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ABSTRACT

Flavonoids have shown much promise for the chemoprevention of PCa but their
poor bioavailability is thought to hinder their chemopreventive efficacy in vivo.
However, methoxylation of the flavonoid scaffold could improve bioavailability
and efficacy. 3’,4’,5'-trimethoxyflavonol (TMFol) was identified as the most
potent growth-inhibitory agent against the PCa cell lines tested. TMFol was 5-15
times more growth inhibitory than fisetin and quercetin, two widely studied
flavonols.

TMFol caused a G,/M arrest in androgen-dependent cells (LNCaP and TRAMP
C2) whereas S phase arrest in the androgen-independent cells (PC-3). TMFol
induced more apoptosis in the androgen-dependent cells than the androgen-
independent one TMFol inhibited the expression and activity of the AR and also
repressed the mRNA levels of both AR and PSA. TMFol also modulated a
number of key apoptotic proteins. In vitro data suggests that TMFol may
modulate similar proteins to that of quercetin and fisetin, however, exerting its
activity at much lower concentrations. Pharmacokinetic data revealed that
TMFol levels achievable in the prostate tissue were higher than the
concentrations required in vitro to exert pharmacological activity.

Nude mice were administered either control diet or diet supplemented with 0.2%
w/w TMFol one week prior to cell inoculation. TRAMP C2 cells were implanted
into the right flanks of the mice and tumours, once established, were measured
twice a week. TMFol significantly reduced the size and weight of the tumour
versus control (p<0.05). Equimolar concentrations of quercetin and fisetin in the
same model failed to exert efficacy. The expression of p27, bax and survivin
which were significantly altered in vitro were also significantly changed following
TMFol intervention. These results further our understanding of the in vitro and in
vivo pharmacology and cancer preventative activity of TMFol and provide
evidence that TMFol may be investigated in preference to quercetin or fisetin for
the management of PCa.
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CHAPTER ONE

Introduction



1.1 Prostate cancer

Prostate cancer (PCa) is a hormone related male genitourinary cancer. The
prostate gland is fundamental for male sexual and reproductive functions as its
secretions are necessary for sperm viability and motility. In addition, it is also
important in the control of the urination process (Litvinov et al., 2003). As with
most malignancies, PCa is thought to arise through the interaction between
environmental and genetic factors which finally lead, in a stepwise progression,
to cancer. Much remains unclear regarding prostatic carcinogenesis but
intensive research is directed at the identification of new genetic and

environmental risk factors (Wagner et al., 2007, Shand and Gelmann, 2006b).

1.1.1 Epidemiology of PCa

Published evidence suggests that the incidence of PCa may vary
geographically, i.e. it occurs in various populations at different rates (Hsing and
Devesa, 2001). According to the British National Health Service (NHS) Prostate
Cancer Risk Management Statistics

(http://info.cancerresearchuk.org/cancerstats/types/prostate/), the picture of

PCa in the UK is as follows: PCa is the most common cancer among British
men and accounts for about one fourth of the total new male cancer patients
diagnosed annually. In the year 2008, 37,000 PCa cases were registered, with

10,168 deaths reported in the same year.

During the late 1980s the prostate specific antigen test (PSA) was introduced,
which can detect PCa in the asymptomatic stage. As a result the incidence
rates of PCa increased dramatically in the early 1990s, then declined again
(Chen et al., 2003, Potosky et al., 1995). Despite the large number of new PCa
cases and high morbidity, the causes and the exact aetiology of PCa are still
not completely understood. Many studies have been undertaken to investigate
and predict the risk factors for PCa, including familial history, lifestyle, body
weight and steroid hormones.


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

1.1.2 Risk factors

1.1.2.1 Age

Age is widely considered to be the most significant risk factor for PCa (Kabalin
et al., 1989, Sakr et al., 1996). It is generally accepted that PCa incidence is
directly proportional to age. According to NHS figures the life time risk of PCa
among UK men is 1 in 14. Furthermore, more than 75% of diagnosed PCa
cases were in men over the age of 65 years (Figure 1.1)

(http://www.cancerscreening.nhs.uk/prostate/statistics.html). Some  western

countries figures also reflect the UK statistics. Eighty percent of PCa cases in
American men occurred in those over the age of 65 (Parkin et al., 1999), its
prevalence increases with age greater than any other cancers in the USA
(Leibovitz et al., 2004). Moreover, the National Cancer Institute’s Surveillance,
Epidemiology and End Results [SEER] program revealed that in the period
1996-2000 the incidence of PCa in American men under the age of 65 was
56.8 per 100,000, compared to a much higher incidence in men over 65, with
974.7 cases (Ries et al., 2003, Hsing and Chokkalingam, 2006).

Some hypotheses have been suggested to help explain this phenomenon. It is
thought that with aging there is an increase in DNA damage, including
deoxyguanosine malondialdehyde (dG-MDA) DNA adducts (Draper et al., 1995)
and in the frequency of DNA strand breaks in all body tissues (He and
Yasumoto, 1994, Stadtman, 1992). Damaged DNA if escaped repair can result
in mutations, which may contribute to cancer initiation and progress (Bostwick
et al., 2004a). It is believed these changes are produced because of the
accumulation of reactive oxygen species (ROS) and free radicals, which are
produced during normal metabolic processes and have the ability to react with
DNA and other vital organs of the cell (Fleshner and Klotz, 1998, Leadon,
1990). Furthermore the capability of repairing damaged DNA is retarded by
aging (Vijg, 2008, Sauvaigo et al., 2010). It is widely thought aging results in an
imbalance in prooxidant-antioxidant statues of the cell (Warner, 1994). This
hypothesis was supported by observations such as; (i) The cellular oxidative
damage was retarded by the overexpression of antioxidative enzymes and also

the maximum lifespan was extended in Drosophila melanogaster , (i) a inverse


http://www.cancerscreening.nhs.uk/prostate/statistics.html

relation was found between the species longevity and the rates of
mitochondrial production of the superoxide anion radical (O ;) and hydrogen
peroxide. (iii) the restriction of caloric intake was found to extend the maximum
life span in mammals, and decreasing the age associated changes, in addition
to lowering the steady state levels of oxidative stress and damage (Sohal and
Weindruch, 1996).

The decline of the immune system is also considered an important factor in the
increased incidence of PCa in the elderly, since cancer cells are often produced
in the human body but the immune system can detect them, treat them as
foreign bodies and consequently, eradicate them (Markiewicz and Gajewski,
1999, Vesely et al.,, 2011). This notion is widely accepted since the term
‘immune surveillance” against cancer was coined by Thomas and Burnet
(Thomas, 1959, Burnet, 1967). As the body gets older, the immune system gets
weaker (immunosenescence), including the cellular immunity which might be
the most affected (Yung, 2000, Ginaldi et al., 1999a, Ginaldi et al., 1999b),

therefore older men are more prone to PCa.
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Figure 1.1 Graphical representation of the average number of new cases
of PCa and age-specific incidence rates for the UK between 2006-2008.
Blue curve represents the actual incidence rates seen while the dotted red
curve is a predicted incidence rate if the use of chemopreventive agents could
delay cancer development by approximately 10 years. This highlights that the
number of new cases, if a chemoprevention strategy was successful, could
almost be halved assuming life expectancy of around 75 years of age. Figure
was adapted from

(http://info.cancerresearchuk.org/cancerstats/types/prostate/incidence/#<br)

Rate per 100,000 males


http://info.cancerresearchuk.org/cancerstats/types/prostate/incidence/#<br

1.1.2.2 Ethnicity and genetic factors

1.1.2.2.1 Race

Although the incidence of PCa is geographically variable, the role that ethnicity
plays in the disease is still not fully understood. It was noticed that the incidence
and mortality of the disease among black Americans is higher than in their white
American counterparts. Notably, the incidence of PCa is 1.5 times higher in
black Americans (Littrup, 1997, Bostwick et al., 2004a). Moreover, the mortality
rate from PCa is twice as high in African-American men (Powell, 2007). Many
studies have been performed to elicit an explanation for this variation. For
example, biopsy screening of 500 men between 2003-2005 indicated that
African Americans with a positive biopsy were significantly younger than the
Caucasian American (Swords et al., 2010). These high rates are not specific to
Afro Americans but are also higher among African migrants to other regions and
countries, such as Europe, Jamaica and Brazil. Therefore, a common genetic
susceptibility factor might be contributing to this higher incidence and mortality
(Antopoulos, 2001, Glover et al., 1998). Many other hypotheses have been
proposed to decipher the cause, such as lifestyle factors, including diet and
levels of vitamin D, as the ability of black people to produce UV induced-vitamin
D3 is less than in other races (Schwartz and Hulka, 1990). Another explanation
could be that the levels of 5a-reductase are also higher in African people
(Makridakis et al., 1997); this enzyme is responsible for the conversion of
testosterone to the more potent analogue dihydrotestosterone (DHT), which is
linked to the progression of PCa. (Gann et al.,, 1996, Comstock et al., 1993,
Shaneyfelt et al., 2000, Thompson et al., 2003a).

1.1.2.2.2. Family history

The theory that genetics and family history might have an influential role in PCa
incidence was based on the findings of many case-control, cohort, twin and
family-based studies (Schaid, 2004). It has been confirmed that there is a
functional role of heredity in PCa (Shand and Gelmann, 2006a, Negri et al.,
2005). Men who have a first degree relative that has had PCa are 2-3 times

more susceptible to PCa compared to men with no family history (Johns and



Houlston, 2003, Colloca and Venturino, 2011). It was also found that PCa risk in
monozygotic twins is double that in dizygotic twins (Verkasalo et al., 1999).
Moreover a number of studies have found an increased risk of prostate cancer
among men who have a female relative with breast cancer (Cerhan et al., 1999,
Rodriguez et al., 1998), however, some studies have been contradictory to
these (Kalish et al., 2000, Andrieu et al., 1991) and therefore this link remains

inconclusive.

1.1.2.2.3. Diet, lifestyle and environment

Significant variations in PCa incidence rates among countries exist but this
difference disappear as people migrate from countries with low risk to one with
a higher risk. Therefore, it is conceivable that lifestyle and the environment
might contribute to these variations (Wigle et al., 2008, Donn and Muir, 1985).
Furthermore, intensive lifestyle changes may have an effect on PCa
progression at some stages (Ornish et al., 2005). Recent studies have
described links between obesity and the risk of aggressive PCa. Obesity was
related to an amplified risk of metastasis and death from prostate cancer in
middle aged men (Gong et al., 2007). It was also found that consumption of a
western-type diet rich in fat and cholesterol by TRAMP mice, a preclinical model
of prostate carcinogenesis, increases prostate tumour incidence and burden
(Llaverias et al., 2010). One explanation for the increased rates among obese
men is the intrinsic bias in the detection of PCa, since overweight men have
larger prostate size and lower PSA levels, leading to delay in the diagnosis of
the disease making the disease more fatal in this population of men. In addition,
high blood levels of some mediators such as, insulin, estradiol, free leptin, and
IGF-1 and low levels of others such as adiponectin and testosterone might
contribute to the severity of the disease in this high risk group (Buschemeyer
and Freedland, 2007). A positive correlation was also found between cancer
and diets high in animal fat (Hayes et al., 1999) from different sources such as
red meat (Kolonel, 1996) and dairy product (Gao et al., 2005, Raimondi et al.,
2010). However, calcium which is available in dairy products may also be
associated with prostate cancer incidence and progress (Butler et al., 2010).

Many studies have been carried out to investigate the effects of different diet



compositions on prostate cancer. Other environmental and lifestyle related
factors have been considered as having a possible role in prostate cancer
development including smoking (Hickey et al., 2001, Malila et al., 2006, Zu and
Giovannucci, 2009, Rizos et al., 2010), alcohol consumption (Sesso et al.,
2001, Platz et al., 2004, Baglietto et al., 2006), physical activity (Wannamethee
et al., 2001, Sung et al., 1999) and occupation (Bostwick et al., 2004a), but the

results have been conflicting.

1.1.2.2.4. Steroid hormones

Since prostate carcinogenesis is mostly androgen sensitive, and can respond to
hormonal therapy before it become insensitive, it was proposed that anti-
androgens might have a chemopreventive benefit (Bosland, 2000). Studies
have also been performed to determine the influence of endocrine function on
PCa, but the results were conflicting; some found a relationship between
endogenous androgen levels and PCa (Gann et al., 1996, Comstock et al.,
1993, Shaneyfelt et al., 2000, Thompson et al., 2003a) whilst, others didn’t
support this notion (Eaton et al., 1999, Stattin et al., 2004). Generally
epidemiological studies haven’t found convincing evidence for a role of

endogenous androgens in prostate carcinogenesis (Wigle et al., 2008).

1.1.3 Prostate Cancer Pathology

The prostate gland is an oval shaped structure, which lies below the bladder
and in front of the rectum. It is divided histologically or functionally into three
zones (Figure 1.2); the central zone, the transitional zone representing only
~5% of the prostate volume, which consists mainly of two small lobes and the
peripheral zone which accounts for about 70% of the prostatic volume
(Oesterling et al., 1997). The prostate is comprised of tubuloalveolar glands,
lined with epithelial compartments consisting of secretary epithelial cells under
which are located the basal cells. The stromal compartment is composed mainly
of smooth muscle and connective tissue (Oesterling et al., 1997). It is widely
believed that Prostatic Intraepithelial Neoplasia (PIN) is the putative precursor
of most prostate adenocarcinomas (Bostwick and Brawer, 1987). PIN initiates

within the epithelium of the prostate ducts, ductules and acini, and is



characterized by cellular changes such as nucleolar and nuclear enlargement
(Bostwick, 2000, Graham et al., 1992). There are four common architectural
patterns of PIN, including tufting, flat, cribiform and micropapillary, it is not
known if there is any clinical significance associated with these differences
(Bostwick, 2000). PIN can be either high or low grade and has been linked to
prostate cancer based on morphological, morphometric, immunohistochemical,

genetic and molecular evidence (McNeal et al., 1995, Qian et al., 1997).

The Gleason score is the most commonly used method for grading localized
prostatic adenocarcinoma and it has been shown to have considerable
diagnostic use (Gleason, 1992). The Gleason system depends on architectural
classification of the tumour growth, according to five histological grades. If the
tumour tissue closely resembles normal tissue, in that it is uniform, well formed
small glands (nearly normal pattern), then it is graded 1, conversely, the highest
level (grade 5) is when the tumour consists of a diffuse sheet-like arrangement
of cancer cells and the infiltration of single isolated cells can be detected in the
stroma (absence of glandular form) as shown in Figure 1.3. Finally, the two
most prominent grades are added together to determine the final score,
between 2-10 (Pan et al., 2000). Gleason scoring process is usually undertaken
on specimens of prostate biopsy or samples of prostate tissue after
prostatectomy. Prostate biopsy includes about 12 samples, each sample scored
separately and the grades combined to produce the Gleason score
(http://www.hadit.com/forums/index.php?/topic/39619-prostate-biopsy-and-the-

gleason-score-what-you-should-know/).

Gleason scoring is used as a method for stratifying the risk of PCa, and
therefore assists in determining the appropriate treatment. For example, the
national collaborating centre for cancer has designed guidelines for the
diagnosis and treatment of localised PCa based on the Gleason scoring system
Table 1.1.



Central zone

Transition zone

Peripheral zone

External urethral sphincter

Figure 1.2. Anatomy of the prostate. Diagram was taken from

http://www.fesupanallah-dizisi.com/alternative-medicine/prostate-cancer-treatment-
what-is-best/ and http://www.cancertreatment-

wecareindia.com/prostate_cancer/images/prostatel.jpg

Differentiation

Figure.1.3. Diagrammatic illustration of the Gleason grading system. Stages from
1 to 5 representing the histological changes in prostate tissue. Grade 1 tumour tissue
mimics the normal prostate tissue, well differentiated small glands. Grade 5 poorly
differentiated cells in diffuse sheet-like arrangement Diagram was adopted from
Prostate cancer research Institute (PCRI) website;
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Table 1.1 Localized prostate cancer risk stratification depending on
Gleason scoring and suggested treatments.

Gleason Prostate Recommended _
_ Treatment option
score | cancer risk treatment
Watchful waiting /
_ _ _ brachytherapy / radical
<6 Low risk Active surveillance _
prostatectomy / radical
radiotherapy
. Radical N _
Intermediate Watchful waiting / Active
7 _ prostatectomy / _
risk _ ) surveillance / brachytherapy
Radical radiotherapy
Radical
8-10 High risk prostatectomy / Watchful waiting
Radical radiotherapy

The content of the table was summarized from; Prostate cancer: diagnosis and
treatment full guidelines, a publication of the National Collaborating Centre for
Cancer, 2008, ( http://www.nice.org.uk/nicemedia/live/11924/39687/39687.pdf).

1.1.3.1 Clinical manifestations of prostate cancer and their management

The general manifestation of PCa includes many histological and pathological
changes. One of the most common features is the level of Prostatic Specific
Antigen (PSA), which is increased in PCa. PSA is a protease belonging to the
Kallikrein family and is normally secreted by prostate cells into the bloodstream
at very low levels. However, during development of PCa the morphological and
cytological changes lead to the breakdown of cellular structures, such as the
basement membranes that separate epithelial cells from the blood vessels,
ultimately leading to an increase in the level of PSA secreted into blood.
Therefore, blood PSA assessment is routinely used as a diagnostic marker for

PCa. Other findings such as an abnormal digital rectal examination can also
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indicate PCa, and is used alongside PSA screening to make a clinical
diagnosis. Additional symptoms commonly present concomitantly with PCa are
hematuria, incontinence and urinary retention. PCa can eventually metastasise
and spread to the rest of the body and is accompanied by such symptoms as
loss of appetite leading to weight loss, skeletal pain due to bone metastasis,
oedema in the legs, and neurological problems due to metastasis to the spine
(Theodorescu, 2001).

PCa staging are procedures by which the spread of cancer beyond prostate is
categorized. Two common schemes are followed for staging PCa. The most
commonly used staging system in the UK and the world is the American Joint
Committee on Cancer (AJCC) TNM System. It evaluates the size of the primary
tumour category (T) and its spread into the regional lymph nodes (N), also it
describes the metastasis to distant body organs (M) category. T, N and M
categories are scored depending on the progress of the tumour into the
evaluated organs. The staging results can be classified into four stages (I-1V)
similar to many other cancers (Sobin, 2009). Another less common staging
system in use called Whitmore-Jewett system, it uses Latin letters (A-D) for the

overall stages instead of Roman numerals (Held-Warmkessel, 2006).

The current treatment options in the UK
(http://cancerhelp.cancerresearchuk.org/type/prostate-

cancer/treatment/types/treatment-options-for-prostate-cancer) for men with PCa

on diagnosis are outlined in Figure 1.4 and include “watchful waiting” (active
surveillance), (Drachenberg, 2000), androgen ablation therapy (Singh and
Agarwal, 2006, Sommer and Haendler, 2003, Isaacs and Isaacs, 1994, Oh and
Oh, 2002), radical prostatectomy (Bill-Axelson et al., 2005), radiotherapy,
brachytherapy, or cryotherapy (Fournier et al., 2004, Krupski et al., 2000).
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Figure 1.4. Prostate cancer stages and the treatment options. Diagram was

adapted and

the information in the

table was summarised

from

(http://cancerhelp.cancerresearchuk.org/type/prostate-

cancer/treatment/types/treatment-options-for-prostate-cancer)

and cancer
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Other strategies for the management of PCa are currently under investigation
and include immune therapy (Simons et al., 1999, Isaacs, 2005), gene therapy
(Rodriguez et al.,, 1997, DeWeese et al., 2001) as well as chemoprevention
(Pomerantz and Kantoff, 2007).

1.1.3.2 Metastatic prostate cancer

Metastasis is the way by which malignant cells can move from the primary
tumour to a more distant site via the circulatory system and eventually produce
a secondary malignancy. The basic processes of metastasis are described in
Figure 1.5 (Eastham, 2005). Metastatic PCa is an incurable disease and very
few treatment options are available at this stage of the cancer progression.
Hormone therapy is one approach and involves the removal, blockade or
addition of hormones to treat the cancer or alternatively chemotherapy. Both

approaches come with side-effects and only marginally improve survival rates.

1.1.4 Androgen receptor and prostate cancer

The androgen receptor (AR) is a member of the nuclear receptor super family,
which plays a pivotal role in the male reproductive system. In addition, in
females it is involved in some functions like folliculogenesis (Donath et al.,
1997) and breast development (Liao and Dickson, 2002). It is expressed as two
isoforms, isoform A (80 kDa) and isoform B (110 kDa) with the latter being most
predominant (Gao and McPhaul, 1998, Liegibel et al., 2003). Isoform A was
found to lack the ability to stimulate cell proliferation and probably has a role in
regulating the activation of isoform B (Liegibel et al.,, 2003). AR is a ligand-
dependent receptor stimulated by androgens. It is a transcription factor that
controls the expression of a number of androgen responsive genes (Zhou,
2010). AR is important for prostate development function and it also contributes
to prostate carcinogenesis (Berry et al.,, 2008). At advanced stages PCa can
turn into an androgen independent form, in which tumour growth becomes
independent of androgen and androgen withdrawal does not retard tumour
growth.
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Figure 1.5 Summary of the essential steps of metastasis. Diagram was
taken from (Eastham, 2005).

Expression of functional AR has been detected in almost all stages of the
disease from as early as PIN to metastatic forms of PCa (Ostling et al., 2011). It
is widely accepted that the AR is involved in the progression of androgen
dependent to androgen independent forms of PCa (Koochekpour, 2010). The
use of antiandrogens for the treatment of PCa was coined after Huggings and
Hodges (Huggins and Hodges, 1941) reported that low testosterone levels
following castration caused repression of acid phosphatase levels in localized
and metastatic prostate cancer patients (Glina et al., 2010). Prostate acid
phosphates test was introduced in 1940s and 1950s as a serum prostate

tumour marker and it was in use until the introduction of the PSA serum test
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(Taira et al., 2007), Accordingly, extensive work has been undertaken
suggesting that higher testosterone levels contribute to PCa and therefore using
anti-androgens in the management of locally advanced or systemic PCa would
be an effective treatment (Sharifi et al., 2005). Androgen ablation therapy is
designed to suppress the production of male hormones by using AR blockers
such as bicalutamide and/or by using GnRH agonists such as goserelin
(Zoladex) and leuprolide (Scherr et al., 2003).

The PSA gene is an AR target and its expression is regulated by androgens
(Young et al., 1991). As such it is frequently used to determine the level of AR
activity and also used as a marker of progression of prostate cancer (Han et al.,
2001). Although evidence supporting the use of serum PSA levels as a
screening method for early detection of PCa is not strong enough, as it is not a
sufficiently sensitive test (Alacreu et al., 2008). However, it is still considered the
most effective tool currently available for the detection of early PCa (Tosoian
and Loeb, 2010). Studies have shown normal PSA levels in some patients with
advanced PCa and elevated levels have also been found in other conditions
including benign prostatic hyperplasia (Alacreu et al., 2008). Despite its name,
PSA is not exclusive to the prostate and is also found in other tissues of the
body including breast and ovarian tissue, although the levels detected in the
prostate are typically 10,000 times higher (Diamandis, 1995). Some anticancer
agents that interfere with AR expression have also been shown to reduce PSA

expression (Lee et al., 2006).

Male androgens include testosterone and its derivative 5a-dihydrotestosterone
(DHT). Testosterone is produced mainly in the testes, and to a lesser extent in
the adrenal gland. In the prostate, testosterone undergoes an irreversible
conversion through the action of 5a-reductase to DHT. Both testosterone and
DHT bind and stimulate the AR but DHT has a greater affinity, therefore, the AR
produces higher transcriptional activity when it binds DHT (Hsing et al., 2008).
The use of 5a-reductase inhibitors (i.e. finasteride and dutasteride) has shown
proof-of-principle that chemoprevention of prostate cancer is a possibility in
humans (Bonovas et al., 2008, Crawford et al., 2010, Chaudhary and Turner,
2010).
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1.1.4.1 The androgen receptor cycle

The AR is located in the cytoplasm of cells and associates with chaperones and
other proteins such as cytoskeletal and heat shock proteins (HSPs) (Bennett et
al., 2010) . After an androgen ligand binds to the AR it results in conformational
changes in the receptor (Liao et al., 2003), which leads to the dissociation of the
receptor from HSPs and subsequent binding to co-regulators such as importin-
a and filamin-A. This step helps in AR dimerisation and nuclear targeting
(Cutress et al., 2008, Schaufele et al., 2005). Ligand binding to the AR also
promotes phosphorylation, which is thought to protect the AR from proteolytic
degradation and is necessary for AR genomic activity (Blok et al., 1998). AR
movement to the nucleolus, triggered by ligand binding, is followed by binding of
the receptor to tissue specific AR elements (AREs) (van Royen et al., 2007),
which leads to the recruitment of co-activators, thus triggering the general
transcription machinery and transcription of androgen-dependent genes such as
PSA and probasin (Heinlein and Chang, 2002). Loss of ligand binding to the AR
in the nucleolus leads to activation of nuclear export signals which induces the
transition of AR to the cytoplasm. Once in the cytoplasm AR can be targeted for
proteasomal degradation by ubiquitylation by E3 ubiquitin ligase (Gaughan et
al., 2005). Agents that can interfere with this process and therefore prevent
translocation of the AR to the nucleus to initiate transcription of response genes
would be ideal candidates for prostate cancer prevention.

1.1.4.2 Androgen receptor cross-talk with cell signalling pathways

The AR is capable of crosstalk with other signalling pathways to promote PCa
growth. It is able to induce the phosphorylation of phosphoinositide 3-kinase
(PI13K) and therefore activate the downstream effector Akt (Baron et al., 2004).
PI3K/Akt is a major pathway for cell growth and survival in PCa and other
malignancies (Cantley and Neel, 1999). The AR has been shown to interact
with and activate tyrosine kinase receptors (Migliaccio et al., 2000). This
association and activation activates mitogen activated protein kinase (MAPK) in
PCa cells (Unni et al., 2004), which induces cell proliferation, differentiation and
migration (Thomas and Brugge, 1997, Schlessinger, 2000). Furthermore,
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androgen can upregulate epidermal growth factor receptor (EGFR) (Torring et
al., 2003) and subsequently activate MAPK (Peterziel et al., 1999) through an
AR-dependent pathway.

The AR can also be a downstream target for various signalling pathways. Akt
has been shown to upregulate AR levels in PCa (Ha et al., 2011). It is widely
thought that the AR is a downstream kinase substrate for many tyrosine kinase
receptors (RTK) such as HER2 and G-protein coupled receptor, as both were
shown to activate AR in the absence of androgen (Manin et al.,, 2002).
Additionally, insulin like growth factor-1 (IGF1), which is important for tumour
growth (Capoluongo, 2011), was found to increase AR transactivation in the
absence of androgen (Culig, 2004). Therefore, the cross talk between AR and
these pathways could initiate an autocrine positive feedback loop, as ERK, Akt
and PI3K can phosphorylate and activate AR without the need for androgen
binding (Bennett et al., 2010). Alternatively, it has been suggested that prostate
epithelial cell proliferation induced by androgens is indirectly controlled by other

mediators such as EGF (Leotoing et al., 2007).
1.1.4.3 Androgen dependent and non androgen dependent PCa

Castration or androgen ablation is standard therapy for prostate cancer, as it
reduces the effects of AR stimulation. Initially it provides a significant response
and is considered the most effective palliative technique against advanced
and/or metastatic PCa (Koochekpour, 2010). Unfortunately, however, in the
majority of patients, this approach becomes ineffective and the disease
progresses to a more aggressive form, called hormone independent prostate
cancer (HIPC) (Palmberg et al., 1999, Gittes, 1991). It is widely accepted that
the AR has a major function in the development of HIPC. Even though
androgen levels are low as a result of androgen ablation, the AR is still active in
hormone independent tumours and they can be stimulated by other ligands to

initiate transcription of target genes to promote PCa growth.
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1.1.4.3.1 Hypersensitivity pathways

Hypersensitivity of AR to androgens is one mechanism by which PCa advances
to HIPC. AR becomes highly sensitive to low levels of androgens. AR gene
amplification has been proposed as a mechanism via which HIPC can develop,
as gene amplification and upregulation of AR were found to be significantly
higher in hormone independent tumours (Linja et al., 2001, Visakorpi et al.,
1995, Koivisto et al., 1997). AR mutation is another proposed mechanism that
could increase the sensitivity of AR to androgens or even its activation by other
steroids (Mellado et al., 2009). AR gain of function mutations are more frequent
than loss of function mutations (Gottlieb et al., 2004). Generally, the occurrence
of AR mutations is rare in untreated localized PCa. For example, alterations
have been reported to be present < 2% of Caucasian patients. However,
mutations occur at higher frequency in hormone independent and metastatic
PCa tumours (Gottlieb et al., 2004, Linja and Visakorpi, 2004). The enzymes
responsible for androgen synthesis have been demonstrate to be upregulated in
hormone resistant PCa tumours (Titus et al., 2005, Stanbrough et al., 2006), as
was the enzyme 5-a-reductase, which converts testosterone to DHT, and is
thought to be important for increasing the sensitivity of ARs (Thomas et al.,
2008).

1.1.4.3.2. Promiscuous pathway

The advancing of PCa to HIPC through the promiscuous pathway takes place
when the AR becomes activated by ligands other than androgens as a result of
AR mutations (Dutt and Gao, 2009). These AR mutations are usually missense
in the AR gene and result in a lack of specificity of the receptor for ligands. As a
consequence, compounds with similar structures to androgens such as other
steroids and even anti-androgens can bind to the AR (Feldman and Feldman,
2001). In LNCaP human PCa cells, mutations in the ligand binding domain were
identified to be the cause of steroid binding and activation by anti-androgens
(Veldscholte et al., 1990). Such agonistic activity exerted by anti-androgens in
hormone resistant tumours can give an explanation for the anti-androgen

withdrawal response reported in about 30% of patients (Mellado et al., 2009).
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Androgen withdrawal syndrome is a clinical phenomenon in which a group of
patients benefit from the discontinuation of antiandrogens or hormonal therapy,
manifested in improvement of the clinical situation and decreasing of the serum
PSA levels of the patient (Paul and Breul, 2000)

1.1.4.3.3 The outlaw pathway

The term outlaw receptor has been referred to a hormone receptor which can
be activated without the need for ligand binding (McGuire et al., 1991). In this
situation, growth factor pathways can activate the AR in the ablation of
androgens. Growth factors such as IGF-I and EGF are able to activate the AR
in the absence of androgens and such activation is able to induce AR target
genes. For example, IGF-I led to an up to five-fold increase in PSA secretion in
LNCaP cells. However, these effects were completely blocked by the AR
antagonist bicalutamide (Culig et al., 1994). Activation of certain kinases, such
as PI3K/Akt, could be a possible mechanism of the outlaw AR. Many studies in
PCa cell lines have shown that activation of these kinase pathways through
their upstream tyrosine kinase receptors leads to the activation of AR response

in conditions of very low androgen levels (Yuan and Balk, 2009).

Current research strategies of many laboratories are aimed at identifying an
agent(s) that can interfere with any of these potential mechanisms that activate
the AR and consequently its target genes. If successful, the progression of PCa

could be delayed or alternatively the disease prevented.

1.2 Chemoprevention of prostate cancer

1.2.1 General concepts

Cancer chemoprevention is described as a process to prevent arrest or reverse
carcinogenesis using diet-derived or synthetic agents (Tsao et al.,, 2004).
Cancer is a multistep disease, that takes place over many years, even decades,
and as such provides an excellent opportunity for chemopreventive intervention
(Greenwald, 2002). The aim of cancer chemoprevention research is to develop
and evaluate new agents that could have the ability to modulate specific

molecular and cellular targets. (Lippman and Hong, 2002), in order to inhibit one
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or more stages of cancer development (Kelloff et al.,, 1999). The ideal
chemopreventive agent should satisfy a number of specific criteria: it should
have high efficacy, with minimal side effects and no toxicity. It must also be
formulated in an easily administered form and be of low cost, since
chemopreventive agents are intended to be used over prolonged periods
(Gupta, 2007).

1.2.2 Opportunities for chemoprevention in prostate cancer

Prostate cancer is an attractive cancer type for chemopreventive intervention.
Development of sporadic clinical PCa takes place over 30 - 40 years and
involves genetic and biochemical changes that can be targeted by agents for
prevention (Lieberman et al., 2001). The development of high grade prostatic
intraepithelial neoplasia (HGPIN) may take 20-30 years, whilst progression to
cancer may take a further 3-15 years (Bostwick, 1992). Due to this long latency
period there is a potential window of opportunity for intervention with
chemopreventive agents to inhibit, delay or reverse prostatic carcinogenesis, as
illustrated in Figure 1.6.

Many studies have found evidence of lesions such as atypical adenomatus
hyperplasia and proliferative inflammatory atrophy in human prostate peripheral
zones that could progress to low-grade or even to high grade PIN, (Lieberman,
2002) both of which, are considered early indicators of PCa (Bostwick, 1996).
Many epidemiological studies have found an association between diet and PCa
development and it is recommended that by avoiding certain dietary
components and high consumption of others a two thirds reduction in PCa could
be achieved (Singh and Agarwal, 2006, Clinton and Giovannucci, 1998, Abdulla
and Gruber, 2000).
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Figure 1.6 The margin of chemoprevention opportunity in Prostate cancer

PCa chemoprevention could be very beneficial for men at high risk of PCa. It is
crucial to identify the target population, which might include people at risk of
PCa, recurrence or progression and classify them suitably (Silberstein and
Parsons, 2010) Many risk factors that contribute to PCa have been identified.
Chronic inflammation and prostatitis were described as a possible risk factor for
PCa (Hamid et al., 2011, Nelson et al., 2004). Age is another potential risk
factor of PCa. In general 75% of the PCa cases diagnosed are over the age of
65; therefore, any success in delaying the disease could improve quality of life
for those people (Syed et al., 2007). Other factors such as race and family
history are also considered as PCa risk factors (section 1.1.2).

As PCa is a disease of the older person generally a delay of 10-15 years in its
onset could be as good as a cure. Therefore, development of an agent that
could exert this activity may have a huge impact, not only to the patient
personally, but also cost implications to the NHS as many of the complications

associated with metastatic PCa could be eliminated.
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1.2.3 Cell signalling targets for PCa chemoprevention

An understanding of the mechanisms of action of new chemopreventive agents
is critical before they can be clinically developed (Singh and Agarwal, 2006).
Multiple components of numerous signalling pathways have been identified to
be altered during the progression of PCa and therefore, agents that can
modulate these targets could be important in PCa cancer chemoprevention
(Sarkar et al., 2010). Figure 1.7 summarises some potentially important

chemoprevention targets.

1.2.3.1 Androgen receptor and receptor tyrosine kinase signalling

Androgens are important for the maintenance of prostate function and they also
contribute to PCa development. Remarkably, many studies have shown that
PCa depends on AR signalling even when the tumour reaches hormone
independence. Therefore, targeting the AR signalling pathway could be an

attractive approach for chemopreventive intervention.

Receptor tyrosine kinases (RTK) such as EGFR and insulin like growth factor
receptor type-1 (IGF-1R) are essential in conducting the signals from
extracellular ligands to cyctoplasmic effectors. RTK activation induces many
pathways that maintain cell cycle progression, apoptosis and cell migration
(Ramsay and Leung, 2009). Activation of the RTK pathway is a major factor for
PCa development and progression (Lorenzo et al., 2003). Remarkably, EGFRs
were found to be overexpressed in the human prostatic tissue of various stages
of cancer development (Myers et al., 1994, Mendelsohn and Baselga, 2000, Di
Lorenzo et al., 2002, Dong et al., 2010). Cross talk between the AR and RTK
pathway has been identified. Furthermore, RTK pathways themselves regulate
the activation of AR (Yuan and Balk, 2009), therefore, RTK inhibitors that can
modulate downstream signal transduction are putative agents for PCa
chemoprevention and therapy (Gan et al., 2010). Possible chemopreventive

targets of the AR-EGFR pathways are displayed in Figure 1.8.
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Potential targets for PCa chemoprevention
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Figure 1.7 The possible potential targets for PCa chemoprevention.

Legands: ATM, ataxia telangiectasia-mutated; Bcl-2, B-cell CLL/lymphoma-2;
CDK, cyclin-dependent kinase; CDKI, CDK inhibitor; Chk, checkpoint kinase;

E2F, E2-promoter binding factor; IGFR, insulin-like growth factor receptor; HIF,

hypoxia-inducible factor; IAP, inhibitor of apoptosis protein; MMP, matrix

metalloproteinase; NF-kB, nuclear factor-kB; Rb, retinoblastoma; STAT, signal

transducer and activator of transcription; TLR, toll-like receptor; uPA, urokinase-

type plasminogen activator; VEGF, vascular endothelial growth factor. Figure

was modified from (Singh and Agarwal, 2006).
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Figure 1.8 Potential PCa chemoprevention targets of AR and RTK
pathways. The figure shows the interaction sites of compounds which are
tested for PCa chemoprevention. The dotted line shows how AKT and ERK1/2
could activate the AR or use other pathways to induce proliferation and cell
survival in addition to the CDK-cyclin pathway. Green arrows indicate increase
in target protein expression by chemopreventive agents. Red no entry signs
indicate inhibition and the green indicate activation by chemopreventive agents.
Figure was compiled from information in references (Lattouf et al., 2006, Singh
and Agarwal, 2006).
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1.2.4 Chemopreventive agents in prostate cancer

Data from epidemiological studies have identified associations between PCa
incidence and various risk factors including diet, lifestyle, geography, race and
family history. So, many studies have been performed or are being undertaken
to find the impact of these factors on PCa. Recent advances in the
understanding of prostate cancer aetiology and molecular mechanism have
helped in identifying new targets for chemoprevention that might lead to the
design and synthesis of new agents that are able to interfere with prostate
cancer progression and metastasis. Therefore, chemoprevention trials seem to
be a very promising approach. The following are some compounds that have
been studied extensively to date for their chemopreventive activity in prostate

cancer.
1.2.4.1 Finasteride and Dutasteride

Finasteride and Dutasteride are inhibitors of 5-a-reductase; finasteride is a
selective isoenzyme-2 inhibitor whereas dutasteride is a non selective inhibitor
(Klein, 2006). The role of 5-a-reductase is to convert circulating testosterone to
a more potent analogue, dihydrotestosterone, which is needed to maintain
proliferation of the prostatic epithelium (Brawley et al., 1994). Generally, 5-a-
reductase inhibitors reduce the risk of PCa incidence (Wilt et al., 2010, Strope
and Andriole, 2010). However, in December 2010 the US food and drug
administration (FDA) recommended against the use of 5a-reductase inhibitors
for prostate cancer chemoprevention because of the increased likelihood of

high-grade tumours (http://www.medscape.com/viewarticle/733490). Important

to note is that; finasteride was approved by the FDA in 1992 for the treatment of
BPH and in 1997 for the treatment of male pattern baldness (Colli and Amling,
2009).

The Prostate Cancer Prevention Trial (PCPT) was started in 1993 and planed to
finish in 2004 but it was stopped in 2003 because of clear finding of reduction in
PCa incidence (http://www.cancer.gov/clinicaltrials/noteworthy-
trials/pcpt/Pagel). PCPT investigated the effects of finasteride on PCa
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incidence in healthy 18,882 men aged 55 or older for 7 years, (Hamdy and
Rouprek, 2008). The participants were selected on the basis of a PSA level of 3
ng/ml or lower and a normal digital rectal examination and the primary end point
was PCa (Chaudhary and Turner, 2010). The results were controversial,
finasteride resulted in a 24.5% reduction in PCa incidence compared to the
control group (Colli and Amling, 2009). However, the finasteride group
experienced sexual side effects and in those that developed PCa a higher
Gleason score was more prevalent compared to the non treated controls.
Interestingly, urinary symptoms, prostatitis and urinary tract infection were more
frequent among the control group (Thompson et al., 2003b, Thorpe et al.,
2007).

Over-expression of the isoenzyme-1 5-a-reductase has been reported in some
human prostate tumours (Thomas et al., 2003). Therefore, it may be that
blocking this enzyme could have a beneficial effect in PCa chemoprevention. In
support of this, use of dutasteride, which non-selectively inhibits 5-a-
reductases, in the treatment of BPH patients resulted in a slight decrease in
PCa risk (Roehrborn et al., 2002).

A multinational trial called Reduction by Dutasteride of Prostate Cancer Events
(REDUCE) was conducted in the USA and the EU to evaluate whether
dutasteride decrease the risk of biopsy detectable prostate cancer (Andriole et
al., 2004). Over 8,000 men were recruited to the study, which lasted 4 years
and ended in 2008. Participants were eligible if they were considered at high
risk of PCa. The recruitment age was 50 to 75 years old; participants had PSA
serum levels of 2.5 to 10 ng/ml and their age was 50 to 60 years or
participants over 60 must had PSA of 3.0 to 10 ng at the time of recruitment.
Histological biopsies were taken at 24 and 48 months and were considered as
primary endpoints if cancer was detected (Andriole et al., 2004). Dutasteride
resulted in a reduction in PCa incidence and improved the complications of
benign prostatic hyperplasia (Andriole et al., 2010). Over the course of the
study, 19.9% of the dutasteride group developed PCa compared to 25.1% in the
placebo control group. Gleason scores for tumours from each group were

statistically comparable (Andriole et al., 2010, Chaudhary and Turner, 2010).
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However a non significant increase in tumours of grades 8-10 was occurred in

the dutasteride group during years 3 and 4 (Parnes et al., 2010) .

It is widely thought the increase in the high grade tumors in the finasteride arm
was biased. Some reasons have been suggested to be contributed to the
biases; Inhibitors of 5-a-reductase and other androgen deprivation agents can
result in histological changes in prostate tumours such as, chromatin
condensation, nuclear and nucleolar shrinkage and clearing of the cytoplasm.
Therefore in treated men tumours would have smaller nuclear and nuceolar
diameters and higher Gleason grade in comparison to the controls (Bostwick et
al., 2004b). The reduction in prostate volume produced by finasteride in the
treatment group could have led to an increase in the tumour sampling (a biopsy
of same needle cores from a smaller prostate). Therefore, that would raise the
possibility of the detection of high grade tumours (Kulkarni et al., 2006). During
the PCPT the abnormal digital rectal examination (DRE) or levels of serum PSA
of 4 or more were considered as the threshold for prostate biopsy (Goodman et
al., 2004). Since finasteride increases the sensitivity of DRE and PSA tumour
markers in treated men (Thompson et al., 2007, Thompson et al., 2006). Then
the higher performance of these two tests might have led to the elevated
number of high grade tumours in the finasteride group (Jayachandran and
Freedland, 2008). Importantly, PCPT data were reanalysed after adjusting for
biopsy sampling, including factors such as; race, age, family history, baseline
prostate-specific antigen level. The results showed reduction in risk of Gleason
scores (4-7) in the finasteride group and no significant effect on the risk of
Gleason scores of 2, 3, or 8-10 (Kaplan et al., 2009). Regarding the noticed
increase of high grade cancer (Gleason scores 8-10) in the dutasteride arm of
REDUCE during years 3 and 4, it was assumed that; if the excess number of
men in control group who had Gleason grades 5-7 during year 1 and 2 were not
excluded, the treatment groups would have had less or similar 8-10 Gleason
scores during years 3 and 4 (Andriole et al., 2010).
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1.2.4.2 Selenium and Vitamin E

Selenium is an essential trace element that occurs in organic and non organic
forms, with the presence of selenium in food being related to the local soil
content. Some epidemiological studies have found evidence of a protective
effect of selenium against different types of cancer (Klein, 2006).
Epidemiological evidence, supporting the suggestion that selenium could
prevent PCa incidence, such evidence include in vitro data and cohort, case
control, and randomized control trials (Klein, 2004). The secondary analysis of
effect of selenium on carcinoma of the skin in a randomized controlled trial for
incidence and mortality of PCa, pointed to a protective effect of selenium in PCa
(Clark et al., 1996). It is thought the anticancer effect of selenium is through
multiple mechanisms exerted by its active metabolite, methyl selenol (Ip, 1998).
Some of the mechanisms proposed, include; as an anti oxidant, protector
against DNA damage of selenium anti cancer effect (Jayachandran and
Freedland, 2008) and apoptosis inducer. For example; dietary selenium
supplementation increased the epithelial cell apoptosis and reduced DNA
damage in canine prostate (Waters et al., 2003). Selenium also potentiates the
effect of tumour necrosis factor-related apoptosis inducing ligand (TRAIL) in
LNCaP and DU-145 human prostate cancer cell lines; TRAIL is a cytotoxic
agent that induces apoptosis in many cancer cells (Yamaguchi et al., 2005).
Another proposed mechanism for the anticancer effects of selenium is by
inhibiting the angiogenesis through reducing tumour-induced neovascularisation
(Jiang et al., 2004).

Vitamin E is a lipid soluble vitamin with antioxidant activity, so it can counteract
the effects of reactive oxygen species that induce DNA damage, which may
initiate cancer. The primary analysis of a large scale trial for the effect of long
term supplementation of vitamin E (a-tocopherol) and [B-carotene on the
incidence and mortality of PCa in male smoker, showed a substantial reduction
in PCa incidence and mortality by vitamin E. (Heinonen et al., 1998). Vitamin E
was found to inhibit prostate cancer cell growth and modulate AR/PSA
signalling in LNCaP cells (Israel et al., 1995), and to induced a G; cell cycle

arrest (Ni et al.,, 2003). Importantly, vitamin E doses greater than 4001U/day
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have been associated with heart failure and all-cause mortality rates (Miller et
al., 2005a, Miller et al., 2005b).

The National Cancer Institute sponsored a large selenium and vitamin E cancer
prevention trial (SELECT) to test the efficacy of selenium and vitamin E. The
trial included 35, 533 men aged over 50, and it contained four groups: selenium,
vitamin E, selenium and vitamin E and control with doses of selenium at 200
pg/day and/or vitamin E at 400 IU/day (Lippman et al., 2005). The study was
intended to last 7-12 years, however, it was terminated early due to lack of
efficacy, and also there was a non significant 13% increase in PCa incidence in
vitamin E group. The primary end point of this study was the clinical incidence
of PCa. SELECT’s initial results showed selenium and vitamin E alone or in
combination could not prevent PCa incidence in the tested population (Lippman
et al.,, 2009, Chaudhary and Turner, 2010). It is thought that selenium
supplementation is only effective in people who are deficient in selenium that
might explain the lack of efficacy in SELECT. A study continued for 4.5 years
and recruited 1,312 participants who were living in low selenium soil levels area,
showed a decrease in PCa risk by 63% in selenium arm, in addition, there was
a decline in the risk of lung and colorectal cancers (Clark et al., 1998, Clark et
al., 1996, Platz, 2010)

1.2.4.3 Vitamin D

Many epidemiological studies have highlighted the potential of vitamin D as a
cancer chemopreventive agent. Afro-Americans, whose skin is opaque to UV
light, which is essential for vitamin D synthesis, have a higher incidence rate of
PCa compared to Caucasians. Japanese food, which is rich in vitamin D, has
been proposed as the reason for the low PCa incidence in Japan. The high
incidence and mortality rates of PCa among older men is also thought to be
linked to vitamin D since deficiency is more common among elderly people
(Klein, 2006). Vitamin D was found to inhibit the growth and induce the
differentiation of cultured human prostate cancer cells (Peehl et al., 2003). It
was indicated that vitamin D has an anti-proliferative effect on LNCaP prostate

cancer cells, due to the induction of cell cycle arrest (Krishnan et al., 2003a). A
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small clinical trial showed that vitamin D can decrease the rate of PSA rise in
PCa patients (Krishnan et al., 2003b). Calcitriol, the active metabolite of vitamin
D, has been shown to reduce the expression of genes responsible for the
metabolism of prostaglandins, known mediators of cancer growth in primary
prostatic epithelial cells and human prostate cancer cell lines. Calcitriol also
inhibited COX-2 expression, which is the key enzyme in prostaglandin synthesis
(Moreno et al., 2005). Although the biological evidence for the protective effects
of vitamin D against PCa appears convincing, an inconsistent correlation
between circulating levels of vitamin D derivatives and PCa incidence has been
reported (Giovannucci, 2005).

Vitamin D toxicity is a major concern in clinical trials as it may lead to
hypercalcemia if taken at high doses (Schwartz, 2009). Hypercalciuria was
considered as the reason for avoiding doses higher than 2.5 pg/day (Gross et
al., 1998). Most of the vitamin D clinical trials for the management of PCa were
undertaken using calcitriol, the natural vitamin D receptor ligand and several
dosing approaches were applied to avoid unwanted side effects (Jensen et al.,
2010). In general, vitamin D could interfere with the PCa biology, but the clinical
data has not confirmed a link for between vitamin D and PCa. (Barnett and
Beer, 2011).

1.2.4.4 COX-2 inhibitors

Inflammation and BPH are commonly associated with PCa incidence and as a
result cyclooxygenase enzyme (COX) inhibitors have been investigated as
potential agents for chemoprevention of this malignancy (Hamid et al., 2011).
Furthermore, non steroidal anti-inflammatory drugs (NSAIDs) which are COX
inhibitors have been shown to reduce the incidence of colorectal cancer (Colli
and Amling, 2009). Generally, over-expression of COX-2 was found to correlate
with a decrease in apoptosis and an increase in tumour invasion and
angiogenesis in various human cancers (Harris, 2009, Pruthi et al., 2003). The
results of studies on the role of COX-2 in PCa are controversial due to
inconsistent findings. The results of some NSAID epidemiological studies
showed no protective role (Zha et al., 2001, Wang et al., 2008b), while others
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describe reductions in PCa risk with NSAID use (Habel et al., 2002, Roberts et
al., 2002). COX-2 is highly expressed in proliferative inflammatory atrophy and
chronically inflamed prostatic areas, but very weakly expressed in PCa (Wang
et al.,, 2005, Zha et al.,, 2001) suggesting COX-2 inhibitors may only be
beneficial in precancer for this specific tissue. The effects of celecoxib and
nimesulide (COX-2 selective inhibitors) were investigated in PCa cells in vitro at
the gene level and revealed reduced expression of androgen-inducible genes
and decreased AR protein expression. The drugs also reversed AR mediated
activation of PSA (Pan et al., 2003). The cardiovascular side effects of the
COX-2 inhibitors have limited their use in chemoprevention clinical trials, as
highlighted by the rofecoxib PCa prevention trial which was prematurely aborted

as a result of concerns over its cardiovascular toxicity (Klein, 2006).

Interestingly, evaluation of the long term use of aspirin (non selective COX
inhibitor) on PCa risk was undertaken in 51,529 health professionals aged
between 40-75 years over a duration of 18 years (between 1988-2006). The
study revealed that two or more adult strength (325 mg/tablet) aspirin tablets
per week could significantly reduce the overall risk of PCa by 10%, whilst taking
more than 6 tablets resulted in a up to 28% reduction in the risk of high-grade

and lethal prostate cancer (Dhillon et al., 2011).
1.3 Preclinical models of prostate cancer

Preclinical models are essential tools for studying the activity, efficacy,
bioavailability and toxicity of putative chemopreventive agents.

1.3.1 Prostate cancer cell lines

Preclinical cell models of prostate cancer currently in use are commonly derived
from mice, rats, canines and humans. There have been numerous PCa cell
lines used for PCa research, however, the LNCaP (Horoszewicz et al., 1980,
Horoszewicz et al., 1983), PC-3 (Kaighn et al., 1979) and DU145 (Stone et al.,
1978) are still the most commonly employed. Table 1.2, shows the 12 most
cited human PCa cells in PubMed (Pienta et al., 2008).
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Table 1.2 Prostate cancer cell lines used in chemoprevention research

PSA
Species Model Source AR status ) p53 status
expression
) Cell line from primary
Canine Ace-1 ) -ve -- --
adenocarcinoma
) Spontaneous from primary Multiple Multiple Multiple
Rat Dunning ) ] ] .
adenocarcinoma sublines sublines sublines
Cell line from primary
Mouse | TRAMP C2 ] +ve -ve --
adenocarcinoma
Cell line from bone
PC-3 ) -ve -ve -ve
metastasis
Cell line from lymph node Mutated
LNCaP ) +ve WT
metastasis AR
Cell line from dural
DU145 ) -ve -ve Mutated
metastasis
Mutated
CWR22rv1 Gleason 9 TURP AR +ve Mutated
LuCaP 23 Lymph node metastasis +ve +ve --
Cell lline from lymph node
LuCaP 35 ] WT +ve --
metastasis
Human ™\pAPCa Cell line from bone Mutated
) +ve WT
2a metastasis AR
Cell line from bone
VCaP ) WT +ve Mutated
metastasis
Cell line from lymph node
LAPC-4 ) +ve +ve Mutated
metastasis
Primary prostate, cribiform
PC-82 +ve - -
pattern
Non-immortalized prostate
PreC o -ve -ve --
epithelial cells
Immortalized prostate
RWPE +ve +ve --

epithelial cells

Legends; (-ve) non expressing, (+ve) expressing, (WT) wild type, and (--) no

information. Table was adapted from (Pienta et al., 2008, Foster et al., 1997).
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1.3.2 Animal models

The use of animal models is a fundamental part of preclinical PCa
chemopreventive research. Unlike humans, in most animals and primates PCa
does not develop spontaneously, with some exceptions, including dogs and
Dunning rats (Rosol et al., 2003). PCa progression involves many stages and
therefore, the best animal model would be the one that mimics these same

changes that occur in the human disease.
1.3.2.1 Rat models of PCa

Some strains of rats have been reported to develop spontaneous PCa following
long latency periods (Sharma and Schreiber-Agus, 1999). The Dunning rat
model (Dunning, 1963) is the most commonly used rat model in PCa
chemoprevention (Lamb and Zhang, 2005). The original Dunning R-3327
tumour was a spontaneous prostatic adenocarcinoma in the inbred
Copenhagen rat, which was then transplanted into the syngenic Copenhagen
and (Copenhagen X Fischer) F1 hybrid. The Dunning R-3327 tumour resembles
human PCa histologically in the ultrastructure (Lubaroff et al., 1980) and it is a
well differentiated slow growing tumour with limited metastatic ability (Navone et
al., 1998).

1.3.2.2 Canine models of prostate cancer

Dogs are one of the few species that develop PCa spontaneously with a median
age at diagnosis of 10 years (Waters et al., 1998). Like in humans, PIN in dogs
is frequently seen among elderly male dogs. The development of PIN could
make this model relevant for investigating potential agents for prostate cancer
prevention (Aquilina et al., 1998). However, the tumour of dog prostatic
carcinoma is androgen independent and does not express a functional AR
(Lamb and Zhang, 2005). Such a discrepancy to the human disease limits the
use of this model in PCa chemoprevention. Nonetheless, it could be a better
model for investigating bone metastasis as the animals spontaneously develop

bone metastasis (Navone et al., 1998).
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1.3.2.3 Mouse models of prostate cancer

There are many differences between the anatomy of the mouse and human
prostate (Abate-Shen and Shen, 2002). In addition, mice do not develop
spontaneous prostate carcinoma (Shappell et al., 2004). There are also other
physical differences such as size, weight and lifespan. Despite all these
differences, mice are still a commonly used model for PCa research. Some
advantages such as cancer can be initiated by genetic manipulation make
mouse an attractive cancer models (Valkenburg and Williams, 2011) The
human and mouse genome is > 95% identical, and many gene alterations that
have been contributed in cancers are similar (Maser et al., 2007, de Jong and
Maina, 2010). Human tumours or cancer cells can also be transplanted into
immunosuppressed mice and grown. This then allows the investigation of novel
agents for cancer prevention and therapy. Mice are also cheap to maintain,

quick to breed and also easy to handle (Valkenburg and Williams, 2011).

The following are some of the most commonly used mouse models for PCa

chemoprevention research;

1.3.2.3.1 TRAMP mouse model

Transgenic adenocarcinoma of the mouse prostate (TRAMP) is considered one
of the most suitable models developed for investigating PCa to date (Jeet et al.,
2010). The TRAMP mouse is a viral oncogene model, in which PCa is produced
from the prostate expression of SV40 early gene. It employs the rat probasin
promoter to develop the expression of SV40 T antigen (Tag) which interferes
with the function of p53 and retinoblastoma (Rb) (Greenberg et al., 1995).
Carcinogenesis in the TRAMP mouse is characterized by the expression of the
viral gene, fibroblast growth factor receptor (FGFR) and IGFR (Kaplan-Lefko et
al., 2003). The pattern of disease progression in this model mimics the human
disease, including low grade then high grade PIN, followed by the development
of adenocarcinoma and metastasis. TRAMP mice also display an androgen
independency phenotype over time (Jeet et al.,, 2010). Therefore, the tumour

can be studied for long durations to assess this change in hormone dependency
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(Gingrich et al., 1996). Tumour incidence has been reported in all TRAMP
animals, some of which express mutated AR like humans. Furthermore, after
castration, comparable to human tumours the TRAMP tumour becomes
androgen independent (Han et al., 2001). By 8 weeks of age, TRAMP mice
develop PIN in 100% of males, and between 16-32 weeks metastatic PCa
develops at distant sites including the lymph nodes, lung, liver and spinal cord
(Kaplan-Lefko et al., 2003, Gingrich et al., 1996). As the tumour develops
spontaneously there is no need to use chemicals to initiate cancer. This is an
advantage as it means there will be no interactions with any potential agent
used that could interfere or mask compound efficacy. Disadvantages of the
TRAMP model include the logistics and expense of maintaining a breeding
colony and generating large numbers of animals of the same age and sex to
include in efficacy studies. Also, until studies are terminated the tumour is very
difficult to assess, therefore, monitoring tumour progression over time is very
challenging (Teicher, 2006). The model could be improved with the
development of better imaging systems that allow tumours to be monitored from
the same animal over the duration of an efficacy study. The TRAMP model has
been extensively used in chemoprevention studies and has shown promising
results with agents (Bosland, 1999, Jeet et al., 2010) such as tea components

(Saleem et al., 2003) and dietary genistein (Mentor-Marcel et al., 2005).
1.3.2.3.2 PTEN mouse model

The PTEN gene is often mutated or lost in PCa. The gene encodes a
phosphatase enzyme that is responsible for the dephosphorylation of
phosphatidylinositol-3-phosphate, which in turn down regulates Akt. Therefore,
PTEN functions as a tumour suppressor gene (Cantley and Neel, 1999, Suzuki
et al., 1998). PTEN has also been linked to Akt-independent mechanisms
(Freeman et al., 2003). The PTEN mouse is a knock out model and develops
PIN between 8-10 months of age, and often does not progress beyond this
point. However, if the PTEN knockout is combined with the knockout of p27,
then this results in an invasive adenocarcinoma in the prostate and metastasis
to other tissues (Di Cristofano et al., 2001). Homozygous deletion of prostate
PTEN in mice leads to 100% formation of PIN after 6 weeks of age, with the
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development of invasive adenocarcinoma after 12 weeks. Apparently, 50% of
mice develop metastasis in the lymph nodes or lung by the age of 29 weeks
(Klein, 2005). Generally, such a model could be useful for study of
chemopreventive agents, however the long development and progression

period makes this model less attractive and very costly.
1.3.2.3.3 Xenograft models of prostate cancer

Xenografts are in vivo models which include the use of different host mice and
sources of tissues (Navone et al.,, 1998). These models are produced by
transplanting human or animal prostate tissue or cells into the animal,
commonly an immune-deficient mouse. Therefore, human derived prostate
tumours can be grown in vivo enabling tumour progression and behaviour to be
studied after administration of a chemopreventive agent (Marques et al., 2006).
The advantage of this model is the fact human cells can be used that are easily
transplanted into the mice with reproducible results. The experiments are
generally very quick (< 2 months), therefore, are much cheaper than the
transgenic models. Disadvantages include the fact that the model does not
display the natural development of human PCa (Teicher, 2006) and therefore is
not ideal to study chemopreventive agents that are intended to be given over
long periods of time before cancer has developed. However, xenograft mouse
models are commonly used as models of efficacy of PCa chemoprevention (Hu
et al., 2008, Ma et al., 2004b, Shukla and Gupta, 2006, Shukla et al., 2005), as
a method to investigate potential mechanisms of actions and identify agents

that may be of potential use in transgenic models.
1.4 Flavonoids and cancer

Flavonoids are a group of phenolic compounds possessing a common diaryl
nucleus as shown in Figure 1.9. Flavonoids are naturally occurring in plants and
are mostly responsible for the colour of various fruits. There are more than 4000
known flavonoids, which have been identified in plant foods such as soy, apple,

tea, red wine and onions (Rosenberg Zand et al., 2002).
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The available information about the role of dietary flavonoids in cancer is not
comprehensive enough for reasons such as the difficulty of determining the
guantities of flavonoids in food and the presence of more than one flavonoid in
the same food source. However, numerous epidemiological and animal studies
have provided evidence to suggest they may possess anticarcinogenic
properties (Kuo, 1997).

Apigenin, a polyhydroxyflavone, repressed the growth of 22Rvl human
prostatic carcinoma xenografts in athymic nude mice (Shukla and Gupta, 2008)
and feeding studies in TRAMP mice demonstrated a significant reduction in the
volume of prostate tumours (Shukla et al., 2007). Fisetin, another widely studied
flavonol, also reduced tumour volume significantly in the 22Rv1 human prostatic

carcinoma xenograft model (Khan et al., 2008b) .

The importance of flavonoids as potential PCa chemopreventive agents was
initially highlighted by the findings of epidemiological studies, which linked the
incidence of PCa to dietary flavonoid intake. Benign prostatic hyperplasia
(BPH), which is thought to contribute to PCa incidence, was found to be less
common in south Asian men in comparison to their Western counter parts,
which was attributed to them eating a diet richer in flavonoids (Ekman, 1989).
Furthermore, it is widely thought that soya based food rich in flavonoids could
retard the progress of PCa, as it was shown that in age matched men the
incidence of PCa was eight times higher in western men than in Japanese men,
and 30 times greater than in Chinese counterparts (Dhom, 1991), two countries
where high levels of soya based foods are consumed. Therefore, a
comprehensive meta-analysis of the consumption of soya-based food on PCa
risk was performed and results suggest soy consumption could decrease the
risk of PCa (Hwang et al., 2009). Variations in the PCa incidence rates between
Western and Asian men was suggested not to be genetically or racially
determined, but due to variations in diet and lifestyle (Brown et al., 2005). This
was further highlighted by the fact that Asian migrants moving to North America
developed PCa at a similar rate to Caucasian Americans after one or two

generations (Dunn, 1975, Kolonel et al., 1985).
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1.4.1 Flavonols and prostate cancer

Flavonols are a subgroup of flavonoids and some members of this group have
been extensively studied for their cancer chemopreventive properties. The most
commonly studied members of this group are quercetin, fisetin, and kaempferol.
It is widely thought quercetin could exert many health benefits (reviewed in (Jan
et al., 2010). Quercetin has shown considerable activity against various
cancers, and many cancer chemopreventive properties of quercetin have been
found (reviewed by (Lamson and Brignall, 2000). In regard to prostate cancer
specifically, quercetin has shown antiproliferative activity in numerous PCa cell
lines (Aalinkeel et al., 2008, Huynh et al., 2003). Furthermore, quercetin showed
efficacy in in vivo models of PCa by the inhibition of tumour growth in a PC-3
(Asea et al., 2001) and a CWR22Rv1 cancer cell xenograft model (Ma et al.,
2004b). Fisetin is another flavonol which has demonstrated chemopreventive
activity in both in vitro and in in vivo models of PCa. It exerted antiproliferative
activity in PCa cell lines (Haddad et al., 2010, Haddad et al., 2006, Khan et al.,
2008a) and significantly reduced tumor growth in CWR22Rv1 PCa xenografts
(Khan et al., 2008b). The less commonly studied member kaempferol has also
been shown to inhibit the growth of PCa cells (Brusselmans et al., 2005,
Gopalakrishnan et al., 2006).

1.4.1.1 Mechanisms of chemoprevention activity of flavonols in PCa

1.4.1.1.1 Alteration of redox state

Reactive oxygen species (ROS) can produce oxidative damage to the cellular
and the genetic components of the cell, which could lead to the development of
cancer (Waris and Ahsan, 2006). ROS could be a result of metabolic processes
or the natural defence mechanism and inflammation (Halliwell, 1994). Due to
their chemical nature as powerful antioxidant agents, flavonoids including
flavonols, have the ability to scavenge and reduce the production of free
radicals, which may constitute a potential chemopreventive mechanism.
Quercetin has been shown to reduce ROS production in human hepatoma cell
line (HepG2) (Alia et al., 2006).
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1.4.1.1.2 Interference with cell cycle

Cellular proliferation is achieved through cell cycle progression. It is a process
which includes DNA duplication and segregation into two cells by cell division.
The replication of DNA occurs in the S phase which is preceded by a gap called
G, phase in which the preparation for DNA synthesis takes place (Figure 1.10).
However, cells in G; can also enter Go phase in which cells are non
proliferative. S phase is followed by another gap called G, during which the cell
gets prepared for mitosis (M) (Norbury and Nurse, 1992). During M phase the

chromosomes separate to form two identical cells.

The progress from phase to phase is controlled by various cellular proteins,
mainly a group called cyclin-dependent kinases (CDKs). These kinases are
activated by binding to specific cyclins, which enables them to perform various
phosphorylation reactions on target proteins, and therefore, trigger downstream
processes that lead to progress of the cell cycle. Various CDK have been
identified, which include CDK4, CDK6 and CDK2 that act during G; phase,
CDK2 during S phase and CDK1, which regulates G, and M phases (Morgan,
1995). Cyclin D (D1, D2 and D3) binds to CDK4 and CDK6. The CDK-cyclin D
complexes regulate the transitions from G; to S phase. The kinase activity of
these complexes leads to phosphorylation of the retinoblastoma protein (Rb),
which causes it to dissociate from the transcription factor E2F. The activated
E2F induces the transcription of downstream genes which are responsible for
the G1-S phases transition. During G; cyclin E binds to CDK2 and the resulting
kinase regulates the progress to S phase (Ohtsubo et al., 1995). The kinase
resulting from the binding of cyclin A and CDK2 is necessary for S phase
progression (Walker and Maller, 1991). Progress from late G, and early M
phase is controlled by the kinase as a result of cyclin A binding to CDK1.
Regulation of mitosis is controlled by the complex of cyclin B and CDKI.
Importantly, p53 can bind to the cyclin B1/CDK1 complex and decrease its
kinase activity (Ababneh et al., 2001).

The kinase activity of the CDK is regulated by a group of proteins called cyclin
dependent kinase inhibitors (CDKI) which can bind to CDK or to CDK/cyclin
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complex leading to a decrease in their activity. CDKI are divided into two
families, the INK4 family which includes p15, p16, p18 and p19 and these can
activate G; by binding to CDK4 and CDK6. The other family is the Cip/Kip,
which consist of p21, p27 and p57; proteins of this group bind to the CDK/cyclin

complex.

The Cip/Kip proteins play an important role in retarding cell proliferation as a
response to cellular stress, development or differentiation (Sherr and Roberts,
1999). However, each member can regulate a specific function differentiating it
from the rest of the members. For example, p21 is a target gene for p53 and is
involved in G; and G, cell cycle arrest induced by DNA damage, mediated by
p53 (Eldeiry et al., 1993). While p27 expression and activation can be induced
by transforming growth factor B (TGF-B), which leads to growth inhibition
(Reynisdottir et al., 1995).

Check points are a mechanism by which cells are checked for DNA integrity
and the formation of spindle and spindle pole. These check points control the
transition of cells from phase to phase, hence defective cells will not progress to
the next phase (Nakanishi, 2001). Importantly, it has been reported that cell
cycle check points are deregulated in many cancers (Pommier and Kohn,
2003).

Flavonols are reported to induce cell cycle arrest in PCa cellsQuercetin and
fisetin were both found to induce G,/M arrest in LNCaP and PC-3 PCa cells
(Shenouda et al., 2004, Haddad et al.,, 2006, Vijayababu et al.,, 2005). In
addition, kaempferol, was shown to arrest PC-3 cells in the G,/M phase
(Knowles et al., 2000) and exerted similar effects in the AT6.3 rat prostate
cancer cell line (Wang et al., 2003). Other studies are contradictory and have
shown quercetin and fisetin to arrest LNCaP cells in G; phase and in PC-3
cells quercetin was found to cause cell cycle arrest at the S phase (Knowles et
al., 2000).
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Figure 1.10 Schematic representation of the cell cycle. Cells either enter G,
to start another cell cycle or enter the non proliferative Go phase. Progression
of the cell cycle from phase to phase is controlled by the binding of cell phase
specific cyclins to CDKs. The formed complexes lead to the activation of

downstream targets that result in progression through the cell cycle.
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1.4.1.1.3 Induction of apoptosis

The control over cell multiplicity is a very organised process, mediated by
various molecular mechanisms. Programmed cell death or apoptosis, is a
mechanism by which the body can dispose of cells and maintain a balance
between cell proliferation and death, therefore, no uncontrolled cell growth
occurs. However, any disturbance in this balance in favour of cell proliferation
might lead to neoplasia (Blank and Shiloh, 2007). Induction of apoptosis is
considered as a main mechanism of cancer chemoprevention (D'Agostini et al.,
2005). Apoptosis is a complex self destruction process characterized by
morphological hallmarks, including cell shrinking, membrane blebbing,
chromatic condensation, nuclear DNA fragmentation, and the formation of
membrane-enclosed apoptotic bodies. The process is ended by cell engulfment
by macrophages or the surrounding tissue in order to decrease the local

inflammatory response (Savill and Fadok, 2000).

Apoptosis includes various biochemical and molecular features. Two apoptosis
pathways have been described, the intrinsic and the extrinsic pathway as

illustrated in Figure 1.11.

The intrinsic or mitochondrial-mediated pathway is activated by factors such as
DNA damage, the deprivation of growth factors, hypoxia or oxidative stress.
Mitochondrial-mediated apoptosis involves the activation of Bcl-2 family pro-
apoptotic proteins. The Bcl-2 family includes pro-apoptotic and anti-apoptotic
proteins localized on the outer side of the mitochondrial membrane or in the
cytosol, hence they balance the release of cytochrome C through the regulation
of membrane potential (Kluck et al., 1997). The anti-apoptotic sub-family
includes Bcl-2, Bcl-xI, Mcl-1, Bcl-w and A1/Bfl1 (Leibowitz and Yu, 2010), while
the pro- apoptotic members include others such as Bax, Bad, and Bid (lannolo
et al., 2008). The Bcl-2 family proteins were found to be deregulated in various
cancers (Adams and Cory, 2007). The function of pro-apoptotic proteins is to
induce the release of the mitochondrial cytochrome C, which leads to the
formation of apoptosomes by the association with Apaf-1 and pro-caspase-9

(Hengartner, 2000). Various polypeptides such as, second mitochondrial
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activator of caspases (Smac/Diablo), Apoptosis-inducing factor (AlF), Endo G
and HTrA2/Omi are released concomitantly with cyctochrome C from the
intermembrane space of mitochondria. These polypeptides play an important
role in the regulation of apoptosis. For example, Smac/Diablo and HTrA2/Omi
activate certain caspases by neutralizing the effects of the inhibitor of apoptosis
proteins (IAPs). Activated caspase-9 can cleave procaspase-3, resulting in
apoptosis (Ekert et al., 2001) (Figure 1.11). Other factors such as release of
calcium from endoplasmic reticulum can also induce apoptosis by activating
caspases and endonucleases (Gurumurthy et al.,, 2001). Caspases are
activated by cleavage into proteases. In cells caspase-3 is the most
predominant and is responsible for most of the apoptotic effects. However,
caspase-3 action is supported by caspases-6 and -7. These caspases function
in the degradation of various cellular substrates which results in the apoptotic
phenotype (Zimmermann et al., 2001).

The initiation of the extrinsic pathway is caused by the activation of
transmembrane death receptors such as Fas, DR3, DR4, DR5 and tumour
necrosis factor (TNF). Stimulation of these receptors leads to its clustering and
the formation of a death inducing signalling complex. A molecule of this
complex called Fas-associated death domain (FADD) induces the activation of
caspase-8 which activates the downstream pathway of apoptosis through other
caspases, such as caspase-3 and -7 (Figure 1.11) (Khan et al., 2010).
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Figure 1.11 Extrinsic and intrinsic apoptosis pathways. The intrinsic
(mitochondrial) pathway can be activated by factors such as DNA damage,
growth factor deprivation or oxidative stress. Consequently, it activates the pro-
apoptotic proteins such as, Bax and Bad and inhibits the anti-apoptotic proteins
such as Bcl-2 and Bcly.. This process leads to the release of mitochondrial
cytochrome C and membrane polypeptides such as Smac/Diablo. Cytochrome
C binds to APaf-1 and pro-caspase 9 which leads to the activation of caspase-9
and consequently the cleavage of caspase-3, which results in apoptosis.
Smac/Diablo role is in neutralizing the effects of (IAPs). The extrinsic apoptosis
pathway is initiated by the stimulation of death receptor by ligands such as
Tumor necrosis factor (TNF), Fas or TNF-related apoptosis-inducing ligand
(TRAIL). Death receptor stimulation leads to the formation of Fas-associated
death domain (FADD) that activates caspase-8 leading to the cleavage of
caspase-3. Increasing the free intracellular Ca®* could also directly activate

caspase-3.
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Flavonols have been shown to induce apoptosis in PCa cells (Khan et al.,
2010). Quercetin induced apoptosis in LNCaP androgen dependent PCa cells
(Aalinkeel et al.,, 2008, Lee et al., 2008) and androgen independent PC-3
(Aalinkeel et al., 2008, Kim et al., 2008, Vijayababu et al., 2006b, Senthilkumar
et al.,, 2010) and DU145 PCa cells (Kim et al.,, 2008, Kim and Lee, 2007).
Fisetin was also found to induce apoptosis in androgen dependent LNCaP
(Khan et al., 2008a) and androgen independent PC-3 PCa cells (Haddad et al.,
2010). Kaempferol was reported to inhibit the antiapoptotic activity of IGF-1 in
AT6.3 rat PCa cells (Wang et al., 2003).

Various apoptosis sub-pathways and mediators have contributed to the
apoptotic effects of flavonols in PCa. Quercetin induced apoptosis in LNCaP
and PC-3 cells was accompanied by the activation of caspase-3, -8 and -9
(Aalinkeel et al., 2008, Lee et al., 2008, Senthilkumar et al., 2010). Quercetin
also decreased the expression of survivin the IAPs member in PC-3 and DU145
cells, and induced cleavage of caspase-3 and -8 (Kim and Lee, 2007). The bcl-
xl: bax ratio was decreased by quercetin treatment in LNCaP cells, leading to
the increase in the release of cytochrome C and cleavage of pro-caspase-3, -8
and -9 (Lee et al., 2008). Furthermore, in PC-3 cells, quercetin increased the
expression of cytochrome C, Bax and Bad mRNA levels, while decreasing the
levels of Bcl-xI proteins (Senthilkumar et al., 2010, Vijayababu et al., 2006a,
Vijayababu et al.,, 2005). Fisetin induced apoptosis in LNCaP cells, which
resulted in a decrease in the Bcl-xl :Bax ratio, and the upregulation of Bak, Bad
and Bid expression. Fisetin also increased levels of cytosolic cytochrome C
which led to the inhibition of IAPs by the increase in Smac/Diablo mediators.
Furthermore, it induced the activation of caspase-3, -8 and -9 (Khan et al.,
2008a). Fisetin was found to induce apoptosis in PC-3 by the alteration in

expression of many apoptosis genes (Haddad et al., 2010).
1.4.1.1.4 Inhibition of androgen receptor pathway

The AR plays a fundamental role in PCa progression and flavonols have been
shown to interfere with its function. In LNCaP cells quercetin repressed the
function of AR (Yuan et al., 2006, Yuan et al., 2004). It also reduced the
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expression of AR protein and inhibited the secretion of PSA and was shown to
inhibit the AR and PSA genes at the transcription level (Xing et al., 2001, Yuan
et al., 2005, Yuan et al., 2010). Fisetin has also been reported to decrease the
expression of AR protein and was shown to compete with androgens for binding
to AR. This in turn led to a decrease in the activity and stability of the AR, as
well as an increase in its degradation (Khan et al., 2008b). All these factors can

result in cancer cell growth inhibition.

Quercetin, fisetin and kaempferol were reported to inhibit the 5 alpha-reductase
enzyme which is responsible for the conversion of testosterone to
dihydrotestosterone (DHT), (Hiipakka et al., 2002) so to some extent may

behave similar to finasteride and dutasteride.

1.4.1.2 Pharmacokinetics of flavonoids

Many flavonoids have been demonstrated to have important anti-proliferative
properties in vitro, but studies in vivo do not always correlate, as a result of poor
bioavailability, which can generally be explained by their lower absorption
and/or rapid metabolism (Scalbert and Williamson, 2000, Walle, 2004, Gao and
Hu, 2010). Flavonoid absorption through the gastrointestinal tract (GIT) is
generally poor and depends on their lipid solubility (Birt et al., 2001).
Nonetheless, it has been reported that flavonoids can be absorbed through
various transporter systems (Passamonti et al., 2009). When dietary flavonoids
are administered orally to a human or animal typically only a small amount
reaches the systemic circulation, partially due to the fact that these compounds
are mostly heavily hydroxylated and/or present as glycosides, which probably
decreases their absorption (Walle, 2007a). A sugar moiety linked to a flavonoid
could be a determinant of its absorption (Graefe et al., 2001), as some studies
have shown flavonoid glycosides can be absorbed through the GIT (Griffith.La
and Barrow, 1972). For example, the absorption of quercetin glycoside in
human through the GIT has been reported, and furthermore the rate of the
guercetin glycoside absorption was higher than that of the aglycone (Hollman et
al., 1995). Most of the flavonoids present in plants are in the glycoside form
(Rupprich and Kindl, 1978, Kudou et al.,, 1991). Polyphenol-O-glycosides
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undergo hydrolysis through the action of hydrolase and glycosidase from the
intestine and bacteria, to produce more lipophilic aglycones and metabolites,
which normally improves their absorption relative to the parent glycosidic
compound (Hur et al., 2000). Since the transport rate is mainly affected by
lipophilicity, the absorption of methoxylated flavonoids might be higher than
their non-methoxylated counterparts. Non absorbed flavonoids in the small
intestine undergo substantial structure modification in the colon by the action of
colonic flora, such as hydrolysis of glycosides or degradation of flavonoids to

simple phenolic acids (Aura et al., 2005, Kuhnau, 1976).

After a flavonoid is absorbed by the small intestine it can undergo structural
modifications in the enterocytes (small intestine cells) or the liver which is
mainly by conjugation (Felgines et al., 2005). The common conjugation
processes in the GIT are glucuronidation, sulphation and methylation. In the
liver flavonoids can undergo further Phase | or Phase Il metabolism, and
conjugated products can be re-secreted in the intestinal lumen by means of

enterohepatic circulation (Prasain and Barnes, 2007, Crozier et al., 2010).

Conjugation mainly occurs on the free hydroxyl groups of flavonoid’s, therefore,
heavily hydroxylated flavonoids could be more susceptible to conjugation than
their methoxylated counter parts (Walle, 2007b). The glucuronidation process is
undertaken by the action of the endoplasmic reticulum bound enzyme Uridine-
5’-diphosphate Glucuronosyltransferases (UGTs), which catalyses the addition

of UDP-glucuronic acid to the hydroxylated flavonoids (Spencer et al., 1999).

Sulphation of flavonoids is undertaken by sulphotransferase (SULT) enzymes,
which catalyse the addition of a sulphate group from phosphoadenosine-
phosphosulphate to a flavonoid’s hydroxyl group in a process that mainly occurs
in the liver (Piskula and Terao, 1998).

Flavonoids that possess a catechol (diphenolic) moiety such as quercetin and
fisetin can undergo methylation, via the action of Catechol-O-methyltransferase

(COMT). COMT catalyses the transfer of a methyl group from
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adenosylmethionine to flavonoids; this enzyme is widely distributed in liver and
kidney tissues (Tilgmann and Ulmanen, 1996).

After absorption, flavonoids are delivered to various tissues by means of the
systemic circulation. However, it has been reported that flavonoids can bind to
plasma proteins (Bolli et al., 2010) or red blood cells (Fiorani et al., 2003) and
as a consequence, the free fraction of flavonoids is reduced which in turn
reduces their bioavailability (Leon, 2005). The availability of flavonoid to target
tissue is crucial in order to exert any pharmacological action. Cellular uptake of
flavonoids can take place. Therefore, these flavonoids could interfere with
intracellular mechanistic targets and undergo intracellular metabolic conversion

as well (Spencer et al., 2003).

The purpose of biotransformation and the conjugation processes is to convert
foreign compounds and toxicants to a more water soluble form in order for
excretion. Conjugated flavonoids are mainly excreted into the bile and urine
(Williamson et al., 2000).

1.4.1.2.1 Methoxylated versus hydroxylated flavonoids

Most of the common naturally occurring flavonoids are hydroxylated, while
methylated flavonoids are mostly synthetic, although there are some that occur
naturally, for instance a number of citrus flavonoids e.g. nobiletin and tangeretin
(Mizuno et al., 1991).

The presence of free hydroxyl groups facilitates the intestinal and hepatic
conjugation and as a consequence leads to more rapid excretion (Otake et al.,
2002). Quercetin and fisetin have shown poor bioavailability, explained by the
presence of their hydroxyl groups which decreases their absorption and makes
them prone to conjugation (Landis-Piwowar et al., 2008). Therefore, methylation
of hydroxylated flavonoids has been suggested to improve the absorption and
increase the metabolic stability of these molecules (Wen and Walle, 2006a,
Walle, 2007b).
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Methylation can improve the entry of flavonoids through the cell membrane and
accordingly increases their ability to exert effects on intracellular targets.
Principally, many cancer chemopreventive mechanisms depend on the
interference of the agent with intracellular targets (Spencer et al., 2004, Ramos,
2008). This can be illustrated by 4’-O-methyl quercetin which showed higher
cellular uptake than its quercetin aglycone (Spencer et al., 2003). In addition,
masking the hydroxyl groups of quercetin by a piraloxymethyl moiety increased
its cellular uptake and its intracellular concentration in HCT116 colon cancer
cells (Kim et al., 2010).

It is widely thought that the anticarcinogenic potency of flavonoids is partly due
to their antioxidant properties and therefore to the presence of free hydroxyl
groups. As a result, the anticarcinogenic activity of methylated flavonoids has
not been well studied. However, methylated flavonoids have shown
antiproliferative activity against prostate cancer cells (Pouget et al., 2001) and
inhibitory effects on carcinogen activating enzymes (Alvarez-Gonzalez et al.,
2011). 5,7-Dimethoxyflavone showed a high ability to inhibit benzo[a] pyran
induced DNA binding and also decreased the CYP1A1 protein expression and
activity in Hep G2 cells (Wen et al., 2005). Benzo[a] pyran is converted to a
carcinogen after bioactivation by cytochrome P450 1A1 (CYP 1Al) (Alvarez-
Gonzalez et al., 2011).

A comparison between methylated and non methylated flavonoids was
performed (Walle, 2007b, Walle, 2007a, Walle et al., 2007a) using apigenin and
chrysin (hydroxylated flavonoids) and their methoxylated analogues 5,7-
dimethoxyflavone (5,7-DMF) and 5,7,4’ trimethoxyflavone (5,7,4° TMF) These
studies highlighted many advantages for methylated flavonoids over non-
methylated counterparts. The pharmacokinetic advantages were higher GIT
absorption and metabolic stability, while advantages related to their
antiproliferative potency revealed that the methoxylated analogues were 8-10

times more effective.

A study was undertaken in our laboratory to determine the effect of O-

methylation on the chemopreventive activity of flavones in colorectal cancer
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models, Apc™™ mice and in vitro in murine adenoma cells derived from these
mice. The rank order of activity of these compounds was 3', 4', 5, 5, 7-
pentamethoxyflavone (PMF) > tricin (4', 5, 7-trihydroxy-3', 5'-dimethoxyflavone)
> apigenin (4', 5, 7-trihydroxyflavone), suggesting methylation of hydroxylated
flavones could improve the chemopreventive activity in gastrointestinal cancers

(Cai et al., 2009). This has not been determined for other cancer types.
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1.5 Aims and objectives

The work in this thesis was designed to identify and then investigate the most
potent antiproliferative compound (TMFol) from a panel of hydroxylated and

methoxylated flavonoids, using an in vitro screen conducted in PCa cell lines.

The overall aim was to perform the preclinical evaluation of TMFol, generating
pharmacokinetic and pharmacodynamic data, which might assist in the decision
making as to whether TMFol should be developed further for PCa

chemoprevention.
The specific objectives to fulfil the overall aim were:

I. To compare the in vitro anti-proliferative activity of TMFol to other
previously studied members of hydroxylated flavonols i.e. quercetin and
fisetin, in PCa cell lines, and identify the potential mechanisms by which
TMFol inhibits PCa cell proliferation.

ii.  To investigate the pharmacokinetic characteristics of TMFol in vivo and
in vitro through:

e Determining plasma and tissue levels of TMFol in mice after single
dosing and continuous TMFol administration.
e Performing metabolism studies of TMFol in order to identify in vitro
and in vivo metabolites using HPLC and LC-MS techniques.
iii.  To explore the in vivo chemoprevention efficacy of TMFol in the TRAMP
C2 xenograft model of PCa and compare these to quercetin and fisetin.
e Determine the in vivo mechanisms that might explain the

anticarcinogenic activity of TMFol
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CHAPTER TWO

Materials and methods
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2 Material and methods

2.1 Materials

2.1.1 Chemicals and instruments

Unless otherwise mentioned, all chemicals and solvents for general laboratory
consumption were purchased from Fisher Scientific (Loughborough, UK) and
Sigma (Poole, UK) respectively, cell culture reagents and media were supplied

by GIBCO-Invitrogen (UK), tissue culture plastic ware was from Appleton

Woods, (Birmingham, UK).

Antibodies against proteins

Antibody for Supplier Catalogue
number

Androgen receptor Santa Cruz Biotechnology 816
Anti-goat HRP linked secondary Santa Cruz Biotechnology 2020
antibody
Anti-mouse HRP linked secondary  Pierce- Thermo Fisher Scientific 1858413
antibody
Anti-rabbit HRP linked secondary Pierce- Thermo Fisher Scientific 1858415
antibody
Bax R&D systems AF820
Caspase-3-cleaved Cell signalling 9661s
CDC2 Cell signalling 9112s
Cyclin B1 Abcam 76017
Ki67 Leica Microsystems NCL-Ki67p
p21 Dako M7202
p27 Cell signalling 2552s
p53 Cell signalling 2524s
Phospho-CDC2 Cell signalling 9111s
PSA Dako A0562
Survivin Cell signalling 2808s
B-Actin Santa Cruz Biotechnology 1616
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Apigenin
4’,5,7-Trihydroxyflavone
Ci5H100s5 (MW 270)

Tricin
3',5'-Dimethoxy-4',5,7-
trihydroxyflavone
C17H1407 (MW 330)

PMF
3',4'5',5,7-Pentamethoxyflavone
CaoH2007 (MW 372)

Compound 1
4’ 5,6,7-Tetramethoxyflavone
Ci9H1806 (MW 342)

Compound 2
4',5,6,7,8-Pentamethoxyflavone
Ca0H2007 (MW 372)

Compound 3
2',3",4-Trimethoxyflavone
C]_gH]_eOs (MW 312)

Compound 4
3,45 ,5,6,7,8-Heptamethoxyflavone
Ca2H2406 (MW 432)

Compound 5
2',3,4,5,6,56,7,8-
Nonamethoxyflavone
C24H25011 (MW 492)

Compound 6
2',5’,5,6,7,8-Hexamethoxyflavone
C21H2,05 (MW 402)

Compound 7
2',4'5,6,7,8-Hexamethoxyflavone
C21H2,05 (MW 402)

Compound 8
3',5,5,6,7,8-Hexamethoxyflavone
C21H2205 (MW 402)

o
/o

Compound 9
3',4',5,6,7,8-Hexamethoxyflavone
Ca1H2:05 (MW 402)

Compound 10
2’45 5,6,7,8-Heptamethoxyflavone
C2H2404 (MW 432)

Compound 11
3',4’,5'-Trimethoxyflavonol
Ci18H1606 (MW 328)

Compound 12
3',4’,5'-Trimethoxyflavone
Ci18H1605 (MW 312)

Table 2.1. Chemical structures of apigenin, tricin, PMF and compounds (1-12).
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2.2 Buffers

Agarose gel (2.0% w/v) composition

Sea Plague Agarose 39
0.5X TBE buffer 150 ml
Ethidium bromide 5ul

The agarose (Invitrogen Life Technology, Paisley, UK) and TBE buffer mixture
was microwaved with intermittent swirling to ensure complete dispersion of
agarose. Ethidium bromide (Invitrogen Life Technology, Paisley, UK) was
added prior to the gel being poured into the moulding chamber of the tank.
Immediately afterwards, 15 or 20 well combs were inserted into the gel and then
it was allowed to set.

Annexin binding buffer

4X Annexin buffer concentrate (Bender Med Systems, Vienna, Austria) was
diluted to a 1X working stock, which consisted of: 10 mM HEPES/NaOH (pH
7.4), 140 mM NaCl and 2.5 mM CacCl..

Citrate buffer

The citrate buffer consisted of 10 mM citric acid in distilled water. The pH was
adjusted to 6.0 using 2.0 M sodium hydroxide solution.

Neutral buffered formalin (10% w/v)

The 10% neutral buffered formalin solution was made up of 4.0 g sodium
dihydrogen phosphate monohydrate (NaH,PO4.H,0), 6.5 g anhydrous disodium
hydrogen phosphate (Na;HPO,), 100.0 ml formaldehyde 37% w/vand 900 ml
distilled water.
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Phosphate buffered saline

Phosphate buffered saline was prepared with:

Sodium chloride 8.0¢g

Potassium chloride 0.2g

Di-sodium hydrogen phosphate 1.15¢g

Potassium dihydrogen phosphate 0.2 g

Distilled water up to 1000 ml.

Polyacrylamide running gel (recipe for two gels)

The amount of water and 30% w/v acrylamide (National Diagnostics, Fradley,

UK) varied depending on the percentage of gel required:

10% wi/v- 8.0 ml water and 6.8 ml 30% w/vacrylamide.

12% wi/v- 6.8 ml water and 8.0 ml 30% w/v acrylamide.

15% wi/v- 4.6 ml water and 10.0 ml 30% w/v acrylamide.

A fixed volume (5 ml) of resolving buffer (4X) (National Diagnostics, Fradley,
UK) was added. Polymerization of polyacrylamide was induced by the addition

of 200 pl 10% w/v ammonium persulphate and 15 yl TEMED.

Polyacrylamide stacking gel (recipe for two gels)

The stacking gel consisted of 1.7 ml 30% w/v acrylamide, 1.25 ml stacking
buffer (National Diagnostics, Fradley, UK) and 6.8 ml water. Finally, addition of
15 uyl TEMED and 100 ul 10% w/vn ammonium persulphate induced

polymerization. Ten or 15 well combs were inserted before the gel had set.
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Potassium phosphate buffer

Phosphate buffer was prepared by mixing 198 ml 0.1M monobasic potassium
phosphate KH,PO, and 802 ml 0.1M dibasic potassium phosphate K;HPO, to
make 1litre (pH 7.4).

Resolving buffer (4X)

Resolving buffer (National Diagnostics, Fradley, UK) was supplied as 4X ready
for use stock which consisted of 1.5 M Tris-HCI, 0.4% w/v SDS.

Running buffer

Running buffer (National Diagnostics, Fradley, UK) was supplied as a 10X
concentrate, which was diluted to a 1X working stock in distilled water. The
buffer consisted of 25 mM Tris, 192 mM glycine and 0.1% w/v SDS.

Sample buffer Laemmli (2X) for western blot

Sample buffer contained 10% wi/v of 2-mercaptoethanol, 4% w/v SDS, 20% w/v
glycerol, 0.004 % w/v bromphenol blue and 0.125 M Tris HCI. Sample buffer

was mixed (1:1 v/v) with the protein lysate sample prior to use.

Stacking buffer

Stacking buffer (National Diagnostics, Fradley, UK) consisted of 0.5 M Tris-HCI
and 0.4% w/v SDS, pH 6.8.

Transfer buffer

Transfer buffer (National Diagnostics, Fradley, UK) was supplied as a 10X
concentrate, which was diluted to a 1X working stock in distilled water. The

buffer consisted of 25 mM Tris base, 192 mM glycine and 20% v/v methanol.
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2.3 Methods
2.3.1 Cell culture

The AR receptor expressing PCa cell lines used in this project were, human
LNCaP cells which were established from a metastatic prostatic
adenocarcinoma of the lymph node (Horoszewicz et al., 1983), and TRAMP C2
murine prostatic adenocarcinoma cells, that were established from the prostate
of a C57BL/6 male TRAMP mouse (Foster et al.,, 1997). While the non
androgen dependent cells were, PC-3 cells, which were established from a
human prostatic adenocarcinoma bone metastases (Kaighn et al., 1979) and
DU145, human prostate carcinoma cell line, that were derived from a prostatic
adenocarcinoma metastasized to the brain (Stone et al., 1978). All the above
mentioned cell lines were sourced from either the American Type Culture
Collection (ATCC) or the European Collection of Cell Cultures (ECACC).

2.3.2 Maintenance of cell lines

Cell lines were cultured as a monolayer under incubation conditions of 100%
humidity, 5% v/vCO, and 37°C. LNCaP, PC-3 and DU145 were cultured in
RPMI1640 media containing L-glutamine (Invitrogen, Paisley, UK) and 10% w/v
foetal calf serum without sodium pyruvate (Invitrogen, Paisley, UK), as sodium
pyruvate could interfere with reactive oxygen species (Giandomenico et al.,
1997). The TRAMP C2 cell line was maintained in DMEM high glucose (4500
mg/L) with L-glutamine and no sodium pyruvate (Sigma Aldrich, Poole, UK)
fortified with 5% v/v foetal calf serum, 5% v/v Nu serum IV (BD Biosciences,
California, USA) , 5 pug/ml insulin and 10® M dihydrotestosterone (Foster et al.,
1997).

2.3.3 Cell passaging

Cells were passaged not more than 30 times after restoration from liquid
nitrogen frozen stocks, to reduce the possibility of genetic and/or phenotypic
alterations. Passaging of cells was performed at approximately 80-90%
confluency. The procedure of cell passaging was started by aspiration of media

from flasks, then cells were washed with warm (37°C) PBS twice, followed by
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addition of 1X trypsin EDTA (Invitrogen, Paisley, UK). The trypsinized cells were
incubated for not more than 5 minutes at 37°C and gentle agitation was applied
to assist the detachment of cells. Complete detachment of cells was checked
under the microscope and was immediately followed by the addition of a volume
of FCS containing media in order to neutralise the effects of trypsin on the cells.
Then the cell suspension was centrifuged at 1300 rpm for 3 min and re-
suspended in fresh media. A 100 pl aliquot of the cell suspension was mixed
with 9.9 ml isoton and counted on a coulter particle size counter. Approximately
5x10° cells were added to a new flask containing culture media to maintain

each cell line. Cells were passaged approximately twice a week.
2.3.4 Cell treatment and drug solvents

Tricin, apigenin  (Apin Chemicals Ltd, Abingdon, UK), 3'4'5'5,7-
pentamethoxyflavone (PMF) (synthesized by Dr. R. Britton, Department of
Cancer Studies and Molecular Medicine, University of Leicester), 3',4’,5'-
trimethoxyflavone (compound 12) (OTAVA, Kyiv, Ukraine), and compounds 1-
11 (NCI Repository) (for names and chemical structures refer to Table 2.1),
were prepared at concentrations of 20 mM in DMSO. Quercetin and fisetin
stocks were prepared in 40 mM stocks in DMSO. Mibolerone (Steraloids Inc,
New Port, USA) was dissolved in ethanol and prepared as a 1 uM stock. Stocks
of 10 yM DHT were prepared in ethanol. The final concentration of DMSO or
ethanol in the treatment medium was always below 0.2% v/v. Vehicle controls
for each experiment received DMSO and/or ethanol alone in a v/v concentration

identical to the treatment groups.

Mibolerone treatment. LNCaP cells were grown in RPMI 1640 media
containing 10% v/v FCS for 48 h the media was replaced with RPMI 1640
media containing 5% v/v FCS and 1 nM mibolerone along with (0-20 pM)
TMFol, or (0-100 puM) quercetin or fisetin. Cells were incubated for 24, 48 or 72
h and then counted and harvested for western blot analysis or for mRNA

analysis as detailed in sections 2.3.8.3 and 2.3.12.
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2.3.5 Cell proliferation assay

Cell proliferation assays were performed using two methods. The first method
counted the raw cell number, whilst the second approach, the ATPLite assay,
measured luminescence generated when ATP reacts with the assay substrate.
The two methods were compared and similar results were achieved using both

methods.
2.3.5.1 Coulter counter method

LNCaP, PC-3 or DU-145 cells were seeded in 24 well plates at a density of
5x10° cells/well in 2 ml RPMI 1640, while TRAMP C2 cells were seeded at a
density of 3x102 cells/well in 2 ml DMEM media. Cells were incubated for 24 h,
except LNCaP cells, which were incubated for 48 h, at that time the media was
replaced with media containing drug treatments (0-20 uM) for all compounds in
Table 2.1 or 0-40 uM for quercetin and fisetin, with each treatment performed in
triplicate wells. Treated cells were incubated for 72 or 144 h, before counting.
Briefly, media was aspirated using a vacuum pump, followed by immediate
washing of each well twice with 1 ml PBS. After washing each well received 0.5
ml of 1X trypsin EDTA. The trypsin EDTA was neutralized by adding 0.5 ml of
media. The well content was transferred into coulter counter cups containing 9
ml isoton, and the cell suspension was then counted using the Coulter counter.
Cell numbers were calculated as % vehicle control and plotted against drug
concentration. The linear line equation was used to calculate ICsy values for
each agent. Each experiment was repeated in triplicate using cells of different

passages.
2.3.5.2 ATP based luminescence assay

The principle of the ATPLite assay is based on measuring the emitted light
produced when ATP molecules react with D-Luciferin in the presence of the
Luciferase enzyme. The emitted light is proportional to the number of ATP
molecules. ATP plays a crucial role in the cellular energy exchange processes,
it acts as a donor of energy. It is present in living cells that are metabolically

active and all living cells need ATP to stay alive. Therefore ATP levels are
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proportional to the metabolically active cells and could be used as a tool for
functional integrity of the cell (Kangas et al., 1984, Crouch et al., 1993, Cree
and Andreotti, 1997). Cell lysis solution is used to release the intracellular ATP,
this solution also contains reagents that irreversibly block endogenous ATPases
to prevent the degradation of ATP molecules (Kangas et al., 1984, Cree and
Andreotti, 1997).

The ATPLite assay kit (PerkinElmer, Massachusetts, USA) was used to assess
cell proliferation. The Supplier’s instructions were followed to perform the assay.
LNCaP, PC-3 or DU145 cells were prepared in stock suspensions of 750
cells/50 pl. Cells were seeded in 96 well PerkinElmer viewplates at a density of
750 cells per well. Plates were transferred to the incubator and 24 h post plating
received drug treatments at final concentrations of 0, 5, 10 or 20 pM.
Treatments were prepared in triplicate wells. This assay was used to test the
following compounds: tricin, apigenin, PMF and compounds 1-12, at 72 and 144
h after treatment. The luminescence generated by cells was measured using a
Fluostar Optima luminescence plate reader (BMG LabTECH, Aylesbury, UK.).
The average intensity of luminescence of each treatment was expressed as a
percentage of vehicle control. Each experiment was repeated in triplicate using

a different cell passage, to determine the means + SD.
2.3.6 Cell cycle assessment

The theory of cell cycle analysis using flow cytometry is based on staining the
nuclei of intact cells with a fluorescent dye. The intensity of staining is
proportional to the amount of DNA. Upon excitation in a flow cytometer using
UV light or laser beams, the emitted fluorescent signal reflects the cell’'s DNA
content. Cells in the G,/M phase have double the content of cells that are in Go-
G, phase, while cells in S phase mainly contain DNA amounts somewhere in
between. Using mathematical models and computer software the percentage of
cells in each phase can be calculated. As the content of DNA in G, and M
phase are similar, it is not possible to obtain separate values for each phase so
these are expressed as being in G,/M phase. (Darzynkiewicz and Juan, 2001,
Nunez, 2001).
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Cells were seeded in 90 mm Petri dishes, at densities between 2x10° (TRAMP
C2) and 5x10° (LNCaP and PC-3) cells per dish in 6 ml media. Cells were
incubated for 24 h, except LNCaP cells which were left for 48 h to adhere.
Media was aspirated and replaced with 6 ml media containing TMFol treatment
(0, 1,5, 10 or 20 pM). Cells were incubated for 48 or 72 h. Media was aspirated,
washed twice with PBS, and cells were then detached with 1 ml 1X trypsin.
After detachment of cells, 1 ml of media was added and the content was
transferred into a centrifuge tube. Cells were centrifuged at 1500 rpm for 5 min.
Cell pellets were resuspended and washed in PBS. The suspension was
centrifuged and the supernatant discarded. The resulting pellet was suspended
in 2 ml of ice cold 70% v/v ethanol. Samples were stored at 4-8 “C for not longer
than one week prior to FACs analysis. Prior to analysis samples were
centrifuged for 10 min at 1500 rpm, and the supernatant discarded. The pellet
was suspended in 800 pl PBS, 100 pl Rnase A (1mg/ml) and 100 pl propidium
iodide (PI, 50 ug/ml). The suspensions were incubated in the fridge overnight.
Samples were analysed for DNA content using BD FACScan Flow cytometer
(BD Biosciences, California, USA) and cell cycle profiles were generated using
ModFit software.

2.3.7 Annexin V apoptosis assay

When cells undergo apoptosis a number of morphological and biochemical
changes occur. During cell apoptosis the translocation of phosphotidyl serine
(PS) takes place. PS in healthy cells is located on the cytosolic side of cell
membranes, but it is externalized in apoptotic cells. Annexin V in the presence
of calcium can bind to PS. This important phenomenon is employed to
differentiate between apoptotic and living cells (Liu et al., 2009). Apoptosis can
be detected quantitatively by flow cytometry after incubation of cells with
Annexin V labelled with fluorescein isothiocynate (FITC). Although PS is
externalised in both apoptotic and necrotic cell, the two can be differentiated as
the latter loses cell membrane integrity and as a result the cell's DNA and
contents becomes exposed, so upon addition of Pl it binds immediately to the
necrotic cell's DNA. Apoptotic cells are FITC'/PI', necrotic cells are FITC'/PI”,
and live cells are FITC /Pl (Vermes et al., 1995).
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Cells were seeded in 6 well plates, at densities of 2x10” cells/well for TRAMP
C2 and 5x10* cells/well for LNCaP and PC-3 in 4 ml media. Cells were
incubated for 24 h, except for LNCaP cells which were incubated for 48 h in
order to adhere. Media was replaced with fresh media containing TMFol (0 - 20
MM). Plates were incubated for 72 or 96 h. Before harvesting the cells the media
containing the floating cells was collected and retained. The adherent cells were
washed twice with warm PBS before 0.5 ml of 1X trypsin EDTA was added.
Cells were left in the incubator to detach. Then 0.5 ml of fresh media was added
immediately, and these cells were added to the floating cells collected earlier.
The cell suspension was centrifuged for 5 min at 1500 rpm and the resulting cell
pellet was resuspended in 10 ml fresh media and incubated at 37 °C for 20 min.
Cell suspensions were centrifuged and pellets resuspended in 1 ml of 1X
annexin binding buffer and 10 ul of annexin V-FITC conjugate
(BenderMedSystems, Vienna, Austria) and left for 10 min on ice. Then 10 pl
(20pg/ml) Pl was added one min before performing flow cytometry analysis
using BD FACsAria (BD Biosciences, California, USA). Data was expressed as
percentage of cells that were either apoptotic, necrotic or live using FACsDiva
Software.

2.3.8 Protein analysis and western blot

2.3.8.1 Preparation of the whole cell lysate and tissue lysate

Cells were seeded into 75 cm? flasks at a density of 8x10° for LNCaP, 6x10° for
PC-3 and 4 x 10° for TRAMP C2, in 10 ml media. Cells were incubated for 24 h,
except LNCaP cells which were left for 48 h to adhere. Cells were treated with
TMFol, quercetin or fisetin. Concentrations were 0, 1, 5, 10 and 20 pM for
TMFol and 0, 20, 40 and 60 uM for quercetin and fisetin. Vehicle control flasks
received DMSO alone. The amount of DMSO was equal in all controls and

treatments. Cells were incubated for 24-72 h before harvesting.

To harvest cells, media was aspirated and cells were washed twice with warm
PBS, before 1.5 ml of 1X trypsin EDTA was added to each flask to detach cells.
After cells had detached 3.5 ml media was added immediately to each flask to

neutralize trypsin, a 100 ul aliquot of the suspension was added to 9.9 ml isoton

65



and counted using a coulter counter. Cells were then centrifuged at 1500 rpm
for 3 min. The supernatant was discarded and the resulting pellets were washed
twice with 1 ml PBS, with each wash being followed by centrifugation at 13000
rom for 3 min. The resulting pellets were stored at —80 "C before cell lysates

were prepared.

Cells were lysed on ice by adding 35 pl lysis buffer per million cells, fortified with
Phos.Stop inhibitor cocktail (Complete Lysis-M buffer, Roche, Diagnostics,
Mannheim, Germany). Cells were mixed vigorously by pipetting up and down,
before tubes were transferred to a rotary mixer at 4 °C for 30 min. Cells were
vortexed briefly, then centrifuged at 13000 rpm for 20 min at 4°C. The

supernatants were transferred to clean Eppendorf tubes and stored at -80 °C.

Tumour tissues for Western blot were weighed and then cut into small pieces.
One part tissue was added to 4 volumes lysis buffer (w:v) and homogenised
using a Ystral X 10/20 homogeniser (Ballrechten-Dottingen, Germany).
Homogenates were transferred to a rotary mixer for 30 min at 4°C, followed by
brief vortexing, and then centrifuged at 13000 rpm for 20 min at 4°C. Resulting

supernatants were transferred to fresh tubes and kept at -80 °C.
2.3.8.2 Bradford protein assay

A protein assay was undertaken for all cell and tissue lysates to determine
protein concentration, thus allowing equal protein amounts for each sample to
be loaded onto protein gels. Protein concentrations in each sample were
determined using the Bio-Rad protein assay system (Bio-Rad Laboratories,
California, USA). A sample of 1 pl of cell or tissue lysate was added to 999 pl
distilled water and vortexed briefly then 200 ul of the solution was replaced with
200 pul of Bio-Rad protein assay reagent (Bio-Rad Laboratories, California,
USA). The resulting mixture was vortexed and kept at RT for 5 min. The
absorption of each sample was measured at 595 nm using a UV
spectrophotometer (Gene Quant Pro Spectrophotometer, Amersham
Biosciences, UK). Protein concentrations were calculated using a pre-prepared

standard curve, which had been prepared using known protein standards (0-20
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pg/ml) of bovine serum albumin (BSA) in water. Concentrations were plotted
against absorbance, and this standard curve was used to calculate protein

concentration from cell or tissue lysates.
2.3.8.3 SDS-PAGE and western blotting

Cell or tissue lysates were loaded onto (8 - 15% w/v) PAGE gels in protein
amounts of (30 - 80 pg/well). The percentage of acrylamide in gel was chosen
depending on the size of the protein of interest. Samples were mixed with an
equal volume of 2X sample Laemmli buffer (Sigma Aldrich, Poole, UK), and
boiled at 100 °C for 5 min. The lysates were loaded onto the gel, which included
one lane of a coloured protein size marker. Gels were resolved in running buffer
and proteins were separated by electrophoresis at 100 V. Proteins were
transferred onto nitrocellulose membrane of pore size 0.2 uyM (Whatman,
Dassel, Germany) for either 2 h at 100 V or overnight at 30 V at 4 °C.
Membranes were then blocked in 5% w/v Marvel non fat milk in 0.05% v/v
Tweens-PBS (T-PBS) for 2 h. Membranes were then incubated with a primary
antibody against the protein of interest, either for 2 h at RT or overnight at 4 °C
on a rocking platform. All antibodies were diluted in 5% w/v non fat milk in T-
PBS; for antibody dilutions and conditions refer to Table 2.2. After washing (5x5
mins in T-PBS) membranes were incubated with a corresponding secondary
antibody conjugated to horseradish peroxidase (HRP) for 1 h at RT.
Membranes were washed (5x5 mins in T-PBS) to remove any excess antibody
then incubated in ECL solution (Biological Industries, Isreal) for 1 min, before
exposing to ECL hyperfilm (Amersham Biosciences, Buckinghamshire, UK) for
0.5-20 min, depending on the antibody. Films were developed using an Agfa
Curix 60 developer (AGFA Gevaert N.V, Germany). To ensure the samples
were equally loaded, membranes were reprobed for the expression of B-actin.
Protein bands on ECL hyperfilm were captured using an imaging device (Gene
Genius Bio Imaging system, Syngene, USA) with Gene Snap software installed.
Band densities were measured using Gene Tool software from Syngene
(Version, 3.03.030). Protein band densities on the same membrane were

normalised to B-actin.
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Table 2.2 Antibody conditions and dilutions

Target protein

Primary antibody

Secondary antibody

Secondary

dilution antibody dilution

Androgen receptor | 1:1000 Goat anti-rabbit-HRP 1:2000
Bax 1:1000 Goat anti-rabbit-HRP 1:2000
cdc2 1:1000 Goat anti-rabbit-HRP 1:2000
Cyclin B1 1:500 Goat anti-rabbit-HRP 1:2000
p21 1:1000 Goat anti-rabbit-HRP 1:2000
p27 1:1000 Goat anti-rabbit-HRP 1:2000
p53 1:1000 Goat anti-mouse-HRP | 1:2000
PARP-1 1:500 Goat anti-mouse-HRP | 1:2000
Phospho-cdc2 1:1000 Goat anti-rabbit-HRP 1:2000
PSA 1:2000 Goat anti-rabbit-HRP 1:2000
Survivin 1:2000 Goat anti-rabbit-HRP 1:2000
B-Actin 1:10000 Donkey anti-goat-HRP | 1:2000
2.3.9 Intracellular and extracellular PSA levels in LNCaP cells

2.3.9.1 Intracellular PSA content

Intracellular levels of PSA were determined using western blotting. LNCaP cells

were seeded at a density of 1 million cells/75 cm? flask in 10 ml RPMI 1640

phenol red free media. Cells were incubated for 48 h, after which media was

replaced with 10 ml media containing TMFol (0 - 20 yM) or media containing 1

nM mibolerone and TMFol (0 - 20 uM). All flasks received equal volumes of
vehicle solvent: DMSO for TMFol and ethanol for mibolerone. After 48 or 72 h

aliquots of media (1ml) were removed and stored at -80°C. Cells were

harvested, counted and lysates derived from the cells were analysed by

western blotting as described in section 2.3.8.

68




2.3.9.2 Media PSA immunoassay

The analysis of PSA in media was carried out using a human KLK3/PSA
Immunoassay kit (R&D Systems, Abingdon, UK), which employs a quantitative
sandwich enzyme immunoassay technique. The assay was performed
according to the manufacturer’s instructions. The optical density of samples and
standard solutions was measured at 450 nm using a Fluostar Optim
luminescence plate reader (BMG LabTECH Ltd, Aylesbury, UK). PSA standards
were prepared in duplicate, and their averages used to plot a standard curve,
which was used to calculate the concentration of PSA in media. Values for
treatment samples were calculated and expressed as a percentage of vehicle

control.

2.3.10 Detection of apoptosis proteins using human apoptosis array Kit.

A human apoptosis array kit (R&D systems, Abingdon, UK) was used to detect
the expression of 35 apoptosis regulatory proteins, from the same sample
lysate on one nitrocellulose membrane. The assay was performed according to
the manufacturer’s instructions. Briefly, cell lysates had been prepared from
LNCaP cells treated with either vehicle or TMFol (10 or 20 puM). Cells were
lysed as advised by the manufacture using the supplied lysis buffer. Protein
content was determined using the Bio-Rad protein assay as described earlier
(section 2.3.8). An aliquot (500 pg) of each cell lysate were incubated with each
single membrane overnight. After washing off any unbound proteins, the
membrane was incubated in a cocktail of biotinylated detection antibodies.
Membranes were washed again before membranes were incubated with a
streptavidin-HRP reagent. Membranes were then washed once more before
chemiluminescent detection reagents were added and the membranes

developed onto hyperfilm.

Spot densities were measured and normalised to the intensity of the internal
controls on each membrane. Treatments were then compared and expressed

as a percentage of the vehicle control.
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2.3.11 Androgen receptor stability

Cycloheximide (Calbiochem, California, USA), a translation inhibitor was used
to inhibit the synthesis of the AR in LNCaP cells and determine its stability
following TMFol treatment. LNCaP cells were seeded in 75 cm? flasks at 8x10°
per flask and incubated for 48 h in order to adhere to the flasks. Flasks were
pre-incubated for 30 min with 40 yM cycloheximide, before being treated with
either vehicle solvent, 10 or 20 uM TMFol for O, 2, 4, 6, 8, 16, 24, 48 and 72 h.
Cells were then lysed and analysed for AR expression using western blot
analysis (section 2.3.8). The band density for each treatment and time point
was expressed as a percentage to the vehicle at time 0. Data was expressed as
the mean + SD of three independent experiments and was plotted as

percentage of the time 0 control against time.

2.3.12 Reverse transcription-polymerase chain reaction (RT-PCR) to

determine mRNA levels of androgen receptor, PSA and GAPDH.

LNCaP cells were seeded and treated with TMFol (0 - 20 uM). Cells were
harvested at 48 and 72 h. Cell pellets were kept frozen at -80 °C until RNA

extraction was performed.

RNA extraction on all samples was carried out using a Qiagen RNeasy kit
(QIAGEN, Hilden, Germany). The extraction procedure was performed
according to the manufacturer’'s protocol. RNA content of each sample was
quantified using a Nanodrop ND-1000 spectrophotometer (Lab-Tech, Ringmer,
UK) at 260 nm. Purity of the RNA was checked using the 260/280 nm
(Aze0/A2g0) ratio. All the extracted RNA samples had ratios greater than 2.0. It is
widely accepted that RNA samples with ratios higher than 1.8 are acceptable
(Wilfinger et al., 1997). Samples were stored at -80 °C until use.

The reverse transcription reaction was performed using 1 pg of RNA from each
sample using the QuantiTect reverse transcription kit (QIAGEN, Hilden,
Germany). RNA reverse transcription was carried out according to the

manufacturer’s protocol. The produced cDNA was stored at -20 “C until use.
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The PCR reaction was performed using a GeneAmp PCR System 9700 (AB
Applied Biosystems, California, USA). Amplification of cDNA was performed
using 5 ul of each sample, in the presence of 36 pl of RNA-DNA free water, 5 pl
of 10X Vibuffer S, 1 ul of 20mM dNTP (Vivantis, California, USA), 1 ul of 100
pmol/pl of each of the forward and the reverse primers. Then 1 pl of Tag DNA
(Vivantis, California, USA) polymerase enzyme was added just prior to running

the reaction.

Primer sequences and PCR conditions were as follows: for Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (230 bp); 5-TCA AGA AGG TGG TGA
AGC AG-3’ (forward) and 5-CTT ACT CCT TGG AGG CCA TG-3' (reverse)
(95°C 30s,57 'C 1 min, 72 °C 1 min, 18 cycles); For AR (590 bp) 5-ATG GAA
GTG CAG TTA GGG-3’ (forward) and 5-CAG GAT GTC TTT AAG GTC AGC-
3’ (reverse) (95 °C 30 s, 57 °C 1 min, 72 °C 1.5 min, 32 cycles); for PSA (710
bp) 5-GAT GAC TCC AGC CAC GAC CT-3’ (forward) and 5-CAC AGA CAC
CCC ATC CTA TC-3’ (reverse), 95 °C 30 s, 57 °C 1 min, 72 °C 1.5 min, 22
cycles) (Wang et al., 2008a, Hsieh et al., 2002). All the primers were purchased
from Sigma Aldrich (Poole, UK).

2.3.13 Agarose gel electrophoreses

Agarose gel electrophoresis was used to separate the generated cDNA-PCR
product. A double comb 15 or 20 well agarose gel was prepared as described in
section 2.2. PCR product samples were loaded on the gel after mixing 12 ul of
sample with 1.2 pl 10X loading buffer. All samples were loaded onto the same
gel along with 5 pyl of DNA size marker in order to determine correct PCR
product band size. The gel was then run at 100 V for 1.5 h using 1X TBE as

running buffer.

DNA bands were visualized and captured using an imaging device (Gene
Genius Bio Imaging system, Syngene, USA) installed with Gene Snap
Software. Band densities were measured using Gene Tool software from
Syngene (version, 3.03.030). DNA band densities were then normalised to
GAPDH for equal loading.
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2.3.14 Animal experiment for pharmacokinetics

2.3.14.1 Single oral dose study

All animal studies were performed under the animal project licence PPL
80/2167, awarded to the University of Leicester by the UK Home Office.
Protocols of all animal studies were reviewed and approved by the University of
Leicester Ethical Committee for Animal Experimentation. Animal house facility
conditions were as follows: 20-30 °C temperature, 40% - 60% humidity and 12
hours dark/light cycle. Animals were kept at least one week after purchase for
acclimatization. Male C57BL/6J mice were used for the TMFol pharmacokinetic
study and were purchased from Charles River (Margate, UK).

For the single dose TMFol study, animals were randomly divided before the
experiment into 7 groups each containing 4 mice. Animals received a single
intra-gastric dose of 240 mg/kg TMFol suspended in 0.5% w/v methylcellulose
at 24 mg/ml. Animals were sacrificed (4 per group) at 5, 20, 40, 60, 120, 360
and 1440 min after dosing. Animals were culled under general anaesthesia
(halothane), blood was collected directly by cardiac puncture into lithium
heparin tubes. The following tissues, heart, liver, kidney, prostate, lung and
small intestine mucosa were harvested and immediately stored in liquid nitrogen

and then transferred to —80 °C until analysis.

2.3.14.2 Long term dietary feeding

For chronic TMFol intervention in the diet, 10 animals were randomly divided
into control or treatment groups. AIN93G diet was administered to control
animals while treated mice received AIN93G diet containing 0.2% (w/w) TMFol.

After 3 weeks all the animals were culled.

Animals were culled under general anaesthesia (halothane), blood was
collected directly by cardiac puncture into lithium heparin tubes. Heart, liver,
kidney, prostate and lung tissue as well as small intestine mucosa were
harvested and immediately stored in liquid nitrogen and then transferred to —80

°C until analysis.
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2.3.14.3 Sample preparation

Blood samples were collected by cardiac puncture and stored in heparin tubes
on ice until transportation to the laboratory where they were centrifuged at 3000

rpm for 20 min. The plasma was collected and stored at - 80 °C.

Tissue samples were mixed with PBS (1:2 w/v), then homogenised using a
Ystral X 10/20 homogeniser (Ballrechten-Dottingen, Germany). Tissue

homogenate was stored at -80 °C until analysis.

2.3.14.4 Sample extraction

Frozen samples of plasma and tissues were extracted using a validated method
for TMFol (Britton et al., 2009) Samples were thawed to room temperature.
Plasma aliquots of (100 ul) were mixed with PBS (700 pl).and 2% wi/v formic
acid (200 pl). Samples were loaded onto a Waters Oasis HLB Extraction
Cartridge (Waters Corporation, Milford, USA), which were equilibrated and pre-
conditioned with methanol and water (1 ml each). The cartridge was
subsequently washed with 1ml each of 5% v/v MeOH in 2 % v/v CH3COOH, 5%
v/v MeOH in 2% w/vNH,OH and 5% v/v MeOH in 0.1 M NH,*CH3COO" buffer
(pH 5.1). The analyte was eluted with 1 ml of acetone containing 0.1M
CH3COOH. The eluate was evaporated to dryness (under nitrogen) and
reconstituted in 100 pl of mobile phase. An aliquot (5 ul) of the supernatant was
injected onto the HPLC column as described in section 2.3.15. In the case of
the tissue samples and cells, 1 part tissue was placed into 2 volumes PBS (w:v)
and homogenized (Ystral X 10/20 homogeniser, Ballrechten-Dottingen,
Germany). An aliguot of the homogenate (100 pl) or cell pellet was mixed with
two volumes of acetone containing 0.1M CH3COOH, to precipitate protein and
extract the analyte. After vortexing (2 x 60 secs) and centrifugation (13,000 rpm,
20 min) the supernatant was evaporated to dryness (under nitrogen) and
reconstituted in 100 pl of mobile phase. An aliquot (5 pl) of the supernatant was
injected onto the HPLC column (section 2.3.15) In case of media an aliquot of
(100 pl) was mixed with one volume of acetone containing 0.1M CH3;COOH,
after vortexing (2x60 secs) and centrifugation (13,000 rpm, 20 min). An aliquot

(5 pb of the supernatant was injected onto the HPLC column. TMFol
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concentrations in the calibration standards ranged from 50 to 2,500 ng/ml for
plasma and 0.05 to 40 pg/ml for tissue and cell samples. In the case of murine
plasma samples TMFol levels detected were at or below the Ilimit of
quantification, therefore, 50 pl of sample rather than 5 pl was injected onto the
column(Britton et al., 2009).

2.3.14.5 Calibration curves

Calibration curves of TMFol concentrations were prepared spanning
concentrations of analyte anticipated in mouse plasma, tissues and cells
following either single oral dose or dietary administration of 0.2% w/w TMFol.
Calibration curves were linear within the range investigated (50 — 2500 ng/ml for
plasma and 0.05 — 40 ug/ml for tissues and cells). The correlation coefficients
(r) were > 0.99 for all tissue and plasma calibration curves. A standard curve for
un-extracted TMFol was also performed in mobile phase. Extraction efficiencies

could therefore be calculated for plasma and each tissue.

2.3.15 Chromatographic conditions

HPLC analysis was performed using a method developed and validated for the
determination of TMFol in murine plasma and tissues (Britton et al., 2009) The
HPLC instumentation consisted of a Varian Prostar HPLC unit (Varian, UK),
including a 410 Varian autosampler, a Varian ProStar 230 solvent delivery
system and a Pro-Star 363 fluorescence detector. A Gemini Cig column (4.6
mm x 150 mm, 3 pum, Phenomenex, UK) was used with an isocratic mobile
phase, run at flow rate of 0.75 ml/min with 69% v/v methanol in 0.1 M
NH,"CH3COOQO" buffer (pH 5.1) for analysis of the parent compound in plasma
and tissues. A gradient mobile phase was used for studying the metabolites in
plasma and tissues and also for determination of intercellular TMFol content,,
which consisted of A; agueous ammonium acetate (pH 5.1, 0.1 M) and B;
methanol. HPLC conditions were: methanol percentage 50% B at the start,
increasing to 65% B at 18 min, 70% B at 25 min, and 90% B at 28 min, followed

by a decrease to 50% at 35 min.
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2.3.16 In vitro generation of TMFol metabolites

Generation of TMFol metabolites in vitro was performed using mouse liver S9
fractions (Wu and McKown, 2004, Nielsen et al., 1998). Mixed gender mouse
liver S9 (microsomal and cytosolic) fractions were obtained from an in-house

stock, which had been previously prepared and stored at -80 °C.

2.3.16.1 Demethylation reactions

For demethylation reactions TMFol (80uM) as a substrate was pre incubated at
37 °C with the S9 fraction (microsomal) (2mg/ml) for 5 min. The reaction was
initiated by adding 25 pl NADPH regenerating system solution A (NADP+ and
glucose-6-phosphate) and 5 pl NADPH regenerating system solution B
(glucose-6-phosphate dehydrogenase) (BD Biosciences, San Jose, USA),
distilled water was added to make final volume of 500 pl. All the samples were
incubated at 37 °C for 2 h and stopped by adding 0.4 ml ice cold methanol, then
centrifuged at 13,000 rpm for 10 min. Aliquots of 5 pl of the resulted
supernatants were injected onto the HPLC column for HPLC analysis.

2.3.16.2 Glucuronidation reactions

Glucuronidation of TMFol was performed with and without prior demethylation.
TMFol (80 uM) was pre incubated at 37 °C with S9 fraction (microsomal)
(2mg/ml) for 5 min. The reaction was started with the addition of 40 ul UDPGA
cofactors A (BD Biosciences, San Jose, USA) which consisted of 25 mM
uridine-5-diphospho-glucuronic acid. and 100 ul of UDPGA cofactors B (BD
Biosciences, San Jose, USA) which consisted of:50 mM tris-HCI, 8 mM MgCI2
and 25 pg alamethicin. For demethylation glucuronidation experiments a
NADPH regeneration system was added to the mixture, in addition to the
UDPGA reagents. All the samples were incubated at 37 °C for 2 h and stopped
by adding 0.4 ml ice cold methanol. Samples were then centrifuged at 13,000
rpm for 10 min. Aliquots (5 pl) of the resulting supernatants were injected onto

the HPLC column for analysis as described in section 2.3.15.
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2.3.16.3 Sulphation reaction

For TMFol sulphation reactions, mouse S9 fractions (cytosolic) (2mg/ml) were
incubated for 5 min at 37 °C with 3-phosphoadenosine-5’phosphosulphate
(PAPS) (200 uM) in the presence of 3 mM mercaptoethanol in 0.1M KH,PO,-
KoHPO4 buffer (pH 7.4) The reaction was initiated by adding 80 uM TMFol. The
reaction was performed with and without the demethylation reaction. 0.1 M
Potassium phosphate buffer (KH,PO4-K;HPO,) was used to make up the
reaction volume to 500 pl. All the samples were incubated at 37 °C for 2 h and
stopped by adding 0.4 ml ice cold methanol. Samples were then centrifuged at
13,000 rpm for 10 min. Aliquots (5 ul) of the resulting supernatants were

injected onto the HPLC column for analysis. As described in section 2.3.15.

2.3.17 Metabolite identification using Liquid Chromatography-Mass
Spectrometry (LC-MS)

Mouse intestinal samples were extracted and used for the TMFol metabolite
identification experiments. A mass spectrometer (Waters Quattro Ultima
Platinum triple stage, Waters Ltd, Hertfordshire, UK) coupled to a Waters
Alliance 2690 HPLC was used for analysis. The mobile phase consisted of two
solvents: A, 0.1% v/v acetic acid and B, methanol, at a flow rate of 0.5 ml/min
through a Gemini C1g column (4.6 mm x 150 mm, 3 um, Phenomenex, UK). A
gradient method was used to separate the metabolites, and the conditions were
as follows: at the start the mobile phase was 50% A and 50% B. Phase B was
increased to 65% after 18 min, 70% after 25 min and then 90% by 28 min and
finally at 35 min it was returned back to 50%. Samples of 50 pl were injected
onto the column for each LC-MS run. Samples were subject to positive ion
electrospray analysis and a scan over the range m/z 200-900 was performed
over 35 min to detect any possible metabolites. The detected metabolites were
individually analysed using extracted ion chromatography, so an ion
chromatogram was generated for each metabolite. Mass spectra were acquired
by subtracting the background from the summed spectra under the

chromatographic peak of interest.
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2.3.18 TMFol intercellular content

Cells were seeded into large flasks at a density of 5 x 10° cells in 25 ml phenol
red free 1640 RPMI media. Cells were left to adhere for either 24 h (PC-3) or 48
h (LNCaP). One flask was treated with fresh media alone while the remaining
flasks were treated with media containing 20 uM TMFol. Flasks were incubated
and cells harvested after 15, 30, 60, 90 and 480 min and, 24, 48 and 72 h,
respectively. Cells were counted when harvested in order to calculate the
concentration of TMFol per million cells. Cell pellets were resuspended and
centrifuged three times in 1 ml PBS in order to remove any extracellular TMFol.
Each pellet was spiked with 1 pl internal standard, 2 mM, 2'5’,5,6,7,8-
Hexamethoxyflavone. Intracellular TMFol was extracted from the pellets by
adding 200 pl 0.1 M acetic acid in acetone. The mixture was vortexed for one
min and centrifuged at 13000 rpm for 20 min. The supernatants were mixed
(2:1) (v:v) with mobile phase and an aliquot of 30 ul was injected on to a HPLC

column and analysed using the method described in section 2.3.15.

2.3.19 Xenograft efficacy study

2.3.19.1 Animals and TMFol, quercetin and fisetin dosing

Male MF-1 outbred nude mice (30-40 g body weight) were supplied by Harlan
UK. For housing conditions and licensing refer to section 2.3.14.1. The animals
were grouped and identified by ear punching. For the TMFol study, 15 animals
were designated as controls and 15 as treatment, for quercetin and fisetin, each
group consisted of 5 animals (control, quercetin and fisetin). One week prior to
tumour inoculation with 5x10° TRAMPC2 cells, animals were started on either
control AIN93G diet or treatment consisting of AIN93G diet fortified with 0.2%
w/w w/w TMFol, or equimolar concentrations of quercetin (0.184% w/w) or
fisetin (0.174% w/w). The dose of TMFol was based on the previously
undertaken pharmacokinetic study (Section 2.3.14).

2.3.19.2 Intervention in TRAMP C2 tumour bearing athymic (nude) mice

TRAMP C2 prostate cancer cells were suspended in a mixture of matrigel and

serum free media (1:1) (v:v), at a concentration of 5x10" cells/ml. A 100
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suspension volume was injected (s.c) into the right flank of each animal, under
light halothane inhalation anaesthesia. Animal weight was assessed weekly and
tumour volume was measured twice a week using digital callipers. Tumour
volume was calculated from the equation: volume= length x width%/2, where
length is the larger diameter and width is the smaller tumour diameter (Tomayko
and Reynolds, 1989). Animals were culled after 7-8 weeks by which point
tumour size had not exceeded 17 mm? in length, which is the maximum limit of
our U.K. project licence. Tumours were harvested and immediately divided into
three portions: half the tumour was fixed in 10% w/v formalin and used for
immunohistochemical analysis, the other two quarters were snap frozen in
nitrogen then stored at -80 °C until used for HPLC and western blot analysis.
Western blot analysis was performed as described in section 2.3.8 and HPLC

analysis of tumour TMFol content was as described in section 2.3.14.

2.3.19.3 Immunohistochemical analysis of TRAMP C2 tumours

Tumours were prepared in the form of paraffin embedded sections (4 uM) on
polysine coated slides in the Department of Pathology, University of Leicester.
The slides were de-waxed by dry heat at 65 “C for 20 min. Tissue sections were
then rehydrated by immersing in xylene, followed by a series of graded alcohol
washes, and then finally water. Antigen retrieval was carried out by microwaving
the sections at 1300 Watts for 20 min soaked in 10 mM citrate buffer (pH 6.0).
Endogenous peroxidise activity was blocked by soaking the slides in 3%
vIvH,0, for 10 min. Non specific protein binding was blocked using a protein
blocking reagent. Sections were incubated with an antibody against the protein
of interest overnight at 4°C. Antibodies were diluted in a solution of 3% wi/v
bovine serum albumin and 1% v/v Triton X in PBS. Antibody conditions were as
follows: Ki-67 rabbit polyclonal (1:800), cleaved-caspase-3 rabbit polyclonal
(1:50) and AR rabbit polyclonal (1:700). After overnight incubation with the
primary antibody, sections were washed thoroughly and incubated for 30 min
with rabbit on rodent HRP-polymer detection reagent containing a mouse super
background blocker reagent (A.Menarini, Berkshire, UK). Sections were then
incubated with a chromogen labelling system diaminobenzidine (DAB)(Dako,

Denmark) for 5 min. After washing, sections were counterstained with Mayer’s
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Haematoxylin (Vector, California, USA). Sections were then dehydrated back
through graded alcohol and finally xylene. Slides were mounted using DPX
mountant and visualized using a microscope (Leitz Orthoplan microscope, Leica
DC 300 camera, magnification, X40, Leitz, Solms, Germany). For each slide 10
random microscope fields were captured. Slides were scored for Ki-67 and
cleaved caspase-3 by counting all the positive cells and all the negative cells in
each field for each slide. The mean (x SD) number of positively stained cells as
a percentage of the overall total was then calculated. For the AR, scoring advice
was taken from Dr. Peter Greaves (Expert pathologist). The scoring was
performed by two independent observers, and staining of the slides was
assessed visually using a scale of 0-4: 0-negative, 1-weak, 2-moderate, 3-
strong and 4-very strong. The averages of controls and treatments were

summed and expressed out of 4 as mean + SD.

2.3.20 Statistical analysis

Data were statistically assessed after undertaking the normality test. A one-way
ANOVA test was undertaken to compare between groups, using Excel
(Microsoft office 2007) and SPSS (v16.0) software, followed by Post hoc
analysis (Bonferroni or Dunnett) to test the significance between vehicle control
and treatments. If data were not normally distributed, non parametric statistical
(Mann-Whitney) analysis was used instead. Student t-test was used when only
one treatment group was compared to control group. Data were considered

statistically significant if p values were < 0.05.
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CHAPTER 3

Effect of TMFol on prostate cancer cell growth-

Investigation into the potential mechanism of action
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3.1 Introduction

Uncontrolled cell growth is a major feature of cancer cells. Assessment of anti-
proliferative activity in PCa cell lines is a widely used approach for testing the
potential value of chemopreventive agents against prostate cancer (Gupta,
2004). Many flavonoids have shown anti-proliferative activity against prostate
cancer cell lines (Kampa et al., 2007). Quercetin and fisetin are members of the
flavonoid subgroup called flavonols, to which TMFol belongs, and they have
been shown to posses antiproliferative activity against PCa cells (Aalinkeel et
al., 2008, Khan et al., 2008a) and chemopreventive activity in PCa xenograft
models (Khan et al., 2008b, Ma et al., 2004b). It has been suggested that the
inclusion of methoxy moieties in the flavonoid structure instead of hydroxy
groups could improve their bioavailability and growth inhibitory potency (Walle,
2007a). Cell cycle arrest, induction of apoptosis and inhibition of AR pathways
are all important mechanisms by which flavonoids could exert chemopreventive
activity in PCa (Singh and Agarwal, 2006). The AR is important in the
development of normal prostate but also in PCa, it has also been implicated in
hormone refractory prostate cancer (HRPC) where the AR and target genes are
still active. Therefore, interference with the AR pathway, either by blocking AR
activities, or by decreasing AR protein expression, may provide a means of
HRPC, PCa prevention and management (Dehm and Tindall, 2007). The AR
has also been shown to be involved in processes such as cell cycle arrest and
the induction of apoptosis, two mechanisms that are considered important for

chemopreventive intervention (Balk and Knudsen, 2008, Lin et al., 2006).

The work in this chapter investigates the anti proliferative activity of a series of
hydroxylated and methylated flavonoids in androgen dependent (LNCaP) and
androgen independent (PC-3 and DU145) PCa cell lines. The most potent
agent, as determined by ICs, value was then explored further. The lead
compound (TMFol — a methoxylated flavonol) was compared vis-a-vis quercetin
and fisetin in most of the subsequent mechanistic studies, as these have been

the most widely studied flavonols for prostate cancer to date.
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3.2 Effect of hydroxylated and methylated flavonoids on cell proliferation
in androgen dependent and androgen independent prostate cancer cells.

The anti proliferative activities of a panel of hydroxylated and methoxylated
flavones were investigated in the androgen dependent (LNCaP), and androgen
independent (PC-3 and DU145), PCa cell lines at 72 and 144 h time points.
This screening included, apigenin (a hydroxylated flavone), tricin (a
hydroxylated-methoxylated flavone) and compounds 1-12 and PMF
(methoxylated flavones), except compound 11 which is a flavonol (for chemical
names and structures see Table 2. 1). The aim of the screening was to
compare the activity of the methoxylated and the hydroxylated flavones in PCa
cell lines. Based on observations in our laboratory that insertion of methoxy
instead of hydroxyl groups into the flavone scaffold may improve
chemopreventive activity in colorectal cancer models (Cai et al., 2009), we
wished to explore whether such actions could be translated to other cancer

types, most notably PCa.

Cells were grown in the presence of flavonoids (5, 10 or 20 yM) or DMSO
(control) for 72 or 144 h after which they were counted. Cell numbers were
expressed as a percentage relative to the vehicle control. Figures 3.1, 3.2 and
3.3 show the effects of the test agents on the growth of LNCaP, PC-3 and
DU145 cells respectively.

As can be seen in Figure 3.1 (A) apigenin and compounds 2, 4, 6, 7, 9, 11 and
12 showed significant antiproliferative activity after 72 h in LNCaP cells at a
concentration of 20 uM. Compounds 6 and 11 had significant growth inhibitory
effects at all tested concentrations (5, 10, and 20 yM), although the activity of
compound 6 was not dose dependent. The same trend was observed at the 144
h time point (Figure 3.1 B), with only compounds 11 and 12 exhibiting dose
dependency. In the PC-3 cell line all compounds showed a dose dependent
decrease in cell proliferation (Figure 3.2). The only exception to this was PMF
where the effects at 10 and 20 yM were comparable. This can in part be
explained by the compound precipitating out of solution at the highest

concentration, as needle shape crystals were observed at the bottom of the
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wells. However, such crystals had not been observed in the stock solution (20
pHM) which was prepared in DMSO. These effects on growth were observed at
both time points but greater inhibition was observed at 144 h (Figure 3.2 B). The
effect of the compounds on the DU145 cell line with regard to proliferation was
minimal, with only apigenin and TMFol reducing cell numbers below 50% of the
control value (Figure 3.3). For both of these compounds, at both time points,
these effects on growth were dose-dependent.
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Figure 3.1 Effect of apigenin, tricin, PMF and compounds 1-12, (5, 10 and
20 uM) on the growth of LNCaP cells at 72 h (A) and 144 h (B). Growth

assessment was performed as described in section 2.3.5. The values represent

the percentage of cell number as compared to vehicle control and are the mean

+ SD of three separate experiments performed in triplicate. (*) indicates the data

point is statistically significant from vehicle control value (p < 0.05).
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Figure 3.2 Effect of apigenin, tricin, PMF and compounds 1-12, (5, 10 and
20 uM) on the growth of PC-3 cells at 72 h (A) and 144 h (B). Growth

assessment was performed as described in section 2.3.5. The values represent

the percentage of cell number as compared to vehicle control and are the mean

+ SD of three separate experiments performed in triplicate. (*) indicates the data

point is statistically significant from vehicle control value (p < 0.05).
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Figure 3.3 Effect of apigenin, tricin, PMF and compounds 1-11, (5, 10 and
20 uM) on the growth of DU145 cells at 72 h (A) and 144 h (B). Growth
assessment was performed as described in section 2.3.5. The values represent
the percentage of cell number as compared to vehicle control and are the mean
+ SD of three separate experiments performed in triplicate. (*) indicates the data

point is statistically significant from vehicle control value (p < 0.05).
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3.3 Effects of TMFol, quercetin and fisetin on the proliferation of LNCaP,
PC-3 and TRAMP C2 and the ICsos at 72 and 144 h.

Following the preliminary drug screen compound 11 (3’,4’,5’-trimethoxyflavonol)
or (TMFol) was identified as the most potent inhibitor of growth among the
tested methoxylated compounds in the 3 cell lines. TMFol antiproliferative
activity was comparable to apigenin with better dose -dependency effect than
apigenin. The antiproliferative activity of TMFo has not been reported before.
Therefore, it was selected as the lead compound for further investigation. More
detailed growth inhibition studies were performed over a more extensive dose
range so that accurate 1Cs values could be calculated. Since compound 11 is a
flavonol but not a flavone so we had to compare it to members of the same
class. Therefore, quercetin and fisetin were also included in these studies as
these are the two most studied flavonols to date and were used for comparison
purposes. DU145 was excluded in the next experiments as it resembles the late
metastatic human PCa, as our focus was on the chemopreventive activity of
TMFol. While TRAMP C2 was included in further TMFol testing as TMFol in vivo
efficacy was to be tested in TRAMP C2 xenograft model. Therefore, the in vivo
and in vitro TRAMP C2 data could be linked.

F