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Abstract 

Identification of potential mechanisms of action of 3ʹ,4ʹ,5ʹ-trimethoxyflavonol in 

the inhibition of prostate cancer 

 

C. U. F. Kelly Hill 

3ʹ,4ʹ,5ʹ-Trimethoxyflavonol (TMFol), a synthetic analogue of the naturally occurring 

flavonols quercetin and fisetin, has demonstrated putative anti-cancer activity in the 

prostate.  The mechanisms of action that are engaged are largely unknown.  Therefore, 

the work presented in this thesis investigated the mechanisms used by TMFol to 

compromise cell proliferation in prostate cell lines 22Rv1, PC-3 and PNT2.  

Furthermore, it investigated the effect of TMFol on prostate cancer development and 

progression in two separate transgenic models, PBCre4p53floxRbflox and PBCre4Ptenflox 

mice.   

 

Apoptosis and cell cycle distribution were analysed by flow cytometry, while 

biochemical assays, Western blots, histological evaluations or qPCR were used to 

analyse senescence, changes in prostate metabolism and the effect of TMFol on mice. 

 

TMFol inhibited cell proliferation in vitro without inducing apoptosis.  However the 

reduction in tumour growth in 22Rv1 xenografts, that were fed a 0.2 % TMFol diet, was 

associated with a significant increase in cleaved caspase-3 staining, an indicator of 

apoptosis.  There was S phase arrest in the PC-3 and PNT2 cells, while there was an 

increase in senescence-associated β-galactosidase activity in both 22Rv1 and PC-3 cells.  

TMFol also caused a significant increase in the protein expression of p21 and p53 in 

22Rv1 cells. TMFol significantly inhibited the expression of acetyl-CoA carboxylase at 

the protein and mRNA levels and the expression and activity of mitochondrial 

aconitase, which could result in the inhibition of fatty acid synthesis and citrate 

oxidation, respectively.  PBCre4p53floxRbflox and PBCre4Ptenflox mice fed a 0.2 % TMFol 

diet did not display any evidence of tumours in the prostate, but there was no significant 

difference in the PIN development between the mice on the control diet and those on the 

TMFol diet. 

 

Taken together, TMFol has the potential to induce cell cycle arrest, apoptosis and 

senescence and to inhibit fatty acid synthesis and citrate oxidation in prostate cancer 

cells.   
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Chapter 1. Introduction 

1.1. Cancer and carcinogenesis 

Cancer is a complex disease that is characterised by the development of abnormal cells 

that grow beyond their usual boundaries to infiltrate and destroy normal tissues.  The 

transformation of a normal cell to a malignant cell is a multistage process involving 

cellular, genetic and epigenetic changes that culminate in the cell displaying the 

hallmarks of cancer (Figure 1.1) (Yokota, 2000; Hanahan and Weinberg, 2011).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Hallmarks of cancer.  Schematic representation of the features required for the 

transformation of a normal cell into a cancer cell.  Figure adapted from Hanahan and Weinberg 

(2011) 

 

The multistage process is referred to as carcinogenesis.  Evidence from rodent 

carcinogenesis studies have identified three distinct stages of carcinogenesis, initiation, 

promotion and progression and these stages occur over a period of years before the 

development and expansion of the neoplastic cells (Figure 1.2) (Surh, 1999).  Initiation 

is the induction of irreversible genetic alterations in a cell which could result in the 

activation of oncogenic pathways and the inactivation of apoptotic pathways and DNA 

repair mechanisms (Weston and Harris, 2003; Surh, 1999).  Initiation can be triggered 
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by either endogenous or exogenous carcinogenic agents that are capable of inducing 

DNA damage, including DNA adducts, strand breaks and other lesions caused by 

reactive oxygen species.  Generally, an adduct is formed between a reactive chemical 

carcinogen and a nucleotide in DNA, and without effective DNA repair, mutations arise 

during DNA replication (Weston and Harris, 2003). Carcinogens capable of causing or 

contributing to increased levels of DNA damage include ultraviolet radiation, viruses 

such as Hepatitis B, bile salts and chemicals found in tobacco smoke (Bernstein et al., 

2011; Cooper, 2000; Cunningham et al., 2011; Kanavy and Gerstenblith, 2011).  

Promotion is the clonal expansion of the initiated cell to produce a preneoplastic tumour 

population (Surh, 1999).  Proliferation of the mutated cells is stimulated by mitogenic 

agents that are generally nonmutagenic.  The artificial sweetener saccharin and the 

androgens are among several agents that have been shown to have tumour-promoting 

properties (Weston and Harris, 2003).  Progression is the irreversible step during which 

some of the preneoplastic cells may undergo further genetic and epigenetic changes, 

transforming them into malignant cells that display an increase in proliferation, 

invasiveness and metastasis (Weston and Harris, 2003; Surh, 1999). 

 

 

 

Figure 1.2: Schematic representation of the steps in carcinogenesis 

 

Cancer can develop within any organ site in the body but the most common types 

include lung, breast, prostate and colorectal cancers.  Globally there were 14.1 million 

new cases and 8.2 million cancer-related deaths in 2012 (Forman and Ferlay, 2014).   

By 2030 it is estimated that there will be approximately 23.6 million new cases of all 
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cancer types globally (Cancer Research UK, 2014a).  Therefore, to reduce the 

tremendous health burden associated with cancer, the biomedical community must 

continue research into efforts that lead to risk reduction, prevention, early detection and 

effective treatment of cancers. 

 

1.2. Prostate Cancer 

Prostate cancer is the second most common cancer in men globally, as approximately 

1.1 million men were diagnosed with the disease in 2012, accounting for 15 % of the 

cancers diagnosed in men during that year (Ferlay et al., 2013).  This malignancy is also 

the 5th leading cause of death from cancer in men throughout the world.  However, the 

mortality rates in the United Kingdom (UK) and the United States of America (USA) 

make prostate cancer the second leading cause of cancer deaths in the male population 

in those countries (Cancer Research UK, 2014b; American Cancer Society, 2015).  

With the high incidence and mortality rates, compounded by a growth in the aging 

population, prostate cancer is poised to become a major public health burden. 

 

1.2.1. Biology, Diagnosis and Management of Prostate Cancer 

1.2.1.1. Anatomy of the human prostate gland 

The prostate gland is the largest accessory gland of the male reproductive system and is 

located just below the bladder in front of the rectum.  It is divided into four anatomic 

zones; peripheral, central, transition and fibromuscular stroma (Figure 1.3).  The 

peripheral zone surrounds the distal urethra and is the largest zone, comprising about 70 

% of the glandular tissue (Bhavsar and Verma, 2014).  The central zone surrounds the 

ejaculatory ducts and makes up 25 % of the gland, while the transition zone surrounds 

the proximal urethra and makes up the remaining 5 % of the glandular tissue.  The 

fibromuscular stroma is the zone without glandular tissue, but is comprised of fibrous 

and smooth muscle.  These four zones are compacted within a pseudo-capsule to form 

the walnut-shaped structure of the prostate gland, which functions to secrete a thin, 

alkaline fluid that forms part of the ejaculate, aiding the survival and motility of sperm 

(Bhavsar and Verma, 2014; Mawhinney and Mariotti, 2013). 
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Development of the prostate starts before birth and continues until adulthood.  The 

embryology and development of the prostate gland is regulated by male hormones such 

as testosterone, and any impairment in the hormonal system could lead to abnormalities 

in sexual development, benign prostatic hypertrophy (BPH) or the more serious 

condition of prostate cancer, dependent on the stage of prostate development at which 

hormonal control is impaired (Feldman and Feldman, 2001; Mawhinney and Mariotti, 

2013; Wilson et al., 1981).  BPH usually develops in the transition zone, while the 

peripheral zone is the origin of about 70 % of prostatic adenocarcinoma (Bhavsar and 

Verma, 2014; Applewhite et al., 2001). 

 

Figure 1.3: Zonal anatomy of the prostate.  Figure adapted from Bhavsar and Verma (2014). 

 

1.2.1.2. Risk factors for development of prostate cancer 

There are significant variations in the incidence and mortality rates of prostate cancer 

worldwide.  Incidence may vary as much as 25-fold while mortality varies about 10-

fold (Ferlay et al 2013) (Figure 1.4).  The disparity in incidence rates may be attributed 

to a combination of genetic, environmental and social factors (Haas and Sakr, 1997).  

Age, race and a family history of the disease are the most important risk factors, while 

diet and lifestyle are gaining recognition as potential risk factors. 
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Figure 1.4: Prostate cancer incidence and mortality worldwide in 2012.  Incidence rates are 

much more variable than mortality rates throughout the world.  Most of the cases occur in the 

more developed regions, while mortality rates are highest in predominantly black populations.  

The average statistics for the regions indicated in bold print are represented on the graph.  More 

developed countries include all regions of Europe plus Northern America, Australia/New 

Zealand and Japan, while less developed countries include all regions of Africa, Asia (excluding 

Japan), Latin America and the Caribbean, Melanesia, Micronesia and Polynesia.  Figure adapted 

from Ferlay et al (2013).   

 

Age: Prostate cancer is considered to be a disease of older men as it is extremely rare in 

men younger than 40 years of age and then rapidly increases in incidence with each 

decade of life (Figure 1.5).  In the UK, the average age at diagnosis is over 75 years 

(Cancer Research UK, 2014b), while in the USA the average age is between 65 and 74 

years (Surveillance, Epidemiology and End Results [SEER] 18, 2014).  Since prostate 

cancer can take decades to progress from the premalignant stage to the invasive form of 

Estimated age-standardised 

rates per 100 000 
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the disease, it should be noted that as countries introduce a prostate cancer screening 

programme, the age of diagnosis is likely to fall as the disease may be detected at a 

much earlier stage.  This probably accounts for the difference in the average age of 

diagnosis between the UK and USA.  In the USA 75 % of men aged 50 and older have 

been screened at least once for prostate cancer (Sirovich et al., 2003) compared to about 

10-20 % of men in Europe (Bray et al., 2010). 

 

Figure 1.5: Incidence rate worldwide for prostate cancer by age.  Very few cases of prostate 

cancer are detected between the ages 40-44 but it increases rapidly for each subsequent age 

group, peaking in the 75+ age group.  Graph generated from GLOBOCAN 2012 v 1.2. 

(International Agency for Research on Cancer (IARC), 2015). 

 

Race: Race is the second most common risk factor for developing prostate cancer.  

Regardless of their origin, black men are most likely to develop and die from prostate 

cancer compared to other ethnic groups.  In the UK, black men have a 3-fold higher risk 

of developing prostate cancer than white men (Ben-Shlomo et al., 2008), while Asian 

men have the lowest risk (National Cancer Intelligence Network and Cancer Research 

UK, 2009; Metcalfe et al., 2008).  Furthermore, black men are also diagnosed at a 

younger age than their white counterparts (Ben-Shlomo et al., 2008; Swords et al., 

2010).  This disparity is also quite evident in the USA as the incidence rate is about 60 

% higher in black men than Caucasians (SEER 18, 2014).  Studies investigating the 

racial disparity have observed marked differences in testosterone metabolism, evident 

by the elevated 5-alpha reductase activity and dihydrotestosterone levels in black men 
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when compared to white men (McIntosh, 1997; Litman et al., 2006).  Additionally, the 

variations in the androgen receptor that have been observed among African-American, 

whites and Asian-Americans may also play a role in the frequency of prostate cancer in 

black men (McIntosh, 1997).  Nevertheless, these and other factors that could influence 

the link between race and prostate cancer remain to be clearly determined.  The 

importance of 5-alpha reductase, dihydrotestosterone and the androgen receptor in 

prostate carcinogenesis is described in a later section.   

 

Family history of prostate cancer: A family history of prostate cancer is another 

common risk factor for the development of prostate malignancies.  It is estimated that 5-

10 % of prostate cancer cases are linked to family history and the inheritance of genes 

that predispose to prostate cancer (Carter et al., 1992; Elo et al., 2001; Hemminki and 

Czene, 2002).  The risk of prostate cancer is greater for men who have a brother with 

the disease than for men with affected fathers (Kiciński et al., 2011).  The risk becomes 

even higher if the affected first degree relative was diagnosed at an age younger than 65 

years and if more than one first degree relative has been diagnosed at any age (Kiciński 

et al., 2011) (Table 1.1).  Additionally, there is evidence to support an increased risk of 

prostate cancer among men whose biological mother had breast cancer (Chen et al., 

2008; Hemminki and Chen, 2005).  This association between prostate and breast 

cancers within the same family may be attributable to the increased risk of prostate 

cancer among men with BRCA1/ BRCA2 mutations (Edwards et al., 2003; Gayther et 

al., 2000; Thompson and Easton, 2002).  Mutations that inactivate the ribonuclease L or 

RNASEL gene on chromosome 1 have also been observed in some cases of inherited 

prostate cancer (Carpten et al., 2002).     

 

Diet and lifestyle: Comparative epidemiological studies show that prostate cancer 

incidence is higher in Japanese and Chinese male immigrants to the USA than in their 

native countries, suggesting that diet or lifestyle may influence prostate cancer 

incidence (Shimizu et al., 1991; Yu et al., 1991).  The high fat Western diet has been 

implicated to play a role in prostate carcinogenesis.  Some in vitro and in vivo studies 

have demonstrated enhanced proliferation of prostate cancer cells as a consequence of 

exposure to a high fat diet (Huang et al., 2012; Park et al., 2013).  Case control and 

prospective cohort studies have also supported the association between high dietary fat 

consumption and prostate cancer (Fleshner et al., 2004; Pelser et al., 2013).  
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Additionally, the type of fatty acid content of the diet may also be relevant as a few 

studies have shown an increased risk of prostate cancer with higher intakes of alpha-

linolenic acid (De Stéfani et al., 2000; Giovannucci et al., 2007; Pelser et al., 2013).  It 

has also been suggested that a diet high in calcium from dairy products or a diet high in 

cadmium appears to increase prostate cancer risk, but no underlying mechanisms of 

action have been proposed (Gao et al., 2005; Julin et al., 2012).  More recently, 

selenium has been added to the list of substances that can increase prostate cancer risk 

(Kristal et al., 2014).    

 

Heterocyclic amines (HCAs) and polycyclic aromatic hydrocarbons (PAHs) are formed 

when meats are cooked at high temperatures, such as when frying, grilling and 

barbecuing (Cross et al., 2004; Jägerstad and Skog, 2005).  The HCAs and PAHs are 

genotoxic carcinogens, damaging DNA and resulting in the development of different 

types of cancer, including prostate cancer, in animal models (Shirai et al., 1997; 

Sugimura et al 2004).  Epidemiological studies also suggest that consumption of meats 

cooked at high temperatures is associated with an increased risk of advanced prostate 

cancer (Cross et al., 2005; Joshi et al., 2012; Sinha et al., 2009). 

 

The risks of prostate cancer posed by the aforementioned diets are further compounded 

by obesity, as obesity is linked to an increased risk of advanced prostate cancer and 

increased prostate cancer mortality (Cao and Ma, 2011; Discacciati et al., 2012; Gong et 

al., 2007).  The World Cancer Research Fund (WCRF), a recognised authority on the 

relationship between diet and cancer risk, have reiterated the link between obesity and 

an increased prostate cancer risk but has concluded that there is insufficient evidence 

linking specific dietary consumption with increased risk of prostate cancer (WCRF, 

2014). 

 

1.2.1.3. Screening for prostate cancer 

The aim of any cancer screening programme is to detect the cancer in the early stages 

before it metastasises, and thus reduce the overall disease-specific mortality.  Screening 

methods for prostate cancer include: 

 



 

9 

 

Prostate specific antigen (PSA) test: PSA is a component of seminal fluid produced 

by the prostate epithelium to facilitate the motility of sperm (Roth-Kauffman, 2011).  

Levels of this protein tend to be elevated (i.e. exceeding 4 ng/mL) in prostate cancer 

(Simmons et al., 2011), as the malignant cells secrete PSA into the bloodstream.  

However, PSA is not tumour specific in the prostate (Hamdy, 2001) as elevated PSA 

can be caused by BPH, prostatitis, trauma and lower urinary tract infection.  Also, levels 

of PSA can remain elevated up to 48 hours after ejaculation.  Approximately 70 % of 

men with an abnormal PSA show no histological evidence of prostate cancer upon 

biopsy (Selley et al., 1997; Thompson et al., 2005).  Furthermore, among the men with 

normal PSA levels, as many as 15 % may have prostate cancer (Thompson et al., 2004).  

In the cases where prostate cancer is accurately identified, the PSA test cannot 

distinguish between a cancer that will become clinically significant during the man’s 

lifetime and a clinically insignificant cancer.  Despite these limitations, the PSA test 

currently remains the best and most widely used method of identifying the early stages 

of prostate cancer.  Therefore, to improve the reliability of the PSA test it should be 

repeated at regular intervals to first establish the normal range and subsequently detect 

any changes that could indicate the presence of prostate cancer. 

 

Digital rectal examination (DRE): DRE is a diagnostic tool to detect nodules and 

abnormal prostate symmetry.  It involves inserting the index finger into the rectum to 

feel the prostate for lumps, soft or hard spots or any other irregular features.  Only the 

posterior and lateral aspects of the prostate gland can be felt via the rectum.  Therefore, 

DRE is capable of detecting tumours mainly in the peripheral zone, in which 70 % of 

prostatic adenocarcinomas develop (Bhavsar and Verma, 2014; Applewhite et al., 

2001).  Nevertheless the usefulness of DRE as a screening method has been questioned 

since 40-50 % of men with unusual findings showed no pathological evidence of 

prostate cancer, while approximately 40 % of those who had a normal prostate on DRE 

were found to have prostate cancer upon pathological analysis (Philip et al. 2005).  

Consequently DRE is used in conjunction with the PSA test to detect the presence of 

prostate cancer and also to determine the extent of the cancerous mass. 

 

Many Western countries, including the USA and some European countries have been 

screening for prostate cancer for decades but recent studies have raised concerns about 

the risks of over-diagnosis with screening (Draisma et al., 2009; Etzioni et al., 2002; 
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Pashayan et al., 2009).  Additionally some studies have concluded that there are no 

benefits to be derived from prostate cancer screening (Andriole et al., 2009; 

Djulbegovic et al., 2010), while others have observed a significant reduction in 

mortality from prostate cancer when screening programmes are in place (Bokhorst et 

al., 2014; Schröder et al., 2009 and 2012).  In the United States there are conflicting 

guidelines on screening for prostate cancer.  The American Cancer Society recommends 

that screening should begin at 50 years of age for average-risk men but at 40-45 years of 

age for high-risk men, while the American Urological Association only recommends 

routine screening between 55-69 years of age every two years for average-risk men, but 

should be individualised for high-risk men (Wolf et al., 2010; Carter et al., 2013).  

These guidelines are in sharp contrast to that of the United States Preventive Services 

Task Force which does not recommend screening for prostate cancer at any age (Moyer, 

2012).  The UK has always advised against any routine screening programme, leaving it 

to the men to request screening if they have any concerns about their prostate health 

(NHS, 2015).   

 

The concerns over limitations of the current screening methods for prostate cancer have 

highlighted the need for newer and more clinically reliable biomarkers for prostate 

cancer.  In recent years, biomarkers including the prostate cancer antigen 3 (PCA3) gene 

and transmembrane protease, serine 2 (TMPRSS2) gene with the transcription factor v-

ets avian erythroblastosis virus E26 oncogene homolog (ERG) have generated much 

interest (de Kok et al., 2002; Hessels et al., 2007).  PCA3 is now approved by the Food 

and Drug Administration (FDA) in the USA as a diagnostic test for prostate cancer in 

cases of prior negative prostate biopsy (Prensner et al., 2012).  Nevertheless, none of the 

current biomarkers of prostate cancer are yet suitable to replace PSA and DRE prostate 

cancer screening. 

 

1.2.1.4. Diagnosis of prostate cancer 

If the screening results suggest prostate cancer a transrectal ultrasound (TRUS)-guided 

prostate biopsy is recommended.  TRUS-guided prostate biopsy is crucial in identifying 

the presence of prostate cancer and also in identifying the stage of tumour development.  

During this procedure, a transrectal ultrasound is used to determine the sections of the 

prostate gland that should be biopsied.  Then a biopsy needle-gun is used to obtain two 

http://www.auanet.org/education/guidelines/prostate-cancer-detection.cfm
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to three tissue core samples in a systematic way from every region, especially the 

peripheral zone.  If the ultrasound detects lesions, additional samples for biopsy analysis 

would be taken from those locations.  Histological evaluation of the core samples would 

then determine the presence and stage of any tumours.  It should be noted that between 

20-30 % of tumours are missed at biopsy (Rabbani et al., 1998; Simmons et al., 2011).  

However, the diagnostic reliability of the biopsy increases with the number of samples 

taken, as the cancer may be small and is more likely to be missed from the sample pool 

if too few sections are taken.  Those men with a negative biopsy, but a persistently high 

or rising PSA upon follow-up evaluations, are likely to require another biopsy with a 

higher core sample size.  A positive biopsy is further evaluated to determine the extent 

of the cancer development. 

   

Approximately 5-16 % of men who undergo prostate biopsies are diagnosed with 

prostatic intraepithelial neoplasia (PIN), a precursor to some forms of adenocarcinoma 

(cancer that starts in the gland cells) (Montironi et al., 2011).  PIN is a condition in 

which epithelial cells within the small glandular units (acini) and ducts of the prostate 

gland become atypical, growing larger than the normal cells with a larger nucleus and 

more prominent nucleoli (Brawer, 2005).  It can be further classified as either low-grade 

PIN (LG-PIN) or high-grade PIN (HG-PIN).  Only HG-PIN is associated with an 

increased risk of prostate cancer (Bishara et al., 2004) and hence diagnosis of HG-PIN 

may require follow-up biopsies within a year. 

 

If a tumour is detected in the biopsy samples, then the Gleason Scoring system is 

applied to determine the degree of tumour differentiation and aggressiveness of the 

cancer (Epstein et al., 2005).  In each biopsy sample a grade range from 1 (well-

differentiated) to 5 (poorly differentiated) is assigned, based on the glandular 

differentiation at low magnification (Gleason, 1992).  As there may be more than one 

grade of cancer in the biopsy samples, an overall Gleason score is calculated by adding 

the most common Gleason grade in all of the samples to the highest grade found among 

the remaining samples (Pan et al., 2000).  For example, a Gleason grade of 4+3=7 

means that grade 4 tumours are most abundant, while there are fewer cases of grade 3 

tumours.  Tumours with a Gleason score of 6 or less are classified as low risk, while at 

7 the tumours are classified as intermediate risk.  A Gleason score between 8 and 10, 

inclusive, are high risk tumours and tend to be more aggressive. 
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After the diagnosis of prostate cancer in biopsy samples it is critical to determine the 

extent of the cancer within the prostate gland and to identify any possible metastasis, if 

present.  This is referred to as prostate cancer staging and is determined based on PSA 

values, DRE findings, prostate biopsy results and Gleason score.  The most widely used 

staging system for prostate cancer is the TNM system developed by the American Joint 

Committee on Cancer (AJCC).  It describes the extent of the primary tumour (T), 

involvement of the regional lymph nodes (N) and the presence of distant metastasis (M) 

(Falzarano and Magi-Galluzzi, 2010) (Table 1.1).  The TNM system allows for both 

clinical and pathologic staging.  Clinical staging is based on the clinical findings such as 

PSA, DRE, biopsy results and imaging, but pathologic staging is based on gross and 

microscopic examination after a radical prostatectomy.  After defining the T, N and M 

of the disease, a stage of I, II, III or IV is assigned, with stage I being the least advanced 

and stage IV being the most advanced form of prostate cancer (Table 1.2). 
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Primary tumour (T) 

TX Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

T1 Clinically inapparent tumour neither palpable nor visible by imaging 

T1a Tumour incidental histologic finding in ≤5% of tissue resected 

T1b Tumour incidental histologic finding in >5% of tissue resected 

T1c Tumour identified by needle biopsy (e.g. because of elevated PSA) 

T2 Tumour confined within prostate 

T2a Tumour involves one-half of one lobe or less 

T2b Tumour involves more than one-half of one lobe but not both lobes 

T2c Tumour involves both lobes 

T3 Tumour extends through the prostate capsule 

T3a Extracapsular extension (unilateral or bilateral) 

T3b Tumour invades seminal vesicle(s) 

T4 

Tumour is fixed or invades adjacent structures other than seminal vesicles 

such as external sphincter, rectum, bladder, levator muscles, and/or pelvic 

wall 

Regional lymph nodes (N) 

NX Regional lymph nodes were not assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in regional lymph node(s) 

Distant metastasis (M) 

M0 No distant metastasis 

M1 Distant metastasis 

M1a Non-regional lymph node(s) 

M1b Bone(s) 

M1c Other site(s) with or without bone disease 

                                                                                    

Table 1.1: Prostate cancer TNM staging.  The definitions of TNM are based on AJCC 7th 

edition implemented for use in 2010.  Table taken from Falzarano and Magi-Galluzzi (2010). 
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Group T N M PSA Gleason score (GS) 

I 

T1a–c N0 M0 PSA < 10 GS ≤ 6 

T2a N0 M0 PSA < 10 GS ≤ 6 

T1–2a N0 M0 PSA X GS X 

IIA 

T1a–c N0 M0 PSA < 20 GS 7 

T1a–c N0 M0 PSA ≥ 10 < 20 GS ≤ 6 

T2a N0 M0 PSA ≥ 10 < 20 GS ≤ 6 

T2a N0 M0 PSA < 20 GS 7 

T2b N0 M0 PSA < 20 GS ≤ 7 

T2b N0 M0 PSA X GS X 

IIB 

T2c N0 M0 Any PSA Any GS 

T1–2 N0 M0 PSA ≥ 20 Any GS 

T1–2 N0 M0 Any PSA GS ≥ 8 

III T3a–b N0 M0 Any PSA Any GS 

IV 

T4 N0 M0 Any PSA Any GS 

Any T N1 M0 Any PSA Any GS 

Any T Any N M1 Any PSA Any GS 

 

Table 1.2: Prostate cancer staging.  The classifications of the stages of prostate cancer are 

based on AJCC 7th edition. X means not assessable.  Stage I is the least nocuous with a good 

prognosis while stage IV is the advanced stage of the cancer and has a poor prognosis.  Table 

adapted from Falzarano and Magi-Galluzzi (2010). 

 

1.2.1.5. Treatment of prostate cancer 

The treatment options for men diagnosed with prostate cancer vary depending on the 

stage of the cancer, plus the age and overall health of the affected man.  In the UK, men 

with a low or intermediate risk for prostate cancer, who also have a reduced life 

expectancy as a consequence of more immediate life threatening health conditions, are 

advised to engage in watchful waiting.  Watchful waiting involves regular PSA tests 

and DRE to monitor the disease progression.  Any change to indicate growth of the 

cancer is followed by palliative treatment only to control the cancer rather than to cure 

it. 
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The 2014 prostate cancer treatment guidelines by the National Institute for Health and 

Care Excellence (NICE) in the UK recommend active surveillance as a suitable 

alternative to radical treatment for men with low risk localised prostate cancer.  

Furthermore, active surveillance can be offered to men with intermediate risk localised 

prostate cancer who do not want radical treatment.  Active surveillance involves regular 

assessment of the cancer using PSA tests, DRE, prostate biopsies and magnetic 

resonance imaging (MRI).  Any sign of disease progression would lead to radical 

treatment for a curative outcome. 

 

Radical prostatectomy (open, laproscopic and robotic) removes the entire prostate gland 

and seminal vesicles to cure the disease.  In the USA it is the most popular treatment 

across the prostate cancer risk groups, as described by Gray and colleagues (2014) who 

identified a significant increase in the use of radical prostatectomy among 823,977 men 

diagnosed with localised prostate cancer between 2004 and 2011 in the USA.  Major 

complications of this surgical intervention include erectile dysfunction and urinary 

incontinence.  Approximately 20-40 % of men who opt for radical prostatectomy 

develop biochemical recurrence of the disease and hence should be committed to at 

least 10 years of follow-up evaluations to facilitate early intervention upon cancer 

recurrence (Amling et al., 2000; Freedland et al., 2005; Roehl et al., 2004).  

Biochemical recurrence is indicated by rising levels of PSA and it usually predates the 

clinical progression of prostate cancer, metastasis and death by several years (Paller and 

Antonarakis, 2013). 

 

Radiotherapy (external beam and brachytherapy) applies a curative dose of radiation to 

the prostate gland.  It is suitable for localised and advanced disease but its use has been 

declining in popularity (Gray et al., 2014).  Side effects are similar to those of a radical 

prostatectomy.  Recurrence rate is also comparable to that of a radical prostatectomy.  

However, follow-up evaluations would be necessary for up to 15 years after treatment 

(Critz et al., 2013). 

 

Androgen deprivation therapy (medical castration by hormone therapy) is used in 

conjunction with the surgical procedures (Messing et al., 2006; D’Amico et al., 2008).  

Evidence suggests that high levels of androgens enhance the development of prostate 

cancer (Yu and Berkel, 1999).  Therefore, the lack of androgen stimulation could 
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potentially slow progression of the disease.  Treatment involves administering drugs 

like Degarelix and Bicalutamide that either prevent the synthesis of testosterone or 

prevent testosterone from getting to the cancer cells.  Androgen deprivation is indicated 

as an adjuvant treatment when the grade and staging of the cancer suggest a high 

possibility of recurrence.  Those cancers that respond to androgen deprivation therapy 

are referred to as androgen-dependent, while those that do not respond are androgen-

independent.  By itself androgen deprivation therapy in men with localised prostate 

cancer provides no added survival advantage (D’Amico et al., 1998), but as an adjuvant 

therapy there are significant survival benefits irrespective of the many side effects of 

therapy (Kumar et al., 2006; Bolla et al., 2010).  Other treatment methods, such as 

cryotherapy and high intensity focused ultrasound are used minimally, generally in a 

clinical trial setting, to treat localised and advanced prostate cancer, as the long-term 

efficacy of these methods is yet to be determined.  

 

Chemotherapy is used as the last line of defence to treat the metastatic form of the 

disease, which tends to be androgen-independent.  Docetaxel is the most commonly 

used chemotherapeutic drug.  It may slow the growth of the cancer and reduce 

symptoms, adding a few more months of life, but it is unlikely to cure prostate cancer.  

Recently, a randomised clinical trial showed that administration of docetaxel in 

conjunction with androgen deprivation therapy extended survival by 17 months when 

compared to men on androgen deprivation therapy only (Sweeney et al., 2015).   

 

In the USA and UK, the five-year relative survival by stage at the time of diagnosis 

ranges from nearly 100 % at Stages I – III, to approximately 30 % at Stage IV 

(American Cancer Society, 2015; Cancer Research UK, 2014b).  Stage IV is treated 

with chemotherapy.  Hence there is still a need for more efficacious and less noxious 

therapeutic protocols to treat metastatic prostate cancer.  

 

1.2.2. Prostate cancer metabolism 

Cancer cells reprogram their metabolic pathways, including glycolysis, the Krebs cycle 

and fatty acid metabolism, to satisfy their need to proliferate, survive and metastasise 

(Dang, 2012; Dang and Samenza, 1999; Modica-Napolitano and Singh, 2004).  

However, the extent of the role of an altered metabolism in the pathogenesis of prostate 

file://///uol.le.ac.uk/root/staff/home/c/cufkh1/My%20Documents/American
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cancer is still being deciphered, to facilitate an improvement in the chemoprevention, 

diagnosis and treatment of prostate cancer. 

 

1.2.2.1. Pyruvate metabolism 

In typical mammalian cells, glucose utilisation via glycolysis produces pyruvate.  The 

fate of pyruvate is determined primarily by the availability of oxygen.  Under normoxic 

conditions the pyruvate enters the mitochondria to be oxidised by pyruvate 

dehydrogenase (PDH) to acetyl-coenzyme A (acetyl-CoA), which is subsequently used 

in the Krebs cycle.  Hypoxic conditions cause pyruvate to remain in the cytosol where it 

is converted by lactate dehydrogenase to lactate (Roudier and Perrin, 2009).  Pyruvate 

metabolism is often altered in cancer.  PDH activity is suppressed in many cancer types, 

either as a result of a decrease in PDH expression or an increase in PDH kinases 

(PDKs), which are inhibitors of PDH (Kim et al., 2006; Koukourakis et al., 2005).  The 

PDKs inhibit the activity of PDH by phosphorylating PDH.  As a consequence, the 

energy demands of the rapidly proliferating cancer cells is satisfied by aerobic 

glycolysis or the Warburg effect, where pyruvate is converted to lactate in the presence 

of oxygen (Vander Heiden et al., 2009).  Although aerobic glycolysis provides less 

energy to satisfy the high energy demands of the cancer cell, it produces the energy at a 

faster rate than oxidative phosphorylation via the Krebs cycle.  Additionally, it provides 

the necessary nutrients required to synthesise new cells. A concomitant increase in the 

rate of glucose uptake usually accompanies the switch to aerobic glycolysis (Liu, 2006; 

Pelicano et al., 2006).  Therefore, in many tumours there tends to be a higher expression 

of the glucose transporter proteins (GLUTs) (Kurata et al., 1999; Suganuma et al., 

2007).  Prostate cancer cells are different to the typical mammalian cells in that PDH is 

over-expressed and aerobic glycolysis has only been demonstrated in advanced stages 

of prostate cancer (Effert et al., 2004; Lexander et al., 2005; Vaz et al., 2012). On the 

other hand, the primary stages of the disease display low glycolysis and expression of 

the GLUTs (Chandler et al., 2003; Zadra et al., 2013). 

 

1.2.2.2. Citrate metabolism 

In mammalian cells, citrate is synthesised in the mitochondria where it can either enter 

the Krebs cycle for oxidation, generating energy and intermediates for other metabolic 

pathways, or be exported to the cytosol (Franklin and Costello, 2009; Mycielska et al., 
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2009).  Once in the cytosol, citrate is converted to acetyl-CoA and used in fatty acid and 

cholesterol synthesis.  This form of citrate metabolism is common in most mammalian 

cells except for prostate cells.  Instead, in normal prostate epithelial cells there is very 

little citrate oxidation as the citrate is exported to the cytosol and then secreted into the 

prostatic fluid.  These normal prostate epithelial cells are specialised to accumulate and 

secrete citrate (Costello et al., 1999, 2005) (Figure 1.6). 

 

The secretion of high levels of citrate requires a high rate of citrate synthesis.  In typical 

mammalian cells citrate is synthesised by the condensation of acetyl-CoA (a product of 

glucose oxidation) and oxaloacetate (a product of citrate oxidation).  In normal prostate 

cells the precursor requirements for citrate synthesis remain the same, but there are 

some differences in the derivation of the precursors.  Glucose oxidation is still 

responsible for the generation of acetyl-CoA but the glucose is oxidised by aerobic 

glycolysis (Costello and Franklin, 1989).  Conversely, oxaloacetate is derived by 

transamination of aspartate which is allowed to accumulate in the prostate cells by 

active uptake from the plasma via specific high affinity aspartate transporters (Franklin 

et al., 2006). 
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Figure 1.6: Citrate metabolism in normal mammalian prostate cells.  Citrate is synthesised 

in the mitochondria from acetyl-CoA and oxaloacetate.  In normal prostate cells the citrate is 

exported from the mitochondria into the cytosol for secretion into the prostatic fluid, rather than 

being used up in the Krebs cycle or fatty acid synthesis, as is the case in most other normal 

mammalian cells.  PDH: pyruvate dehydrogenase, ACO2: mitochondrial aconitase; ASP: 

aspartate. Figure adapted from Costello and Franklin (2006). 

 

To ensure that high citrate levels are maintained, the prostate epithelial cells must 

prevent the utilisation of citrate by inhibiting citrate oxidation.  Citrate oxidation occurs 

in the Krebs cycle and mitochondrial aconitase (ACO2) regulates the entry of citrate 

into the Krebs cycle, by catalysing the interconversion of citrate to isocitrate.  In typical 

mammalian cells ACO2 is expressed at very high levels and is not rate limiting.  

Interestingly, normal prostate cells have similar levels of ACO2, thus suggesting that 

the activity of ACO2 must be inhibited to prevent citrate oxidation in the prostate 

(Costello et al., 1996; Liu et al 1996).  It was soon realised that the activity of ACO2 is 

under the regulation of zinc (Singh et al., 2006).  Normal prostate cells contain higher 

levels of mitochondrial zinc compared to other typical mammalian cells (Liu et al., 

1997).  Costello and colleagues (1997) demonstrated that zinc is an inhibitor of ACO2 

activity and citrate oxidation.  This inhibition of ACO2 short circuits the Krebs cycle 

and consequently reduces the amount of energy the Krebs cycle could potentially 

generate (Costello et al., 2005).  Additionally, the high levels of zinc inhibit terminal 

oxidation to help create the low respiration environment that defines the normal prostate 
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(Costello et al., 2004), and zinc can stimulate the release of proteins from the 

mitochondria that can trigger apoptosis (mitochondrial apoptogenesis) and inhibit cell 

growth (Feng et al., 2000, 2002; Liang et al., 1999).  The inhibition of ACO2 and citrate 

oxidation is lethal in all other mammalian cells but the prostate has adapted to this low 

energy environment by also generating additional energy during the aerobic glycolysis 

required for citrate synthesis. 

 

Alterations in citrate metabolism are implicated in tumorigenesis of the prostate.  The 

citrate content of malignant prostate tissue is markedly lower than that of normal 

prostate tissue (Costello et al., 1999).  The zinc levels are also much lower in malignant 

prostate tissue (Costello et al., 2005) (Table 1.3).  The significant decline in zinc levels 

implies that the inhibitory effect on the activity of ACO2 is removed, thus allowing 

citrate to enter the Krebs cycle for oxidation.  This restores the Krebs cycle and 

significantly increases the amount of energy that is available for the malignant cells to 

utilise.  Furthermore, the growth restrictive effect of mitochondrial apoptogenesis is lost 

with a decline in zinc levels.  The drop in zinc and citrate levels precedes the malignant 

transformation of the normal prostate cells (Costello et al., 1999; Habib et al., 1979).   

Since the levels of zinc determine the levels of citrate, the decrease in zinc levels is 

most likely to precede the decrease in citrate production (Costello et al., 2004). 

 

 Citrate (nmol/g wet 

weight) 

Zinc (nmol/g wet 

weight) 

Normal peripheral zone 12 000 – 14 000 3 000 – 4 500 

Prostate cancer malignant tissue 200 – 2 000 400 – 800 

Other tissues 250 – 450 200 – 400 

Normal prostatic fluid 40 000 – 150 000 8 000 – 10 000 

Prostate cancer prostatic fluid 1 000 – 30 000 250 – 1 000 

Blood plasma 100 - 200 15 

 

Table 1.3: Citrate and zinc levels in the human prostate.   Citrate and zinc levels are much 

higher in the prostatic fluid than in the prostate tissue.  Additionally the levels of citrate and zinc 

are dramatically lower in the prostate cancer prostatic fluid and malignant tissue than in the 

normal prostatic fluid and tissue, respectively. Table adapted from Franklin and Costello (2009).  
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Down-regulation of zinc transporters has been identified as the cause for the decline in 

zinc levels in prostate cancer cells.  Malignant prostate tissues have a notable lower 

expression of zinc transporters, ZIP1, ZIP2 and ZIP3, than normal prostate tissue and 

downregulation of these transporters leads to a 70-80 % decrease in the uptake of zinc 

by prostate cells (Desouki et al., 2007; Franklin et al., 2005; Rishi et al., 2003).  

Furthermore, black males have been found to have a much lower expression of zinc 

transporters in their normal peripheral zone than white males and this could be a factor 

for the race-associated higher incidence of prostate cancer in black men (Rishi et al., 

2003).  Despite the established relationship between the zinc transporters and zinc levels 

in the prostate, the genetic transformation that triggers downregulation of the zinc 

transporters in prostate cells remains unknown.  

 

1.2.2.3. Fatty acid metabolism 

1.2.2.3.1. Fatty acid synthesis 

Living cells require fatty acids to help satisfy their energy and new membrane 

biogenesis demands (Ramírez de Molina et al., 2002; Zadra et al., 2013).  These fatty 

acids can either be obtained from the diet (exogenous) or synthesised by the cells 

(endogenous).  Apart from a few exceptions, including the brain, liver, adipose and lung 

tissues, normal mammalian cells use exogenous fatty acids to satisfy their metabolic 

demands, and as a consequence, expression of the enzymes involved in fatty acid 

synthesis are maintained at low levels (Jayakumar et al., 1995).  In contrast, cancer cells 

synthesise most of their fatty acids, irrespective of the levels of exogenous fatty acids, 

resulting in an upregulation of the enzymes involved in fatty acid synthesis (Menendez 

and Lupu, 2007; Tennant et al., 2010).  Prostate cancer cells also display this altered 

fatty acid metabolism. 

 

Fatty acid synthesis (Figure 1.7) occurs in the cytosol and is initiated when citrate is 

released into the cytosol and is converted to acetyl-CoA and oxaloacetate by ATP 

citrate lyase (ACLY).  The oxaloacetate is converted to either malate or pyruvate for re-

entry into the Krebs cycle.  The acetyl-CoA undergoes carboxylation by acetyl-CoA 

carboxylase (ACC).  This is the rate-limiting and committing step of fatty acid synthesis 

which results in the production of malonyl-CoA.  Subsequently, fatty acid synthase 

(FAS) synthesises palmitate from the condensation of one molecule of acetyl-CoA and 



 

22 

 

seven molecules of malonyl-CoA.  Palmitate is the main enzymatic product of FAS but 

other fatty acids such as myristate and stearate are produced in a lesser quantity 

(Jayakumar et al., 1995; Kuhajda et al., 1994).  These saturated fatty acids are further 

modified by elongases or desaturases to form longer saturated fatty acids or 

monounsaturated fatty acids, respectively, before forming lipids for energy production 

and cell membrane biosynthesis (Zadra et al., 2013). 

 

 

Figure 1.7: Fatty acid synthesis pathway.  Citrate from the Krebs cycle enters the cytosol 

where it goes through a series of enzyme-catalysed reactions to form saturated fatty acids for 

use in cell membrane biogenesis or lipid storage.  ACLY: ATP citrate lyase, ACC: acetyl-CoA 

carboxylase, FAS: fatty acid synthase.  Figure adapted from Zadra et al., (2013).  

 

In prostate cancer, the enzymes involved in fatty acid synthesis tend to be over-

expressed (Rossi et al., 2003; Swinnen et al., 2000, 2002).  ACLY is considered a key 

player in cancer metabolism as it is either upregulated or activated in many human 



 

23 

 

cancer types including prostate cancer (Bauer et al., 2005; Swinnen et al., 2000).  

Inhibition of ACLY has been shown to inhibit the proliferation of prostate cancer cells 

in vitro, suppress tumour growth in xenograft mice and induce apoptosis (Gao et al., 

2014).  Therefore, it appears that ACLY plays an important role in the progression of 

prostate cancer, but the mechanisms behind its oncogenic ability still need to be 

elucidated (Gao et al., 2014). 

 

ACC, a highly regulated enzyme in the fatty acid synthesis pathway, is over-expressed 

in prostate cancer (Swinnen et al., 2000).  Over-expression of ACC usually occurs 

together with an over-expression of FAS, most likely to prevent the accumulation of 

malonyl-CoA, which is cytotoxic in high quantities (Swinnen et al., 2000).  Knockdown 

or pharmacological inhibition of ACC using soraphen A is cytotoxic to prostate cancer 

cells, inducing growth arrest and apoptosis (Beckers et al., 2007; Brusselmans et al., 

2005b).  This chemical inhibition of ACC obstructs the fatty acid synthesis pathway and 

decreases the amount of phospholipids in prostate cancer cells (Beckers et al., 2007).  

While the extent of the role of ACC in the pathogenesis of prostate cancer remains to be 

determined, the limited evidence in the literature indicates that ACC is critical for the 

proliferation of prostate cancer cells (Beckers et al., 2007; Brusselmans et al., 2005b; 

Swinnen et al., 2000). 

 

The overexpression of FAS occurs early in the pathogenesis of prostate cancer and has 

been associated with a poor prognosis, with the highest levels of FAS evident in 

androgen-independent bone metastases (Rossi et al., 2003).  Pharmacological inhibition 

of FAS using orlistat is selectively cytotoxic to prostate cancer cells, with no effect on 

the normal prostate cells, and causes a reduction in prostate cancer tumour volume in 

xenograft models (Kridel et al., 2004).  Silencing of the FAS gene by RNA interference 

causes apoptosis, suggesting that the inhibition of apoptosis may be a potential 

mechanism of FAS oncogenicity (De Schrijver et al., 2003).  Additionally, FAS has 

been shown to activate the Wnt/β-catenin pathway (Fiorentino et al., 2008) and inhibit 

endoplasmic reticulum stress (Little et al., 2007) in prostate cancer, further 

demonstrating the need for endogenous fatty acids in the development and progression 

of prostate cancer. 
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Endogenous fatty acid synthesis is under the control of transcriptional regulators and 

metabolic enzymes that act as oncogenes and tumour suppressors (Cantor and Sabatini, 

2012; Zadra et al., 2013).  Among these regulators, AMP-activated protein kinase 

(AMPK) has a major influence on fatty acid metabolism with diverse roles ranging from 

energy conservation to growth regulation (Luo et al., 2010).  The protein exists as a 

heterotrimeric complex composed of a catalytic α subunit and regulatory β and γ 

subunits, each with at least two isoforms.  AMPK becomes activated when Thr172 in 

the AMPK subunit of the complex is phosphorylated (Flavin et al., 2011).  

Pharmacologically activated AMPK can inhibit fatty acid synthesis by targeting several 

of the enzymes in the pathway.  It can directly inhibit ACC through phosphorylation, or 

indirectly inhibit FAS and ACLY via phosphorylation of SREBP-1 (sterol regulator 

element binding protein-1), a transcriptional regulator (Flavin et al., 2011).  

Consequently, the cancer cells would undergo apoptosis and growth inhibition (Fogarty 

and Hardie, 2010; Shaw, 2009).  In prostate cancer the direct activation of AMPK 

induces growth arrest and apoptosis (Chen et al., 2012; Lin et al., 2012; Zadra et al., 

2014).  Furthermore, pharmacologic activation of AMPK in LNCaP prostate cancer 

cells using metformin and 5-aminoimidazole-4-carboamide ribonucleotide (AICAR) 

resulted in downregulation of genes that are overexpressed in prostate cancer, indicating 

the potential role of AMPK in tumour growth inhibition (Jurmeister et al., 2014).  In 

vivo studies show that loss of the catalytic subunit of AMPK promotes the development 

of prostate cancer (Faubert et al., 2013; Zadra et al., 2014).  Nevertheless, the extent of 

the role of AMPK in prostate cancer metabolism still requires clarification, as some 

studies suggest that the activation of AMPK is involved in the growth and survival of 

human prostate cancer (Chhipa et al., 2010; Frigo et al., 2011; Park et al., 2009). 

 

1.2.2.3.2. Fatty acid oxidation 

In malignant cells, the saturated fatty acids produced during fatty acid synthesis, which 

are not utilised in cell membrane biosynthesis or in lipid stores, are catabolised by the 

fatty acid oxidation (β-oxidation) pathway.  It occurs predominantly in the mitochondria 

and is initiated when the fatty acids are activated and transported by carnitine 

palmitoyltransferase1 (CPT-1) from the cytosol into the mitochondria (Biswas et al., 

2012).  Once in the mitochondria, fatty acids go through several cycles of a series of 

four reactions (two separate dehydrogenation reactions, hydration and thiolysis) to 
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produce acetyl-CoA along with reduced nicotinamide adenine dinucleotide (NADH) 

and the reduced form of flavin adenine dinucleotide (FADH2) during each cycle 

(Carracedo et al., 2013).  The NADH and FADH2 enter the electron transport chain to 

produce ATP, while the acetyl-CoA condenses with oxaloacetate to form citrate for 

entry into the Krebs cycle for efficient ATP production.   

 

As previously indicated, an increase in citrate oxidation via the Krebs cycle is a 

requirement for the progression of prostate cancer (Costello and Franklin, 2000; 

Costello et al., 2005), and so a continuous supply of acetyl-CoA is required to ensure 

citrate oxidation.  Since prostate cancer cells display a low rate of glycolysis, fatty acid 

oxidation is the most likely source of acetyl-CoA, and by extension, ATP (Liu, 2006; 

Liu et al., 2010).  α-Methylacyl-CoA racemase (AMACR), an enzyme involved in fatty 

acid oxidation, is consistently overexpressed in human prostate cancer (Jiang et al., 

2001; Kumar-Sinha et al., 2004; Luo et al., 2002; Rubin et al., 2002).  Additionally, the 

loss of stearoyl-CoA desaturase (SCD) expression, a key enzyme involved in the 

modification of saturated fatty acids, is a common occurrence in prostate cancer and 

results in the elevation of palmitate levels, which subsequently enhance fatty acid 

oxidation (Moore et al., 2005).  Malonyl-CoA acts as an allosteric inhibitor of fatty acid 

oxidation by inhibiting CPT-1 (Eaton et al., 1996), so as the levels of malonyl-CoA are 

kept low due to the high rate of fatty acid synthesis in prostate cancer, allosteric 

inhibition is lost and fatty acid oxidation can readily occur (Biswas et al., 2012; Currie 

et al., 2013).  Taken together, the evidence in the literature implies a role for citrate 

oxidation in prostate cancer tumorigenesis.  However the direct effect of fatty acid 

oxidation on prostate cancer metabolism, growth and survival remains unclear.    

 

1.3. In vitro and in vivo models of prostate cancer 

Pre-clinical models of prostate cancer have advanced the biological understanding of 

human prostate cancer and led to the development of therapeutic agents such as 

docetaxel (Ahmad et al., 2008; Jennings et al., 2002).  Among these pre-clinical models, 

immortalised cell lines and mouse models are widely used. 
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1.3.1. Prostate cancer cell lines 

Prostate cancer cell lines are critical in the identification of potential gene or protein 

targets and molecular mechanisms involved in the development and treatment of 

prostate cancer.  There are a number of well-established human prostate cancer cell 

lines available for use in prostate cancer research (Table 1.4).  Almost all of the cell 

lines have been established from metastatic sites and thus limit studies to the metastatic 

form of prostate cancer (Peehl, 2005; Wang et al., 2005).  Among these cell lines, the 

most commonly used are PC-3, DU145 and LNCaP (Pienta et al., 2008; Toivanen et al., 

2012).  Only a few cell lines have been developed from the localised tumour and among 

them 22Rv1 is widely used in prostate cancer studies (Pienta et al., 2008).  Therefore, 

no single cell line can depict the heterogeneous features of prostate cancer and so 

multiple cell lines should be included in any study to determine the effects of a therapy 

at various stages in the pathogenesis of prostate cancer.  Several immortalised non-

tumorigenic cell lines, including RWPE and PNT2, have been developed and can be 

used to compare the normal prostate response with the prostate cancer cell lines.  

However it is imperative to note that the immortalised prostate cell lines may possess 

genetic features derived from the immortalisation process, such as the human simian 

virus 40 (SV40), that are not representative of the human prostate cell in vivo (Peehl, 

2005) and hence should be considered when interpreting data using these cell lines. 
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Model Source Androgen receptor 

(AR) status 

PC-3 Cell line from bone metastasis AR- 

LNCaP Cell line from lymph node metastasis Mutated AR 

DU145 Cell line from dural metastasis AR- 

22Rv1 Primary prostate tumour AR+ 

PC-82 Primary prostate tumour AR+ 

PrEC Non-immortalised prostate epithelial cells AR+ 

RWPE Immortalised prostate epithelial cells AR+ 

PNT2 Immortalised prostate epithelial cells Mutated AR 

 

Table 1.4: Human prostate cancer cell lines.  These cell lines are obtained from different 

sources.  The AR status indicates the presence or absence of the AR but it does not indicate if 

the specific cell lines require androgens for growth.  Table based on information gathered from 

van Bokhoven et al (2003) and Pienta et al (2008).  

 

1.3.2. Mouse models of prostate cancer 

Mouse models have made a significant contribution to the knowledge and 

understanding of prostate cancer biology.  However, there are some anatomical 

differences between the mouse and humans.  As previously described, the human 

prostate is a single gland made up of zones which demonstrate differences in disease 

susceptibility.  In the mouse there are four distinct lobes, anterior, ventral, lateral and 

dorsal.  The dorsal and lateral (dorso-lateral) lobes are considered anatomically similar 

to the peripheral zone in humans (Powell et al., 2003) but there is no molecular 

evidence to support any direct link between the lobes of the mice and the zones of the 

human prostate (Shappell et al., 2004).  Furthermore, mice are unable to develop 

spontaneous cases of cancer in the prostate (Shappell et al., 2004).  Despite these 

challenges, the mouse is the most widely used animal model of human prostate cancer 

and a few of the models are described below. 

 

1.3.2.1. Xenograft models of prostate cancer 

The mouse is used as a xenograft model for in vivo analysis of immortalised prostate 

cancer cell lines and human tumour tissues.  The mice used in xenograft studies are 
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immunodeficient and are therefore unable to mount an immunologic response to the 

human tissues or cells that are implanted.  Consequently, the human tumours are able to 

grow without interference from the host/mouse microenvironment (Toivanen et al., 

2012).   

 

When developing human prostate cancer xenografts, the tissue source, the host mice 

and the graft site must be carefully considered, in order to ensure that the xenografts 

adequately recapitulate the progression of the disease in a microenvironment that 

mimics that of prostate cancer (Figure 1.8).  So far, human prostate cancer xenografts 

have successfully demonstrated that tumours which are subjected to androgen 

deprivation therapy are capable of synthesising androgens de novo, thus accounting for 

the development of androgen independent prostate cancer following hormone therapy 

(Locke et al., 2008). Additionally, these xenografts have been used to identify many 

potential prostate cancer preventive or therapeutic agents (Singh and Agarwal, 2006).  

Despite the range of applications of human prostate cancer xenografts, there are a 

number of limitations that contribute to the relatively low success of the xenograft-

tested agents later in the clinic (Toivanen et al., 2012).  These limitations include 

omission of the normal process of tumour initiation and elimination of the interaction 

between immune and tumour cells, which have some influence on metastasis 

(Valkenburg and Williams, 2011).  Nevertheless, within the boundaries of their 

limitations, mouse xenografts are still essential in prostate cancer research. 
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Figure 1.8: Human prostate cancer xenograft systems.  Schematic diagram of the main 

xenograft systems, highlighting the advantages and the disadvantages (underlined) of each 

system.  Established immortalised prostate cancer cell lines can be implanted into the host or 

primary human tissues can be implanted for study in a single host without passaging.  The 

xenograft lines are human prostate cancer tissues created from a human tumour that has been 

serially transplanted in a mouse without any in vitro culturing.  The host mice are all 

immunodeficient but have different genetic and morphological features. Therefore, host mice 

must be carefully selected to prevent these features from altering the xenograft study.  The 

choice of graft site depends on the technical expertise available, the tissue source, the desired 

endpoint, the suitability of the host and the type of microenvironment required for the study. 

Figure adapted from Toivanen et al. (2012). 

 

1.3.2.2. Genetically engineered mouse models of prostate cancer 

Genetically engineered mouse models (GEMMs) circumvent many of the limitations 

associated with the mouse xenografts since the tumours are allowed to arise in situ and 

to progress through the stages of tumorigenesis in an environment that closely mimics 

that of human prostate cancer.  Several GEMMs of prostate cancer are being utilised in 
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research to further the understanding of prostate cancer biology and to test the efficacy 

of preventive and therapeutic agents (Table 1.5).  Only a few of the more common 

models are included here. 
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Table 1.5: Genetically engineered mouse models of prostate cancer.  The models are created 

either by the whole body deletion (traditional/germline knockout) or prostate-specific deletion 

(conditional knockout) of genes that are important in the development of prostate cancer.  

Additionally, some may be produced by integrating a transgene that upon expression, allows for 

the development of prostate cancer.  Each model exhibits phenotypes that mimic various aspects 

of human prostate cancer, but there is no model that accurately depicts the entire spectrum of 

the human disease.  Table adapted from Hensley and Kyprianou (2012) and Parisotto and 

Metzger (2013).   

 

Model Genetic 

manipulation 

Phenotype 

Pten Traditional/germline 

knockout 

Homozygous deletion-embryonic 

lethality; Heterozygotes-develop PIN, 

dysplasia 

PBCre4Ptenflox Conditional knockout Homozygous deletion-develop PIN 

which progress to metastatic 

adenocarcinoma;  

Metastatic sites: lymph node, lung 

Nkx3.1 Traditional/germline 

knockout 

Homozygous deletion-prostatic 

hyperplasia and neoplasia; 

Heterozygotes-similar to above but 

less severe 

Pten/Nkx3.1 Compound deletion 

(Pten+/-,Nkx3.1-/-) by 

traditional/germline 

knockout 

Develop PIN which progress to 

metastatic adenocarcinoma; 

Metastatic site: lymph node 

PBCre4p53floxRbflox Conditional knockout Develop PIN which progress to 

metastatic adenocarcinoma; 

Metastatic sites: lymph node, lung, 

liver, adrenal gland 

TRAMP SV40 transgene 

expression 

Develop PIN which progress to 

metastatic neuroendocrine carcinoma; 

Metastatic sites: lymph node, lung, 

adrenal gland, bone 

LADY SV40 transgene 

expression 

Develop PIN and progress to 

adenocarcinoma with neuroendocrine 

differentiation; 

Metastatic sites: lymph node, liver, 

lung 
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1.3.2.2.1. Transgenic T antigen models 

Transgenic T antigen models were the first-generation of GEMMs developed.  These 

allowed for the prostate-specific expression of the viral oncogene, SV40 Large T 

antigen (Tag), which inactivates the tumour suppressor proteins p53 and retinoblastoma 

(Rb) to induce the oncogenic process (Ahuja et al., 2005; Parisotto and Metzger, 2013).  

The TRansgenic Adenocarcinoma of the Mouse Prostate (TRAMP) model, one of the 

most widely used and highly characterised models, expresses both the large-T and 

small-t SV40 antigens under the control of the prostate-specific rat probasin promoter 

(PB) (Greenberg et al., 1995).  The T antigen oncoprotein is expressed in the dorso-

lateral and ventral lobes of the TRAMP mice.  These mice develop PIN between 8-12 

weeks of age, which progresses to a poorly differentiated invasive neuroendocrine 

carcinoma by 16-28 weeks (Gingrich et al., 1996; Kaplan-Lefko et al., 2003).  The 

cancer generally metastasises to the liver, kidney and adrenal glands by 16-36 weeks.  

There is also metastasis to the bone, albeit at a very low frequency, if the 

C57BL/6/FVBn genetic background is used, as opposed to the pure C57BL/6 

(Gringrich et al., 1996).  The progression from PIN to metastatic disease, along with the 

display of many of the morphological, genetic and metabolic changes observed in 

human prostate cancer, makes the TRAMP model highly suitable for cancer prevention 

studies (Costello et al., 2011; Gupta et al., 2001; Klein, 2005).  However, its use is also 

heavily criticised as there is no evidence to support the role of SV40 in the development 

of prostate cancer in humans, so the clinical relevance of the TRAMP model is 

questionable.  Furthermore, most of the TRAMP mice develop neuroendocrine prostate 

cancer, which occurs in very few human prostate cancer cases, so again any study 

findings in the TRAMP model have limited application in the clinical setting 

(Abrahamsson, 1999).  Despite these cautions, the TRAMP model remains popular and 

has been used in chemoprevention studies with agents such as green tea polyphenols 

(McCarthy et al., 2007) and genistein (Wang et al., 2007). 

 

1.3.2.2.2. Traditional knockout models 

Traditional or germline knockout models are used to investigate the roles of specific 

genes, namely tumour suppressor genes or oncogenes, in the pathogenesis of prostate 

cancer and subsequently to evaluate preventive or therapeutic strategies against those 

genetically-driven prostate cancers.  Mutations that reduce or eliminate the function of 
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tumour suppressors are often evident in the human disease (Berger and Pandolfi, 2011).  

Therefore, in these models the gene of interest is deleted/silenced or mutated in all cells 

in the mice (Capecchi, 1994).  Phosphatase and tensin homolog deleted on chromosome 

10 (Pten) is a tumour suppressor gene that is often mutated in metastatic prostate 

cancers and has been implicated in the resistance seen by these cases to chemotherapy 

(Priulla et al., 2007) and radiotherapy (Anai et al., 2006).  Therefore, Pten knockout 

mice have been generated to establish the importance of Pten in prostate cancer 

development.  Homozygous deletion of Pten alleles caused embryonic lethality (Di 

Cristofano and Pandolfi, 2000; Suzuki et al., 1998) while heterozygotes (Pten +/-) 

developed PIN within 8-10 months with no evidence of metastasis (Podsypanina et al., 

1999).  Neoplasia was also detected in a number of distant tissues including intestines, 

thyroid and adrenal glands (Di Cristofano et al., 1998, Podsypanina et al., 1999).  

Hence, Pten is critical to the development of prostate cancer, but its loss from the 

genome is not sufficient to cause prostate cancer, and so other genes including p27 or 

Nkx3.1 have been knocked out along with the Pten gene (compound deletion or double 

knockout) to improve the model.  Since these knockout models eliminate the gene of 

interest from the entire animal, the prostate-specific role of the gene cannot be 

determined and is not a real reflection of human prostate cancer where prostate-specific 

mutations are believed to be triggers in the initiation and development of prostate cancer 

(Hanahan and Weinberg, 2000).  Therefore, prostate-specific gene knockout models are 

of greater translational value.  

 

1.3.2.2.3. Conditional knockout models 

A conditional knockout model is a biological model in which the gene of interest is 

inactivated in a specific tissue but remains functionally expressed in all other tissues.  

Therefore, in the conditional knockout models described below, the genes of interest are 

inactivated in the prostate only.  The Cre-lox P system is widely used for the generation 

of conditional knockout models.  In the model described by Abremski and Hoess (1984) 

Cre recombinase catalyses recombination in genes that are engineered with flanking 

(floxed) lox P sites.  Mouse lines expressing Cre recombinase in the prostatic epithelial 

cells carry the Cre gene under the control of the -426/+28 PB promoter or ARR2PB 

promoter, which is made of the -426/+28 PB promoter linked to two androgen-

responsive regions (Maddison et al., 2000; Wu et al., 2001).  These mouse lines are 
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known as PB-Cre and PB-Cre4, respectively.  The specificity of the promoter is critical 

for the success of the Cre-lox P system and so a number of promoters have been 

generated.  For example, attachment of the Cre gene to a ligand-binding domain of the 

human oestrogen receptor (ER) to form a tamoxifen activated Cre recombinase (Cre-

ERT) (Feil et al., 1996) offers even greater possibilities as the target genes can be 

knocked out at specific time points rather than from birth.  Nevertheless, the PB-Cre 

and PB-Cre4 are widely used, with PB-Cre4 showing more specificity for the prostate 

epithelial cells, thus eliminating tumours with a neuroendocrine differentiation (Wu et 

al., 2001).  Genes including Pten (Trotman et al., 2003; Wang et al., 2003), Rb 

(Maddison et al., 2004) and p53 (Zhou et al., 2006) have been conditionally knocked 

out using the PB-Cre and PB-Cre4 promoters. 

 

Conditional knockout models have made it possible to observe the role of genes whose 

homozygous loss in the traditional models resulted in embryonic lethality.  Furthermore, 

the conditional models provide a more accurate depiction of the disease since in the 

human condition the genetic mutations are usually confined to the prostate rather than a 

whole body event.  Hence, the traditional Pten knockout model caused PIN only, while 

PBCre4Ptenflox caused adenocarcinoma and metastasis (Podsypanina et al., 1999; Wang 

et al., 2003).  Conditional knockouts can also knockout more than one gene.  The 

prostate-specific conditional knockout of Rb only or p53 only led to PIN with no 

progression to adenocarcinoma (Zhou et al., 2006).  However, when both were lost from 

the prostate (PBCre4p53floxRbflox), metastatic disease developed and was found to exhibit 

some important molecular features of advanced human prostate cancer (Zhou et al., 

2006).  In addition to deleting/inactivating genes, the Cre-lox P system can be used to 

activate target genes leading to the overexpression of the gene product.  This is crucial 

in investigating genes that are overexpressed.  Taken together, conditional knockout 

mouse models of prostate cancer provide a wide opportunity to investigate the roles of 

the multiple genes that are deregulated in human prostate cancer (Bradford et al., 2006; 

Hughes et al., 2005; Mazaris and Tsiotras, 2013).    

 

1.4. Chemoprevention in prostate cancer 

Chemoprevention is the use of natural or synthetic compounds with the ability to 

prevent, arrest or reverse cancer before the development of metastatic disease (Lippman 
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et al., 1994).  It can be further classified into three different categories as primary, 

secondary and tertiary chemoprevention (Kelloff et al., 1995).  Primary 

chemoprevention is the use of chemical agents to prevent the onset of the disease in 

persons who are healthy but may have certain risk factors for developing the disease 

(Steward and Brown, 2013).  With regards to prostate cancer, the primary 

chemopreventive agents aim to prevent the development of PIN in men who exhibit the 

risk factors previously described.  Secondary chemoprevention, on the other hand, 

involves the administration of chemical agents to persons with premalignant lesions, in 

order to arrest the progression to the invasive form of the disease, while tertiary 

chemoprevention aims to prevent the relapse of cancers and the formation of new 

primary cancers in persons who previously were successfully treated (Steward and 

Brown, 2013).  Therefore, secondary chemoprevention could delay or arrest the 

progression of PIN to adenocarcinoma, while tertiary chemoprevention could prevent or 

delay the biochemical recurrence of prostate cancer, which usually occurs in men who 

have been previously treated for localised prostate cancer. 

     

Prostate cancer is an excellent clinical model for chemoprevention because of its high 

incidence and its tendency to progress slowly, sometimes over decades, to the invasive 

form of the disease (Djavan et al., 2004).  Furthermore, watchful waiting or active 

surveillance is recommended for men with low risk localised prostate cancer, and the 

administration of a chemopreventive agent at this stage could potentially prevent or 

delay the onset of advanced cancer.   

 

At the preclinical level, potential chemopreventive agents should show high efficacy 

and low toxicity in animal studies before clinical chemoprevention trials can be 

considered (Greenwald, 2002).  Currently clinical trials to test the efficacy of 

chemopreventive agents are costly and require large populations (Steward and Brown, 

2013).  This is mainly due to the fact that the end point in clinical chemoprevention 

trials is overt cancer, which takes many years to develop (Greenwald, 2002).  Hence the 

use of biomarkers for cancer as surrogate end points has generated a lot of interest as 

they would facilitate shorter-term trials at a much reduced cost (Crowell, 2005; 

Gerhauser et al., 2006; Greenwald, 2002).  Suitable biomarkers are yet to be validated 

as surrogate end points for prostate cancer (Trock, 2001). 
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Bioactive food components such as genistein and green tea catechins have been the 

focus of recent prostate cancer chemoprevention trials, as these dietary agents are 

inexpensive and convenient to administer and also have excellent safety profiles, 

preclinical efficacy and epidemiological observations suggesting a reduction in prostate 

cancer incidence (Parnes et al., 2013).  Drugs, such as the widely prescribed metformin, 

which is used by diabetics to control their blood sugar, have been repurposed for 

prostate cancer chemoprevention as retrospective studies have linked metformin with a 

reduced incidence of prostate cancer (Margel et al., 2013).  As a consequence, 

metformin is now the subject of many prostate cancer chemoprevention clinical trials 

(Azvolinsky, 2014).  New synthetic drugs may first be utilised as adjuvant treatments to 

facilitate a better understanding of their safety and efficacy profiles before they are 

considered for chemoprevention in healthy populations that do not have detectable 

cancer. Ultimately, the aim of chemoprevention is to provide natural or synthetic agents 

with low toxicity that will reduce the incidence and mortality of cancer.  

 

1.4.1. Molecular targets in the management of prostate cancer 

There are a number of biochemical and molecular pathways that become aberrant 

during the development and progression of prostate cancer.  Therefore, these may 

present suitable targets for chemoprevention or treatment protocols against prostate 

cancer.  Abnormalities in the metabolism of prostate cancer were highlighted earlier, 

but deregulated cell cycle progression and apoptosis are also common.  Moreover, the 

role of cellular senescence in the chemoprevention and treatment of prostate cancer 

must also be given some consideration. 

 

1.4.1.1. Cell Cycle Progression 

Cell cycle is the sequence of events that lead to the duplication and subsequent division 

of cells into daughter cells.  There are four phases to the cell cycle: Gap 1 (G1), DNA 

synthesis (S), Gap 2 (G2) and mitosis (M) (Norbury and Nurse, 1992) (Figure 1.9).  The 

cell cycle is tightly regulated by cyclin-dependent kinases (CDKs), which are activated 

by binding to specific cyclins (Michalides, 1999).  The transition from one phase to the 

next requires specific CDK/cyclin interactions.  The levels of CDKs remain constant 

throughout the cell cycle but those of cyclins vary according to the phase of the cell 

cycle.  Growth factors or other stimuli trigger the cell cycle by stimulating the 
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production of D cyclins, which activate CDK4 and CDK6 (Sherr, 1994).  Upon 

activation, these kinases cause the phosphorylation of Rb, resulting in the release of E2F 

transcription factors.  The transcription factors regulate the transcription of genes, 

including cyclin A and cyclin E, which are required for progression of the cell cycle 

(Brehm et al., 1998).  CDK2 is activated by cyclin E for the G1/S transition (Sherr, 

1994).  CDK2-cyclin A complex is required for S-phase progression while CDK1-

cyclin A complex is required for G2/M transition (Grana and Reddy, 1995).  CDK1-

cyclin B regulates mitosis (Arellano and Moreno, 1997). 

 

CDK activity is negatively regulated by CDK inhibitors (CDKI), which are able to 

inactivate CDK-cyclin complexes or prevent activation of CDKs by binding to these 

proteins.  There are two families of CDKI, the INK4 family and the Cip/Kip family 

(Sherr and Roberts, 1995).  Together, these CDKIs help to restrict the cell cycle, thus 

preventing excessive cell growth.  To ensure that the genetic integrity of a cell is 

preserved as it goes through the cell cycle, checkpoints are established at G1/S, S and 

G2/M phases.  The detection of aberrations at these checkpoints leads to cell cycle 

arrest until the damage is repaired or the cell undergoes apoptosis.  The p53 tumour 

suppressor gene plays a critical role at these checkpoints (el-Deiry et al., 1993).  Rb, p53 

and some of the CDKIs, including p27, p16 and p14 are often mutated in prostate 

cancer (Guo et al., 1997; Navone et al., 1993; Phillips et al., 1994; Konishi et al., 2002; 

Badal et al., 2008).  Additionally, the loss of expression of p21 from the Cip/Kip family 

of CDKIs, is often associated with a poor prognosis in prostate cancer (Aaltomaa et al., 

1999).  Therefore, any chemopreventive agents that can upregulate CDKIs can 

potentially inhibit the development and progression of prostate cancer. 
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Figure 1.9: Phases of the cell cycle.  The cell cycle starts at G1 and proceeds through to M.  

Each phase is under the regulation of the CDK-cyclin complexes indicated.  If aberrations are 

detected in any of the phases then cell cycle arrests occurs and cell growth will come to a halt.  

G1: Gap 1, S: synthesis, G2: Gap 2, M: mitosis, CDK: cyclin-dependent kinase.  

 

1.4.1.2. Apoptosis 

The induction of apoptosis is considered to be the most important defence mechanism 

against the development and progression of cancer.  Extracellular or intracellular signals 

trigger the extrinsic or intrinsic apoptotic pathways, respectively (Figure 1.10).  In the 

extrinsic pathway, pro-apoptotic ligands, such as first apoptosis signal ligand (FasL) and 

Apo2 ligand (Apo2L), bind to the death receptor, resulting in formation of the death 

inducing signalling complex (DISC) and activation of caspase-8.  The activated 

caspase-8 then activates the executioner caspases, caspase-3, -6, and -7, to bring about 

degradation of the cell (Kuno et al., 2012).  Furthermore, active caspase-8 can cleave 

Bid (a pro-apoptotic protein), thus allowing its active fragment to become attached to 

the mitochondrial membrane.  This would then initiate the intrinsic apoptotic pathway, 

in a bid to amplify the apoptotic effect (Kuno et al., 2012).  In addition to the ‘cross-

talk’ between the two pathways, the intrinsic pathway is initiated by non-receptor 

mediated stimuli (for example, DNA damage, oxidative stress and chemotherapeutic 

drugs) that cause the release of pro-apoptotic proteins such as cytochrome c from the 
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mitochondria into the cytoplasm.  This leads to the activation of caspase-9, which in 

turn activates the executioner caspases to bring about cell degradation.  Smac/DIABLO 

[the second mitochondria-derived activator of caspases (Smac) and direct inhibitor of 

apoptosis-binding protein with low pI (DIABLO)] is also released from the 

mitochondria to help facilitate caspase activation by removing the inhibitory action of 

the inhibitor of apoptosis proteins (IAPs) (Khan et al., 2010).  The Bcl-2 family of 

proteins, made up of anti-apoptotic, (Bcl-2 and Bcl-xL), and pro-apoptotic, (Bax and 

Bad) proteins is a major regulator of the intrinsic pathway (Iannalo et al., 2008).  The 

anti-apoptotic proteins are located in the outer mitochondria and function to inhibit 

cytochrome c release.  The pro-apoptotic proteins are present in the cytosol, but 

translocate to the mitochondria following stimulation, where they facilitate the release 

of cytochrome c.  In cancer cells the anti-apoptotic proteins are predominantly 

expressed, making the cell resistant to apoptosis (Catz and Johnson, 2003).  Histological 

studies have demonstrated the over-expression of Bcl-2 in approximately 30 % of 

prostate cancers, which correlates with a more aggressive form of the disease and 

poorer prognosis (McCarthy, 2004).  Hence, any potential chemopreventive agents that 

can modulate the ratio of pro-apoptotic to anti-apoptotic proteins in a manner that 

favours apoptosis could be effective in inhibiting prostate cancer.    
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Figure 1.10: Schematic diagram of the intrinsic and extrinsic pathways of apoptosis.  The 

pathways are activated by different stimuli but both lead to the activation of caspases.  The 

caspases initiate degradation of the cell and eventually the apoptotic cell is ingested by 

phagocytes.  TRADD: tumour necrosis factor receptor associated death domain, FADD: FAS 

associated death domain, Smac: the second mitochondria-derived activator of caspases, 

DIABLO: direct inhibitor of apoptosis-binding protein with low pI, APAF1: apoptosis protease 

activating factor 1, DISC: death-inducing signalling complex, IAP: inhibitor of apoptosis 

protein                                

 

1.4.1.3. Senescence 

Cellular senescence is the irreversible growth arrest of cells which are still 

metabolically active (Campisi and d’Adda di Fagagna, 2007).  It can be induced by 

several factors including telomere shortening, DNA double strand breaks, oncogenic 

factors and chemotherapy and radiation (Collado et al., 2005; DiLeonardo et al., 1994; 
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Mathon and Lloyd, 2001; Roninson, 2003).  Growth arrest generally occurs in either the 

G1 or G2/M phase of the cell cycle as a consequence of an increase in CDKIs, including 

p16, p21 and p27 (Bringold and Serrano, 2000).  Both p53 and Rb are also involved in 

the induction of senescence (Beausejour et al., 2003; Campisi and d’Adda di Fagagna, 

2007).  Induction therefore can follow different pathways depending on the cell type.  

However, most senescent cells express high levels of p16 (Ben-Porath and Weinberg, 

2005; Stein et al., 1999).  Cells with or without functional p53 and Rb can readily be 

induced to senesce (Beausejour et al., 2003; Campisi and d’Adda di Fagagna, 2007; 

Chang et al., 1999; Schwarze et al., 2005).  Senescent cells usually display an enlarged 

and flattened morphology with an increase in cytoplasmic granularity (Campisi, 2001).  

They can be distinguished from the non-senescent cells by measuring senescence-

associated β-galactosidase (SA-β-galactosidase) activity at pH 6 (Debacq-Chainiaux et 

al., 2009; Gary and Kindell, 2005).  The senescent cells have a higher SA-β-

galactosidase activity because of their much larger lysosomal mass (Lee et al., 2006). 

 

Malignant transformations tend to be associated with the inhibition of senescence.  For 

example, senescence is evident in benign prostatic hyperplasia and the premalignant 

prostatic intraepithelial neoplasia but absent from the adenocarcinomas isolated from 

humans (Chen et al., 2005; Choi et al., 2000; Majumder et al., 2008).  Hence, 

senescence appears to play a role in restricting tumorigenesis.  Nevertheless, the 

malignant cells do not lose the ability to senesce, since chemotherapy and re-activation 

of the p53 gene can subsequently induce senescence in these malignant cells, resulting 

in tumour regression (Coppé et al., 2010; Ventura et al., 2007; Xue et al., 2007).  

Consequently, the induction of senescence is considered to be a crucial anticancer 

mechanism since it can prevent the growth of cells at risk for malignant transformation 

and also stop the growth of malignant cells. 

 

A cursory glance at the relationship between senescence and malignancy would suggest 

that the induction of cellular senescence is a beneficial outcome for 

chemopreventive/chemotherapeutic agents, but many studies are suggesting otherwise.  

A key feature of senescent cells is the ability to secrete growth factors, cytokines and 

other proteins, referred to as senescence-associated secretory phenomenon (SASP) 

(Coppé et al., 2006, 2010).  These SASP proteins have now been found to stimulate the 

growth and migration of malignant cells (Bartholomew et al., 2009; Coppé et al., 2008; 
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Krtolica et al., 2001).  More recently, androgen deprivation-induced senescent prostate 

cancer cells were found to stimulate the proliferation of the incurable androgen-

independent prostate cancer cells (Burton et al., 2013).  Only a few of the SASP 

proteins are unable to stimulate cancer growth (Nickoloff et al., 2004).  Hence, despite 

the immediate benefits of therapy-induced senescence in cancer management, 

particularly prevention, the long term effects of its induction may revert these benefits 

and as a consequence therapy-induced senescence remains an active area of research. 

     

1.4.2. Potential chemopreventive agents for prostate cancer 

1.4.2.1. 5-Alpha reductase inhibitors 

5-Alpha reductase is required to convert testosterone into its more potent form of 

dihydrotestosterone, which regulates normal and hyperplastic growth of the prostate 

gland (Brawley & Barnes, 2001; Hsing et al., 2002) (Figure 1.11).   There are three 

isoforms of 5-alpha reductase and they are expressed in a wide range of tissues, but the 

expression of types 1 and 2 are altered in prostate cancer (Azzouni et al., 2012; Thomas 

et al., 2008).  Therefore, 5-alpha reductase inhibitors can potentially inhibit androgen-

stimulated growth in the normal and malignant prostate, thus resulting in a reduction of 

BPH and prostate cancer incidence.  Hence, the development of finasteride and 

dutasteride, which are both 5-alpha reductase inhibitors, provided the opportunity to 

determine the efficacy of this class of drugs in the chemoprevention of prostate cancer. 
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Figure 1.11: 5-Alpha reductase in androgen-induced gene expression.  Testosterone (T) 

diffuses into the cell and if 5-alpha reductase is present it is converted into dihydrotestosterone 

(DHT).  DHT interacts with the androgen receptor (AR), then translocates to the nucleus where 

the DHT-AR complex binds to the DNA of the target genes. The genes are then transcribed and 

translated into proteins that may influence cell growth and differentiation.  

 

Finasteride:   Finasteride, a Food and Drug Administration (FDA) approved drug 

treatment for BPH, inhibits the type 2 isoform of 5-alpha reductase.  It was used in the 

Prostate Cancer Prevention Trial (PCPT) to determine whether it could reduce the risk 

of prostate cancer (Goetzl and Holzbeierlein, 2006; Thompson et al., 2014).  

Approximately 18 800 men, aged 55 and older, with a PSA of less than 3.0 ng/mL and a 

normal DRE, were randomly selected to receive 5 mg of finasteride or placebo daily for 

7 years.  At the end of the study there was a 24.4 % reduction in the prevalence of 

prostate cancer.  However, there was a higher proportion of high-grade tumours in the 

finasteride group compared to the placebo group (Goetzl and Holzbeierlein, 2006; 

Thompson et al., 2014).  High-grade tumours are more aggressive and result in higher 

mortality (Zhou et al., 2005).  As a consequence, finasteride has not been approved for 

preventing prostate cancer.  However, subsequent analyses of the PCPT data concluded 

that the higher risk of high-grade tumour in the finasteride group was due to improved 

detection, facilitated by the finasteride treatment (Redman et al., 2008).  Furthermore, 

twenty years after the study started, no difference was observed in the fifteen-year 

survival rates for the finasteride and placebo groups, and the survival rates for low-

grade and high-grade tumours were similar between the groups (Thompson et al., 2014).  
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Therefore, it can be concluded that finasteride significantly reduces the risk of prostate 

cancer but with no added advantage to life expectancy (LeFevre, 2013). 

 

Dutasteride:  Dutasteride inhibits both the type 1 and type 2 isoforms of 5-alpha 

reductase.  In the Reduction by Dutasteride of Prostate Cancer Events (REDUCE) trial, 

men aged 50-75 years with a PSA of between 2.5-10 ng/mL and a negative prostate 

biopsy 6 months prior to enrolment, were given either 0.5 mg of dutasteride or placebo 

daily for 4 years to determine whether dutasteride was capable of reducing the incidence 

of disease in these men who were at a high risk for prostate cancer (Andriole et al., 

2010).  It was found that dutasteride reduced the risk of biopsy-detectable prostate 

cancer by approximately 23 % and that it also reduced the risk of progression of benign 

prostatic hyperplasia (Andriole et al., 2010; Roehrborn et al., 2011).  However, 

similarly to finasteride, there was an increased incidence of high-grade tumours 

amongst the dutasteride group (Andriole et al., 2010).  As a consequence, dutasteride 

remains approved for the treatment of BPH but is not approved as a prostate cancer 

chemopreventive agent. 

 

1.4.2.2. Selenium and Vitamin E 

Selenium is an essential trace element found at varying concentrations in many plants, 

such as garlic and onions, and also in a variety of sea animals, including tuna.  It can 

exist in different forms with variable effects on prostate cancer and normal cells (Pinto 

et al., 2007).  Most of the selenium chemoprevention studies have used either sodium 

selenite or selenomethionine (Shukla and Gupta, 2005).  Preclinical investigations using 

LNCaP, DU145 and PC-3 cell lines demonstrated that selenium in the form of sodium 

selenite inhibited growth through the induction of apoptosis (Ghosh, 2004; Menter et 

al., 2000; Zhong and Oberley, 2001).  Additionally, selenite caused mitochondrial 

injury and cell death (Zhong and Oberley, 2001) and activation of p53, leading to p53-

mediated apoptosis (Sarveswaran et al., 2010) in LNCaP cells.  Several epidemiological 

studies further suggest a role for selenium as a potential chemopreventive agent for 

prostate cancer, as higher levels of selenium in the plasma and toenail samples of men 

appear to be associated with a lower risk of prostate cancer (Li et al., 2004; Nomura et 

al., 2000; van den Brandt et al., 2003).  More convincingly, a randomised placebo-

controlled trial, the Nutritional Prevention of Cancer Trial (NPCT) in which participants 
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were given a daily dose of 200 µg of selenised yeast for approximately 5 years, revealed 

a 63 % reduction in incidence of prostate cancer in comparison to the placebo group 

(Clark et al., 1998).  Further analysis of NPCT data revealed that selenium 

supplementation had no effect among men with a high baseline of plasma selenium 

(Duffield-Lillico et al., 2003). Despite the encouraging preclinical and epidemiological 

evidence in support of selenium as a potential chemopreventive agent for prostate 

cancer, more recent studies have created significant doubt.  The randomised, controlled 

Selenium and Vitamin E Cancer Prevention Trial (SELECT) revealed that selenium 

supplementation in the form of L-selenomethionine (200 µg/day) had no effect on 

prostate cancer incidence (Lippman et al., 2009).  Furthermore, in men with a high 

baseline of plasma selenium there was an increased risk of high-grade prostate cancer 

(Kristal et al., 2014).  Most recently, Kenfield et al. (2015) found that selenium 

supplementation (140 µg/day) after diagnosis of localised prostate cancer, may increase 

risk of prostate cancer mortality.  Therefore, the clinical trials have largely failed to 

demonstrate any chemopreventive effects of selenium and supplementation at doses that 

exceed the recommended dietary intakes would be unwise. 

 

Vitamin E is a group of naturally occurring lipid-soluble antioxidants found in a variety 

of plants.  α-Tocopherol is the most active form and has been found to significantly 

inhibit the growth and stimulate apoptosis of LNCaP cells (Gunawardena et al., 2000).  

Vitamin E succinate treatment of PC-3 cells also resulted in apoptosis, which was 

enhanced when vitamin E succinate was given in combination with selenium (Shiau et 

al., 2006; Zu and Ip, 2003).  When vitamin E was administered together with selenium 

and lycopene to LADY transgenic mice there was a dramatic reduction in prostate 

cancer incidence (Venkateswaran et al., 2004) and the chemopreventive effect was most 

evident when the supplementation commenced within 8 weeks of age (Venkateswaran 

et al., 2009).  Supplementation with vitamin E and selenium was less effective in 

decreasing prostate cancer incidence, thus suggesting that lycopene is critical for the 

efficacy of the vitamin E, selenium and lycopene combination supplementation 

(Venkateswaran et al., 2009).  Vitamin E supplementation by itself or in combination 

with lycopene has been found to cause necrosis in the tumours of Dunning rats, but in 

this study the vitamin E only supplementation was more effective (Siler et al., 2004).  In 

the Alpha-Tocopherol and Beta-Carotene (ATBC) cancer prevention trial, designed 

primarily to investigate chemoprevention in lung cancer, male smokers were given 
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vitamin E (50 mg/day) and/or β-carotene (20 mg/day).  As a secondary endpoint, the 

incidence of prostate cancer was significantly reduced by 32 % and there was a 41 % 

reduction in prostate cancer mortality in the men receiving vitamin E compared to the 

control group (Heinonen et al., 1998).  The encouraging results of the ATBC and 

preclinical studies, in support of vitamin E as a potential chemopreventive agent, 

prompted the SELECT trial mentioned earlier.  Unfortunately, in this trial vitamin E 

supplementation significantly increased the risk of prostate cancer (Klein et al., 2011).  

It should be noted that the ATBC study was evaluating lung cancer and that prostate 

cancer was a secondary endpoint and so the prostate cancer findings are not as reliable 

as that of the SELECT study.  Moreover, in the ATBC study all the men were long-term 

smokers while in the SELECT study 43 % never smoked and only 8 % were current 

smokers at the time of the study (Klein et al., 2011), and vitamin E supplementation has 

been shown to reduce the risk of prostate cancer in smokers but has no effect in non-

smokers (Chan et al., 1999).  Therefore, like selenium, vitamin E supplementation is not 

recommended as a prostate cancer chemopreventive agent. 

 

1.4.3. Flavonoids in prostate cancer chemoprevention 

1.4.3.1. Classification of flavonoids 

Flavonoids are a group of naturally occurring polyphenols in plants that are 

ubiquitously found in fruits, vegetables, wine and tea.  The typical molecular structure 

of flavonoids includes two aromatic rings (A and B) linked via a three-carbon bridge 

(Corcoran et al., 2012).  These flavonoids are divided into six classes, to include 

flavonols, flavones, flavanones, flavanols, isoflavones and anthocyanins (Table 1.6).  

Many of the dietary sources of flavonoids have been identified.  Epidemiological 

studies have shown that the consumption of flavonoids is associated with a reduced risk 

for developing various cancers, including prostate cancer (Hsing et al., 2002; Knekt et 

al., 2002; Rossi et al., 2010) and several in vitro studies using cultured cells have 

demonstrated cytotoxicity of the dietary flavonoids on different cancers (Ben Sghaier et 

al., 2011; Chiu and Lin, 2008; Gálvez et al., 2003).  Therefore, flavonoids could play a 

key role as potential agents for the prevention and treatment of prostate cancer. 
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Table 1.6: Major subclasses of flavonoids found in the human diet 
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1.4.3.2. Bioavailability, metabolism and safety of flavonoids 

The daily human intake of flavonoids varies in amount and class, depending on the 

dietary sources and habits of people from different demographic regions.  Therefore, in 

the Japanese diet the soy isoflavones, mainly daidzein and genistein, would be the 

predominant class of flavonoids ingested because the Japanese usually consume a diet 

high in soy (Messina et al., 1994; Tsugane and Sawada, 2014).  Meanwhile, in the 

United States the average consumption of flavonoids would be relatively low and 

consist mainly of flavonols (Messina et al., 1994; Corcoran et al., 2012).  Flavonoids 

exist as glycosides (attached to sugar moieties) or aglycones (not attached to any sugar 

moieties).  Within plants most flavonoids, except for isoflavones, are in the form of 

glycosides (Kumar and Pandey, 2013).  Upon consumption, the aglycones are absorbed 

in the small intestine where they can be metabolised to form methylated, glucuronidated 

or sulfated metabolites (Manach et al., 2004).  After oral absorption the metabolites, 

may undergo further hepatic metabolism in the liver, and can be transported to target 

cells via the blood before eventual elimination in the urine or faeces (Thilakarathna and 

Rupasinghe, 2013).  The majority of flavonoids which exist as glycosides must first be 

hydrolysed in the small intestines by the enzyme lactase phloridzin hydrolase to release 

the sugar and aglycone, which can subsequently be metabolised.  Glycosides that reach 

the colon are hydrolysed by specific bacteria before further metabolism in the liver.  

The absorption and metabolism of flavonoids is a complex process that varies 

depending on their structure.  It is also influenced by intestinal microflora (Hur et al., 

2000; Nurmi et al., 2009), the rate of gastrointestinal transport of the flavonoids 

(Mizuma et al., 1993) and how the food is processed before consumption (Gennaro et 

al., 2002; Nemeth and Piskula, 2007).  In general, the absorption of flavonoids is 

relatively low, with the isoflavones being the most readily absorbed compared to the 

flavanols and anthocyanins which are poorly absorbed (Manach et al., 2005). 

 

Dietary intake of flavonoids, even at high levels, is not associated with any direct 

adverse effects, possibly as a consequence of their low absorption.  However, 

consumption of some, such as naringenin, present in high concentrations in grapefruit 

juice, is contraindicated when using certain medications (Dahan and Allman, 2004).  

Naringenin, an inhibitor of cytochrome P-450 3A4 (CYP3A4), could increase the 

concentration of drugs that are metabolised by cytochrome P-450 3A4 (Ho et al., 2001).  
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Furthermore, consumption of flavonoids with a meal can impair iron absorption from 

food, which could increase the risk of iron deficiency in vulnerable populations (Zijp et 

al., 2000).  Although high levels of flavonoids in the diet through the consumption of 

plants and plant-derived foods and beverages are not linked to any toxicity, the effects 

of long-term consumption of supra-physiological doses in the form of supplements are 

unknown.    

 

1.4.3.3. Chemoprevention activity of flavonoids in prostate cancer  

The efficacy of any chemopreventive agent is dependent on its ability to reduce or 

eliminate those features that drive the development and progression of the disease.  

Several mechanisms of action have been proposed for the effect of flavonoids on 

cancer.  A few of the major molecular mechanisms, along with the flavonoids involved 

are highlighted in Table 1.7.  
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Mechanism Flavonoid Cell line Reference 

Cell cycle 

arrest 

Apigenin, Quercetin, 

Fisetin, Luteolin PC-3, LNCaP 

Gupta et al., 2000; 2003; 

Haddad et al., 2006; 

Hagen et al., 2013; Shen 

et al., 2000;  Shukla & 

Gupta, 2007 Genistein, EGCG PC-3, LNCaP, 

DU145 

Apoptosis 

Genistein DU145 Ahmad et al., 1997; 

Brusselmans et al., 

2005a; Khan et al., 

2008; Paschka et al., 

1998; Xu et al., 2013; 

Yuan-Jing et al., 2009 

Myricetin PC-3 

Luteolin, Quercetin, 

Kaempferol, Fisetin LNCaP 

EGCG PC-3, LNCaP, 

DU145 

FAS 

inhibition 

Luteolin, Quercetin, 

Kaempferol, EGCG LNCaP 
Brusselmans et al., 

2005a 

Table 1.7: Selected mechanisms of action of flavonoids in prostate cancer.  The flavonoids 

are able to cause cell cycle arrest, apoptosis and FAS inhibition in in vitro models of prostate 

cancer.  The effects may be cell type dependent and may be achieved through the modulation of 

different molecular pathways.  This list is by no means exhaustive for the flavonoids or the 

potential chemopreventive mechanisms in prostate cancer.  EGCG: epigallocatechin-3-gallate. 

 

1.4.3.3.1. Green tea polyphenols 

A high intake of green tea has been linked to a reduction in the development of prostate 

cancer (Johnson et al., 2010; Zheng et al., 2011).  This health benefit associated with 

green tea has been attributed to certain polyphenols called catechins.  The catechins 

belong to the flavanol subclass and the main catechins found in green tea are 

epicatechin (EC), epigallocatechin (EGC), epicatechin-3 gallate (ECG) and 

epigallocatechin-3-gallate (EGCG).  EGCG is the predominant form, making up 

approximately 50 % of the total catechins.  As a consequence, EGCG has been used in 

many studies to determine the health benefits of green tea.  In vitro studies have 

demonstrated a growth inhibitory effect on DU145, LNCaP and PC-3 cells treated with 

EGCG at concentrations up to 80 µM (Adhami et al., 2007; Ahmad et al., 1997; Gupta 

et al., 2000 and 2003; Hagen et al., 2013; Siddiqui et al., 2006 and 2008).  In these 
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studies, the growth inhibitory effects were associated with the induction of apoptosis 

and cell cycle arrest.  EGCG-mediated apoptosis is primarily activated via the p53-

dependent pathway, requiring upregulation of p21 and Bax (Hastak et al., 2005).  

EGCG is capable of increasing extracellular signal-regulated kinase (ERK) 1/2 activity 

via a mitogen-activated protein (MAP) kinase kinase (MEK)-independent and 

phosphoinositide-3-kinase (PI3K)-dependent signalling pathway in order to inhibit the 

growth of PC-3 cells (Albrecht et al., 2008).  The ERK 1/2 signalling pathway is often 

dysregulated in prostate cancer (Paweletz et al., 2001). 

 

The results of several studies in animal models have created an encouraging profile for 

the green tea catechins as potential chemopreventive agents of prostate cancer.  In one 

study, 80 % of TRAMP mice exposed to water containing 0.3 % green tea catechin 

solution (equivalent to about 6 cups of green tea per day by an average human) for 16  

weeks only developed PIN lesions, while the remaining 20 % along with the water-fed 

control group developed prostate cancer (McCarthy et al., 2007).  This suggested that 

the green tea catechins are capable of delaying the development of prostate cancer.  

Furthermore, intraperitoneal administration of 1 mg EGCG in xenograft mice with 

implanted prostate cancer cells resulted in reductions of tumour volume, serum PSA and 

AR protein expression when compared to control mice (Chuu et al., 2009; Siddiqui et 

al., 2011).  It is also important to note that the duration and time of exposure to the 

green tea polyphenols influences the effectiveness of the treatment.  A number of 

studies involving oral administration of EGCG or the whole green tea polyphenols in 

TRAMP mice at different ages revealed that intervention at an earlier age had a greater 

protective effect (Adhami et al., 2009, Harper et al., 2007). 

 

In a double-blind, placebo-controlled study, 600 mg/day of green tea catechins was 

given in capsule form to men with high-grade PIN for 1 year.  At the end of the study 

there was only a 3 % incidence of prostate cancer in the treated group compared to 30 % 

in placebo-treated men (Bettuzzi et al., 2006).  This finding suggests that prostate 

cancer chemoprevention may be possible and that the green tea polyphenols are 

promising natural chemopreventive compounds.  A follow-up of the patients in this 

study approximately two years after, revealed that the low incidence of prostate cancer 

in the treated group was maintained when compared to the placebo-treated men (Brausi 

et al., 2008), suggesting a long term chemopreventive effect for the polyphenols. 
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However, this study was small scale, with only 60 men, and must be confirmed by 

larger clinical trials. An earlier short-term study using a lower dose of green tea 

catechins and men with hormone refractory prostate cancer showed that green tea 

catechins were ineffective against androgen-independent prostate cancer (Choan et al., 

2005).  Therefore, further studies are required before the green tea catechins can be 

considered as chemopreventive agents for prostate cancer. 

 

1.4.3.3.2. Fisetin 

Fisetin, a flavonol found in many fruits and vegetables including strawberries, kiwi and 

cucumber, exhibits chemopreventive properties against prostate cancer.  It is a potent 

growth inhibitor of prostate cancer cells in culture.  Treatment of LNCaP, PC-3 and 

22Rv1 cells with fisetin at concentrations ranging from 10-60 µM for 48 hours caused 

significant growth inhibition, while normal prostate epithelial cells remained largely 

unaffected (Haddad et al., 2006; Khan et al., 2008 and 2010).  The IC50 values in these 

cells ranged between 23-33 µM, with LNCaP exhibiting the highest sensitivity (Britton 

et al., 2012; Haddad et al., 2006).  At these concentrations, fisetin caused cell cycle 

arrest and apoptosis.  Cell cycle arrest was induced in the G1 phase of LNCaP cells, but 

in the G2/M phase of PC-3 cells (Haddad et al., 2006).  The G1 arrest was associated 

with changes in cyclins and cyclin-dependent kinases, leading to the induction of p21 

and p27 (Syed et al., 2008).  Apoptosis occurred via the intrinsic or mitochondrial 

pathway since it was associated with the release of mitochondrial cytochrome c into the 

cytosol, activation of caspases-3, -8 and -9, downregulation of IAPs and upregulation of 

Smac and DIABLO (Syed et al., 2008).   

 

Fisetin is a potent inhibitor of 5-alpha reductase (type 1) activity (Hiipakka et al., 2002), 

thus possessing the ability to inhibit androgen-stimulated growth.  Furthermore, Khan et 

al (2008) demonstrated that fisetin can interact with the ligand binding site of the AR, 

thus competing with the natural ligand DHT and any other AR ligands.  Once bound to 

the AR, fisetin prevents the transcription and subsequent translation and protein 

synthesis of AR target genes.  Therefore, in this study, fisetin treatment inhibited the 

protein and mRNA expression of PSA, an AR target gene.  In AR-positive 22Rv1 

xenografts, fisetin inhibited tumour growth and also reduced the levels of PSA (Khan et 

al., 2008).  In PC-3 cells fisetin inhibited growth through the inactivation of the 
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PI3K/Akt and c-Jun N-terminal kinase (JNK) signalling pathways (Chien et al., 2010).  

Additionally, Suh et al. (2010) found that fisetin can inhibit the complexes of 

mammalian target of rapamycin (mTOR), mTORC1 and mTORC2 in PC-3 cells.  This 

resulted in the induction of autophagic cell death.  So far, these limited studies have 

presented a favourable chemopreventive profile for fisetin but it is important to note that 

fisetin exhibits some signs of mutagenicity in in vitro assessments (López-Lázaro et al., 

2010; Resende et al., 2012) which could limit its use as a human supplement.  

Therefore, it is pertinent that further studies are conducted to determine the feasibility of 

using fisetin in prostate cancer chemoprevention. 

 

1.4.3.4. Synthetic flavonol, 3ʹ,4ʹ,5ʹ-trimethoxyflavonol (TMFol), in the 

management of cancer 

1.4.3.4.1. Structural features of TMFol 

In addition to the general low absorption of flavonoids (Manach et al., 2005), some of 

the flavonols with encouraging in vitro and in vivo chemopreventive properties display 

signs of mutagenicity (Resende et al., 2012).  Therefore, with the aim of eliminating the 

mutagenic features of flavonols and improving their efficacy, TMFol was synthesised 

(Britton et al., 2009).  The hydroxyl groups on the A and B rings of flavonols have been 

implicated in their mutagenic effects at specific concentrations (Rietjens et al., 2005), 

while the presence of methoxy groups on the rings improved the efficacy of another 

subclass of flavonoids called flavones (Walle et al., 2007; Cai et al., 2009). 

Furthermore, Britton et al. (2012) demonstrated that the presence of methoxy groups 

(OMe) at the 3ʹ, 4ʹ, 5ʹ positions of the B ring appears to improve the growth inhibitory 

activity of TMFol when compared to those with methoxy groups in other positions, and 

those with hydroxyl groups at the 3ʹ, 4ʹ, 5ʹ positions.  Thus, TMFol possesses the 

typical flavonol structure but there are no hydroxyl groups on the A ring and the 

hydroxyl groups on the B ring have been replaced by methoxy groups (Figure 1.12). 
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Figure 1.12: Chemical structure of TMFol.  There are no OH groups on the A and B rings. 

There are methoxy (OMe) groups at the 3ʹ, 4ʹ and 5ʹ positions of the B ring. 

 

1.4.3.4.2. Molecular action of TMFol  

The high levels of TMFol that reach the intestinal and prostate tissue of mice that were 

given a single intra-gastric dose of TMFol (240 mg/kg) suggest that it could be a useful 

agent in the inhibition of colorectal and prostate cancers (Britton et al., 2009; Saad et 

al., 2012).  Subsequently, it was found that TMFol (0.1-10 M) was capable of 

inhibiting the proliferation of colorectal Apc10.1 mouse adenoma cells and human 

HCT116 cancer cells, where IC50 values of 1.3 and 3.3 M, respectively, made TMFol 

more potent than the naturally occurring flavonols, fisetin and quercetin, in the same 

cells (Howells et al., 2010).  Furthermore in ApcMin mice, TMFol reduced the adenoma 

burden in the small intestine, but not the colon, by approximately 50 %, while in 

HCT116 adenocarcinoma-bearing nude mice, early administration of a diet containing 

TMFol (0.2 %), led to a significant reduction in tumour growth.  Subsequent evaluation 

of the tumour tissues from these mice showed an increase in apoptosis and an 

upregulation of p53 expression relative to the control.  The expression of p21 and Bax, 

p53 target proteins, was also increased by TMFol (Howells et al., 2010). The lack of 

mutagenic activity of TMFol at the concentrations used in the Howells et al. (2010) 

study further demonstrated the superior anticancer qualities of TMFol compared to the 

naturally occurring quercetin. 

 

Saad et al. (2010) demonstrated the anti-proliferative effect of TMFol in prostate cancer 

cell lines, TRAMP C2, LNCaP and PC-3, with IC50 values ranging from 1.3-5 M.  

This potent growth inhibitory effect was later demonstrated in the 22Rv1 human-

 C 
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derived prostate cancer cells, where TMFol was considered one of the most potent, 

based on the IC50 values, when compared to an array of natural and synthetic flavonols 

(Britton et al., 2012).  Cell cycle arrest was induced at the S phase for PC-3 and at 

G2/M for LNCaP and TRAMP C2 cells and there were also significant increases in the 

number of apoptotic cells in both LNCaP and TRAMP C2 (Saad, 2011).  

Downregulation of AR and PSA was also observed in the prostate cell lines studied 

(Saad, 2011; Britton et al., 2012).  Hence modulation of the AR, which can lead to cell 

cycle arrest and apoptosis could be a mechanism engaged by TMFol to elicit anti-

proliferative activity in prostate cancer (Saad, 2011).  Expression of p53 and its target 

gene, p21, were elevated in the LNCaP and TRAMP C2 cells after TMFol intervention.  

Since p53 is involved in cell cycle arrest and apoptosis (Giono and Manfredi, 2006), 

TMFol may be utilising the p53 pathway to induce its potent anti-proliferative effects in 

the colorectal and prostate cancer cell lines studied.  However, other mechanisms must 

be involved since TMFol had similar anti-proliferative effects on PC-3 cells, which lack 

both AR and p53. 

 

The metabolism and subsequent bioavailability of TMFol has been studied in mice.  

The Cmax of TMFol in the prostate of mice given a single oral dose (240 mg/kg) was 

18.4 nmol/g and this was achieved 6 hours after administration (Saad et al., 2012).  

However, no TMFol was detected in the murine plasma, which is not unusual as some 

flavonols, such as quercetin, are often found in association with the red blood cells 

which would limit concentrations of the free compound in plasma (Fiorani et al., 2003).  

Six metabolites of TMFol were identified in mice fed a single intra-gastric dose of 

TMFol (240 mg/kg); TMFol-3-O-glucuronide, three TMFol-O-desmethyl glucuronides 

and two unconjugated O-desmethyl TMFol species, but their concentrations were 

negligible compared to the parent TMFol.  Therefore, the TMFol metabolites may not 

be important contributors to the anti-prostate cancer effects of TMFol (Saad et al., 

2012).  

 

The effect of dietary TMFol (0.2 % TMFol) on prostate tumour growth in nude mice 

bearing the TRAMP C2 cells showed that TMFol caused a significant decrease in 

tumour volume by 42 % and a decrease in the tumour weight by 15 % (Saad, 2011).  

When the concentrations of TMFol in the tumour and prostate tissue were assessed 

TMFol was more abundant in the prostate and the concentrations in both tissues were 
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similar to or exceeded the IC50 values previously obtained in prostate cancer cells, thus 

accounting for the significant decrease in tumour volume.  Administration of the 0.2 % 

TMFol-containing diet to TRAMP C2 prostate cancer xenograft nude mice also led to a 

40 % reduction in the Ki-67 labelling index (Saad, 2011), indicating a significant 

reduction in proliferation of the tumour cells.   

 

In an unpublished study conducted in this laboratory tumour tissues from another 

xenograft model bearing 22Rv1 prostate cancer cells were subjected to proteomic 

analysis and 700 proteins were found to be significantly upregulated following TMFol 

intervention.  These proteins were identified as mainly components of the Wnt and 

Krebs cycle and also the focal adhesion complex (Dr. Leonie Norris, unpublished data).  

Therefore, the proteomic data along with the consistent modulation of p53, suggest that 

TMFol may be exerting its anti-cancer ability by altering the metabolism of prostate 

cancer.  Thus, the challenge remains to determine the mechanisms or signalling 

pathways through which TMFol fully exerts its effect so as to facilitate a better 

understanding of this putative prostate cancer chemopreventive agent. 
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1.5. Aims and Objectives 

The mechanisms of action of TMFol are largely unknown.  Therefore, the overall aim 

of this research was to determine the essential mechanisms of action of TMFol as a 

putative agent in the management of prostate cancer and further assess its in vivo 

efficacy.  This overall aim was achieved by: 

i. investigating the effect of TMFol on the proliferation of human-derived prostate 

cancer cell lines, 22Rv1 and PC-3 and also a normal immortalised prostatic 

epithelial cell line, PNT2. 

ii. determining if TMFol can activate apoptosis.  

iii. determining if TMFol can cause cell cycle arrest. 

iv. checking if TMFol can cause the induction of senescence. 

v. determining if TMFol can alter the expression and activity of metabolic proteins 

that may play a role in the development and progression of prostate cancer. 

vi. investigating the in vivo chemopreventive efficacy of a dietary intake of TMFol 

on tumour development and survival in two transgenic mouse models of prostate 

cancer, PBCre4p53floxRbflox and PBCre4Ptenflox. 

The overall outcome of this research will determine the ability of TMFol to modulate 

molecular targets involved in prostate carcinogenesis and subsequently guide the 

optimisation of any future preclinical assessments to ascertain the potential value of 

TMFol in the management of prostate cancer.  
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Chapter 2. Materials and Methods 

2.1. Materials 

2.1.1. Chemicals and reagents 

For cell culture, the growth medium, trypsin and foetal calf serum were obtained from 

Life Technologies (Paisley, UK). Buffers used in Sodium Dodecyl Sulphate 

Polyacrylamide Gel Electrophoresis (SDS-PAGE), 10X TRIS/Glycine SDS Running 

Buffer, 10X TRIS/Glycine Transfer Buffer, ProtoGel (30%) 37.5:1 Acrylamide to 

Bisacrylamide Stabilised Solution, 4X ProtoGel Resolving Buffer and ProtoGel 

Stacking Buffer, were all purchased from Geneflow (Lichfield, UK).  Antibodies were 

obtained from Sigma (Dorset, UK), Santa Cruz (Heidelberg, Germany) or Cell 

Signaling (Hertfordshire, UK) as indicated in Table 2.4.  All other chemicals and 

reagents were purchased from Sigma (Dorset, UK), unless stated otherwise. 

 

2.1.2. Polyacrylamide gel composition 

Table 2.1: Composition of the polyacrylamide gels used in Western blotting.   

 

Gel 

Components 

5 %  

Stacking  

8 %  

Resolving 

10 % 

Resolving  

12 % 

Resolving  

Water (mL) 5.7 9.5 8.1 6.8 

4X ProtoGel 

Resolving Buffer 

(mL) 

- 5 5 5 

ProtoGel Stacking 

Buffer (mL) 2.5 - - - 

ProtoGel 30 % 

Acrylamide (mL) 1.7 5.3 6.7 8 

10 % APS (mL) 0.100 0.200 0.200 0.200 

TEMED (mL) 0.015 0.015 0.015 0.015 

 

The above volumes were sufficient for 2 gels.  The stacking gel was poured onto the set 

resolving gel in the gel cassettes and 10 or 15 well combs inserted in the stacking gel before 

setting.  APS – ammonium persulphate, TEMED - N,N,Nʹ,Nʹ - Tetramethylethylenediamine 
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2.1.3. Buffers  

Table 2.2: Buffers and their constituent ingredients  

 

Buffer Composition 

Annexin V Binding 

Buffer 

1X working solution of Annexin V Binding Buffer (BD 

Biosciences, Oxford, UK) in distilled water (dH2O) 

contained 10 mM HEPES/NaOH (pH 7.4), 140 mM 

sodium chloride (NaCl) and 2.5 mM calcium chloride 

(CaCl2) 

Blocking Buffer Contained 5 % milk (Marvel dried skimmed milk, 

Spalding, UK) dissolved in 1X PBST (see below) 

Citrate Buffer Contained 10 mM citric acid monohydrate in dH2O  

and pH adjusted to 6.0 with 2 M sodium hydroxide 

(NaOH) solution 

Complete Cell Lysis 

Buffer 

Contained 1 complete mini protease inhibitor cocktail 

tablet and 1 PhosStop phosphatase inhibitor cocktail 

tablet dissolved in 10 mL of complete lysis – M 

reagent.  Items supplied by Roche Diagnostics (Sussex, 

UK). 

Phosphate Buffered 

Saline (PBS) 

1X working solution contained 10 PBS tablets (Oxoid, 

Hampshire, UK) dissolved in 1000 mL dH2O 

PBS-Tween-20 (PBST) 1X working solution contained 10 PBS tablets 

dissolved in 1000 mL dH2O with 1 mL Tween-20 

Running Buffer 1X working solution contained 25 mM Tris, 192 mM 

glycine and 0.1 % w/v sodium dodecyl sulphate (SDS) 

Sample Buffer, Laemmli  

2X concentrate 

Contained 4 % SDS, 20 % glycerol, 10 % 2 –

mercaptoethanol, 0.004 % bromophenol blue and 0.125 

M Tris HCl, pH adjusted to 6.8 

Transfer Buffer 1X working solution contained 25 mM Tris, 192 mM 

glycine and 20 % v/v methanol (Fisher Scientific, 

Loughborough, UK) 
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2.2. Methods 

2.2.1. Cell Culture 

Human derived prostate cancer cell lines, 22Rv1 and PC-3, and the human derived 

normal prostatic epithelial cells, PNT2, were utilised in the in vitro studies of this 

research.   The 22Rv1 cells were derived in 1999 from a human prostate cancer 

xenograft serially propagated in mice after castration-induced regression and relapse of 

the parental CWR22 xenograft (Sramkoski et al., 1999).  The PC-3 cells were derived in 

1979 from a grade IV bone prostate cancer metastasis in a 62 year old Caucasian 

(Kaighn et al., 1979).  The PNT2 cells were derived from normal prostatic epithelial 

cells obtained from the prostate of a 33 year old male at post mortem and immortalised 

with SV40 (Berthon et al., 1995).  The cells were sourced from the European Collection 

of Cell Cultures (ECACC), except for 22Rv1 cells, which were kindly provided by Dr. 

Imran Ahmad (Beatson Institute for Cancer Research, Glasgow, UK).  All of the cells 

were cultured in Roswell Park Memorial Institute (RPMI) 1640 containing L-glutamine 

and supplemented with 10 % foetal calf serum (FCS).  The cells were incubated at 37 

˚C in 5 % carbon dioxide (CO2).  The doubling times of the cells were 40 h for 22Rv1, 

25 h for PC-3 and 36 h for PNT2.  Throughout the research period, the cells were tested 

for mycoplasma at 6 monthly intervals. 

 

2.2.1.1. Maintenance of cells 

Once the cells were resuscitated from liquid nitrogen, they were cultured at a required 

density in 75 cm2 flasks in 12 mL of FCS-supplemented growth medium and were not 

used in any experiment beyond passage 30.  For routine maintenance, the cells were 

grown to approximately 80-90 % confluency before passaging.  To passage, the growth 

medium was removed and the cells were washed twice with 5 mL of PBS.  The cells 

were then trypsinised with 5 mL of 1X trypsin/EDTA for approximately 5 minutes at 37 

˚C.  To facilitate cell detachment, the flask was gently tapped before the trypsin was 

neutralised with 5 mL of the growth medium containing FCS.  The cell suspension was 

centrifuged at 350 x g for 3 minutes and the cell pellet formed was resuspended at the 

required dilution in fresh growth medium. 
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2.2.1.2. Cell treatment preparation 

TMFol was synthesised by Dr. Robert Britton (Department of Cancer Studies, 

University of Leicester, UK) as described in Britton et al. (2009).  The stock solution of 

TMFol was prepared at a concentration of 20 mM in dimethyl sulfoxide (DMSO) and 

stored at -20 ˚C.  As recommended in Britton et al. (2009), the stock solution was used 

in experiments up to 3 months after its preparation and then discarded.  Since DMSO 

was the solvent for TMFol, all treatments and controls contained the same concentration 

of DMSO, which did not exceed 0.1 % v/v. 

 

2.2.2. Cell proliferation assay 

The cells were seeded at a density of 1 x 104 cells/well in 1 mL of growth medium, onto 

24-well plates, in three replicates.  The cells were allowed to adhere overnight before 

treatment with 1, 2.5, 5 or 10 µM TMFol or DMSO control in a final volume of 2 mL.  

Following 72 or 144 h incubation at 37 ˚C, the growth medium was removed from the 

wells and the cells were washed twice with 1 mL PBS.  Trypsin/EDTA (0.5 mL) was 

added to each well and the plates incubated at 37 ˚C for 5 minutes to detach the cells.  

Once the cells were detached the trypsin/EDTA was neutralised by adding 0.5 mL of 

growth medium.  The cell suspension from each well was added to a coulter counter cup 

with 9 mL ISOTON® II diluent (Beckman Coulter, High Wycombe, UK).  The number 

of cells present was determined by passing the diluted cell suspension through a Z2 

Coulter Particle Counter with Size Analyser (Beckman Coulter, High Wycombe, UK).  

Cell numbers were calculated as percentage of the DMSO control and plotted against 

TMFol concentration.  To determine the 50 % inhibitory concentration (IC50), the cell 

number as percentage of the DMSO control was plotted against the log concentration at 

72 or 144 h in Microsoft Excel 2013.  A linear trend-line was plotted and the linear 

equation generated was used to calculate the log concentration at 50 % of cell number.  

The antilog concentration was subsequently calculated to give the IC50 value.  Each cell 

proliferation assay was performed independently at least three times and the graphs and 

IC50 values are the means ± the standard deviation (SD).    

 

2.2.3. Measurement of apoptosis using annexin V and flow cytometry 

The earliest feature of apoptosis is the translocation of plasma membrane 

phosphatidylserine (PS) from the inner side of the plasma membrane to the outer layer 
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(Martin et al., 1995).  Annexin V binds to the PS that is now exposed on the external 

surface of the cell, distinguishing the apoptotic cell from the healthy.  When using flow 

cytometry, annexin V conjugated to fluorochromes such as fluorescein isothiocyanate 

(FITC) is used as a probe to identify apoptotic cells.  The translocation of PS to the 

external surface of the cell also occurs during cell necrosis, but during early apoptosis 

the cell membrane remains intact, whilst the cell membrane is disrupted in the necrotic 

cell.  Hence to distinguish between early apoptosis and necrosis the annexin V-FITC 

staining must be undertaken in conjunction with a DNA-intercalating dye such as 

propidium iodide (PI), which can only enter the cell following membrane disruption.  

Healthy intact cells are annexin V-FITC and PI negative, apoptotic cells are annexin V-

FITC positive and PI negative and necrotic cells are annexin V-FITC and PI positive 

(Vermes et al., 1995).  The annexin V-FITC and PI staining is a highly sensitive and 

easy to perform method to quantitatively determine the percentage of cells within a 

population undergoing apoptosis. 

 

A FITC-Annexin V Apoptosis Detection kit (BD Biosciences, Oxford, UK) was used to 

detect apoptosis.  22Rv1 and PC-3 cells were seeded at a density of 5 x 105 while PNT2 

cells were seeded at 3 x 105 in 75 cm2 flasks in 12 mL of growth medium.  Cells were 

allowed to adhere overnight before the growth medium was removed and replaced with 

medium containing TMFol (10 μM) or DMSO control for 24, 48 or 72 h.  Fifty µM 

etoposide was used as the positive control in the PNT2 cells while 20 µM sorafenib 

tosylate was the positive control in the PC-3 and 22Rv1 cells.  The cells that detached in 

the medium during the incubation time were removed and reserved.  The adherent cells 

were washed twice with PBS, trypsinised and then pooled with the detached cell 

medium.  The cells were centrifuged at 350 x g for 5 min and the pellet was 

resuspended in 10 mL fresh growth medium supplemented with FCS.  The cells were 

incubated for 30 min at 37˚C before being re-centrifuged.  The cell pellet formed was 

then resuspended in 500 µL 1X Annexin V Binding Buffer.  Then 5 µL of FITC-

Annexin V and 5 µL of PI (0.05 µg/test) were added to the cells.  The cells were gently 

vortexed and incubated at room temperature in the dark for 15 min.  The percentage of 

cells undergoing apoptosis was determined by flow cytometry using a FACS Aria II 

(Becton Dickinson, New Jersey, USA) with the BD FACS Diva analysis software 

(version 6.1.2). 
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2.2.4. Evaluation of specimens from xenograft study 

The paraffin-embedded slides of the prostate tumour sections and tumour lysates from 

22Rv1 xenografts were available for Western blot and immunohistochemical analyses.  

The xenograft study was previously performed in this laboratory.  The procedure 

followed for the xenograft study is included in section 2.2.4.1 below for clarity on the 

source of the specimens. 

 

2.2.4.1. Xenograft study and lysate preparation 

Male MF-1 outbred nude mice (30-40 g, 6 weeks of age) were obtained from Harlan 

UK (Bicester, Oxon, UK) and ear-punched for identification.  Mice were kept in the 

Leicester University Biomedical Services facility at 20-23 °C under conditions of 40-60 

% relative humidity and a 12 h light/dark cycle.  Experiments were carried out under 

animal project license PPL 80/2167, granted to Leicester University by the UK Home 

Office.  The experimental design was vetted by the Leicester University Local Ethical 

Committee for Animal Experimentation and met the standards required by the 

UKCCCR guidelines (Workman et al., 2010). 22Rv1 cells (2 × 106) suspended in 

matrigel:serum-free medium (1:1; 100 μL; Becton-Dickinson, Worthing, UK) were 

injected subcutaneously into the right flank of male nude mice of 8 weeks of age under 

light halothane anaesthesia.  Mice received standard powdered AIN93G diet (controls) 

or powdered AIN93G diet supplemented with 0.2 % w/w TMFol.  Each group consisted 

of 10 animals.  Mice commenced diet seven days prior to cell inoculation.  Mice were 

weighed weekly, and tumour size was measured twice per week using callipers.  

Animals were culled approximately 7 weeks after tumour cell inoculation, when 

tumours in untreated mice reached the maximal size (~17 mm in length) permissible 

under UK animal welfare stipulations.  Tumour tissue samples were snap-frozen (liquid 

nitrogen) and stored at -80 °C until analysis by Western blotting or fixed in 10 % 

formalin and histologically processed until analysis by immunohistochemistry. 

 

Tumour tissue from control mice or mice which received TMFol was homogenized with 

lysis buffer (1:4, w:v. PBS, 1 % NP-40, 0.5 % sodium deoxycholate, 0.1 % SDS, with 

protease inhibitors PMSF 1 mM, aprotinin 2 µg/ml, leupeptin 5 µg/ml and phosphatase 

inhibitors sodium vanadate 1 mM and sodium fluoride 1 mM).  The homogenate was 
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placed on ice for 15 min and centrifuged (20 min, 10 000 x g, 4 ºC).  The protein 

concentrations of the tumour lysates were measured as described in section 2.2.6 below. 

 

2.2.4.2. Immunohistochemical analysis of cleaved caspase-3 

Formalin-fixed 22Rv1 tumour tissues were stained for cleaved caspase-3 using cleaved 

caspase-3 Asp 175 polyclonal antibody from Cell Signaling Technology (Hertfordshire, 

UK). The paraffin-embedded sections (4 μm) mounted on polysine-coated slides were 

de-waxed by incubating at 65 °C for 20 min.   The sections were hydrated by first 

immersing the slides in xylene (Genta Medical, York, UK) for 3 min (2X), followed by 

immersion in a graded series of industrial methylated spirit (IMS) (Genta Medical, 

York, UK) rinses (99  % - 2X for 3 min and 95 % - 2X for 3 min).  The slides were then 

washed in running tap water for 5 min. The antigen was unmasked by microwaving the 

slides on high power in 10 mM citrate buffer (pH 6.0) for 20 min. A Novocastra™ 

Novolink™ Polymer Detection System (Leica Biosystems, Newcastle Upon Tyne, UK) 

was subsequently used in the staining.  The endogenous peroxidase activity was 

inactivated by adding 100 µL of the peroxidase block directly on the sections for 10 

min.  The slides were washed in PBS (2X for 5 min) before adding 100 µL of the 

protein block directly on the sections for 10 min to block nonspecific binding.  The 

slides were washed in PBS as before and the sections incubated with the cleaved 

caspase-3 antibody (dilution 1:200) overnight at 4 ˚C.  The antibody diluent was 3 % 

w/v bovine serum albumin and 1 % v/v Triton X - 100 in PBS.  The negative control 

was rabbit immunoglobulin fraction (normal) (Dako, Ely, UK).  After washing the 

sections in PBS (2X for 5 min), 100 µL of the post primary block was added for 5 min 

to detect the mouse antibodies.  This was followed by PBS washing (2X for 5 min) and 

the addition of 100 µL of the Novolink™ Polymer for 30 min to detect the rabbit 

immunoglobulins.  While washing in PBS, 3,3ʹ-diaminobenzidine (DAB) was prepared 

by adding 5 µL DAB chromogen to 100 µL Novolink™ DAB substrate buffer and this 

DAB working solution (100 µL) was added to the sections for 5 min to react with the 

peroxidase to produce a brown stain.  Following a 5 min wash with running tap water 

the sections were counterstained with Mayer’s Haematoxylin for 1 min and washed 

again for another 5 min in running tap water.  The sections were finally dehydrated back 

through the graded IMS and xylene.  Coverslips were added to the slides with the help 

of the DPX (mixture of distyrene, a plasticizer and xylene) mountant.  The slides were 
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visualised under a microscope (Leica DM 2500 with Leica digital camera, Leica 

Microsystems, Milton Keynes, UK) at a magnification of x 40 and images were taken of 

10 random fields of view for each section.  The Leica Application Suite (version 2.8.1) 

was used to acquire the images.  The slides were scored by two independent observers 

blinded to the treatment group.  Representative fields were selected for each image and 

the total number of epithelial cells and the number of positively stained epithelial cells 

were counted.  The apoptotic index was calculated as the percentage of epithelial cells 

from the 10 random fields of view per section which stained positive for cleaved 

caspase-3.   

 

2.2.5. Cell cycle analysis 

Cell cycle distribution can be determined by measuring the DNA content of the cells.  A 

fluorescent dye is used to stain the DNA quantitatively so that the fluorescence intensity 

of the stained cells at certain wavelengths correlates with the amount of DNA.  Hence, 

the fluorescence of cells in the G2/M phase would be twice as high as that of cells in the 

G1 phase, while the fluorescence of cells in the S phase would lie somewhere between 

that of G1 and G2/M.  The fluorescence intensity is measured by flow cytometry. 

 

22Rv1 cells were seeded at a density of 1 x 106, while PC-3 and PNT2 cells were 

seeded at 8 x 105 in 75 cm2 flasks in 12 mL of media.  After allowing 24 h for cell 

adherence the cells were treated with 10 µM TMFol or DMSO control for 24, 48 or 72 

h.  The cells were washed twice with 5 mL PBS and harvested by trypsinisation.  The 

resulting cell suspension was centrifuged for 5 min at 400 x g.  The supernatant was 

discarded and the cells were fixed in 2 mL of ice-cold 70% ethanol (Fisher Scientific, 

Loughborough, UK) overnight or up to one week at 4 °C.  After fixation, the cell 

suspension was centrifuged at 400 x g for 10 min and the cells were resuspended 

overnight at 4 °C in 800 µL of PBS and RNase A at a final concentration of 10 µg/mL.  

PI, at a final concentration of 20 µg/mL, was subsequently added and incubated for a 

minimum of 2-3 h at 4 °C before FACS analysis on a FACS Aria II (Becton Dickinson, 

New Jersey, USA).  Data were analysed using the ModFit software version LT3.3. 
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2.2.6. Bicinchoninic acid (BCA) Protein Assay 

The Pierce BCA protein assay kit (Thermo Scientific, Loughborough, UK) was used to 

determine the concentration of proteins in lysates.  Serial dilutions of BSA ranging from 

0 to 1 mg/mL were used to prepare a standard curve.  Then the lysates of unknown 

concentration were serially diluted with distilled water (for example, 1:10, 1:50, 1:100) 

to ensure that the absorbance of the lysates was within the linear range of the BSA 

standard curve.  Ten µL of the distilled water, BSA standard solutions and serially 

diluted lysates was added to separate wells on a 96 well microplate in triplicate.  Two 

hundred µL of the BCA working solution, prepared by mixing 50 parts of BCA Reagent 

A with 1 part of BCA Reagent B, was added to each well and mixed thoroughly.  The 

microplate was covered and incubated at 37 °C for 30 min.  Subsequently, the 

microplate was cooled to room temperature before reading the absorbance at 595 nm on 

a Fluostar Optima plate reader (BMG Labtech Ltd, Aylesbury, UK).  The standard 

curve generated was used to determine the protein concentration of the unknown 

lysates.  

 

2.2.7. Quantitative assay of senescence-associated β-galactosidase activity 

SA-β-galactosidase activity is the classical biomarker for determining cellular 

senescence in mammalian cells.  Measurement of activity is generally by staining cells 

with the chromogenic substrate 5 bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-

gal) at pH 6.0 to give a blue colouration to the senescent cells, and the percentage of 

positively stained cells determined.  Since 22Rv1 cells tend to grow in clusters it was 

decided that the quantitative assay previously described by Gary and Kindell (2005) 

would give a more accurate analysis of SA-β-galactosidase activity.  This assay 

determines SA-β-galactosidase activity by measuring the conversion rate of 4-

methylumbelliferyl-β-D-galactopyranoside (MUG) to 4-methylumbelliferone (4-MU) at 

pH 6.0, which is highly fluorescent in alkaline solution. 

 

PNT2 and PC-3 cells were seeded at a density of 8 x 105, while 22Rv1 cells were 

seeded at 1 x 106 in 10 cm plates in 12 mL of growth medium.  The cells were allowed 

to adhere over 24 h before treating with 10 µM TMFol or DMSO control for 24, 48 or 

72 h.  At the end of the treatment period the plates were washed six times with PBS, and 

450 µL of 1X lysis buffer (Table 2.3) was added to each plate.  The cells were scraped 
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and transferred to a 1.5 mL tube. The cells were vortexed vigorously and then 

centrifuged for 5 min at 12 000 x g.  The supernatant, now referred to as the clarified 

lysate, was collected and kept on ice.  The protein concentration of the clarified lysate 

was determined using the BCA protein assay as outlined in 2.2.6 above.  Then 150 µL 

of 2X reaction buffer (Table 2.3), 100 µL of the clarified lysate and 50 µL of a pH 6.0-

adjusted solution of 200 mM sodium phosphate with 200 mM citric acid were mixed 

together and placed into a 37 °C water bath for a 2 h incubation period.  To determine 

the optimal incubation period for each cell type several incubation periods from 1 to 3 h 

were used and it was found that the rate of 4-MU formation was linear over the first two 

hours for all of the clarified lysates.  As a positive control, 150 µL of 2X reaction 

buffer, 50 µL of clarified lysate, 50 µL of 1X lysis buffer and 50 µL of a pH 4.0-

adjusted solution of 200 mM sodium phosphate with 200 mM citric acid were mixed 

together and incubated in a 37 °C water bath for 2 h.  At the end of the incubation 

period, 500 µL of 400 mM sodium carbonate stop solution was added to 50 µL of the 

reaction mix.  Then 150 µL of the carbonate stopped reaction mix was added to 

triplicate wells in a 96-well microplate.  The fluorescence was measured using a 

Fluostar Optima plate reader (BMG Labtech Ltd, Aylesbury, UK) with excitation at 360 

nm, emission at 465 nm and gain held constant at 800.  The SA-β-galactosidase activity 

was normalised for total protein (4-MU fluorescence/µg protein/hour) and then finally 

expressed as a percentage of the DMSO control. 

 

Table 2.3: Composition of buffers used in the quantitative assay of SA-β-galactosidase 

activity 

 

Buffer Composition 

1X Lysis buffer 5 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS), 4 mM citric acid, 4 mM 

sodium phosphate, 0.5 mM benzamidine and 0.25 mM 

phenylmethanesulfonyl fluoride (PMSF) {added 

immediately before use}, pH 6.0 

2X Reaction buffer 4 mM citric acid, 4 mM sodium phosphate, 300 mM 

sodium chloride, 10 mM β-mercaptoethanol, 4 mM 

magnesium chloride and 1.7 mM MUG {added 

immediately before use}, pH 6.0 
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2.2.8. Gel Electrophoresis and Western blotting 

2.2.8.1. Preparation of whole cell lysate 

22Rv1 cells were seeded at a density of 1 x 106, while PC-3 and PNT2 cells were 

seeded at 8 x 105 in 75 cm2 flasks in 12 mL of media.  After allowing 24 h for cell 

adherence the cells were treated with 10 µM TMFol or DMSO control for 24, 48 or 72 

h.  The cells were washed twice in 5 mL PBS and harvested by trypsinisation.  The cell 

suspension was centrifuged at 350 x g for 3 min and the cell pellet formed was 

resuspended in 800 µL PBS.  The cell suspension was centrifuged at 17 000 x g for 3 

min.  The supernatant was discarded and the cell pellet stored on ice and used to form 

the whole cell lysate.  The cell pellet was resuspended in complete cell lysis buffer (2X 

volume displaced by the cell pellet) and incubated on ice for 20 min.  The cell 

suspension was centrifuged at 17 000 x g at 4 ˚C for 20 min.  The supernatant 

containing the proteins from the cell lysis was collected as the whole cell lysate.  The 

protein concentration of the lysate was determined using the BCA protein assay 

described above (section 2.2.6) and then stored at -20 ˚C.  

 

2.2.8.2. Modulation of glucose composition in cell culture medium 

22Rv1 cells were seeded at a density of 1 x 106 in 75 cm2 flasks in 12 mL of RPMI-

1640 medium and incubated for 48 h.  The medium was removed and replaced with 

glucose-free RPMI-1640 containing 10 % FCS for 8 h.  Then the cells were treated for 

24 h with 10 µM TMFol or DMSO control in glucose-free RPMI-1640 medium 

containing 0, 5 or 11 mM glucose supplementation.  The cells were washed twice in 5 

mL PBS and harvested by trypsinisation.  The whole cell lysates were then prepared as 

described above.  

   

2.2.8.3. SDS-PAGE and Western Blotting 

To prepare the whole cell lysates for SDS-PAGE an appropriate volume of the lysate 

was mixed with an equivalent volume of sample buffer 2X Laemmli concentrate to 

obtain 20 µg of protein.  This mixture was boiled at 100 ˚C for 5 min and then briefly 

centrifuged before loading 20 µL/well on a polyacrylamide gel.  The percentage 

resolving buffer used in the gel was dependent on the molecular weight of the protein of 

interest.   A pageruler prestained protein ladder (Thermo Scientific, Loughborough, 
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UK) was added to the first and last wells in each gel to indicate the relative sizes of the 

separated proteins in the cell lysate. 

 

The Bio-Rad mini gel electrophoresis system (Hertfordshire, UK) was used for the 

SDS-PAGE.  All gels were placed in the running buffer and electrophoresis was 

performed at 120 V until the dye front was approximately 5-10 mm from the end of the 

gel.  The gels were then removed from the plates and allowed to equilibrate in transfer 

buffer for 10 min before being assembled in the transfer cassette.  The separated 

proteins were transferred in transfer buffer for 90 min onto a nitrocellulose membrane 

of pore size 0.2 M (GE Healthcare, Buckinghamshire, UK) at 100 V. 

 

Upon completion of the transfer, the nitrocellulose membrane was placed in the 

blocking buffer for 2 h on a rocking platform at room temperature.  The membrane was 

then incubated with the primary antibody of interest at the concentrations indicated in 

Table 2.4.  Incubation was carried out overnight in the cold room on a rocking platform.  

Following the incubation period the nitrocellulose membrane was washed in PBST (1X 

for 10 min and 2X for 5 min).  The corresponding secondary antibody (Table 2.4) was 

then added to the membrane for 1 h at room temperature on a rocking platform.  The 

secondary antibody was then removed and washed with PBST (1X for 10 min and 1X 

for 5 min).  The last wash was with water for 5 min.  Equal volumes of EZ-ECL 

solution A and EZ-ECL solution B from the EZ-ECL chemiluminescence detection kit 

for HRP (Biological Industries, Israel) were mixed together and allowed 5 min to 

equilibrate.  The membrane was subsequently incubated with the EZ-ECL mixture for 

1-2 min at room temperature.  The excess mixture was drained away and the membrane 

wrapped in cling film and placed with the protein side up in the film cassette.  In a dark 

room the membrane was exposed to an ECL hyperfilm (GE Healthcare, 

Buckinghamshire, UK) for an appropriate time based on signal intensity and then 

developed using a Curix 60 Agfa-Gevaert (Germany).  The membranes were re-probed 

for actin, the house-keeping protein used as the loading control.  For re-probing, the 

nitrocellulose membrane was first washed in PBST for 10 min on a rocking platform at 

room temperature, followed by incubation in stripping buffer (ThermoScientific, 

Loughborough, UK) at room temperature for 10 min on a rocking platform.  The 

stripped membrane was then washed once in PBST for 10 min before repeating the 
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Western blotting procedure as outlined earlier in this paragraph.  The protein band 

densities were determined using ImageJ software version 1.47. 
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Table 2.4: Antibodies for Western Blotting 

 

Antibody Supplier Host Dilution 

Acetyl-CoA carboxylase (C83B10) Cell Signaling Rabbit 1:1000 

ACO2 (A-22) Santa Cruz Rabbit 1:1000 

Actin (1-19) Santa Cruz Goat 1:1000 

AMPKα (23A3) Cell Signaling Rabbit 1:1000 

Anti-DLST Sigma Rabbit 1:1000 

Anti-FH Sigma Rabbit 1:1000 

Anti-SUCLG1 Sigma Rabbit 1:1000 

ATP-citrate lyase Cell Signaling Rabbit 1:1000 

Fatty acid synthase (C20G5) Cell Signaling Rabbit 1:1000 

IRP-1 (N-17) Santa Cruz Goat 1:1000 

LDHA (C4B5) Cell Signaling Rabbit 1:1000 

P16 INK4A Cell Signaling Rabbit 1:1000 

p21 Waf1/Cip1(12D1) Cell Signaling Rabbit 1:1000 

p53 (DO-1) Santa Cruz Mouse 1:1000 

PDC-E2 Santa Cruz Mouse 1:1000 

PDH-E1α (9H9) Santa Cruz Mouse 1:1000 

PEPCK (H-300) Santa Cruz Rabbit 1:1000 

Phospho-acetyl-CoA carboxylase (Ser 79) 

(D7D11) 

Cell Signaling Rabbit 1:1000 

Phospho-AMPKα (Thr172)(40H9) Cell Signaling Rabbit 1:1000 

SDHA (H-204) Santa Cruz Rabbit 1:1000 

VDAC (D73D12) Cell Signaling Rabbit 1:1000 

Secondary 

Antibodies 

Anti-mouse IgG-HRP Santa Cruz Goat 1:20000 

Anti-goat IgG-HRP Santa Cruz Donkey 1:20000 

Anti-rabbit IgG-HRP Santa Cruz Goat 1:20000 

 
ACO2: mitochondrial aconitase; AMPKα: AMP-activated protein kinase α; DLST: 

dihydrolipoyl succinyltransferase; FH: fumarate hydratase; SUCLG1: succinate-Co A ligase, α 

subunit; IRP-1: iron regulatory protein 1; LDHA: lactate dehydrogenase; PDC-E2: E2 subunit 

of pyruvate dehydrogenase; PDH-E1α: E1α subunit of pyruvate dehydrogenase; PEPCK: 

phosphoenolpyruvate carboxykinase; SDHA: succinate dehydrogenase flavoprotein subunit A; 

VDAC:   voltage-dependent anion channel; HRP: horseradish peroxidase; IgG: immunoglobulin 

G  
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2.2.9. Mitochondrial aconitase activity 

In mammalian cells, aconitase, an iron-sulphur protein, is found in both the 

mitochondria and cytosol.  The mitochondrial aconitase (ACO2) functions in the Krebs 

cycle, where it catalyses the reversible interconversion of citrate and isocitrate, via the 

cis-aconitate intermediate.  The cytosolic aconitase exists in two forms, iron regulatory 

proteins 1 and 2 (IRP-1 and IRP-2).  When there is an abundance of iron in the cell IRP-

1 acts like ACO2 but when the iron level is low it regulates intracellular iron 

homeostasis.  IRP-2 is only involved in iron homeostasis.  There are antibodies that can 

identify each form of aconitase but in order to monitor the activity of mitochondrial 

aconitase it is necessary to separate the mitochondria from the cytosol. 

 

2.2.9.1. Isolation of mitochondria from cultured cells 

22Rv1, PC-3 and PNT2 cells were seeded at a density of 1 x 106 in 175 cm2 flasks in 24 

mL of media.  After allowing 24 h for cell adherence, the cells were treated with 10 µM 

TMFol or DMSO control for 24 h.  The cells were washed twice in 10 mL PBS and 

harvested by trypsinisation.  The cell suspension was centrifuged at 350 x g for 3 

minutes and the cell pellet formed was resuspended in 800 µL PBS.  The cell 

suspension was centrifuged at 17 000 x g for 3 min.  The supernatant was discarded and 

the cell pellet was either stored at -20 ˚C or used immediately to isolate the 

mitochondria. 

 

To separate the mitochondrial and cytosolic fractions, differential centrifugation with a 

bench-top microcentrifuge was performed, as outlined in the mitochondrial isolation kit 

for cultured cells (Thermo Scientific, Loughborough, UK).  Immediately before 

performing the test, 10 µL of Thermo Scientific™ Halt™ Protease Inhibitor Cocktail, 

EDTA-free (Loughborough, UK) was added to 1 mL of the mitochondria isolation 

Reagents A and C from the kit.  The cell pellet was resuspended in 800 µL of Reagent 

A and vortexed at medium speed for 5 sec, followed by incubation on ice for exactly 2 

min.  The cell suspension was then transferred to a cold Dounce Homogeniser.  The 

cells were homogenised on ice.  The cells required between 200-250 strokes to achieve 

approximately 80 % lysis efficiency.  The cell lysis efficiency was checked by 

comparing a sample of the homogenate under a microscope with a sample of whole 

cells.  The lysed cells were returned to the original tube and 800 µL of Reagent C was 
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added.  The Dounce Homogeniser was rinsed with 200 µL of Reagent A which was 

added to the lysed cells in the tube.  The tube was inverted several times to ensure 

mixing and was then centrifuged at 700 x g for 10 min at 4 ˚C.  The supernatant was 

collected and centrifuged at 3000 x g for 15 min.  The supernatant now containing the 

cytosol was collected and kept on ice.  The pellet containing the mitochondria was 

resuspended in 500 µL of Reagent C and centrifuged at 12 000 x g for 5 min.  The 

supernatant was discarded and the mitochondrial pellet was placed on ice.  Both 

mitochondrial and cytosolic fractions were stored at -80 ˚C until ready for use. 

 

2.2.9.2. Purity of mitochondrial fraction 

To determine the purity of the mitochondrial fraction, the mitochondrial pellet was 

resuspended in cold assay buffer (2X the volume displaced by the pellet) from the 

aconitase activity assay kit (Sigma-Aldrich, Dorset, UK).  The mitochondria were 

sonicated on ice four times for 20 sec, with a 1 min interval between each sonication.  

The protein concentration was then determined using the BCA protein assay (section 

2.2.6).  For completeness the purity of the mitochondrial fraction was compared to the 

cytosolic fraction and untreated whole cell lysate.  The proteins in the cytosolic fraction 

were already in a soluble state and therefore required no further processing prior to 

measuring the protein concentration.  The untreated whole cell lysate was prepared by 

the sonication method used with the mitochondrial fraction.  Samples for SDS-PAGE 

and Western blotting were removed and processed as described in section 2.2.8.2 while 

the rest was stored at -80 ˚C for use in the activity assay.  The antibodies used in 

Western blotting were VDAC, LDHA, ACO2 and IRP-1 (Table 2.4). 

 

2.2.9.3. Mitochondrial aconitase activity assay 

The activity of aconitase in the mitochondrial fraction from each cell type was 

determined using the aconitase activity assay kit supplied by Sigma-Aldrich (Dorset, 

UK).  This assay measured aconitase activity spectrophotometrically at 450 nm by 

following the conversion of citrate to isocitrate. 

 

The mitochondria were activated on ice for 1 h by adding 10 µL of aconitase activation 

solution to 100 µL of mitochondrial sample.  The aconitase activation solution was 

freshly prepared each time by mixing 100 µL each of cysteine (reconstituted with assay 
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buffer) and (NH4)Fe(SO4)2 (also reconstituted with assay buffer).  In the meantime the 

isocitrate standards for colorimetric detection were prepared.  A 2 mM isocitrate 

standard solution was made by diluting 10 µL of the 100 mM standard solution with 

490 µL of the assay buffer.  Increasing aliquots (0, 2, 4, 6, 8 and 10 µL) of the 2 mM 

isocitrate standard solution was added to duplicate wells onto a 96-well plate.  Assay 

buffer was added to each well to make a final volume of 50 µL.  Hence the final 

concentration of the isocitrate standards generated were 0 (blank), 4, 8, 12, 16 and 20 

mmole/well standards. 

 

Upon completion of aconitase activation, several dilutions of the activated 

mitochondrial fraction were prepared to ensure the readings were within the linear range 

of the standard curve.  No more than 50 µL of the activated mitochondrial fraction was 

added to duplicate wells and made to a final volume of 50 µL with assay buffer.  

Additional duplicate wells for each dilution were prepared to be used as a background 

control.  The assay reaction mixes were as per Table 2.5 below. 

 

Table 2.5: Aconitase activity assay reaction mixes 

 

Reagent Samples and 

standards 

Sample blank 

Assay buffer 46 µL 48 µL 

Enzyme mix 2 µL 2 µL 

Substrate 2 µL - 

     

Fifty µL of the sample blank (Table 2.5) was added to the wells for the background 

control while 50 µL of the reaction mix for samples and standards were added to the 

appropriate wells.  The solutions in the wells were mixed thoroughly by pipetting.  The 

plate was wrapped in aluminium foil to exclude light and then incubated at 25 ˚C for 45 

min.  Then 10 µL of the developer was added to each well, mixed and incubated at 25 

˚C for 10 min.  The absorbance was measured at 450 nm. 

 

To calculate the aconitase activity, the isocitrate standard curve was plotted by first 

correcting for the background control (i.e. subtracting the absorbance value obtained for 

0 mM isocitrate standard from all the other absorbance readings for the isocitrate 

standard).  For the mitochondrial samples, the absorbance value was corrected by 
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subtracting the absorbance readings of the sample blank from that of its corresponding 

sample dilution.  Then the amount of isocitrate generated by the aconitase in the 

mitochondrial fraction was determined from the standard curve.   

 

The aconitase activity was then calculated using the equation: 

 

Aconitase activity (milliunit/mL or nmole/min/mL) = 
𝐵 × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑇 × 𝑉
 

 

B = amount (nmole) of isocitrate generated  

T = time reaction incubated in minutes 

V = pretreated sample volume (mL) added to well 

 

One unit of aconitase was the amount of enzyme that converted 1.0 µmole of citrate to 

isocitrate per min at pH 7.4 at 25 ˚C.  For each cell line, the mitochondrial aconitase 

activity from the TMFol treated cells was normalised to that of the control. 

 

2.2.10. Pyruvate dehydrogenase (PDH) activity assay 

PDH is the key enzyme that links glycolysis to the Krebs cycle by catalysing the 

oxidative decarboxylation of pyruvate to acetyl-CoA (Patel and Korotchkina, 2006; 

Vander Heiden et al., 2009).  To measure PDH activity, the PDH enzyme activity 

microplate assay kit supplied by Abcam (Cambridge, UK) was utilised.  The wells of 

the microplate were pre-coated with PDH antibody so that upon addition of the cell 

lysate the PDH enzyme in the lysate was immunocaptured within the wells.  Then the 

PDH activity was measured by following the reduction of nicotinamide adenine 

dinucleotide (NAD+) to reduced nicotinamide adenine dinucleotide (NADH), coupled to 

the reduction of a reporter dye to produce a yellow product that was monitored by 

measuring absorbance at 450 nm. 

 

22Rv1, PC-3 and PNT2 cells were seeded at a density of 1 x 106 in 175 cm2 flasks in 24 

mL of media.  After allowing 24 h for cell adherence, the cells were treated with 10 µM 

TMFol or DMSO control for 24 h.  The cells were washed twice in 10 mL PBS and 

harvested by trypsinisation.  The cell suspension was centrifuged at 350 x g for 3 min 

and the cell pellet formed was resuspended in 800 µL PBS.  The cell suspension was 
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centrifuged at 17 000 x g for 3 min.  The supernatant was discarded and the cell pellet 

was stored at -20 ˚C until ready for use. 

 

The cell pellet was resuspended in PBS (2X the volume displaced by the cell pellet).  

The protease inhibitor, phenylmethylsulfonylfluoride (PMSF) (1 mM) was added to the 

resuspended cell pellet before solubilisation with the Detergent (
1

10
 the cell suspension 

volume) supplied with the kit.  This was followed by a 10 min incubation period on ice.  

The cells were centrifuged at 1000 x g for 10 min at 4 °C.  The supernatant which now 

contains the cell extracts was collected and the protein concentration was determined by 

the BCA protein assay (section 2.2.6) and immediately used in the activity assay.  The 

concentration of the cell extract was adjusted with 1X Buffer to a concentration within 

the working range of each cell type extract to facilitate direct comparison of individual 

experimental samples.  To obtain this working range the PDH activity was measured for 

a control cell extract that was serially diluted across the linear working range for the 

assay (100 – 1000 µg/200 µL/well).  Two hundred µL of the concentration-adjusted cell 

extract was added to the microplate wells.  A buffer control was used as a negative 

control while bovine heart mitochondrial lysate (Abcam, Cambridge, UK) was used as a 

positive control.  The microplate was subsequently incubated for 3 h at room 

temperature.  Following the incubation, the wells of the microplate were emptied and 

rinsed twice with 300 µL of 1X Stabiliser.  Two hundred µL of Assay Solution was then 

added to each well and the kinetic absorbance of each well was measured at 450 nm at 

room temperature for 15 min in a Fluostar Optima plate reader (BMG Labtech Ltd, 

Aylesbury, UK).  PDH activity was calculated from the curves generated by 

determining the initial rate of reaction using the following equation: 

 

ΔmOD450 nm/min =1000 x 
(𝑂𝐷 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑇2−𝑂𝐷 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑇1)

𝑇2−𝑇1
   

 

where mOD is milli optical density and the change in OD with time follows linear 

dependence between times T1 and T2 (min).  PDH activity was finally recorded as the 

change in mOD per minute per µg of PDH (ΔmOD450 nm/min/µg). 
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2.2.11. mRNA expression in cultured cells 

To determine if TMFol has an effect on the transcription of the ACC gene in the 

prostate cancer cells, the mRNA expression of ACC in the DMSO control cells and the 

TMFol treated cells was compared.  22Rv1 cells were seeded at a density of 1 x 106, 

while PC-3 and PNT2 cells were seeded at 8 x 105 in 75 cm2 flasks in 12 mL of media.  

After allowing 24 h for adherence, the cells were treated with 10 µM TMFol or DMSO 

control for 24, 48 or 72 h.  The cells were washed twice in 5 mL PBS and harvested by 

trypsinisation.  The cell suspension was centrifuged at 350 x g for 3 minutes and the cell 

pellet formed was resuspended in 800 µL ice-cold PBS.  The cell suspension was 

centrifuged at 17 000 x g for 3 min at 4 ˚C.  The supernatant was discarded and the cell 

pellet was stored at -80 ˚C until ready for use. 

 

2.2.11.1. RNA extraction 

RNeasy Mini Kit (Qiagen, Manchester, UK) was used according to the manufacturer’s 

protocol to isolate total RNA from the cell pellet.  Approximately 3 x 106 pelleted cells 

were used for the RNA extraction.  RLT Buffer (350 µL) was added to the cell pellet 

and mixed thoroughly by vortexing to ensure efficient lysis.  The lysate was 

homogenised in a QIAshredder homogeniser by centrifugation for 2 min at 11000 x g.  

An equal volume of 70 % ethanol was added to the homogenised lysate and mixed 

thoroughly by pipetting.  This sample was then transferred to an RNeasy spin column 

for centrifugation at 8000 x g for 15 sec.  The RNA, which was now attached to the 

membrane of the spin column, was washed with 350 µL Buffer RW1, followed by 

incubation with DNaseI solution for 15 min at room temperature.  The DNaseI solution 

was used to digest any contaminating DNA in the lysates.  The RNA on the membrane 

of the spin column was then subjected to 15 sec spin buffer washes at 8000 x g with 350 

µL and 500 µL of Buffer RW1 and Buffer RPE, respectively.  The final spin wash was 

with 500 µL of Buffer RPE for 2 min at 8000 x g before the RNA was eluted by adding 

40µL RNase-free water to the spin column and centrifuging for 1 min at 8000 x g.  The 

RNA extract was kept on ice and the quantity of the RNA was assessed 

spectrophotometrically using a Nanodrop Spectrophotometer ND-1000 (Labtech, 

Sussex, UK).  Only RNA extracts with A260/280 ratio of 2.0 and over were used in the 

reverse transcription procedure described below.  The RNA extracts were stored at -

80°C until ready for use. 
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2.2.11.2. Reverse transcription 

One µg of extracted RNA was reverse-transcribed into complementary DNA (cDNA) 

according to the protocol of QuantiTect Reverse Transcription Kit (Qiagen, Manchester, 

UK).  Any contaminating genomic DNA was eliminated from the RNA extracts by 

incubating with a gDNA Wipeout Buffer for 2 min at 42 °C, then by immediate storage 

on ice.  This was followed by reverse transcription using a master mix containing equal 

volumes of the Quantiscript Reverse Transcriptase and RT Primer Mix prepared in a 

Quantiscript RT Buffer.  The reverse transcription reaction was carried out at 42 °C for 

15 min and then terminated by a 3 min incubation at 95 °C.  The cDNA formed was 

diluted with RNase-free water and stored at -20 °C until ready for use.  To verify that all 

genomic DNA was effectively eliminated prior to reverse transcription, a no reverse 

transcription control for each sample was prepared at the same time and in a similar 

manner as the cDNA, except that Quantiscript Reverse Transcriptase was omitted.  

Therefore, reverse transcription was prevented and any DNA present was due to 

contaminating genomic DNA. 

 

2.2.11.3. Quantitative real-time polymerase chain reaction (qPCR) 

qPCR was performed on an Applied Biosystems Step One PlusTM Real-time PCR 

System (Life Technologies, Paisley, UK).  In 96-well plates, a mixture of 5 µL of 

Taqman Fast Universal PCR Master Mix (Life Technologies, Paisley, UK), 0.5 µL of 

the relevant Taqman gene expression assay and 4.5 µL of the cDNA or no reverse 

transcription control, was added in triplicate.  A no template control was also included 

for each gene expression assay where nuclease-free water was substituted for the 

cDNA.  Two reference Taqman gene expression assays were used, actin [ACTB: Hs 

99999903_m1; Assay ID 16584474] and glyceraldehyde 3-phosphate dehydrogenase 

[GAPDH: Hs 03929097_g1; Assay ID 16451489].  The gene of interest was acetyl-CoA 

carboxylase or ACC [ACACA: Hs 01046070_m1; Assay ID 16431762].  The thermal 

cycling parameters for the qPCR were: holding stage – 95 °C for 20 sec and the cycling 

stage for 40 cycles – 95 °C for 1 sec followed by 60 °C for 20 sec.  The comparative CT 

(cycle threshold) method was used to determine the fold change in the expression of the 

ACC mRNA relative to the control after normalisation to the reference genes. 
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2.2.12. In vivo efficacy studies 

The in vivo efficacy studies were conducted in two different conditional knockout 

mouse models of prostate cancer, PBCre4p53floxRbflox and PBCre4Ptenflox.  As a result of 

collaboration, all animal work was performed in the animal facility at the Cancer 

Research UK Cambridge Institute, University of Cambridge, UK under the supervision 

of Dr. Antonio Ramos-Montoya, Dr. Sérgio Felisbino and Dr. Chiranjeevi Sandi.  As 

part of the collaborative effort, I was involved in harvesting of organs from the 

PBCre4p53floxRbflox mice, enrolment of the PBCre4Ptenflox mice in the study and all 

histological analysis of the harvested tissues.  

 

2.2.12.1. Mouse models 

PBCre4p53floxRbflox mice were the kind donation of Dr. Andrea Flesken-Nikitin, Cornell 

University (Ithaca, New York).  The PBCre4Ptenflox mice were generated at Cancer 

Research UK, Cambridge Institute by crossing FVB.B6(D2)-Tg(Pbsn-cre)4Prb N11 and 

FVB.C(129S4)-Ptentm1Hwu/J N11 strains.  Primer sequences for PBCre4, p53flox, Rbflox and 

Ptenflox were used in the screening of DNA, from punch biopsies of the earlobes from 

each animal, by PCR to authenticate the genotypes of the animals.  The mice were 

housed in a climate-controlled environment with a 12 h light/dark cycle.  Experiments 

were kept within the limits of the animal project license PPL 80/2435. 

 

2.2.12.2. PBCre4p53floxRbflox study design  

At the age of 4 weeks, 40 male PBCre4p53floxRbflox mice were weighed and randomised 

into 4 groups. There were 2 control groups with 10 mice in each group, where the 

animals were fed the control diet of AIN93G from the age of 4 weeks until the age of 27 

weeks (a 23-week study) or until moribund (survival study).  In the remaining 2 groups, 

with 10 mice in each group, the animals were fed pellets of the treatment diet (AIN93G 

supplemented with 0.2% w/w TMFol) from the age of 4 weeks until the age of 27 

weeks (a 23-week study) or until moribund (survival study).  The diets were 

manufactured by LabDiet (International Product Supplies, London, UK).  The diet and 

water were supplied ad libitum. 

 

The body weight of the animals was recorded weekly.  Additionally the animals were 

palpated and had ultrasound weekly.  From the age of 30 weeks, the general health 
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status of the animals in the survival study was determined by daily manual assessment.  

The animals in the 23-week study were sacrificed at age 27 weeks by inhalation of 

isoflurane followed by cervical dislocation.  Blood was collected by means of cardiac 

puncture prior to the cervical dislocation.  After opening of the abdomen, the prostate 

lobes, seminal vesicles, bladder, urethra, liver and any other organs that visually 

reflected tumour metastasis were harvested.  Tissue samples for histological and 

immunohistochemistry evaluation were fixed in 10 % neutral-buffered formaldehyde 

for 24 h and then paraffin-embedded.  Samples intended for biochemical analysis were 

snap frozen in liquid nitrogen and stored at -80 ˚C.  The animals in the survival study 

were similarly sacrificed when they were moribund.  The animals were considered to be 

moribund when they showed signs of ill health, such as piloerection and hunched 

posture, inactivity or loss of appetite for a period of 48 h.  Additionally, if an animal lost 

more than 20 % of its body weight or developed more serious clinical signs such as 

diarrhoea or dyspnoea it was sacrificed. 

 

2.2.12.3. PBCre4Ptenflox study design 

At an average age of 3.5 months, 20 male PBCre4Ptenflox mice were weighed and 

randomised into 2 groups.  Each group consisted of 10 animals and they were fed the 

AIN93G diet or the 0.2 % TMFol diet for 12 weeks.  The diet and water were supplied 

ad libitum.  The body weight of the animals was recorded weekly.  Additionally, the 

animals were palpated and had ultrasound weekly.  At the end of the study the animals 

were sacrificed by inhalation of isoflurane followed by cervical dislocation.  All tissue 

samples were collected and stored as described in section 2.2.12.2 above. 

 

2.2.12.4. Histopathological evaluation of animal tissues 

The paraffin-embedded tissues were sectioned at 3 – 4 µm thickness for haematoxylin 

and eosin (H&E) staining.  The H&E slides were digitally scanned using Aperio Digital 

Pathology (Milton Keynes, UK) while Aperio ImageScope (version 11.1.2.760) was 

used to view the scanned slides.  The H&E sections of the prostates, urethra, liver, 

kidney, spleen and pancreas were evaluated for the incidence and burden of prostate 

cancer pathologies.  The histopathological evaluation was performed in a blinded 

manner to the treatment status by one pathologist or in collaboration with a 

morphologist. 
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2.2.13. Statistical analysis 

Data from all in vitro studies are presented as the mean of at least 3 independent 

experiments ± standard deviation (SD).  Student’s T-test in Excel 2013 was used for all 

in vitro data when comparing the treatment group to the control group only.  Survival 

curves generated from the animal survival study were compared by the log-rank test 

(Prism 6), while the body weights were compared by a mixed effects linear regression 

(performed by Dr. Maria Viskaduraki, a biostatistician at the University of Leicester).  

Data were considered to be statistically significant if p < 0.05. 
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Chapter 3. Investigation of the mechanisms of action of TMFol in 

prostate cancer  

 

3.1. Introduction 

The anti-proliferative effect of TMFol in prostate cancer cells has been previously 

demonstrated in both murine-derived and human-derived prostate cancer cell lines 

(Britton et al., 2012; Saad, 2011).  The mechanisms driving the anti-proliferative 

activity have not been characterised in detail.   Cell cycle arrest in the S and G2/M 

phases seem to be an important mechanism, while apoptosis appears to be a relevant 

mechanism in the androgen-dependent prostate cancer cells only (Saad, 2011).  These 

two mechanisms of action of TMFol may be partially mediated through the modulation 

of AR and p53, but other mechanisms must be involved, since TMFol is also a potent 

inhibitor of prostate cancer cells that are deficient in AR and p53.  

 

The overall focus of this chapter was to investigate the strategies utilised by TMFol in 

the growth inhibition of prostate cancer cells.  This required verifying the anti-

proliferative effect of TMFol in prostate cancer cells, to facilitate a comparison with the 

growth effect on normal prostate epithelial cells.  Subsequently, the role of cell cycle 

arrest and apoptosis in the activity of a potentially pharmacologically-achievable 

concentration of TMFol was studied in all cell lines.  Eventually, a range of biochemical 

assays, flow cytometry, immunohistochemistry, qPCR and Western blots were used to 

detect the cell signalling or metabolic pathways that were modulated and could be 

effective strategies in the growth inhibitory effects of TMFol.  
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3.2. Effect of TMFol on the proliferation of 22Rv1, PC-3 and PNT2 cells 

Uncontrolled cell proliferation is one of the hallmarks of cancer (Hanahan and 

Weinberg, 2000 and 2011).  Hence, chemopreventive or chemotherapeutic drugs must 

have the capacity to reduce or eliminate aberrant cellular proliferation.  None of the 

studies published to date on the putative prostate cancer 

chemopreventive/chemotherapeutic properties of TMFol have considered the effect of 

TMFol on normal prostate epithelial cells.  Therefore, in this study the ability of TMFol 

to alter the proliferation of two prostate cancer cell lines, 22Rv1 and PC-3 and an 

immortalised normal prostate epithelial cell line, PNT2, was assessed.  To perform this 

study, the cells were exposed to TMFol (1, 2.5, 5 or 10 µM) or to DMSO (vehicle 

control) for up to 144 h.  The cells were harvested at specific times and counted using a 

Z2 Coulter Particle Counter with Size Analyser (Beckman Coulter, High Wycombe, 

UK)).  Cell numbers were expressed as a percentage relative to the vehicle control. 

 

TMFol had a dose-dependent growth inhibitory effect at 72 h (Figure 3.1 A) and 144 h 

(Figure 3.1 B) on the androgen responsive 22Rv1 cells.  Exposure of these cells to 5 and 

10 µM TMFol for 144 h significantly reduced the cell numbers by more than 50%, 

relative to the control population.  The androgen independent PC-3 cells also had a 

dose-dependent response to TMFol with high sensitivity to 5 and 10 µM at 144 h 

(Figures 3.2 A and B).  TMFol also modulated the growth of the normal prostatic 

epithelial cells.  At 72 h there was a dose-dependent response, with 5 and 10 µM 

causing a significant reduction in cell number when compared to the vehicle control 

(Figure 3.3 A).  Then at 144 h, concentrations of TMFol less than 2.5 µM did not exert 

any growth inhibitory effect on the PNT2 cells (Figure 3.3 B).  However, the inhibitory 

effect observed at 72 h for the higher concentrations was maintained at 144 h.  The IC50 

values at 144 h for 22Rv1 (3.7 ± 0.5 µM), PC-3 (4.1 ± 0.4 µM) and PNT2 (4.5 ± 0.8 

µM) are relatively similar, reflecting a general growth inhibitory response to TMFol for 

both cancer cell lines and the normal prostatic epithelial cells.  However, the results also 

indicate that at longer exposure times the 22Rv1 cells were more sensitive to the growth 

inhibitory effect of TMFol than the PC-3 and PNT2 cells.  
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Figure 3.1: Effect of TMFol on the growth of 22Rv1 prostate cancer cells.   The cells were 

counted following treatment with TMFol for 72 h (A) and 144 h (B).  Each column represents 

the mean ± SD of three independent experiments, each performed in triplicate.  Statistical 

comparison between the control and TMFol treatment was by Student’s T-test.  Statistically 

significant differences are indicated as * (p< 0.05), ** (p< 0.01) and **** (p< 0.001).  (C) 

shows how the IC50 value was calculated for the 144 h time point, as outlined in chapter 2. 

 



 

85 

 

(A) 

 

 

 

 

 

 

(B) 

 

 

 

 

 

 

(C) 

 

 

 

 

 

 

Figure 3.2: Effect of TMFol on the growth of PC-3 prostate cancer cells.   The cells were 

counted following treatment with TMFol for 72 h (A) and 144 h (B).  Each column represents 

the mean ± SD of three independent experiments, each performed in triplicate.  Statistical 

comparison between the control and TMFol treatment was by Student’s T-test.  Statistically 

significant differences are indicated as * (p< 0.05) and ** (p< 0.01).  (C) shows how the IC50 

value was calculated for the 144 h time point, as outlined in chapter 2. 
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Figure 3.3: Effect of TMFol on the growth of PNT2 prostate cells.  The cells were counted 

following treatment with TMFol for 72 h (A) and 144 h (B).  Each column represents the 

mean ± SD of three independent experiments, each performed in triplicate.  Statistical 

comparison between the control and TMFol treatment was by Student’s T-test.  Statistically 

significant differences are indicated as **** (p< 0.001).  (C) shows how the IC50 value was 

calculated for the 144 h time point, as outlined in chapter 2. 
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3.3. Effect of TMFol on cell cycle distribution in prostate cancer cells 

Aberrations in the cell cycle have been implicated in the development of cancers 

(Meeran and Katiyer, 2008).  Many flavonoids cause cell cycle arrest to inhibit the 

development and progression of prostate cancer (Gupta et al., 2003; Haddad et al., 

2006).  Hence, TMFol was examined for its effect on the cell cycle profiles of 22Rv1, 

PC-3 and PNT2 cells. 

 

The cells were treated for 24, 48 and 72 h with TMFol, and flow cytometry, using 

propidium iodide, was performed to assess cell cycle events.  In 22Rv1 cells there was 

no significant increase in the cell numbers in the G1, S or G2/M phases at any of the 

time points studied (Figures 3.4 and 3.5).  At 72 h there was only a slight increase in the 

fraction of cells in G2/M, with a corresponding small decrease in the proportions of 

cells in the G1 and S phases (Figures 3.4 and 3.5 C).  TMFol caused S phase arrest in 

PC-3 cells, as the population of cells in the S phase increased, becoming significant at 

48 and 72 h (Figures 3.6 and 3.7).  This was accompanied by a decrease in the G1 

population at all of the time points, but the effect was only statistically significant at 48 

and 72 h.  Interestingly, the normal prostate epithelial cells, PNT2, were arrested at G1 

after 24 h, as evidenced by a significant increase in the proportion of cells in G1, with a 

significant decrease in S phase cells (Figures 3.8 and 3.9 A).  However at 48 h there was 

a significant rise in the S phase population, with a corresponding significant decrease in 

G1 (Figures 3.8 and 3.9 B).  Eventually, at 72 h the cells were all in S phase (Figures 

3.8 and 3.9 C).  In comparison to PC-3 cells, the S phase arrest was more prominent in 

PNT2 cells, which had the greater increase in the S phase population.  Hence, TMFol is 

capable of inducing cell cycle arrest in in vitro models of prostate cancer and normal 

prostate epithelial cells.   
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Figure 3.4: Representative flow cytometry profiles for cell cycle distribution in 22Rv1 

cells following exposure to 10 µM TMFol for 24 h (A), 48 h (B) and 72 h (C).  The profiles 

were generated by the ModFit LT 3.3 software and used to determine the following cell cycle 

distribution graph.  Dip: diploid  
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Figure 3.5: Cell cycle distribution in 22Rv1 cells following exposure to 10 µM TMFol for 

24 h (A), 48 h (B) and 72 h (C).   Following treatment, the cells were harvested and stained 

with PI.  The DNA content was analysed by flow cytometry and the ModFit LT 3.3 software 

was used to determine the cell cycle profile.  The values represent the percent of cell population 

in each phase.   Each column represents the mean ± SD of three independent experiments.  No 

statistically significant difference was observed between the control and TMFol treated cells. 
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Figure 3.6: Representative flow cytometry profiles for cell cycle distribution in PC-3 cells 

following exposure to 10 µM TMFol for 24 h (A), 48 h (B) and 72 h (C).  The profiles were 

generated by the ModFit LT 3.3 software and used to determine the following cell cycle 

distribution graph.  Dip: diploid   
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Figure 3.7: Cell cycle distribution in PC-3 cells following exposure to 10 µM TMFol for 24 

h (A), 48 h (B) and 72 h (C).   Following treatment, the cells were harvested and stained with 

PI.  The DNA content was analysed by flow cytometry and the ModFit LT 3.3 software was 

used to determine the cell cycle profile.  The values represent the percent of cell population in 

each phase.   Each column represents the mean ± SD of three independent experiments.  

Statistical comparison between the control and TMFol treatment was by Student’s T-test.  

Statistically significant differences are indicated as ** (p< 0.01). 
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Figure 3.8: Representative flow cytometry profiles for cell cycle distribution in PNT2 

cells following exposure to 10 µM TMFol for 24 h (A), 48 h (B) and 72 h (C).  The profiles 

were generated by the ModFit LT 3.3 software and used to determine the following cell cycle 

distribution graph.  Dip: diploid   
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Figure 3.9: Cell cycle distribution in PNT2 cells following exposure to 10 µM TMFol for 24 

h (A), 48 h (B) and 72 h (C).   Following treatment, the cells were harvested and stained with 

PI.  The DNA content was analysed by flow cytometry and the ModFit LT 3.3 software was 

used to determine the cell cycle profile.  The values represent the percent of cell population in 

each phase.   Each column represents the mean ± SD of three independent experiments.  

Statistical comparison between the control and TMFol treatment was by Student’s T-test.  

Statistically significant differences are indicated as * (p< 0.05), ** (p< 0.01), *** (p< 0.005) 

and **** (p< 0.001).   
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3.4. Effect of TMFol on apoptosis in 22Rv1, PC-3 and PNT2 cells 

The inhibition of apoptosis is critical in the development and progression of cancers 

(Zhivotovsky and Orrenius, 2006).  Therefore, the activation of apoptosis to eliminate 

pre-cancerous/cancerous cells is a potent mechanism for chemotherapeutic and 

potentially chemopreventive agents.  In vitro and animal studies have demonstrated the 

induction of apoptosis as the most potent defence against cancer for several putative 

chemopreventive agents (Hail, 2005; Sun et al., 2004).  Flavonols, such as quercetin and 

fisetin, have been shown to mediate their anti-prostate cancer effects via apoptosis 

(Khan et al., 2008; Lee et al., 2008).  Therefore, it was necessary to determine if 

apoptosis contributed to the anti-proliferative effects of TMFol in 22Rv1, PC-3 and 

PNT2 cells. 

 

Flow cytometry was used to determine the apoptotic profile of the cell lines, 22Rv1, 

PC-3 and PNT2, when treated with 10 µM TMFol.  At all of the time points studied 10 

µM TMFol did not cause a significant change in the extent of apoptosis above 

background levels measured in control 22Rv1 cells (Figures 3.10 and 3.11).  There was 

also no evidence of apoptosis activation in the PC-3 cells (Figures 3.12 and 3.13) and 

PNT2 cells (Figures 3.14 and 3.15) at 24, 48 and 72 h.  However, the PNT2 cells 

showed significant increase in the percentage of necrotic cells after exposure to 10 µM 

TMFol for 72 h (Figure 3.15 C).   
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Figure 3.10: Representative flow cytometry scatter plots for the Annexin V assay in 22Rv1 

cells treated with 10 µM TMFol for 24, 48 and 72 h.  After treatment, the cells were 

trypsinised and stained with Annexin V – FITC and PI.  The early apoptotic cells are stained 

with Annexin V only and are localised to Q1, while the late apoptotic or necrotic cells are 

stained with both dyes and are in Q2.  The viable cells do not take up any of the dyes and are 

confined to Q3.  The non-viable cells take up PI only and are located in Q4.  A representative 

scatter plot of the positive control (cells treated with 20 µM sorafenib tosylate) is included. 
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Figure 3.11: Percentage distribution of apoptotic, necrotic and live 22Rv1 cells following 

exposure to 10 µM TMFol for 24 h (A), 48 h (B) and 72 h (C).  Each column represents the 

mean ± SD of three independent experiments.  The break in the Y-axis has been included for 

clarity.  No statistically significant difference was observed between the control and TMFol 

treated cells. 
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Figure 3.12: Representative flow cytometry scatter plots for the Annexin V assay in PC-3 

cells treated with 10 µM TMFol for 24, 48 and 72 h.  After treatment, the cells were 

trypsinised and stained with Annexin V – FITC and PI.  The early apoptotic cells are stained 

with Annexin V only and are localised to Q1, while the late apoptotic or necrotic cells are 

stained with both dyes and are in Q2.  The viable cells do not take up any of the dyes and are 

confined to Q3.  The non-viable cells take up PI only and are located in Q4.  A representative 

scatter plot of the positive control (cells treated with 20 µM sorafenib tosylate) is included. 
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Figure 3.13: Percentage distribution of apoptotic, necrotic and live PC-3 cells following 

exposure to 10 µM TMFol for 24 h (A), 48 h (B) and 72 h (C).  Each column represents the 

mean ± SD of three independent experiments.  The break in the Y-axis has been included for 

clarity.  No statistically significant difference was observed between the control and TMFol 

treated cells.   

A p o p to t ic N e c r o t ic A liv e

0

1

2

3

5 0

7 5

1 0 0

C
e

ll
 n

u
m

b
e

r
 (

%
 o

f
 t

o
t
a

l)
C o n tro l

T M F o l

A p o p to t ic N e c r o t ic A liv e

0

1

2

3

5 0

7 5

1 0 0

C
e

ll
 n

u
m

b
e

r
 (

%
 o

f
 t

o
t
a

l)

C o n tro l

T M F o l

A p o p to t ic N e c r o t ic A liv e

0

1

2

3

5 0

7 5

1 0 0

C
e

ll
 n

u
m

b
e

r
 (

%
 o

f
 t

o
t
a

l)

C o n tro l

T M F o l



 

99 

 

 

 

Figure 3.14: Representative flow cytometry scatter plots for the Annexin V assay in PNT2 

cells treated with 10 µM TMFol for 24, 48 and 72 h.  After treatment, the cells were 

trypsinised and stained with Annexin V – FITC and PI.  The early apoptotic cells are stained 

with Annexin V only and are localised to Q1, while the late apoptotic or necrotic cells are 

stained with both dyes and are in Q2.  The viable cells do not take up any of the dyes and are 

confined to Q3.  The non-viable cells take up PI only and are located in Q4.  A representative 

scatter plot of the positive control (cells treated with 50 µM etoposide) is included.  
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Figure 3.15: Percentage distribution of apoptotic, necrotic and live PNT2 cells following 

exposure to 10 µM TMFol for 24 h (A), 48 h (B) and 72 h (C).  Each column represents the 

mean ± SD of three independent experiments.  The break in the Y-axis has been included for 

clarity.  Statistical comparison between the control and TMFol treatment was by Student’s T-

test.  Statistically significant differences are indicated as ** (p< 0.01).    
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3.5. Effect of a 0.2 % TMFol diet on apoptosis in 22Rv1 xenografts 

Previous unpublished work from this laboratory, performed by Dr Stewart Sale, 

demonstrated the growth inhibitory effect of a 0.2 % TMFol diet administered to 

xenograft mice for approximately 7 weeks, on tumours derived from 22Rv1 prostate 

cancer cells.  TMFol reduced tumour development modestly, but significantly by 35 % 

in the treated mice when compared to the control.  The paraffin-embedded slides of the 

prostate tumour sections from these 22Rv1 xenografts were made available in this 

current study for assessment of apoptosis.  To determine apoptosis, the tumour sections 

from the mice on the control and TMFol diets were immunostained for cleaved caspase-

3, a well-known apoptotic marker (Gown and Willingham, 2002).  There was a 

significant increase in the number of cleaved caspase-3 stained cells in the TMFol-fed 

mice compared to those in the control group (Figure 3.16), indicating an approximate 

1.5-fold increase in apoptosis.  The percentage of cells positive for cleaved caspase-3 in 

the tumours from the control mice (62 %) appeared unusually high.  This could mean 

that there were factors, such as inadequate access to nutrients by the tumours, in the 

tumour environment of these mice, which could potentially stimulate apoptosis.  

However, follow up analysis were not possible within the scope of this current research.  

Nevertheless, it appears that TMFol (10 µM) does not induce significant apoptosis in 

prostate cancer and normal prostate epithelial cells in vitro, but a dietary intake of 0.2% 

TMFol triggered apoptosis in 22Rv1 xenografts.   

 

  



 

102 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: Effect of 0.2% TMFol diet on cleaved caspase-3 expression in prostate 

tumour tissue from mice bearing 22Rv1 tumours.  Immunostaining was performed on 

paraffin-embedded tumour sections (n = 10 mice per group).  The photomicrographs are 

representative of samples from the TMFol-fed and the control-fed groups, along with a positive 

control (human tonsil) and a negative control (tumour tissue without antibody).  The 

cytoplasmic and perinuclear immunoreactions (brown) were regarded as positive for cleaved 

caspase-3 (red arrows) and counted at x40 magnification in 10 randomly selected areas in each 

tumour sample.  The bar chart represents the mean of the positively stained cells ± SD as a 

percentage of the total number of cells.  **** indicates data is statistically significant from the 

control (p < 0.001).  Statistical comparision was by Student’s T-test. 
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3.6. Effect of TMFol on senescence in prostate cancer cells 

Cellular senescence is a potent anticancer mechanism that indefinitely suppresses the 

growth of cells (Rodier and Campisi, 2011).  In the literature there is limited knowledge 

available about the effect of flavonoids on the mechanisms of cellular senescence.  Of 

the dietary flavonols, fisetin has been shown to be incapable of inducing cellular 

senescence in prostate cancer cells (Haddad et al., 2010).  As described in section 3.3 

above, cell cycle arrest occurred in two of the three cell types, so it was considered 

worthwhile to assess whether TMFol was able to induce cellular senescence in prostate 

cancer.  The gold standard for detecting cellular senescence is measurement of SA-β-

galactosidase activity at pH 6.0.  As described in the Methods chapter (section 2.2.7), 

SA-β-galactosidase activity was determined by fluorescence spectroscopy, by 

measuring the conversion rate of MUG to its fluorogenic substrate, 4-MU, at pH 6.0. 

 

When the 22Rv1 cells were treated with TMFol (10 µM) there was a significant 

increase in SA-β-galactosidase activity for all time points (Figure 3.17 A).  TMFol 

caused an 11-30 % increase in SA-β-galactosidase activity over the background levels, 

with the magnitude of effect increasing with time.  PC-3 cells also showed an increase 

in SA-β-galactosidase activity at all of the time points but it was only statistically 

significant at 48 h (Figure 3.17 B).  In contrast, the PNT2 normal prostate epithelial 

cells displayed reduced SA-β-galactosidase activity at 48 and 72 h in response to TMFol 

exposure, with the effect reaching significance at the later time point (Figure 3.17 C).  

Therefore, TMFol appears to activate cellular senescence at the dose and time points 

tested in 22Rv1 and PC-3 cancer cells. 

 

Increased levels of p21, p16 and p53 are often observed in cellular senescence 

(Bernardes de Jesus and Blasco, 2012).  Therefore, to further explore the effects of 

TMFol on pathways involved in cellular senescence in prostate cancer cells, the 

expression of p21, p16 and p53 were assessed by Western blotting.  In 22Rv1 cells there 

was an increase in both p53 and p21 at the time points indicated in Figure 3.18, 

supporting the induction of cellular senescence, while there was a decrease in p16 

(Figures 3.18 A and B).  From the graphs (Figure 3.18 B) it is evident that the 

expression of p53 in the 22Rv1 cells increased in magnitude from 24 to 72 h, while the 

expression of p21 reached a maximum of approximately 40% increase at 48h.  PC-3 
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cells lack detectable p53 and p16, and there was generally a decrease in the expression 

of p21 when compared to the control (Figures 3.18 A and C).  PNT2 cells do not 

express detectable levels of p21 or p16, and the expression of p53 was largely constant, 

except at 72 h where there was a significant decrease in expression compared to the 

control (Figures 3.18 A and D).     
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Figure 3.17: Quantitative SA-β-gal activity in 22Rv1 (A), PC-3 (B) and PNT2 (C) cells 

following exposure to 10 µM TMFol.  After treatment (24, 48 or 72 h) the cell lysates were 

incubated with MUG fluorogenic substrate and the fluorescence intensity of the product, 4-MU, 

was determined.  Readings were normalised for protein concentration and expressed as fold 

change compared to vehicle control.   Each column represents SA-β-gal activity as the mean of 

the fold change ± SD of three independent experiments.  Statistical comparison between the 

control and TMFol treatment was by Student’s T-test.  Statistically significant differences are 

indicated as * (p< 0.05), *** (p< 0.005) and **** (p< 0.001).  
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Figure 3.18: Expression of senescence biomarkers p53, p21 and p16 in 22Rv1, PC-3 and 

PNT2 cells following exposure to 10 µM TMFol. Representative western blots (A) showing 

the expression in all the cell lines while the graphs show the expression of p53, p21 and p16 in 

22Rv1 cells (B), p21 in PC-3 cells (C) and p53 in PNT2 cells (D).  Each graph is based on 

densitometric analysis of Western blots after normalisation to actin. Each column represents 

mean ± SD of three independent experiments. Statistical comparison between the control and 

TMFol treatment was by Student’s T-test.  Statistically significant differences are indicated as * 

(p< 0.05), ** (p< 0.01), *** (p< 0.005) and **** (p< 0.001).  
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3.7. Discussion 

The primary focus of the work described in this chapter was to identify the potential 

mechanisms engaged by TMFol to inhibit the growth of prostate cancer cells.  To 

facilitate this process it was necessary to evaluate the effects of TMFol in both prostate 

cancer cell lines, 22Rv1 and PC-3, and normal prostatic epithelial cells, PNT2.  All cell 

types showed sensitivity to the growth inhibitory effects of TMFol with IC50 values in 

the low micromolar range (Figures 3.1, 3.2 and 3.3) and within the concentration range 

previously shown to be achievable in the prostate tissue of mice by Saad et al, 2012.  A 

desirable feature of a chemopreventive /chemotherapeutic agent would be to inhibit and 

eliminate the growth of premalignant/malignant cells with little to no negative effect on 

the healthy cells.  The ability of TMFol to exert a growth inhibitory effect on the normal 

prostate epithelial cells at such low concentrations may create doubt as to the potential 

usefulness of TMFol in the management of prostate cancer.  However, the growth 

inhibitory effect on the normal prostate epithelial cells may have some clinical 

relevance since TMFol could reduce the cell turnover in the prostate, making it less 

likely for the development of benign prostatic hyperplasia and ultimately preventing the 

initiation of prostate cancer (Pannek et al., 1999).  Additionally, to date TMFol has not 

been shown to cause any signs of toxicity in medium term mouse studies (Howells et 

al., 2010; Saad, 2011). 

 

It is well documented that flavonoids can cause apoptosis in prostate cancer cell lines, 

but in this study FACS analysis revealed there was no induction of apoptosis by TMFol 

in the prostate cancer cells or normal prostate cells in vitro (Figures 3.10–3.15).  

However a 0.2 % TMFol diet triggered a 1.5–fold increase in apoptosis in 22Rv1 

xenografts, as measured by cleaved caspase-3 expression (Figure 3.16).  While there is 

no precedence in the literature for this differential induction of apoptosis by flavonoids, 

there is evidence of this type of contrasting response, as the mTOR inhibitor 

temsirolimus (CCI – 779) is a chemotherapeutic agent capable of inducing apoptosis in 

multiple myeloma – bearing mice in vivo but not in myeloma cells in vitro (Frost et al., 

2004).  Unlike the cell line model, there are more options in the in vivo environment for 

complex interactions with TMFol that could stimulate the induction of apoptosis.  The 

repeated daily dosing and longer exposure time to TMFol in the in vivo study, which 

lasted for a maximum of about 7 weeks, could be a significant factor in triggering 
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apoptosis.  Additionally, in the animals on the control diet there was a high level of 

cleaved caspase-3 staining (62 %, Figure 3.16), suggesting that the tumours had a 

relatively high sensitivity to apoptosis, which was further induced when exposed to 

TMFol.  Anti-angiogenic compounds have been found to induce apoptosis in prostate 

cancer (Huss et al., 2003) and quercetin is capable of inhibiting angiogenesis in prostate 

cancer cells (Pratheeshkumar et al., 2012).  Therefore, one could speculate that in the 

22Rv1 xenograft mice that TMFol, a congener of quercetin, could potentially inhibit 

angiogenesis and induced the apoptosis observed.   

 

As previously demonstrated by Saad (2011), cell cycle analysis confirmed the 

significant accumulation of PC-3 cells in the S phase, following 48 h exposure to 

TMFol.  Furthermore, this current study demonstrated that the S phase arrest was 

sustained at the 72 h time point (Figures 3.6 and 3.7).  In the PNT 2 cells TMFol caused 

G1 phase arrest within 24 h, but further exposure at 48 and 72 h resulted in a significant 

S phase arrest (Figures 3.8 and 3.9).  It is unknown at this point if the dramatic 

accumulation of PNT2 cells in S phase at 72 h was sustained beyond that time point.  

The effect of TMFol on the expression of cell cycle checkpoint proteins was not 

assessed in this study so the biological pathways responsible for S phase arrest in the 

PC-3 and PNT2 cells are currently unknown.  However, it could be assumed that 

different pathways are involved as the two cell types display distinct biological features 

that could impact on the cell cycle process.  The most notable difference is the absence 

of the cell cycle regulator, p53, in the PC-3 cells (Figure 3.18).  The lack of cell cycle 

arrest in the 22Rv1 cells throughout the study time points may be attributed to the 

slower growth rate of the 22Rv1 cells.  These cells have a population doubling time of 

about 40 hours and so would have completed approximately 2 cell cycles, rather than 

the 3 completed by the other cell lines, during the 72 h exposure time to TMFol.  

Therefore, the marginal increase in the percentage of cells in G2/M with the 

corresponding decrease in the percentage of cells in both S and G1 phases at 72 h 

(Figures 3.4 and 3.5) could be an early indicator of a possible G2/M arrest if exposure 

to TMFol were to be extended beyond 72 h.   

 

The induction of cellular senescence is an important anticancer mechanism as it limits 

the proliferative ability of cells (Ewald et al., 2010; Rodier and Campisi, 2011).  The 

role of senescence in the growth inhibitory effect of dietary flavonoids and their 
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synthetic derivatives on prostate cancer cells has not been well elucidated.  This study 

demonstrates a significant increase in SA-β-galactosidase activity in the prostate cancer 

cells, 22Rv1 and PC-3 upon treatment with 10 µM TMFol (Figure 3.17), indicating that 

TMFol is capable of inducing senescence.  Furthermore, the induction of senescence 

was associated with increased expression of p53 and p21 in the 22Rv1 cells (Figure 

3.18).  It must be noted here that despite the evidence for senescence in the 22Rv1 cells 

as a result of TMFol intervention, there was no evidence of cell cycle arrest in these 

cells for the same time period.  While the increase in expression of the senescence 

biomarkers p53, p21 and p16 can act as confirmation of senescence, Prieur et al (2011) 

recently demonstrated the lack of involvement of p53, p21 and p16 in the induction of 

senescence in vitro despite the increase in expression of these proteins.  Additionally, 

the group observed that p21 and p16 accumulated mainly in the cytoplasm of the cells, 

suggesting that the induction of these proteins was not involved in regulation of the cell 

cycle.  Therefore, additional confirmatory test for senescence, for example, the 

formation of senescence-associated heterochromatic foci (SAHF) would be required.  

As a consequence, it is difficult to interpret the increase in SA-β-galactosidase activity 

in PC-3 cells as definitive proof of senescence.  The PC-3 cells lack p53 and p16 

expression (Jarrard et al., 1999), hence TMFol induced senescence would be 

independent of these proteins, but as for the 22Rv1 cells it would be best to confirm 

senescence independently by assessing the formation of SAHF.  Interestingly, in the 

PNT2 cells there was a downward trend in the SA-β-galactosidase activity, significant 

at 72 h only.  Given the fact that TMFol was capable of inhibiting the growth and 

stimulating S phase arrest of PNT2 cells, the relevance of this decrease in SA-β-

galactosidase activity is currently unknown.  

 

Taken together, the growth inhibitory effect of TMFol on prostate cancer cells can be 

partially explained by cell cycle arrest.  Potentially, the induction of senescence may 

contribute to growth inhibition but as indicated earlier, further experiments are required 

for verification.  TMFol is also capable of causing apoptosis but this was only observed 

in the in vivo environment.  Other mechanisms of action are likely to be involved; 

hence, the effects of TMFol on the metabolic profiles of these cells were assessed and 

are presented in the following chapter. 
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Chapter 4. Investigation of the effects of TMFol on prostate cancer 

metabolism 

 

4.1. Introduction 

Understanding the role of an altered metabolism in the pathogenesis of prostate cancer 

offers the possibility of utilising chemopreventive/chemotherapeutic agents to modulate 

features of prostate cancer metabolism that can attenuate cancer progression.  As 

described earlier in the Introduction chapter, alterations in pyruvate, citrate and fatty 

acid metabolic pathways have been implicated in the progression of prostate cancer 

(Costello et al., 1999; Lexander et al., 2005 and Rossi et al., 2003).  Therefore, in this 

chapter, a range of biochemical assays, qPCR and Western blots were used to assess the 

ability of TMFol to alter the expression and activity of metabolic proteins that may play 

a role in the development and progression of prostate cancer. 
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4.2. Effect of TMFol on the expression of selected Krebs cycle proteins in prostate 

cancer cells 

Malignant transformation of the prostate glandular epithelial cells is accompanied by an 

increase in activity of the Krebs cycle (Dakubo et al., 2006). As previously mentioned 

in the Introduction chapter, unpublished mass spectrometry-based proteomic analysis of 

22Rv1 xenografts treated with TMFol showed that several Krebs cycle proteins were 

significantly differentially expressed compared to levels in tumours arising in untreated 

control mice.  Included among these proteins were ACO2, dihydrolipoyl 

succinyltransferase (DLST), fumarate hydratase (FH), phosphoenolpyruvate 

carboxykinase (PEPCK), succinate dehydrogenase flavoprotein subunit A (SDHA) and 

succinate-Co A ligase, α subunit (SUCLG1) (Norris et al. unpublished data). Whole cell 

lysates from the prostate cancer cell lines, 22Rv1 and PC-3 treated with 10 µM TMFol 

for 24, 48 and 72 h were analysed by Western blotting to determine the expression of 

the above-mentioned Krebs cycle proteins.  This was to gain insight into how TMFol 

may be modulating the Krebs cycle to inhibit prostate cancer growth.  Furthermore, 

tumour lysates from the 22Rv1 xenografts were made available in this current study for 

Western blot analysis to facilitate a comparison between the in vitro and in vivo data.   

 

In the 22Rv1 cells treated with TMFol, there was a significant decrease in ACO2 

expression at 24 and 48 h (Figure 4.1 A).  The expression was approximately 16 % less 

than the expression in the control cell population.  The expression of FH was 

significantly increased at 72 h (Figure 4.1 C), while the expressions of DLST and 

SDHA remained mostly unchanged in the 22Rv1 cells (Figures 4.1 B and E).  PEPCK 

was significantly upregulated at 48 h (Figure 4.1 D) while SUCLG1 was significantly 

downregulated at 72 h (Figure 4.1 F). 

 

The changes in expression of the above-mentioned Krebs cycle proteins were more 

pronounced in the PC-3 cells when compared to those in the 22Rv1 cells.  There was a 

significant decrease in the expression of ACO2 at all of the time points (Figure 4.2 A).  

The downregulation was time-dependent, ranging from approximately 19 % at 24 h to 

70 % at 72 h less than the expression in the control cell population.  This 

downregulation by far exceeds that observed in the 22Rv1 cells (Figure 4.1 A).  There 

was a time-dependent decrease in DLST expression in the PC-3 cells, becoming 
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significant at 48 and 72 h (Figure 4.2 B).  A change in FH expression was only evident 

at 72 h and this was a significant downregulation (Figure 4.2 C), which is opposite to 

the effects observed on the expression of this protein in 22Rv1 cells (Figure 4.1 C).  

Similar to the 22Rv1 cells, PC-3 cells, in response to 10 µM TMFol, showed an 

increase in PEPCK expression at 48 h, but in the case of PC-3 cells, the expression was 

not statistically significant (Figure 4.2 D).  SDHA expression was upregulated at all the 

time points, and was approximately 40 % higher than the control cells (Figure 4.2 E).  

SUCLG1 expression was significantly decreased at 72 h only in the PC-3 cells (Figure 

4.2 F), a pattern of expression previously observed in the 22Rv1 cells (Figure 4.1 F).     
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Figure 4.1: Expression of Krebs cycle related proteins in 22Rv1 cells treated with 10 µM 

TMFol.  The expression of ACO2 (A), DLST (B), FH (C), PEPCK (D), SDHA (E) and 

SUCLG1 (F) was analysed by Western blotting.  Each graph is based on densitometric 

analysis of Western blots after normalisation to actin. Each column represents mean ± SD of 

three independent experiments. Statistical comparison between the control and TMFol 

treatment was by Student’s T-test.  Statistically significant differences are indicated as * (p< 

0.05), *** (p< 0.005) and **** (p< 0.001).  
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Figure 4.2: Expression of Krebs cycle related proteins in PC-3 cells treated with 10 µM 

TMFol.  The expression of ACO2 (A), DLST (B), FH (C), PEPCK (D), SDHA (E) and 

SUCLG1 (F) was analysed by Western blotting.  Each graph is based on densitometric analysis 

of Western blots after normalisation to actin. Each column represents mean ± SD of three 

independent experiments. Statistical comparison between the control and TMFol treatment was 

by Student’s T-test.  Statistically significant differences are indicated as * (p< 0.05), ** (p< 

0.01), *** (p< 0.005) and **** (p< 0.001). 
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The availability of the tumour lysates from the 22Rv1 xenografts provided the 

opportunity to assess the in vivo expression of the Krebs cycle proteins of interest and 

compare the expression to the 22Rv1 in vitro analysis.   The expression levels of DLST 

and FH were significantly increased in the 22Rv1 tumour xenografts taken from mice 

on the TMFol diet compared to the control (Figure 4.3).  For the remaining proteins, 

there was a non-significant decrease in the expression of ACO2, PEPCK and SDHA, 

while SUCLG1 showed a negligible increase (Figure 4.3).    FH was the only protein 

that was significantly increased in the xenografts and the 22Rv1 cell lines, while ACO2 

was decreased in both, albeit in a non-significant way in the xenografts.  Although there 

were contrasting changes in the expression of some of the Krebs cycle proteins, both in 

vitro and in vivo data suggest that TMFol is capable of modulating metabolic pathways 

in prostate cancer models. 
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Figure 4.3: Expression of Krebs cycle related proteins in tumour lysates from 22Rv1 

xenograft mice on either a control or 0.2% TMFol-containing diet.  Analysis was by 

Western blotting. The blots illustrate representative results for randomly selected tumour 

lysates from 4 mice per treatment group. The graph is based on densitometric analysis of 

Western blots after normalisation to actin. Each column represents the mean ± SD for each 

animal group (n = 13 mice for control and n = 15 for TMFol). Statistical comparison between 

the control and TMFol treatment was by Student’s T-test.  Statistically significant differences 

are indicated as * (p< 0.05) and **** (p< 0.001). 
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4.3. Effect of TMFol on citrate oxidation in prostate cancer cells 

From the Western blot analysis for the Krebs cycle proteins of interest in the 22Rv1 

cells, PC-3 cells and 22Rv1 xenograft tumours, ACO2 emerged as the protein that was 

consistently decreased.  ACO2 plays a highly critical role in the development and 

progression of prostate cancer.  ACO2 is required for citrate oxidation as it regulates the 

entry of citrate into the Krebs cycle.  Often the levels of ACO2 remain unchanged in the 

normal and malignant prostate but the activity of ACO2 is higher in prostate cancer 

(Costello et al., 1996; Liu et al., 1996; Singh et al., 2006).  Given the importance of 

ACO2 in prostate cancer pathogenesis and the evidence that TMFol is capable of 

modulating ACO2 in a manner that could inhibit the progression of the disease, it was 

selected for further investigation.  To ascertain whether the effects observed in the 

22Rv1 and PC-3 models translate to normal prostate cells the expression of ACO2 in 

PNT2 cells following TMFol intervention was determined.  Furthermore, the 

mitochondria were isolated from 22Rv1, PC-3 and PNT2 cells treated with TMFol for 

24 h and used to determine the level of ACO2 activity within these cells.  At 24 h the 

expression of ACO2 was significantly lower than that of the control in all three cell 

lines, but still high to facilitate the detection of ACO2 activity.  At longer time points 

the expression of ACO2 could potentially be too low to be detected by the activity 

assay.   

 

In the PNT2 cells, ACO2 expression was significantly downregulated at all the time 

points (Figure 4.4).  The expression was reduced to approximately 62-81 % of the 

control levels.  To ensure that the aconitase activity was due to ACO2 and not 

influenced by the aconitase activity of IRP-1, which is cytosol specific, the purity of the 

mitochondrial fraction isolated was determined.  For all three cell lines the VDAC 

indicated that the mitochondria were confined to the mitochondrial fractions obtained 

from the differential centrifugation (Figure 4.5).  However, the faint protein bands for 

LDHA in the mitochondrial fractions suggested that there were some cytosolic 

components within the mitochondrial fractions.  Therefore, the fractions were checked 

to determine if IRP-1 proteins were among the contaminating cytosolic components.  In 

the 22Rv1 cells there was no IRP-1 detected in the mitochondrial fractions but there 

were weak bands observed in the mitochondrial fractions of the PC-3 and PNT2 cells, 

making it possible for IRP-1 to contribute to a small percentage of the aconitase activity 
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measured in the mitochondria of PC-3 and PNT2 cells.  ACO2 activity was found to be 

53 %, 72 % and 68 % of the control in the mitochondria of 22Rv1, PC-3 and PNT2 

cells, respectively, and significantly lower than the control for each cell line (Figure 

4.6).  Therefore, TMFol had the greatest effect on ACO2 activity in the 22Rv1 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Expression of ACO2 in PNT2 cells following exposure to 10 µM TMFol.  

Analysis was by Western blotting and the blots shown are representative results. The graph is 

based on densitometric analysis of Western blots after normalisation to actin. Each column 

represents the mean ± SD of three independent experiments. Statistical comparison between the 

control and TMFol treatment was by Student’s T-test.  Statistically significant differences are 

indicated as **** (p< 0.001).  
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Figure 4.5: Protein components of mitochondrial and cytosolic fractions from 22Rv1, PC-3 

and PNT2 cells treated with 10 µM TMFol or DMSO alone (vehicle control) for 24 h.  

Validation of the purity of the mitochondrial fraction was by Western blotting analysis.  

Antibodies for ACO2 and VDAC were used to detect the mitochondrial fraction while 

antibodies for IRP-1 and LDHA were used to detect the cytosolic fraction.  
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Figure 4.6: Effect of TMFol on ACO2 activity in the mitochondrial fraction of 22Rv1, 

PC-3 and PNT2 cells following treatment with 10 µM TMFol or DMSO alone (vehicle 

control) for 24h. The mitochondria were isolated and the activity of ACO2 was determined 

by measuring the formation of isocitrate from citrate using a colorimetric assay.  The activity 

was recorded as a percentage of the control.  Each column represents the mean ± SD of three 

independent experiments.  Statistical comparison between the control and TMFol 

treatment was by Student’s T-test.  Statistically significant differences are indicated as * 

(p< 0.05) and **** (p< 0.001).   

  

2 2 R v 1 P C -3 P N T 2

0

5 0

1 0 0

1 5 0

A
C

O
2

 a
c

t
iv

it
y

 (
%

  
o

f
  

c
o

n
t
r

o
l)

C ontrol

T M Fol

* * * *

* *



 

121 

 

4.4. Effect of TMFol on pyruvate metabolism in prostate cancer 

Pyruvate is critical to operation of the Krebs cycle and pyruvate dehydrogenase (PDH) 

is the key enzyme in pyruvate metabolism that tends to be over-expressed in prostate 

cancer (Lexander et al., 2005).  PDH catalyses the irreversible oxidative 

decarboxylation of pyruvate to acetyl-CoA (Patel and Korotchkina, 2006; Vander 

Heiden et al., 2009).  During this reaction the E1 component of PDH (PDH-E1) 

transfers acetate from pyruvate to the E2 subunit of PDH (PDC-E2), which then 

transfers it to coenzyme A, ultimately converting pyruvate to acetyl-CoA (Chueh et al., 

2011).  Therefore, the aim was to determine if TMFol could modulate PDH expression 

and activity by assessing its influence on the expression of PDH components.  TMFol 

had no effect on PDH-E1α expression (Figure 4.7) but caused a significant upregulation 

in the expression of PDC-E2 for all three cell lines at 24 and 48 h (Figure 4.7).  In 

22Rv1 cells, PDC-E2 expression was approximately 280 % higher than the expression 

in the control cells at 24 and 48 h (Figure 4.7 A).  There was a time-dependent increase 

in PDC-E2 expression in PC-3 and PNT2 cells between 24 and 48 h.  The change in 

PDC-E2 expression in the PC-3 cells far exceeded that occurring in PNT2 cells at all of 

the time points.  Generally, the rank order of PDC-E2 expression was 22Rv1 > PC-3 > 

PNT2 cells, for 24 and 48 h.  
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Figure 4.7: Expression of PDC-E2 and PDH-E1α in 22Rv1 (A), PC-3 (B) and PNT2 (C) 

cells following exposure to 10 µM TMFol or DMSO (vehicle control) only.  Analysis was by 

Western blotting and representative blots are shown for each cell line. The graphs are based on 

densitometric analysis of Western blots after normalisation to actin and represent the mean ± SD 

of three independent experiments. Statistical comparison between the control and TMFol 

treatment was by Student’s T-test.  Statistically significant differences are indicated as * (p< 

0.05), ** (p< 0.01) and *** (p< 0.005). 
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Given the dramatic increase in PDC-E2 expression, it was thought that the glucose 

concentration in the culture medium could have influenced the effect of TMFol on 

PDC-E2 expression.  High glucose levels can cause an upregulation in PDH activity 

(Harris et al., 2002).  Therefore, to test this hypothesis, 22Rv1 cells were exposed to 10 

µM TMFol or DMSO alone for 24 h in medium consisting of 0, 5 and 11 mM glucose.  

11 mM is the concentration of glucose in the standard RPMI-1640 growth medium used 

in all the cell culture experiments throughout this study.  In all medium, PDC-E2 

expression was still significantly higher in TMFol-treated cells compared to control 

cells in the same growth medium (Figure 4.8).  However, a comparison across the 

various growth media indicated a non-significant difference in PDC-E2 expression.  

Therefore, the level of glucose in the growth medium had no direct influence on PDC-

E2 expression. 

Figure 4.8: Expression of PDC-E2 in 22Rv1 cells following exposure to 10 µM TMFol or 

DMSO (vehicle control) only, in growth medium with varying glucose concentrations for 

24 h.  Analysis was by Western blotting and representative blots are shown. The graph is based 

on densitometric analysis of Western blots after normalisation to actin and represents the mean 

± SD of three independent experiments. Statistical comparison between the control and TMFol 

treatment was by Student’s T-test.  Statistically significant differences are indicated as * (p< 

0.05).   
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PDC-E2 is the core catalytic component of PDH.  Therefore, to determine if the activity 

of PDH was altered by upregulation of PDC-E2, the PDH protein in whole cell lysates 

from treated and control cells were used in an activity assay.  There was a trend towards 

decreased PDH activity in both 22Rv1 and PC-3 cells at 24 h, but this was not 

statistically significant (Figure 4.9).  The level of PDH activity in the normal cells, 

PNT2, was not detectable within the limits of the activity assay; therefore, these data are 

not shown. 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Pyruvate dehydrogenase activity in 22Rv1 and PC-3 prostate cancer cells 

following exposure to 10 µM TMFol or DMSO (vehicle control) only for 24 h.  The PDH 

enzyme in the lysates was immunocaptured in the microplate wells by adding fixed 

concentrations of whole cell lysates to microplate wells pre-bound with an anti-PDH 

monoclonal antibody for 3 h.  PDH activity was determined by following the reduction of 

NAD+ to NADH, which was coupled to the reduction of a reporter dye to produce a yellow 

product that was monitored by measuring kinetic absorbance at 450 nm. PDH activity was 

recorded as the change in OD per minute per µg of PDH.  Each column represents the mean ± 

SD of three independent experiments.  Statistical comparison was by Student’s T-test and no 

significant differences were detected. 
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4.5. Effect of TMFol on fatty acid synthesis in prostate cancer 

Thus far, TMFol has demonstrated its ability to differentially alter the expression of 

metabolic proteins in a manner that potentially inhibits the development and progression 

of prostate cancer.  Since fatty acid synthesis is often de-regulated in prostate cancer, 

the effect of TMFol on this metabolic pathway was assessed by first determining the 

effect of TMFol on ACLY expression.  In 22Rv1 cells, there was a time-dependent 

increase in ACLY expression, which was statistically significant at 24 and 48 h (Figure 

4.10 A).  In contrast, there was a non-significant decrease in ACLY expression at all of 

the time points (Figure 4.10 B).  No measurable expression of ACLY was detected in 

the PNT2 cells. 

 

As previously described in the Introduction chapter, AMPK has a major influence on 

fatty acid metabolism (Luo et al., 2010), therefore, the effect of TMFol on the level of 

activated AMPKα (pAMPKα) was assessed.  There was only a non-significant small 

increase in pAMPKα at 72 h in 22Rv1 cells (Figure 4.11 A and B).  In PC-3 cells the 

level of pAMPKα was significantly increased by 2-3 fold, relative to the solvent control 

(Figure 4.11 A and C).  No measurable pAMPKα was detected in the PNT2 cells and 

the total AMPKα protein levels remained relatively unchanged for all cell lines (Figure 

4.11 A).  

 

pAMPKα directly phosphorylates ACC on Ser 79 leading to its inactivation (Park et al., 

2009), meaning that an increase in phosphorylated ACC (pACC) is indicative of AMPK 

activation.  Therefore, the level of pACC in response to TMFol intervention was 

assessed.  In the 22Rv1 cells there was only a non-significant increase in pACC at 48 

and 72 h, while ACC remained relatively unchanged (Figure 3.27 A).  The PC-3 cells at 

24 h showed a significant increase in pACC but eventually at 72 h, the level of pACC 

was significantly decreased compared to the control.  Interestingly, the total protein 

levels of ACC were significantly altered in a manner that mimicked the changes in 

pACC at corresponding time-points (Figure 4.12 B).  For the PNT2 cells, both pACC 

and ACC were altered in a similar manner, showing a significant decrease at 72 h 

(Figure 4.12 C).  Any alteration in the total protein could be responsible for the change 
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in levels of the phosphorylated protein, so the ratio of pACC to ACC was also 

determined.  The subsequent 1:1 ratio that was obtained indicated that there was no true 

change in the phosphorylation state of ACC, so the levels of pACC only changed 

because the levels of the total protein changed.  Therefore, TMFol may be engaging 

other mechanisms to induce the alterations observed in ACC expression.  
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Figure 4.10: Expression of ACLY in 22Rv1 (A) and PC-3 (B) cells following exposure to 10 

µM TMFol or DMSO (vehicle control) only.  Analysis was by Western blotting and 

representative blots are shown for each cell line. The graphs are based on densitometric analysis 

of Western blots after normalisation to actin and represent the mean ± SD of three independent 

experiments. Statistical comparison between the control and TMFol treatment was by 

Student’s T-test.  Statistically significant differences are indicated as * (p< 0.05). 
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Figure 4.11: Expression of pAMPKα and AMPKα in 22Rv1, PC-3 and PNT2 cells 

following exposure to 10µM TMFol or DMSO only (solvent control).  Analysis was by 

Western blotting and representative blots are shown for each cell line (A). The graphs show 

the fold change of pAMPKα in 22Rv1 (B) and PC-3 (C) cells.  The graphs are based on 

densitometric analysis of Western blots after normalisation to actin. Each column represents 

mean ± SD of three independent experiments.  Statistical comparison between the control 

and TMFol treatment was by Student’s T-test.  Statistically significant differences are 

indicated as * (p< 0.05). 
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Figure 4.12: Levels of pACC and ACC in 22Rv1 (A), PC-3 (B) and PNT2 (C) cells 

following exposure to 10µM TMFol or DMSO only (solvent control).  Analysis was by 

Western blotting and representative blots are shown. The graphs are based on densitometric 

analysis of Western blots after normalisation to actin. Each column represents mean ± SD of 

three independent experiments. Statistical comparison between the control and TMFol 

treatment was by Student’s T-test.  Statistically significant differences are indicated as * (p< 

0.05) and **** (p< 0.001). 
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To determine if TMFol had any effect on the transcription of ACC, RNA was extracted 

from each of the treated cell lines and used in qPCR to assess the level of ACC mRNA 

expression.  The changes in ACC mRNA expression for all time points in 22Rv1 cells 

were non-significant (Figure 4.13 A).  In PC-3 cells ACC mRNA dropped significantly 

at 72 h (Figure 4.13 B), while in PNT2 cells there was a significant reduction in ACC 

mRNA at all of the time points (Figure 4.13 C). The changes in ACC mRNA expression 

for all cell lines basically correlated with the changes in ACC protein expression. 

 

FAS, which is often over-expressed in prostate cancer and is indirectly inhibited by 

activated AMPK (Flavin et al., 2011; Rossi et al., 2003), is a critical enzyme in fatty 

acid synthesis.  The effect of TMFol on FAS was assessed to determine the extent of 

TMFol’s influence on fatty acid synthesis.  In the 22Rv1 cells, there was no significant 

difference in FAS expression between the control and treated groups for the various 

time points (Figure 4.14 A).  There was a statistically non-significant decrease in FAS 

expression at 48 and 72 h in the PC-3 cells (Figure 4.14 B), while a significant 

downregulation of FAS was observed in PNT2 cells, starting from 24 h (Figure 4.14 C).    
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Figure 4.13: Expression of ACC mRNA in 22Rv1 (A), PC-3 (B) and PNT2 (C) cells 

following exposure to 10 µM TMFol or DMSO only (solvent control).  RNA was extracted 

from the treated cells and reversed transcribed before performing qPCR.  The ACC mRNA 

levels were normalised to two reference genes, GAPDH and actin, and compared with the 

control by using the comparative CT (cycle threshold) method.  Each column represents mean ± 

SD of three independent experiments each performed in triplicate.  Statistical comparison 

between the control and TMFol treatment was by Student’s T-test.  Statistically 

significant differences are indicated as * (p< 0.05) and **** (p< 0.001). 
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Figure 4.14: Expression of FAS in 22Rv1 (A), PC-3 (B) and PNT2 (C) cells following 

exposure to 10µM TMFol or DMSO only (solvent control).  Analysis was by Western 

blotting and representative blots are shown for each cell line. The graphs are based on 

densitometric analysis of Western blots after normalisation to actin. Each column represents 

mean ± SD of three independent experiments. Statistical comparison between the control 

and TMFol treatment was by Student’s T-test.  Statistically significant differences are 

indicated as * (p< 0.05) and ** (p< 0.01). 
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4.6. Discussion 

Normal prostate glandular epithelial cells have a truncated Krebs cycle, during which 

there is low citrate oxidation and low respiration, resulting in citrate secretion into the 

semen (Dakubo et al., 2006).  Therefore, the significant alterations in the Krebs cycle 

observed here, presented an excellent opportunity to determine the extent of TMFol’s 

involvement in modulating the metabolic features of prostate cancer.  FH is the only 

protein that was significantly increased in both the 22Rv1 cell line and xenograft 

tumours (Figures 4.1 and 4.3).  Mutations in FH or loss of function of FH have been 

linked to cases of renal cancer (Tomlinson et al., 2002) but there is no evidence to 

indicate that mutations in FH are associated with prostate cancer (Lehtonen et al., 

2003).  The disparity in the expression of the other Krebs cycle proteins in the 22Rv1 

cell line and 22Rv1 xenografts is a reminder that in vitro targets can sometimes be over 

or under expressed when tumour cells become adapted to the in vivo environment.  

Hence, any significant change in either environment should warrant more than a cursory 

glance.  Generally, the effects of TMFol on the selected Krebs cycle proteins were more 

prominent in the PC-3 cells than in the 22Rv1 cells (Figures 4.1 and 4.2).  Additionally, 

opposite effects were observed for FH, DLST and SDHA, whereby the expression 

levels increased in one cell line and decreased in the other, indicating that the effect of 

TMFol is cell line specific.  Except for ACO2, the importance of the alterations in the 

expression of the remaining Krebs cycle proteins in inhibiting prostate cancer is 

relatively unknown and the changes in expression could be unrelated or coincidental to 

the inhibitory action of TMFol on prostate cancer. 

 

ACO2, the critical enzyme in citrate metabolism in human prostate epithelial cells, has 

been implicated in prostate malignancy (Costello and Franklin, 1998).  Analysis of 

normal and malignant prostate tissue taken from prostate cancer patients has shown that 

the expression levels of ACO2 are not significantly different (Singh et al., 2006).  

However, the expression of ZIP1 zinc transporter is downregulated in malignant tissues.  

In normal prostate epithelial cells, ACO2 activity is inhibited by the high intracellular 

levels of zinc in the normal tissue, while in the malignant prostate the inhibitory effect 

is removed as there is a dramatic drop in intracellular zinc in the malignant prostate 

(Singh et al., 2006).  Hence, in this project it was necessary to establish the effect of 

TMFol on both the expression and activity of ACO2 in the in vitro models of prostate 
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cancer.  Consistent among all the cell lines, TMFol caused a significant decrease in 

ACO2 expression at most of the time points studied (Figures 4.1 A, 4.2 A and 4.4).  

This decrease in expression correlated with the significant decrease in ACO2 activity 

following 24 h exposure to TMFol (Figure 4.6).  The reduction of ACO2 expression 

could have been caused by increased degradation of the ACO2 protein and/or by 

reduced transcription of the ACO2 gene.  p53 has been shown to alter the gene 

expression of ACO2 in human prostate cancer cells (Tsui et al., 2011).  An increase in 

p53 expression downregulated ACO2 gene expression in wild-type p53-expressing 

LNCaP cells and the p53-deficient PC-3 cells that were transiently transfected with a 

p53 expression vector (Tsui et al., 2011).  In chapter 3, TMFol significantly upregulated 

p53 expression in the 22Rv1 cells (Figures 3.15 A and B) and hence it is possible that 

TMFol could have downregulated the expression of ACO2 via a p53-mediated 

mechanism.  However, other methods of regulating ACO2 gene expression would be 

required in the case of the p53-deficient PC-3 cells and the PNT2 cells, in which p53 

expression remained relatively unchanged (Figure 3.15 A). 

 

While it is logical to assume that the decrease in ACO2 activity is directly related to the 

decrease in ACO2 expression, it is quite possible that TMFol could be modulating the 

expression and activity of the zinc transporters, such as ZIP 1, that regulate the uptake 

of zinc by cells.  Human ZIP1 is expressed in LNCaP and PC-3 human prostate cancer 

cells and these lines also have the ability to accumulate zinc (Franklin et al., 2003).  

Experiments involving the overexpression and knockdown of human ZIP1 in PC-3 cells 

demonstrated that overexpression of human ZIP1 is associated with higher zinc intake 

and growth inhibition of  PC-3 cells (Franklin et al., 2003), leading to inhibition of 

ACO2 activity (Singh et al., 2006).  Downregulation of the zinc transporter produced 

opposite effects (Franklin et al., 2003; Singh et al., 2006).  Therefore, the effect of 

TMFol on the expression of zinc transporters and subsequently on zinc accumulation in 

the prostate cells would offer new insights into the mechanisms used by TMFol to 

modulate ACO2 activity and also inhibit growth.  The accumulation of zinc in prostate 

cancer cells induces apoptosis (Feng et al., 2000 and 2002; Liang et al., 1999).  Hence, 

if TMFol is capable of altering the zinc transporters in prostate cells to cause 

intracellular accumulation of zinc, this could be a possible reason for the induction of 

apoptosis in the 22Rv1 xenografts and its absence in vitro.  The developing tumours 

within the mice are most likely to have zinc available through the blood supply, in a 



 

135 

 

form and concentration that is suitable for uptake and accumulation in the prostate 

cancer cells, subsequently inducing the apoptosis observed in vivo.  Therefore, follow-

up studies involving immunohistochemical analysis of the xenograft tumours for ZIP 1 

expression would be required to determine if TMFol has the ability to modulate the zinc 

transporter and subsequently alter the intracellular levels of zinc.  In the cell line studies 

the level of zinc in the growth medium was not adjusted.  RPMI-1640 medium with 

FCS has approximately 0.05 µg zinc/mL, which is less than the 1 µg zinc/mL required 

to cause intracellular accumulation and apoptosis (Costello et al., 1999; Feng et al., 

2002).  Both PC-3 and 22Rv1 have been shown to express ZIP 1 (Costello et al., 1999; 

Holubova et al., 2014) and so future studies to determine if TMFol is modulating ZIP 1, 

and subsequently intracellular zinc levels, in these cell lines should be conducted.   

 

To determine the effects of ACO2 inhibition in prostate cancer, Juang (2004) used a 

human ACO2 antisense vector to block the endogenous ACO2 expression in several 

human prostate cancer cells, including LNCaP, PC-3 and DU145 and found that a 

reduction in the expression of ACO2 correlated with a reduction in ACO2 activity, a 

reduction in ATP content, an increased citrate secretion and growth inhibition.  The 

ATP content and the levels of citrate secreted were not analysed in the present study but 

it would be interesting to determine the effect of TMFol on these parameters to firmly 

establish the link between growth inhibition and loss of aconitase activity.  There is no 

evidence in the literature indicating that flavonoids have the ability to modulate the 

expression and activity of ACO2 in prostate cells to inhibit growth.  Fluoroacetate is a 

known ACO2 inhibitor but it is not prostate specific and the inhibition of ACO2 activity 

in any other cell type tends to be lethal (Costello and Franklin, 2006).  Therefore, 

TMFol demonstrates a unique ability to significantly reduce ACO2 expression and 

activity in the 22Rv1 and PC-3 cells and this could very likely be its major mechanism 

to bring about the growth inhibition observed in these prostate cancer cell lines. 

 

A review of the literature on whether PDH is a rate-limiting step in cancer would 

indicate that it is dependent on the cancer cell type.  Generally, malignant cells 

demonstrate an increase in glucose consumption which is accompanied by a switch to 

aerobic glycolysis (DeBerardinis et al., 2008).  As a consequence, PDH activity would 

be inhibited as the pyruvate from glycolysis would be used to produce lactic acid rather 

than be used in mitochondrial oxidation.  In sharp contrast, there is a relatively low level 
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of aerobic glycolysis in malignant prostate cells as the pyruvate can now be utilised in 

the Krebs cycle for efficient ATP production (Costello and Franklin, 2000). 

Furthermore, PDH is often over-expressed in human prostate cancer (Lexander et al., 

2005). Hence, reducing PDH activity in prostate cancer would be a desirable feature of 

any prostate cancer chemopreventive or chemotherapeutic agent. 

 

All of the cell lines in this current study responded to TMFol exposure with a significant 

upregulation of PDC-E2, the core catalytic component of PDH (Figure 4.7).  However, 

this did not cause an increase in PDH activity after 24 h incubation with TMFol (Figure 

4.9).  Rather, there was a dramatic but statistically non-significant decrease in PDH 

activity in both 22Rv1 and PC-3 cells (Figure 4.9).  The decrease in PDH activity could 

be a direct effect of TMFol on PDH or could be as a result of the inhibition of ACO2 

activity by TMFol.  Inhibition of ACO2 activity is likely to induce a dependency on 

aerobic glycolysis as the Krebs cycle becomes truncated and the reliance on PDH 

activity is now minimal.  There does not appear to be any published evidence to indicate 

that modulation of the expression of the main catalytic component of PDH affects 

enzyme activity.  Hence, experiments involving the over-expression of PDC-E2 in 

prostate cancer cells would be necessary to determine the effect on PDH activity.  

Furthermore, it would be beneficial to establish if the decrease in PDH activity caused 

by TMFol is associated with the expected decrease in oxidative phosphorylation and 

increase in aerobic glycolysis in these prostate cancer cells.  In this study it would have 

been most expedient if the PDH activity was measured in the cells that were incubated 

with TMFol for longer than 24 h.  No PDH activity was detected in the PNT2 cells as 

enzymatic activity is generally low in the normal prostate cells, in this case, below the 

limit of detection for the PDH activity assay used. 

 

Upregulation of endogenous fatty acid synthesis is a common feature of prostate cancer 

and as a consequence several of the enzymes involved in this process are over-

expressed (Rossi et al., 2003).  Therefore, inhibition of the over-expressed enzymes in 

fatty acid synthesis could be useful in the management of prostate cancer.  The 

downregulation of ACLY in PC-3 and LNCaP cells is associated with inhibition of 

growth in these cells (Gao et al., 2014).  The effect of TMFol on ACLY expression was 

cell line specific (Figure 4.10).  The contrasting changes in ACLY expression induced 

by TMFol could be unrelated to the growth inhibitory action of TMFol.   
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AMPK has the unique ability to inhibit fatty acid synthesis by targeting several of the 

enzymes in the pathway.  Hence, AMPK activators are potentially beneficial for 

prostate cancer prevention and treatment.  In the PC-3 cells AMPK was activated by 

TMFol, as evident by the significant increase in pAMPKα (Figure 4.11).  With this 

capability TMFol behaves much like the dietary flavonol, fisetin, which also activates 

AMPK in PC-3 cells, albeit at much higher concentrations ranging from 40–120 µM 

(Suh et al., 2010).  The modest, but non-significant increase in pAMPKα at 72 h in 

22Rv1 cells may indicate that TMFol is unable to activate AMPK in these p53-positive 

cell types or could have occurred earlier than 24 h.  Future studies with these slower 

growing cells should consider assessment for shorter time points to ascertain the true 

response profile.   

 

Activation of AMPK should lead to increased levels of pACC as activated AMPK 

directly inhibits ACC through phosphorylation (Flavin et al., 2011).  The expected 

increase in the proportion of pACC in PC-3 cells was not apparent from the data, since 

the levels of total protein (ACC) varied in a similar manner to pACC (Figure 4.12).  The 

outcome was similar in the other cell lines.  Hence TMFol appears to be exerting a 

direct effect on ACC rather than modulating its phosphorylation.  This effect appears to 

be at the transcriptional level, as the changes observed in expression of ACC over the 

72 h period were in general, similar to the changes in the levels of mRNA for this 

protein (Figure 4.13). 

 

Since downregulation of ACC expression and mRNA occurred in all of the cell lines, it 

appears that TMFol may be acting as an inhibitor of ACC transcription.  The extent of 

the inhibitory effect may also be cell line specific as the degree of inhibition varied 

among the cell lines.  Similar to TMFol, quercetin also has the ability to downregulate 

ACC at the transcriptional level in PC-3 cells, but at concentrations ranging from 100 – 

150 µM (Noori-Daloii et al., 2011).  Inhibition of ACC decreases malonyl-CoA, 

attenuates endogenous fatty acid synthesis and induces fatty acid oxidation.  Therefore, 

further study should identify changes in the expression of proteins involved in fatty acid 

oxidation or the rate of the overall process.  Additionally, the phospholipid content of 

the cells could be analysed since phospholipids are the major end product of fatty acid 

synthesis and their levels are likely to decrease if TMFol is acting as an inhibitor of 

ACC transcription. 
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TMFol caused non-significant changes in FAS expression in both 22Rv1 and PC-3 cells 

(Figure 4.14).  The expression in PC-3 cells at 48 and 72 h was lower than that of the 

control cells.  Activated AMPK can inhibit FAS expression by inhibiting the 

transcription of its gene (Flavin et al., 2011), but the TMFol-induced activation of 

AMPK was unable to significantly inhibit FAS expression in the PC-3 cells.  It should 

be noted that downregulation of FAS would not be required here to inhibit endogenous 

fatty acid synthesis, since TMFol downregulated the synthetic process upstream of FAS 

by inhibiting the transcription of ACC. 

 

Throughout the investigation into the metabolic features of the cells, PNT2 cells also 

proved very sensitive to the effects of TMFol.  There was a significant inhibition of 

ACO2 expression and activity and a significant inhibition of the expression of ACC and 

FAS.  In normal prostate cells ACO2 is inhibited and the expression of ACC and FAS 

would be extremely low as a consequence of little to no endogenous fatty acid synthesis 

in the normal cells.  Hence, any further inhibition triggered by TMFol would have little 

to no effect on the normal cells since their growth and survival are not dependent on the 

activities of these enzymes.  Therefore, it may be speculated that the growth inhibitory 

effect of TMFol on PNT2 cells may be largely due to the induction of S phase cell cycle 

arrest. 

 

Prostate cancer is a multigenic disease, therefore, to determine the mechanism of action 

engaged by TMFol to inhibit the growth of prostate cancer, two prostate cancer cell 

lines with different genetic profiles were utilised and compared with a normal prostate 

cell line.  TMFol at a concentration of 10 µM was capable of inhibiting ACO2 

expression and activity, potentially inhibiting citrate oxidation.  Endogenous fatty acid 

synthesis is required for the growth of prostate cancer cells and TMFol has the ability to 

inhibit the transcription of ACC, a key regulatory enzyme in the synthesis pathway, 

which could ultimately switch off fatty acid synthesis.  Additionally, TMFol was able to 

cause a significant increase in pAMPK in the PC-3 cells only, the importance of its 

increase in the inhibition of fatty acid synthesis is not clear.   Although TMFol 

increased the expression of the main catalytic component of PDH, TMFol reduced PDH 

activity, which could lead to less energy for the cancer cells to grow.  While further 

work would be required to determine the importance of each mechanism in the growth 

inhibitory action of TMFol in prostate cancer, taken together, the body of work 
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presented here is consistent with the notion that TMFol is a multi-targeted agent that 

may be efficacious in the management of prostate cancer.    
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Chapter 5. In vivo efficacy of TMFol in PBCre4p53floxRbflox and 

PBCre4Ptenflox mouse models of prostate cancer 

5.1. Introduction 

A prerequisite for clinical development of any potential chemopreventive or 

chemotherapeutic agent is a demonstration of its in vivo efficacy in suitable animal 

models.  Previous in vivo studies with TMFol utilised mouse xenografts but in this study 

it was important to determine the extent of TMFol’s effect on the very early events 

occurring after loss of key tumour suppressor genes and subsequent progression of 

prostate cancers that arise in situ.  Therefore, two conditional knockout mouse models 

of prostate carcinogenesis, PBCre4p53floxRbflox and PBCre4Ptenflox, were utilised.  The 

genetic heterogeneity of prostate cancer has made it difficult for the generation of a 

mouse model that accurately depicts the entire spectrum of human prostate cancer.  The 

choice of these two animals models not only presented the opportunity to monitor the 

effects of TMFol in models that closely mimic the multiple stages of human prostate 

cancer from changes occurring immediately after initiation to metastasis (albeit lacking 

skeletal metastasis), but also provided the opportunity for research collaboration with 

Professor David Neal’s uro-oncology research group at Cancer Research UK 

Cambridge Institute, University of Cambridge, United Kingdom.  It is worth mentioning 

that this was the first complete descriptive chemoprevention study in the recently 

generated PBCre4p53floxRbflox prostate cancer model.  An important advantage was the 

reasonable time frame (approximately 12 months) both models allowed to complete the 

chemoprevention studies.  
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5.2. Effect of TMFol consumption on PBCre4p53floxRbflox mice 

To investigate the effect of TMFol on the growth of prostate cancer in the 

PBCre4p53floxRbflox model, the mice were enrolled in either a 23-week monitoring study 

or a survival study.  The objectives were to evaluate the efficacy of TMFol against the 

development of prostate cancer and to determine if long-term consumption of the 

TMFol diet provided any survival benefits.  All animals were started on the AIN93G 

control diet or the AIN93G diet supplemented with 0.2 % TMFol at the age of 4 weeks.  

Diets were consumed ad libitum until the age of 27 weeks for those animals that were 

enrolled in the 23-week study.  For animals in the survival study the mice were culled 

when they showed signs of illness, as designated in the Home Office Project Licence 

under which this study was performed, or when the study was terminated as mice 

reached the age of 44 weeks. 

 

Over the course of the 23-week study the animals on the TMFol diet maintained a 

significantly higher body weight (p = 0.008) than those on the control diet (Figure 4.1).  

The mice on the TMFol diet were on average 12.7 ± 3.5 % heavier than those on the 

control diet.  Additionally there was a significant increase in the body weights of the 

animals over time (p < 0.001).  Unfortunately, body weight data were not available prior 

to the mice reaching 13 weeks of age, therefore it is not possible to ascertain exactly 

when this difference in body weight first becomes apparent.  The amount of food 

consumed by each animal was not measured in this study, but one possible explanation 

is that the mice on the TMFol-containing diet consumed more food per day compared to 

those on standard control diet.  Alternatively, TMFol may alter metabolic factors in a 

way that results in weight gain.  Differences in the presence of tumours or degree of 

PIN may also influence weight gain and body weight, however, histological analysis 

described later show that this is not a reason.  The possible reasons could be narrowed 

down by measuring food consumption of the individual mice in each group, in future 

studies. 
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Figure 5.1: Body weight of PBCre4p53floxRbflox mice on 0.2% TMFol diet or control diet 

from age 4 weeks to age 27 weeks.  Values represent the mean ± SD (N=10 for each group). 

* indicates that the difference between mice on the control and TMFol diets was statistically 

significant (p < 0.05), while # indicates that the difference between the body weights over time 

was statistically significant (p < 0.05). Statistical comparison was by a mixed effects linear 

regression. Body weight data were not available prior to the mice reaching 13 weeks of age. 
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Following 23 weeks on diet, animals were culled by cervical dislocation under terminal 

anaesthesia, and prostates, seminal vesicles, bladder, urethra and liver were removed for 

histological assessment.  The histological appearance of the animal tissues was 

reviewed and analysed with the assistance of Dr. Sérgio Felisbino, a morphologist.  The 

assessment of PIN was according to the consensus report from the Bar Harbor meeting, 

where it was recommended to evaluate the area of the prostate involved (Shappell et al., 

2004), but since this was the first complete descriptive chemoprevention study in this 

model, further evaluation of the cell differentiation pattern as described by Park et al. 

(2002) was included to determine the levels of PIN development.  PIN lesions were 

found in all of the prostatic lobes for all mice in both the control and TMFol groups 

(Figures 4.2 and 4.3).    The percentage of area within the prostatic lobes occupied by 

PIN was slightly higher in the mice consuming the TMFol diet compared to those on the 

control diet (Figure 4.3).  Furthermore, the area covered by PIN was highest in the 

dorsal prostate in both the control and TMFol groups with 63.5 % and 67 %, 

respectively (Figure 4.3).  Three levels of PIN development, PIN 1, PIN 2 and PIN 3, 

were identified in both groups of animals, and the number of animals displaying each 

grade of PIN was similar for the control and TMFol groups (Figure 4.4 and Table 4.1).  

Histological analysis revealed no presence of adenocarcinoma in the prostatic lobes of 

any of the PBCre4p53floxRbflox mice, regardless of the intervention.  
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Figure 5.2: Histological appearance of prostatic lobes (H&E stain) in representative 

PBCre4p53floxRbflox mice on 0.2 % TMFol diet or control diet from age 4 to 27 weeks.  

Magnification x20. Arrows indicate a region of PIN within the prostatic lobe. 
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Figure 5.3: Area of prostatic lobe covered with PIN lesions in PBCre4p53floxRbflox mice on 0.2 

% TMFol diet or control diet from age 4 to 27 weeks.  All prostatic lobes for each mouse on 

the slides were scored.  As the sections contain variable amounts of prostatic tissues, the 

columns represent the mean ± SD of approximate estimates of % area with PIN within the 

prostatic lobes of 10 mice per group.  The group means were not significantly different based on 

analysis using the Student’s T-test.    The images illustrate how the % area with PIN was 

estimated.  Magnification x20.  The circles indicate the area of PIN. 
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Figure 5.4: Histological appearance of PIN1, PIN2 and PIN3 in prostatic lobes from 

representative PBCre4p53floxRbflox mice.  The level of PIN development was classified as 

described by Park et al. (2002). Magnification x20.  The circles indicate the region of PIN.  

 

Interestingly, tumours were detected in the urethra rather than in the prostatic lobes of 

the PBCre4p53floxRbflox mice in both groups.  However histological analysis of the urethra 

was complicated by the fact 4 animals from the control group and 2 animals from the 

TMFol group could not be analysed.  This was because the urethrae from these animals 

were lost during processing of the tissue-embedded paraffin blocks for staining with 

H&E.  Therefore, it is difficult to judge if the result obtained from the current urethral 

analysis is representative of the effect of TMFol on the animals.  Tumour formation was 

evident in the urethra of 4 out of 6 animals (67%) in the control group and 5 out of 8 

animals (63 %) in the TMFol group (Table 4.1).  The tumours generally occupied 

approximately 50 % of the lumen of the urethra in both groups (Figure 4.5 A).    

 

Very few PBCre4p53floxRbflox mice developed liver metastasis (2 out of 10 in the control 

group and 1 out of 10 in the TMFol group) (Table 4.1).  There were several sites of 

tumour growth visible within the liver in both groups (Figure 4.5 B).  It is difficult to 

determine if tumour formation and tumour size in the urethra correlate with liver 

metastasis, since the 2 cases of liver metastasis detected in the control group were found 

in animals without a urethra available for histological analysis. 

 

 

 

 

 

20 µM 

PIN 1 
PIN 2 

20 µM 

PIN 3 

20 µM 



 

147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1: Distribution of PIN and adenocarcinoma in PBCre4p53floxRbflox mice on 0.2 % 

TMFol diet or control diet from age 4 to 27 weeks.  The occurrence of the lesions was based 

on H&E staining in the prostatic lobes, urethra and liver for each mouse.  All sections of the of 

prostatic lobes on the slides were analysed.  In those cases where the region of interest was not 

visible for histological analysis it was reflected in the % of the total.   
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Figure 5.5: Histological appearance of (A) urethra and (B) liver (H&E stain) from 

representative PBCre4p53floxRbflox mice on 0.2 % TMFol diet or control diet from age 4 to 27 

weeks.   Magnification x20.  Areas of adenocarcinoma are indicated in the urethra and liver. 
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For the animals in the survival study, Kaplan-Meier analysis was used to compare the 

survival of PBCre4p53floxRbflox mice on the control and TMFol diets (Figure 4.6).  The 

median survival for animals on the TMFol diet (261 days) was modestly higher than 

that of animals on the control diet (224 days) but the Log-rank test indicated that 

statistically, the TMFol diet was not associated with any survival advantage (p = 

0.6342).  There were 10 animals in each group and at the end of the study there was 

only 1 animal alive in the control group and 2 animals in the TMFol group.  This study 

was terminated earlier than originally planned due to the closure of the laboratory.   One 

case of a non-prostate cancer death was found in the control group and an autopsy 

indicated obstruction within the stomach.  Histological analysis of the animals in the 

survival study revealed larger tumours in the urethra and liver compared to the 23 week 

study, along with lymph node and lung metastases (Figure 4.7).  Again there was no 

evidence of tumour formation within the prostatic lobes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Kaplan-Meier survival curves of all cases of mortality for PBCre4p53floxRbflox 

mice on 0.2% TMFol diet or control diet from age 4 to 44 weeks.  N = 10 mice per group. 

There was only 1 animal alive in the control group and 2 animals in the TMFol group at the end 

of the study.  Log-rank (Mantel-Cox) test showed no statistically significant difference (p = 

0.6342) between the survival of animals on the control and TMFol diet. 
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Figure 5.7: Typical histological appearance (H&E) of urethra, liver, lymph node and lungs 

in PBCre4p53floxRbflox mice on 0.2 % TMFol diet or control diet for 40 weeks.  These mice 

were exposed to the diets from age 4 weeks to 44 weeks of age.  Magnification x10.  Arrows 

indicate the adenocarcinoma. 
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5.3. Effect of TMFol consumption on PBCre4Ptenflox mice 

As previously indicated there is no mouse model currently available that accurately 

reflects the entire spectrum of human prostate cancer, therefore, in this study the effect 

of TMFol on a second mouse model of prostate cancer, PBCre4Ptenflox, was included.  

Mutations in Pten are common in human prostate cancer (Wang et al., 2003).  Hence, 

the efficacy of TMFol in modulating prostate carcinogenesis of different genetic origins 

would indicate its potential value in the management of prostate cancer.  The 

investigation into the effect of TMFol on the growth of prostate cancer in PBCre4Ptenflox 

mice was performed over a period of 12 weeks, during which time animals consumed 

ad libitum AIN93G control diet or AIN93G diet supplemented with 0.2 % TMFol.  The 

animals were enrolled in the study at about 3.5 months of age.  At this stage these mice 

are expected to be already displaying PIN lesions (personal communication, Dr.Sérgio 

Felisbino).  Therefore, the TMFol dietary intervention was assessing the ability of 

TMFol to delay the progression of PIN lesions to invasive adenocarcinoma.  In this 

animal model, invasive adenocarcinoma is usually detectable, at least in the lateral 

prostate, at age 6 months (unpublished data, Dr. Sérgio Felisbino and Dr. Chiranjeevi 

Sandi, Cancer Research UK Cambridge Institute). 

 

Over the course of the 12-week study, the body weights of the animals on the TMFol 

diet were marginally significantly higher than those on the control diet (p = 0.05) 

(Figure 4.8).  The significant difference in body weights was first observed at week 10 

of the study.  On average, the animals in the TMFol group were 7.1 ± 1.8 % heavier 

than those in the control.  Like the previous model in this study, there was also a 

significant increase in the body weights of the animals over time (p < 0.001). 

 

H&E stained sections of the prostate gland, kidney, spleen, pancreas and liver from 

each animal were reviewed and analysed by Dr. Peter Greaves, pathologist within the 

Department of Cancer Studies, University of Leicester.  PIN lesions were widespread 

throughout the prostatic lobes in all of the animals.  Figure 4.9 is representative of the 

extensive PIN development in the dorsolateral prostate tissues in the control and TMFol 

groups.  The assessment of PIN was according to the consensus report from the Bar 

Harbor meeting, where it was recommended to evaluate the area of the prostate 

involved rather than the cell differentiation pattern (Shappell et al., 2004).  The 
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percentage area of the prostate with PIN was almost identical (approximately 70 %) in 

both groups (Figure 4.9).  Furthermore there was no evidence of invasive 

adenocarcinoma or metastatic growth in the other tissues.  

 

 

Figure 5.8: Body weights of PBCre4Ptenflox mice on 0.2 % TMFol diet or control diet.  

Values represent mean ± SD for 10 mice per group. * indicates that the difference between the 

control and TMFol diets was statistically significant (p< 0.05), while # indicates that the 

difference between the body weights over time was statistically significant (p< 0.001). 

Statistical comparison was by a mixed effects linear regression.  Student’s T-test was used to 

compare the differences in body weights between the mice on the control and TMFol diets for 

each week.  Significant difference is indicated as * (p< 0.05) on the graph above weeks 10 and 

11. 
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Figure 5.9: Histological appearance of dorsolateral prostate tissue (H&E) in PBCre4Ptenflox 

mice on 0.2 % TMFol diet or control diet for 12 weeks.  Magnification x20.  There was no 

evidence of adenocarcinoma.  

  

TMFol diet 

Control diet 

20 µm 

20 µm 

- Dorsolateral prostate 

with many areas of PIN.  

- Arrows indicate a few 

of the PIN. 

- Dorsolateral prostate 

with many areas of PIN.  

- Arrows indicate a few 

of the PIN. 



 

154 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Area of the prostate with PIN in PBCre4Ptenflox mice on 0.2% TMFol diet or 

control diet.  The prostatic tissues for each mouse on the slides were scored.  No distinction 

was made between the prostatic lobes.  As the sections contain variable amounts of prostatic 

tissues, the columns represent the mean ± SD of approximate estimates of % area with PIN 

within the prostatic tissues of 10 mice per group.  Means were not significantly different based 

on Student’s T-test. 
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5.4. Discussion 

The primary focus of this chapter was to determine the in vivo efficacy of TMFol in two 

distinct conditional knockout mouse models that closely represent events in the 

development and progression of human prostate cancer.  Since prostate cancer is a 

multigenic disease, the use of mouse models with different genetic profiles were 

considered the most effective tools for determining the ability of TMFol to prevent the 

development  and progression of prostate cancer with different molecular origins.  In 

the PBCre4p53floxRbflox model the p53 and Rb genes are knocked out in the prostate, 

while in the PBCre4Ptenflox model only the Pten gene is knocked out in the prostate.  

Mutations in p53, Rb and Pten genes are often implicated in the development and 

progression of human prostate cancer (Cooney et al., 1996; Downing et al., 2003; 

Pourmand et al., 2007; Sharma et al., 2010; Yoshimoto et al., 2006), but the frequency 

of these mutations in prostate cancer is less than 10 % (Catalogue of somatic mutations 

in cancer [COSMIC], 2015).  Nevertheless, conditional knockout of these genes in the 

prostate of mice results in the development and progression of prostate cancer.  

 

Overall, none of the mice on the 0.2 % TMFol diet developed adenocarcinoma in the 

prostate.  However, PIN development was extensive and there was no significant 

difference between the percentage of PIN lesions observed in the prostatic lobes of the 

mice on the control diet and those on the TMFol diet.  Therefore, the TMFol diet failed 

to demonstrate an in vivo efficacy in either mouse models of prostate cancer.  In the 

PBCre4p53floxRbflox animals, histological analysis revealed the presence of 

adenocarcinoma in the urethra and liver metastases in both the control and TMFol-fed 

groups.  Nevertheless, there was a 37-day difference in median survival in favour of the 

TMFol-fed animals in the survival study but it was considered not to be statistically 

significant.  In the PBCre4Ptenflox model TMFol had no effect on the progression of PIN 

lesions.  Within the 12 week study period it was still too early to detect the presence of 

invasive adenocarcinoma.  Nevertheless, given the extensive coverage of PIN lesions 

within the prostatic lobes of the control and TMFol-fed groups, it seems unlikely that 

TMFol would have delayed the progression to adenocarcinoma if the study had been 

extended.  

 

http://cancer.sanger.ac.uk/cosmic
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In our laboratory, dietary intervention studies with TMFol in two independent mouse 

xenograft models of prostate cancer using human cell lines have resulted in significant 

inhibition of tumour growth (Saad, 2011; unpublished). Therefore, on the premise that 

TMFol has been well tolerated and efficacious, with no evidence of toxicity in these 

animal models, TMFol dietary interventions were expected to be efficacious in the 

conditional knockout models.  Furthermore, both PBCre4p53floxRbflox and PBCre4Ptenflox 

models display genetic features that TMFol has been shown to be effective against in in 

vitro studies.  For example, TMFol can inhibit the growth of PC-3 cells (Figure 3.2), 

which harbour mutations in p53 and Pten genes.  To our knowledge, only the 

PBCre4Ptenflox model has been used previously in drug efficacy studies (Berguin et al., 

2007; Li et al., 2013; Ming et al., 2014).  For example, in the study described by 

Berquin et al. (2007), omega-3 fatty acids were found to reduce prostate tumour growth 

and increase survival in the PBCre4Ptenflox mice by modulating proteins involved in 

apoptosis.  Therefore, PBCre4Ptenflox mice have been used successfully in drug efficacy 

studies, while PBCre4p53floxRbflox mice display genetic features of human prostate cancer 

that when found in prostate cancer cell lines responded favourably to TMFol 

intervention.   

 

There are two main factors that could have contributed to the lack of efficacy in the 

mouse models used in this current study.  Firstly, the dose of TMFol used in this study 

could have been too low to have any meaningful effect on the prostate cancer 

phenotypes in the mouse models.  However, the concentration of TMFol administered 

in the diet in this study (0.2 %) is identical to that which has been successfully used in 

all previous in vivo xenograft studies with TMFol, where significant efficacy has been 

observed (Howells et al., 2010; Saad, 2011).  Saad (2011) demonstrated that the level of 

TMFol detected in the prostate tissue of the mice was approximately 6-fold higher than 

that achievable in the TRAMP C2 xenograft tumour.  Therefore, it is unlikely that the 

level of TMFol uptake in the prostate tissues of the PBCre4p53floxRbflox and PBCre4Ptenflox 

mice had any role in the lack of efficacy of TMFol in these mice.  Secondly, if these 

animal models did not display the genetic or metabolic transformations targeted by 

TMFol to inhibit growth, then there would similarly be a lack of efficacy.  There is no 

model that accurately represents all of the genetic and metabolic transformations of 

normal prostate cells to malignant cells in the development and progression of prostate 

cancer.  Among patients there is much molecular variability in prostate tumours.  cDNA 
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microarrays have been used to profile gene expression in primary prostate tumours and 

have led to the identification of tumour subtypes that require different treatment 

strategies (Lapointe et al., 2004).  Therefore, it is important that the genetic or metabolic 

targets of chemopreventive/chemotherapeutic agents be present in the prostate tumours 

to facilitate efficacy.  Apart from the genetic basis for prostate cancer development and 

the histological changes associated with cancer progression, the metabolic features of 

the PBCre4p53floxRbflox and PBCre4Ptenflox models have not been fully characterised.  

Hence, the metabolic transformations that drive human prostate cancer may not be 

accurately represented in these models.  The most enduring metabolic feature in human 

prostate cancer is the ZIP1/zinc/citrate relationship previously described in chapter 1 

and so far this relationship has only been characterised in the TRAMP prostate cancer 

mouse model (Costello et al., 2011).  From the in vitro studies (see chapters 3 and 4), 

TMFol is capable of modulating ACO2, which is the key enzyme regulating the 

ZIP1/zinc/citrate relationship of human prostate cancer.  The activity of ACO2 is 

inhibited in normal human prostate but it exhibits high activity in malignant prostate 

(see chapter 1).  As previously outlined in chapter 3, inhibition of ACO2 activity may 

be an integral part of the inhibitory effect of TMFol on prostate cancer cells.  Hence, for 

TMFol to be effective in mouse models, the ZIP1/zinc/citrate relationship of human 

prostate cancer must be part of the metabolic feature of the mice.  The potential 

importance of the ZIP1/zinc/citrate relationship for the efficacy of TMFol was not 

apparent prior to selection of the mouse models and execution of the animal studies.  

Hence, it is advisable that before embarking on in vivo efficacy studies with putative 

chemopreventive or chemotherapeutic agents in prostate cancer it is essential to 

thoroughly investigate the potential mechanisms of action in vitro, not only for the usual 

cell cycle, apoptosis and senescence features, but to also include any potential metabolic 

biomarkers, if there are any previous indicators of metabolic involvement. This would 

help to ensure that the mouse model with the most appropriate genetic and metabolic 

features is selected for the specific chemopreventive/chemotherapeutic agent.  

Unpublished RNA sequencing data from the laboratory of Dr. Sérgio Felisbino in Brazil 

has subsequently found that the levels of ACO2 mRNA remain unchanged in the 

prostate of PBCre4p53floxRbflox and PBCre4Ptenflox mice as they progressed from the 

normal to the malignant state (personal communication, Dr. Felisbino).  These data 

support the view that the mouse models used in this current study did not display the 

necessary metabolic features of human prostate cancer required for TMFol to be 
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effective.  In contrast, TRAMP mice display the desired ZIP1/zinc/citrate relationship 

and would be worth investigating in any future dietary interventions with TMFol in 

prostate cancer.  Taken together, the lack of efficacy of TMFol in the PBCre4p53floxRbflox 

and PBCre4Ptenflox mouse models in this study may not be a true reflection of its 

inhibitory activity in prostate cancer but a case of inappropriate mouse model selection 

for the drug under consideration.   

 



 

159 

 

Chapter 6. Final Discussion 

Prostate cancer is the second most common malignancy in men worldwide.  Generally, 

prostate cancer has a long latency of progression from the initiation and development of 

PIN to the invasive form of the disease; PIN is often evident in the 40-50 age group, 

leading to the malignant form of the disease at around age 70.  For many men the 

premalignant lesions do not progress to the malignant disease but there is no available 

test to distinguish between tumours that are indolent and those that are aggressive.  The 

highly heterogeneous nature of prostate cancer has made it difficult to accurately 

identify biomarkers that can distinguish indolent from aggressive disease at an early 

stage in the pathogenesis of prostate cancer.  

 

In the management of this disease, several treatment regimens are in use, including 

prostatectomy, radiotherapy, hormonal therapy and chemotherapy. High morbidity and 

cost are associated with these treatment protocols.  For reasons previously highlighted 

(see chapter 1) prostate cancer is a suitable candidate for chemoprevention.  Several 

nutritional and pharmaceutical interventions have been tested but none have been 

approved for prostate cancer chemoprevention.  Hence, there is a need for the 

development and use of novel agents in the management of prostate cancer.  Flavonoids 

and their synthetic analogues have been identified as a potential source of putative 

prostate cancer chemopreventive/chemotherapeutic agents.  TMFol, a synthetic 

analogue of the dietary flavonol quercetin, has demonstrated potent anti-cancer effects 

in some prostate models, in comparison to its dietary congener (Saad, 2011), but the 

mechanisms used to generate these effects have not been systematically analysed.  

Therefore, the research undertaken in this thesis was designed to: 

1. Identify the mechanisms of growth inhibition induced by TMFol in prostate cancer 

cells 

2. Determine the effects of TMFol on prostate cancer metabolism 

3. Examine the effects of TMFol as a potential chemopreventive/chemotherapeutic 

agent in two transgenic mouse models of prostate cancer, PBCre4p53floxRbflox and 

PBCre4 Ptenflox. 

 

As part of the preclinical evaluation of potential chemopreventive/chemotherapeutic 

agents, it is important to assess the impact of these agents on normal cells.  The work 
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described in chapter 3 shows that the immortalised normal human prostate epithelial 

cells (PNT2) were only slightly less sensitive to the anti-proliferative effects of TMFol 

when compared to the malignant 22Rv1 and PC-3 cells.  This is unlike its dietary 

congeners, quercetin and fisetin, which have been suggested not to cause any 

quantifiable growth inhibition in normal prostate epithelial cells (Aalinkeel et al., 2008; 

Haddad et al., 2006; Khan et al., 2008).  Rather, the activity of TMFol resembles that of 

the soy isoflavone genistein and equol, the biologically active metabolite of another soy 

isoflavone daidzein (Hedlund et al., 2003).   Reasons for this are unknown and it is 

unlikely to be explained by any structure-activity relationship, since TMFol is 

methylated while the isoflavones are not methylated.  Both genistein and equol can be 

found in high concentrations in the serum or prostatic fluid of men after consumption of 

a soy-rich diet.  A high-soy diet, and by extension, high levels of equol and genistein are 

believed to be a major reason for the low incidence of prostate cancer among Asians 

(Akaza et al., 2004; Hsing et al., 2000; Hedlund et al., 2003).  Interestingly, these two 

isoflavonoids, at concentrations found in the serum or prostatic fluid of Asians 

consuming a traditional soy-rich diet, significantly inhibit the proliferation of both 

normal and malignant prostate epithelial cells (Hedlund et al., 2003, Rao et al., 2002).  

This growth inhibition is also evident in in vivo studies and is not associated with any 

adverse side effects in mice (Lund et al., 2004; Wang et al., 2007).  Since the 

proliferation of normal or benign prostatic cells could increase the risk of oncogenic 

events, including the inactivation or loss of tumour suppressor genes (Preston-Martin et 

al., 1993), an anti-proliferative effect on normal prostate epithelial cells could reduce 

the risk of malignancy.  Therefore, the investigation into TMFol as a potential agent in 

the management of prostate cancer was continued.  

 

The p53 tumour suppressor gene is often mutated in prostate cancer (Gumerlock et al., 

1997). Therefore, it is important that chemopreventive/chemotherapeutic agents can 

inhibit the growth of prostate cancer cells independent of their p53 status.  The 

experiments outlined in chapter 3 suggest that TMFol may exert its anti-prostate cancer 

activity through p53-independent mechanisms.  TMFol caused S-phase arrest in the 

p53-deficient PC-3 cells.  p53 is only critical for growth arrest in G1 and G2/M, but not 

in S phase arrest (Agarwal et al., 1995).  Furthermore, the PNT2 cells were arrested in S 

phase, but the expression of p53 initially remained unchanged and then decreased 

significantly.  Hence, p53 involvement is not suspected here.  The cell cycle genes that 
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are modulated by TMFol should be analysed in future experiments to determine how 

cell cycle arrest is achieved.  The 22Rv1 prostate cancer cells which displayed a 

significant upregulation of p53 expression at all of the time points in response to TMFol 

intervention, showed no signs of cell cycle arrest.  The proliferative potential of the S 

phase arrested cells after the removal of TMFol was not measured in chapter 3 and 

should be investigated in the future to determine if the cell cycle arrest is reversible or 

not.  Instead, SA-β-galactosidase activity was measured to determine if TMFol induced 

senescence as a potential antiproliferative mechanism.  If the significant increase in SA-

β-galactosidase activity seen in the PC-3 cells is indeed a reliable indicator of 

senescence, one may deduce that TMFol again engages a p53-independent mechanism 

to induce growth arrest. 

 

A prominent characteristic of many dietary flavonoids such as quercetin and their 

synthetic analogues, is the ability to induce apoptosis in cancer cells (Aalinkeel et al., 

2008; Haddad et al., 2010).  However, TMFol did not induce apoptosis in prostate 

cancer cells in vitro. In contrast, in the 22Rv1 in vivo model, TMFol caused a 

significant increase in the proportion of cells expressing the apoptosis indicator cleaved 

caspase-3.  It was proposed in chapter 4 that TMFol may have the potential to trigger an 

increase in the uptake of zinc, which can induce apoptosis.  The level of zinc in the 

growth medium of the cells was too low to facilitate the induction of apoptosis but was 

more than sufficient in the 22Rv1 xenografts. Hence, the in vitro system appears 

inadequate for creating the necessary environment that could result in TMFol-induced 

apoptosis in the cancer cells.  It is interesting to note that the 22Rv1 prostate cancer 

cells were the most sensitive to the growth inhibitory effect of TMFol in vitro whilst 

they were resistant to TMFol-induced cell cycle arrest and apoptosis.  Therefore, other 

growth inhibitory mechanisms seem to be involved in mediating the in vitro anti-

proliferative effect of TMFol.  

 

Targeting cancer cell metabolism is a relatively recent area of research in cancer 

chemoprevention/chemotherapy.  Hence, studies exploring the ability of dietary 

flavonoids to modulate metabolic pathways are on the increase.  As a consequence, it 

was realised that the inhibitory effect of quercetin on the proliferation of prostate cancer 

cells is due in part to the downregulation of ACC and FAS (Noori-Daloii et al., 2011).  

The investigation of TMFol described here suggests that it is also capable of 
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downregulating the expression of ACC at the level of protein and mRNA.  Once again, 

the PC-3 cells were more sensitive, exhibiting enhanced downregulation of ACC 

compared to the 22Rv1 cells.  While p53 has been shown to modulate fatty acid 

metabolism via a number of pathways (Puzio-Kuter, 2011), some therapeutic agents can 

modulate the metabolism without p53 involvement (Guseva et al., 2011).  The work 

conducted in this current study indicates that mechanisms used by TMFol seem to be 

more striking in prostate cancer cells lacking p53, tentatively hinting at the possibility 

that TMFol might be effective against prostate cancers with p53 mutations. 

 

Precision medicine in cancer is a recent and growing practice which tries to optimise 

treatment strategies based on genetic classification of the cancer.  There is much genetic 

variation among the prostate tumours of patients.  Much of the focus has been on the 

typical genomic alterations including Rb, Pten and AR (Roychowdhury and Chinnaiyan, 

2013).  Classification of the metabolic features has not been a priority despite the fact 

that downregulation of zinc transporters is a persistent feature in prostate cancer cells 

and that it correlates with the decline in zinc levels, the increase in ACO2 activity and 

prostate malignancy (Costello et al., 1997; Desouki et al., 2007; Franklin et al., 2005; 

Rishi et al., 2003).  TMFol has the unique ability to significantly reduce ACO2 in 

prostate cancer cells in vitro (see chapter 4).  This places TMFol in a position where it 

can potentially inhibit the growth of prostate tumours regardless of its other genetic 

features.  Whether TMFol directly inhibits ACO2 or increases the expression of zinc 

transporters so that there is an increase in zinc uptake to inhibit ACO2, is not yet 

known.  Therefore, determination of this mechanism should be a priority in future 

experiments.  

 

Arguably, the most striking result described in chapter 4 is the ability of TMFol to 

inhibit ACO2 expression and activity.  The increase in ACO2 activity is a persistent 

hallmark of prostate cancer and according to the literature, no dietary flavonoid or 

synthetic analogue has previously demonstrated an ability to inhibit ACO2 activity in 

prostate cancer cells.  22Rv1 cells did not demonstrably undergo apoptosis or cell cycle 

arrest, yet were found to be the most sensitive to inhibition of ACO2 activity.  It is very 

likely that this is a major mechanism accounting for the anti-proliferative activity of 

TMFol.  Whether or not p53 is involved in triggering this mechanism is unknown as 

both p53 deficient and p53 wild type cells were similarly affected by TMFol.  This 
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appears to be a unique mechanism of TMFol as it modulates a characteristic that is 

prostate specific.  The inhibition of ACO2 activity essentially halts citrate oxidation and 

potentially could result in a cascade of changes in connected signalling pathways that 

ultimately inhibits growth or triggers cell death (Zinchenko et al., 2007).  Nevertheless, 

in normal prostate cells ACO2 is inactivated (Costello et al., 1996; Liu et al 1996) but 

inactivation of ACO2 has been shown to inhibit the growth of prostate cancer cells 

(Juang, 2004).  The previous mouse xenograft studies and the current transgenic studies 

with TMFol suggest the possibility that inhibition of ACO2 activity induced by TMFol 

is prostate specific. One may argue that without this specificity the animals in the 

treatment groups would have most likely died at a faster rate than the control mice. This 

did not happen in any of the in vivo studies. Therefore, the ability of TMFol to inhibit 

ACO2 activity in prostate cancer cells may well be a specific mechanistic feature that 

should be investigated further for potential use of TMFol as a single agent or in 

combination with other chemopreventive/chemotherapeutic agents. 

 

Chapter 5 of this study attempted to demonstrate the in vivo efficacy of TMFol in two 

separate transgenic mouse models of prostate cancer.  Despite convincing evidence for 

efficacy of TMFol in prostate xenograft models, and evidence for its accumulation in 

prostatic tissue, no efficacy was observed in the chosen transgenic mouse models. 

Whilst this is clearly not a positive outcome, as discussed in chapter 5, the transgenic 

models did not demonstrate the metabolic feature that is now believed to be essential for 

the in vivo efficacy of TMFol.  Nevertheless, future in vivo efficacy studies should be 

considered using the TRAMP mouse as an alternative and potentially more appropriate 

model.  Such studies should incorporate experiments to identify the optimum dosing 

protocol and to measure chronic toxicity, so that TMFol is not prematurely disregarded 

as a potential chemopreventive/chemotherapeutic agent for prostate cancer.         

 

The findings outlined in this thesis demonstrate the potential mechanisms through 

which TMFol can inhibit the growth of prostate cancer cells and also highlight the 

challenges associated with the preclinical evaluation of putative 

chemopreventive/chemotherapeutic agents for prostate cancer.  The findings of this 

study can be summarised in the schematic diagram below (Figure 6.1).   
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Figure 6.1: Schematic diagram summarising the potential mechanisms of action used by 

TMFol in the inhibition of prostate cancer.  The cell signalling or metabolic pathways that 

are potentially induced or inhibited upon exposure to TMFol can inhibit the proliferation of 

prostate cancer.     

 

The changes identified in the prostate cancer cells in response to TMFol exposure affect 

cell cycle progression, apoptosis, senescence, fatty acid synthesis and citrate oxidation, 

in ways that could inhibit the proliferation of prostate cancer (Figure 6.1). However, it is 

important that specific in vitro and in vivo experiments discussed throughout this thesis 

be pursued to establish the significance of each mechanism in the inhibition of prostate 

cancer.  Therefore, in conclusion, TMFol exhibits some mechanistic features that could 

be beneficial in the chemoprevention/chemotherapy of prostate cancer, but further 

evaluation will determine the future of TMFol in the management of human prostate 

cancer.  
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