use an initial threshold
value to discover potential markers and then remove the
threshold and use the defined marker list to go back to the
original data and extract values for those markers that fell
below the initial threshold and thereby characterize the
sample set.

Thus, the software was modified such that the peak areas
could be optionally recalculated for each sample as follows:
For each aligned peak, mass and retention time ranges were
calculated. The start mass for the range was the lowest start
mass for each of the original peaks for all samples which
aligned to the current peak and the end mass was the
corresponding highest end mass. The retention time range
was calculated analogously. The net result was the smallest
{mass, RT} ‘rectangle’” which enclosed the original peaks
found for the samples corresponding to the current aligned
peak. For each aligned peak for each sample, the intensities
for each {mass, intensity, RT} data point for the current
sample with mass and retention time within the current
peak’s ranges were summed. Note that if internal standards
are used to correct retention times (step 2), the retention time
range for each aligned peak would be adjusted for each
sample. The adjustment converts back from the corrected
retention times to the original retention times for the sample.

This procedure ultimately ensures that all peaks are
treated equally, regardless of how well the original peak
finding worked. Using the new algorithm the data obtained
from the repeat analysis of human urine from two subjects
was analyzed with both the original peak-picking software
and the new two-stage process. The results of the PCA of
these data are shown in Figs. 4(a) and 4(b), respectively, and
the improvement in clustering of the urine for the two
subjects using the latter approach is clear when the
percentage of the total variation accounted for by PC1 is
examined. (Note that PC1 accounts for the differences
between the two subjects, while the remaining PCs account
for other sources of variation due to various sources of noise.)
Thus, without the use of the two-step data-processing
methodology, PC1 only accounts for some 66.5% of the
variation in the data, with PC2 a further 5.6% (Fig. 4(a)).
Employing the two-step process meant that PC1 now
accounted for 87.4%, and PC2 2.3%, of the data (Fig. 4(b)).
In addition, the new marker list (data not shown) produced
by the improved software was found to have no markers
without an area value, in contrast to the previous example
(e.g. Table 1). Comparison of markers between the two
methods of peak picking shows that the change did not affect
which markers were detected but rather allowed the peak to
be defined in all cases.

Copyright © 2007 John Wiley & Sons, Ltd.

Whilst there is no doubt that it is possible to use post-data
collection statistical methods to accommodate some of the
observed analytical variation (e.g. see'>'™'®), a good case can
be made to reduce the need for this as much as possible by
ruthlessly going after the causes of analytical variation. This
can only be done by first understanding the causes of the
variation and then controlling them. Whilst both chromato-
graphic or mass accuracy variation could have been expected
to contribute to analytical variation, the most significant
factor emerging from this study was the change in intensities
between analyses. Applying the new algorithm enabled the
effects of this variability to be dramatically reduced.

CONCLUSIONS
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