LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE LIBRARY DUBLIN
Ollscoil Atha Cliath | The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin
Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other IPR
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal
conventions. Where specific permission to use material is required, this is identified and such
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, | accept that Trinity College Dublin bears no legal responsibility for the
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific
use constraints, details of which may not be explicitly described. It is the responsibility of potential and
actual users to be aware of such constraints and to abide by them. By making use of material from a
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms &
Conditions. Please read them carefully.

| have read and | understand the following statement: All material supplied via a Digitised Thesis from
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for
your research use or for educational purposes in electronic or print form providing the copyright owners
are acknowledged using the normal conventions. You must obtain permission for any other use.
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has
been supplied on the understanding that it is copyright material and that no quotation from the thesis
may be published without proper acknowledgement.



PROSTATE CANCER PHARMACOEPIDEMIOLOGY:

DIGOXIN, ASPIRIN

AND PATIENT OUTCOMES

A thesis submitted to the University of Dublin,

for the degree of Doctor of Philosophy

Eva Flahavan

BSc (Pharm), MPharm, PG Dip Stat.

2013
Department of Pharmacology & Therapeutics,

Trinity College Dublin



"TRINITY COLLEGE

- 4 MAR 2014




DECLARATION

This thesis is submitted by the undersigned to the University of Dublin, Trinity College, for
examination for the degree of Doctor of Philosophy. It has not been submitted for a degree at
any other university. The library of University of Dublin, Trinity College, may lend or copy this
thesis on request. This is entirely my own work, with editorial advice from Dr T. lan Barron and
Dr Kathleen Bennett; where the published and unpublished work of others is presented they

have been duly acknowledged.

Eva Flahavan

Date: December 2013






THESIS SUMMARY

Pharmacoepidemiology is the study of the effects of medicines in a real-world population;
combining pharmacology, the study of medicines, with epidemiology the study of diseases.
Prostate cancer is the most commonly diagnosed non-cutaneous malignancy in Irish men and
the second most common cause of cancer death. This thesis contains the first
pharmacoepidemiology studies to be carried out in a cohort of Irish prostate cancer patients.
These studies were carried out using linked patient records from the National Cancer Registry
of Ireland (NCRI) and prescription claims data from the Primary Care Reimbursement Services
(PCRS) General Medical Services (GMS) scheme. Exposure to two medicines, digoxin and
aspirin, commonly used for the treatment and prevention of cardiovascular disease were

examined in relation to prostate cancer patient outcomes.

Digoxin is a member of the cardiac glycoside family, and is prescribed as second line therapy in
the treatment of atrial fibrillation and heart-failure. Digoxin and other cardiac glycosides have
been shown to impede cancer cell growth and tumour progression in a variety of cancer types
and in mouse tumour models. These anti-cancer activities have been attributed to the
pharmacological activity of digoxin on the sodium/potassium ATPase pump, and the more
recently documented effects of digoxin on gene transcription; demonstrated through
inhibition of Hypoxia Inducible Factor-1a (HIF-1a) expression. Digoxin exposure has also been

associated with reduced risk of prostate cancer.

In this thesis, two studies were carried out investigating digoxin exposure in men with
prostate cancer. The first study examined the association between digoxin exposure prior to
cancer diagnosis and tumour characteristics (stage or grade) at diagnosis; digoxin exposure
was not found to be associated with tumour stage or grade at diagnosis. The second study
investigated the association between digoxin exposure at diagnosis and prostate cancer-
specific mortality. In this study no association was observed between digoxin exposure and
prostate cancer-specific mortality in the main analysis or in a propensity score matched
cohort. There are a number of possible reasons why improved outcomes were not observed in
men with prostate cancer exposed to digoxin; the most critical of these is that the therapeutic
plasma concentrations of digoxin in humans are much lower than those used in pre-clinical
studies. However clinical research is on-going, investigating digoxin in patients with breast

cancer and in the treatment of recurrent prostate cancer.

Aspirin is the most commonly prescribed drug on community drugs schemes in Ireland. It was

originally used for its anti-inflammatory and anti-pyretic properties, mediated through the

\



inhibition of cyclooxygenase enzyme-2 (COX-2). Currently aspirin is most commonly
prescribed at low doses for its anti-thrombotic effects, as it reduces the risk of stroke and
myocardial infarction. This effect is mediated through the inhibition of COX-1 in platelets.
Inhibition of COX-1 and/or COX-2 by aspirin has been proposed to impede the development,

growth and dissemination of a number of cancers, including prostate cancer.

The findings of observational studies investigating aspirin exposure and prostate cancer
incidence have been equivocal; meta-analyses of these studies have reported aspirin to be
associated with an approximately 10% reduction in risk of prostate cancer. Recent studies
have also reported aspirin exposure to be associated with reduced prostate cancer mortality.
The studies carried out in this thesis examined the association between aspirin exposure prior
to diagnosis and prostate cancer-specific mortality in two cohorts; firstly in men diagnosed

with stage I-1ll prostate cancer and secondly in men with prostate cancer of Gleason score >7.

In the first study, no association was observed between any aspirin use and prostate cancer-
specific mortality; however men with higher intensity of aspirin use had a non-significant
reduced risk of prostate cancer specific mortality, similar to other studies which examined this
association in men with daily aspirin use. A statistically significant reduction in risk of prostate
cancer-specific mortality was observed in men who received higher doses (>75mg) of aspirin.
In the second study, carried out in men with prostate cancer of Gleason score >7, no
association was observed between any aspirin use and prostate cancer-specific mortality.
However, there was the suggestion that aspirin exposure may be associated with a non-
significant increased risk of prostate cancer-specific mortality in men with stage IV disease.
Future research of aspirin in prostate cancer shouid be directed towards identifying patient
and tumour molecular characteristics which are predictive of therapeutic response to aspirin;

as have been recently investigated in colorectal cancer patient cohorts.

In summary, no benefit was observed between digoxin use and prostate cancer outcomes and
there was the suggestion of a possible benefit in men with localised disease who used aspirin
at high intensity or high dose. The benefits of cancer pharmacoepidemiology are many-fold.
Many pharmacoepidemiological studies are based on biological and pharmacological rationale
from pre-clinical studies, proposing anti-cancer effects of existing drugs. The testing of
hypotheses at the population level, using existing data sources, is an efficient means of
verifying whether these medicines are associated with disease risk or outcomes in humans.
The identification of clinically relevant molecular or pharmacological pathways as targets for

new cancer therapies will further advance progress in improving patient outcomes.

VI
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Chapter 1 INTRODUCTION

This chapter outlines the field of pharmacoepidemiology; its evolution and its contribution to
evidence based medicine, particularly in the area of cancer. Prostate cancer is the focus of the
thesis; thus the prostate gland, prostatic disease, and the development, classification, and
epidemiology of prostate cancer are described. Digoxin and aspirin, the two medicines
examined in this thesis are introduced; and finally the overall objectives of the studies in

thesis are outlined.



1.1 PHARMACOEPIDEMIOLOGY AND ITS APPLICATION IN CANCER

Pharmacoepidemiology is the study of the use and effects of drugs in large numbers of
people.’ It combines clinical pharmacology, the study of the effects of drugs in man, with the
methods of epidemiology, the study of disease and determinants of disease in a population.
The disciplines of epidemiology and pharmacology are described below to illustrate the
benefits of combining these scientific approaches. This type of study enables a better
understanding of both disease incidence and outcomes and the association between these

and medicines usage.
1.1.1 BACKGROUND TO PHARMACOEPIDEMIOLOGY

1.1.1.1 EPIDEMIOLOGY

Epidemiology is ‘the study of what is upon the people’, which comes from the Greek; “epi”
upon, “demos” people, “logos” the study.2 The ancient Greek physician Hippocrates (460-
3708C) is the first person known to have examined logical relationships between disease and
environmental factors.> Epidemiology includes the study of disease occurrence, prevalence,
and outcomes as well as the study of the causal associations between environmental or
lifestyle exposures and disease. The discipline of epidemiology has evolved in the past 200
years. In the nineteenth century, early epidemiologists such as William Farr, John Snow and
Florence Nightingale identified poor sanitation as the cause of many preventable deaths. They
gathered and presented meticulous data to the responsible authorities, illustrating what
changes were required, and where, in order to stimulate the public health reform for which
they are now celebrated.’ The application of statistics in the field of medicine was driven by

these public health objectives.

In cancer epidemiology many aspects of disease development and progression such as racial,
genetic, environmental, behavioural and dietary causes are studied.*” The relationship
between smoking and lung cancer, first described by Doll and Hill in 1950,° was one of the
most important causal associations identified in cancer epidemiology. Also in the middle of
the twentieth century, another causal association in medicine was emerging, that of birth
defects in babies of mothers who had taken the anti-emetic drug thalidomide.” This was the
trigger for more rigorous regulation of quality, safety and efficacy of medicinal products in
Europe.? Prior to this medicines could be prescribed and administered without proving their
therapeutic efficacy or safety. This thesis is focused on cancer outcomes and specifically

prostate cancer which is the most commonly diagnosed non-cutaneous cancer in Irish men.’



1.1.1.2 PHARMACOLOGY

Pharmacology is the study of the effects of drugs. Many of these effects are determined
through laboratory studies in tissues and animal models. Typically, drugs which have clinical
and therapeutic benefits in laboratory studies proceed through the development cycle to
clinical trials in humans; this is in order to improve the understanding of their therapeutic
benefits, pharmacokinetics and pharmacodynamics (Figure 1-1). Clinical trials, usually double-
blind randomised controlled trials, are required for regulatory approval, to prove the safety

and efficacy of a medicine for a particular indication.

Regulatory Approval
' Marketing i

|
!
{ Authorisation

v

R
Pre-clinical studies Post-authorisation
studies
e Pharmacological e Tolerable dose | * Safety Studies
effects * Toxicity | » New Indications

* |n tissues
* In animals
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Figure 1-1: Medicinal product life cycle

Randomised controlled trials, first used in evaluating medicines in the 1940s,’ are considered
the gold standard in evidence based medicine; they have however, some limitations. These
trials are designed to assess the specific effects of a medicine with the objective of proving its
efficacy for a particular indication under ideal conditions. These trials do not have the
statistical power to determine all of the effects a medicine may have, such as rare side effects;
another limitation is that it is not always feasible to conduct trials in a patient population
which is representative of the general population who will receive the medication in practice.
Thus possible unintended or off-target effects of medicines, either beneficial or harmful, are
not always identified in clinical trials. Drug utilization research, defined by the WHO as “the

marketing, distribution, prescription, and use of drugs in a society, with a special emphasis on



the resulting medical, social and economic consequences";10 must therefore continue after a

medicine has received a marketing authorisation.

Post-authorisation surveillance and pharmacoepidemiology studies are essential to learning
more about medicines in a large treated patient population. These studies examine the
effectiveness of medicines; this is to establish whether, in the usual clinical setting, a drug
achieves the intended effect." These studies are of importance in that their findings may
prompt further studies or have regulatory implications for a medicinal product (Figure 1-1).
These include (i) pre-clinical studies i.e. cardiac glycosides investigated in cancer cells
following early observational research; (ii) clinical trials for new indications for a medicine i.e.
trials for aspirin as an anti-thrombotic following observations that patients receiving it for pain
had higher risk of bleeding; or (iii) regulatory warnings about adverse events i.e. increased risk

of bladder cancer associated with pioglitazone exposure.*!

1.1.2 EVOLUTION OF OBSERVATIONAL RESEARCH

The evidence of Doll and Hill, reporting the association between smoking and lung cancer
incidence was refuted by Ronald Fischer, one of the most eminent statisticians at the time.
Fischer and others believed that these studies did not have statistical standing, and biases
existed in how the findings were presented.'? Indeed many of these early studies were biased,
and would not comply with standards set for observational studies today.'” The Harvard
statistician William Cochran in 1965 described the observational study as an empirical
investigation with the objective of elucidating cause-and-effect relationships in settings in
which it is not feasible to use controlled experimentation.”® Experimental intervention
involves clinical trials which may not be feasible i.e. investigation of long-term exposures;
practical, i.e. the investigation of rare outcomes; or morally justified, when the exposure is
hypothesised or known to be harmful i.e. randomising to smoking/non-smoking groups.

Therefore, observational studies are used instead.

Following the controversy surrounding the publication of the studies linking smoking to lung
cancer incidence, Sir Austin Bradford Hill published a list of causal criteria.® This is a list of
factors to be considered in determining whether an observed association may be causal or
correlative. This list includes: strength of an association; consistency; specificity; temporality;
biological gradient; plausibility; coherence; experimental evidence and analogy.? This is not an
exhaustive list nor is it a requirement that all factors be satisfied before causal association
may be proposed, however, the more criteria that apply the stronger the argument for

causation rather than merely association. The Bradford-Hill criteria have, for various reasons,
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been criticised and other methods of interpreting cause-and-effect relationships have since
been proposed, however epidemiologists have not as yet arrived at a definitive set of causal

criteria.’

Observational studies as a means of answering medical research questions by “natural
experiments” have evolved since the 1960s. The data sources used to conduct observational
studies have improved significantly, e.g. Clinical Practice Research Datalink (CPRD) in the UK
and public and private health insurance databases in North America. Methodological
guidelines have also improved the recognition of observational research e.g. Strengthening
The Reporting of Observational studies in Epidemiology (STROBE) guidelines.”* As
pharmacoepidemiology studies can form the premise for expensive randomised controlled
trials or lead to regulatory changes e.g. new indications or warnings for a medicinal product,
they must be carried out using transparent methodology. In 2011 the European Medicines
Agency (EMA) established the European Network of Centres for Pharmacoepidemiology and
Pharmacovigilance (ENCePP) which aims to promote the quality of Pharmacoepidemiology
studies in Europe.”” The Pharmacoepidemiology group in the Department of Pharmacology
and Therapeutics in Trinity is recognised as an ENCePP centre, and one of the studies

undertaken in this thesis has been registered with ENCePP." (See Appendix 6)
1.1.3 PHARMACOEPIDEMIOLOGY IN CANCER

1.1.3.1 THE UNDERSTANDING OF CANCER

Cancerous tumours and their vasculature were first described by Hippocrates, as having the
appearance of crab, and he named the disease “karkinos” which is Greek for crab.'” Despite
centuries of medical study, it is only within the last 50 years that the clinical understanding of
cancer has developed to recognise cancer as a universal term, describing uncontrolled cell
growth, and encompassing multiple diseases of different aetiology, epidemiology, histology,
morphology and genetics. The future of epidemiology, in cancer particularly, is set to be
transformed in how it will overlap with other scientific disciplines through combinations of

pharmaco-, molecular- and patho-epidemiologic studies.*®

Cancer is deregulated cell growth and there are specific cellular characteristics which
differentiate cancerous cells from other cell types. To aid the understanding of the biology and
development of human tumours Hanahan and Weinberg have identified “Hallmarks of
Cancer”, described as capabilities that enable tumour growth and metastatic dissemination.™

The hallmarks identified are (i) sustaining proliferative signalling; (ii) evading growth



suppressors; (iii) resisting cell death; (iv) enabling replicative immortality; (v) inducing
angiogenesis; (vi) activating invasion and metastasis (vii) deregulating cellular energetics; and
(viii) avoiding immune destruction. Two enabling characteristics of these halimarks have been

described, these are tumour-promoting inflammation and genome instability and mutation.*

Initial treatments of solid cancers were focused on radical removal of the tumour or
irradiation;20 however, newer, more innovative approaches to treatment focus on interfering
with these “hallmarks”. In cancer pharmacoepidemiology, the interpretation of findings
includes consideration of how the biological and pharmacological mechanisms of the drug

exposure examined may modify the tumour development, growth or progression.

1.1.3.2 POTENTIAL FOR PHARMACOEPIDEMIOLOGY RESEARCH

One of the key determinants of many cancers including prostate cancer is increasing age.
Older age is associated with increased comorbidity and prescribed medication. An estimated
72% (95% Confidence Interval (Cl) 71-73%) of the Irish population aged 50 years or over takes
some medication on a regular basis and 21% (95% Cl 20-22%) take more than 5 regular
medications.”* Thus medication exposure is an important factor to consider in older adults,
and understanding the associations between prescribed medicines and related and unrelated

disease incidence and outcomes is becoming increasingly important.

Associations observed between exposure to medicines and disease incidence and outcomes
may also provide information on the molecular pathways involved in the progression of
diseases, based on the existing knowledge of the medicine’s pharmacological properties.
Many medications, including digoxin and aspirin, which have shown potential as anti-cancer
agents in pre-clinical studies, have been shown to impede some of the processes identified by
Hanahan and Weinberg" as being integral to tumour growth and spread. Thus there is a need
to understand more about whether these medicines are associated with improved outcomes

in population-based studies of cancer patients.

Pharmacoepidemiology studies are, relative to large randomised controlled trials, an
inexpensive means of determining the nature of associations between medication exposure
and health related states i.e. adverse events, disease incidence or disease outcomes. In many
cases, pre-clinical studies will provide the biological and pharmacological rationale for carrying
out population-based pharmacoepidemiology studies of the associations between these
medicines and cancer risk or outcomes. Additionally, pharmacoepidemiological evidence

regarding existing drugs which impede tumour development, or improve patient outcomes



may identify clinically relevant molecular or pharmacological pathways as targets for new

cancer therapies.

Pharmacoepidemiological studies, have formed the premise for randomised controlled trials
for repositioning of medication commonly prescribed as anti-diabetic or cardiovascular agents
in prostate cancer therapy i.e. metformin and simvastatin (US Trial number: NCT01561482),
digoxin (NCT01162135). An added benefit of this drug repositioning is that the safety profile of
these drugs, as well as tolerable doses in humans, is already understood, unlike new chemical
entities, which require significant investment in clinical trials and post-marketing studies. Thus
the development costs, and ultimately the cost tc the healthcare payer may be reduced by

drug repositioning.



1.2 PROSTATE CANCER

1.2.1 THE PROSTATE GLAND

The prostate is a walnut-sized gland of the male genitourinary tract, located below the
bladder and in front of the rectum.® The urethra and ejaculatory ducts perforate the
prostate.”” See Figure 1-2. The glandular acini within the prostate form a ductal system which
discharges into the urethra. The epithelial cells of the acini secrete prostatic fluid, which is a
component of seminal fluid.® Prostate Specific Antigen (PSA), a serine protease, is also
secreted from the glandular acini, and its function is to cleave proteins in semen to maintain

the fluidity of seminal fluid.*

Prostatic utricle
Urethral crest

Prostatic urethra

Figure 1-2: Image of the prostate, seminal vesicles and urethra; taken from Gray”

The growth, development and function of the prostate are controlled by the androgen
testosterone.”> Approximately 90% of testosterone is produced in the testes and the
remainder in the adrenal glands.l7 Testosterone is produced in response to gonadotropin
releasing hormone (GnRH) produced in the hypothalamus, stimulating the release of follicle
stimulating hormone (FSH) and luteinising hormone (LH) from the pituitary, which regulate

the Leydig cells of the testes.”

Within the prostate, testosterone is converted to di-hydrotestosterone (DHT) by the enzyme

So-reductase. DHT binds with the androgen receptors (AR) in the nucleus of prostate cells.”?

Growth factors, such as fibroblast growth factor (FGF), transforming growth factor-B (TGF-B),



epidermal growth factor (EGF) and insulin-like growth factors (IGF) are involved in prostatic
development;” Several of these are also implicated in prostate cancer development (TGF-B,

EGF, IGF).”

1.2.2 BENIGN CONDITIONS OF THE PROSTATE

A number of benign conditions of the prostate may precede the development of prostate
cancer; or increase the likelihood of prostate cancer being diagnosed. Many of these involve
inflammation. Inflammation has been described as an enabling characteristic in tumour
growth and development, as it mobilises many mediators to the tissue including growth
factors, survival factors, pro-angiogenic factors, and inductive signals.”® There is therefore a
hypothesis that anti-inflammatory agents may have chemo-preventative as well as

therapeutic potential in prostate cancer.?®

1.2.2.1 BENIGN PROSTATIC HYPERPLASIA

Benign Prostatic Hyperplasia (BPH) is a non-cancerous enlargement of the prostate, consisting
of excess glands and stroma.”’ It usually presents in the transitional zone of the prostate, close
to the urethra.’® See Figure 1-2. Therefore BPH is associated with symptoms of urinary
incontinence, frequency or urgency developing gradually over a period of years.” Increased
numbers of chronic inflammatory cells are detectable in BPH tissue.”” Treatments indicated
for BPH include the 5a-reductase inhibitors (finasteride, dutasteride), which impede prostate
growth and reduce prostate volume;?® and o-adrenoceptor antagonists (i.e. alfuzosin,
tamulosin) which improve urinary flow-rate.*® Trans-urethral resection of the prostate (TURP)
may also be carried out to remove obstructive tissue. While BPH is not understood to be a
precursor to prostate cancer, the presence or treatment of BPH (TURP) may increase the

detection of prostate cancer.’*

1.2.2.2 PROSTATITIS

Prostatitis is an inflammatory condition of the prostate, often due to infection. It is not
thought to be a direct cause of prostate cancer. Although there are associations between
chronic prostatitis and prostate cancer,® it is difficult to quantify the association as the
incidence of prostatitis is uncertain as the condition is often asymptomatic and its rate of
incidence is uncertain.”’ Furthermore men with diagnosed prostatitis are more likely to be
followed up for prostate assessment and associations with prostate cancer could potentially
be due to detection bias.>® Nevertheless, chronic inflammation and the presence of

inflammatory cells and mediators such as in prostatitis may precipitate cancerous states.”’



1.2.2.3 PROLIFERATIVE ATROPHY

Proliferative atrophy and proliferative inflammatory atrophy, (PIA) are characterised by
lesions with greater proliferation than normal.* These lesions may be caused by infection,
hypoxia or auto-immunity.4 This proliferation may be indicative of genomic damage or
genomic instability;27 and PIA may indicate a microenvironment conducive to carcinogenesis.’
Increased expression of cyclooxygenase-2 (COX-2) enzyme, which is induced in response to
inflammation, has been reported in PIA.*® Transitional areas of atrophic epithelium and

adenocarcinoma have been observed.?’

1.2.2.4 PROSTATIC INTRAEPITHELIAL NEOPLASIA

Prostatic Intraepithelial Neoplasia (PIN) occurs when the acini become lined with malignant
cells,* without invasion of the stroma.* High-grade PIN has been reported to precede prostate
cancer in most cases by about a decade.’’ The epidemiology, morphology and genetic
characteristics of high-grade PIN are similar to prostate cancer. PIN is recognised as a pre-
cancerous state in animal models of prostate cancer.’® PIN is androgen dependent and
androgen deprivation will cause regression of PIN, however the associated adverse effects are

too severe for this to be indicated as treatment. Currently PIN is not treated.*®

1.2.3 PROSTATE TUMOURS

Prostate cancers are almost exclusively (>95%) adenocarcinomas of the glandular acini.””?®

The remainder of cancers are comprised of transitional cell carcinomas, squamous cell
: 38 . . ” N
carcinomas, and sarcomas.”™ Atypical hyperplasia especially PIN frequently occur with

adenocarcinoma.”’?¢

Unusually for solid tumours, prostate tumours develop from a number of
foci; it is not understood whether this may be due to migration of the tumour cells through

the ductal system within the prostate.”

1.2.3.1 TuMOUR DETECTION

A digital rectal examination (DRE), may be carried out by palpitation of the prostate gland
through the rectum, to detect any abnormality in the size or shape of the gland.'” Prostate
cancer typically (70%) is located in the peripheral zone (lobes) of the prostate,'” whereas BPH
is usually in the transitional zone, close to the urethra.”® While BPH is frequently associated
with urinary symptoms, a prostate tumour can have advanced within or beyond the prostate
gland before such symptoms are noticed.” In prostate cancer patients, these symptoms have

a more rapid onset and may be accompanied by haematospermia.”
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The concentration of PSA in the serum is normally very low 0.2-4.0ng/ml, as PSA is usually
confined within the prostate.28 When BPH, or prostate cancer disrupt the integrity of the
glandular acini, PSA leaks into the serum; thus elevated levels of serum PSA are correlated
with prostate disease.”® PSA reference ranges vary according to age and race
(Caucasian/African)* however PSA has been extensively used as a marker in the detection of

7,
prostate cancer.l 125

Other factors such as ejaculation, prostatic massage, prostatitis, trans-
rectal ultrasound (TRUS), and TURP may also elevate PSA levels,”® and medication including
finasteride and dutasteride may reduce PSA levels.** Therefore, PSA is not a very specific test
for prostate cancer. However, the significant increase in detection of prostate cancers over
the past two decades has been attributed to the extensive use of the PSA test in men without

symptoms, especially in more developed countries.*’

Current guidelines issued to General Practitioners (GPs) in Ireland state that “PSA testing of
asymptomatic men or PSA screening is not national policy”.** Where asymptomatic men
request an examination, PSA testing should only be carried out after full advice and provision
of information regarding the potential implications of a positive result and prostate
assessment should consist of a DRE and a PSA test.*” Men aged 50-70 years (or 40-70 years if
of African ethnicity or with a first degree relative with prostate cancer) at increased risk of
prostate cancer presenting with urinary tract symptoms or unexplained back pain are
recommended to have a full assessment (PSA, DRE, urinalysis, creatinine and haemoglobin).*
All men with an abnormal DRE should be referred to a urologist.® In the case of an abnormal
DRE, or elevated serum PSA, a prostate biopsy, carried out guided by TRUS, is indicated for a
definitive diagnosis of prostate cancer, and patients should be informed about the risks of

prostate biopsy prior to prostate assessment.’?**’

1.2.3.2 STAGING OF PROSTATE CANCER

The degree of differentiation of glands within the prostate tissue cores (at least 10)*® sampled
at biopsy is classified according to the Gleason scoring system.41 Each core is assigned a grade
1-5 according to the degree of differentiation or non-uniformity of the glands in the tissue; the
two scores which are most prevalent are summed.*® The Gleason score may range from 2-10.
Gleason Score is critical in treatment decision making as it is the most significant predictor of
prostate cancer mortality. However, men with prostate cancer of Gleason score <6 are

generally at low risk of death from prostate cancer.*

The Tumour, Node, Metastases (TNM) method of tumour staging was established by Denois in

1941" and adopted by the American Joint Committee on Cancer (AJCC) in 1975.? The current
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staging system for prostate cancer incorporates the TNM stage, Gleason score and serum PSA
at diagnosis;** the National Cancer Registry Ireland (NCRI) use this staging system in tumour

records.

Table 1-1 AJCC prostate cancer staging

Tumour Tumour Node Metastasis PSA (ng/ml) Gleason
Stage Score
| Tla-T2a Negative Negative <10 <6
n* Tla-T2c Negative Negative >10<20 <7
1} T3 Negative Negative Any Any
A" T4 Positive Positive Any Any

*Stage IIB if T2c tumour, or PSA>20 and T1-2 tumour, or Gleason score 28 and T1-2 tumour

1.2.3.3 TuMOUR GROWTH AND PROGRESSION

The uncontrolled growth of the tumour can cause disruption to the vasculature in the prostate
and hence interfere with the supply of oxygen and nutrients. In order to survive the tumour
must adapt; this is achieved through inducing angiogenesis as well as reprogramming energy
metabolism." Hypoxia triggers a number of cellular effects including the stabilisation of
hypoxia-inducible factor 1-alpha (HIF-1a) which, following dimerization with HIF-1(3, forms the
transcription factor HIF-1.** This stimulates the expression of proteins involved in
angiogenesis, such as vascular endothelial growth factor (VEGF) and the glucose transporter
(GLUT 1, GLUT 2), as well as enzymes such as hexokinase (HK1, HK2) which enable the cell to
adapt its energy needs with reduced oxygen.* HIF-1a is not expressed in normal prostate
cells, but wup-regulation of HIF-1la occurs in pre-neoplastic lesions and prostate
carcinogenesis.”” The cardiac glycoside digoxin has been identified, in high-throughput
screening, as an inhibitor of HIF-1a expression. Pre-clinical studies have investigated prostate
cancer cell lines and prostate cancer mouse models treated with digoxin and reported

reduced tumour growth and dissemination.*®

1.2.3.4 TUMOUR DISSEMINATION

Adenocarcinoma of the prostate extends locally to the seminal vesicles and the base of the
bladder; it also disseminates through the lymphatic system and vasculature.’” Within the
vasculature, circulating tumour cells cause activation of platelets and elevation of patients’
platelet count in many types of cancer.”” Activation of platelets, leads to P-selectin and
glycoprotein activation on the platelet surface; platelets can then adhere to cancer cells and

“cloak” the tumour cells as they move through the vasculature.”® The cancer cells, through
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this mechanism, have the ability to avoid immune destruction.”® Platelet activation also
induces the release of pro-angiogenic and tumour promoting substances including
thromboxane-A, (TX-A,) and serotonin; and growth factors such as platelet derived growth
factor (PDGF), epidermal growth factor (EGF), transforming growth factor B (TGF-B), IGF-I and
VEGF." The anti-platelet mechanism of aspirin therefore has been proposed as an anti-cancer

mechanism.*’

The majority (90%) of prostate cancer metastases are to the bone (lumbar spine or pelvis);
other metastatic sites include the lungs, liver, adrenal glands, testes and breast.”” Growth
factors and cytokines implicated in the formation of osteoblastic lesions include bone
morphogenic proteins, endothelien-1, urokinase plasminogen activator (uPA), IGF, and TGF-f.
Prostaglandin-E, (PG- E;), a product of the COX-2 pathway also plays a role in bone formation,

bone repair and may play a role in the progression of bone metastases.”

1.2.4 RISk FACTORS FOR PROSTATE CANCER

The associations between prostate cancer, host factors, environmental factors and lifestyle
exposures are not as strong as for some other cancers i.e. the associations between alcohol
consumption or cigarette smoking and prostate cancer risk are not particularly strong."’
Studies have examined many potential risk factors as well as chemo-preventative agents, and
the following is not an exhaustive discussion of factors associated with prostate cancer risk.

Platz and Giovannuci provide a thorough review of this topic.’

1.2.4.1 FAMILIAL AND RACIAL FACTORS
The host factors which have been conclusively identified as risk factors for prostate cancer are

7 A man has a 2-3

older age, Afro-Caribbean ethnicity, and a family history of the disease.
fold increased relative risk of prostate cancer if one first degree relative (brother/father) has
had prostate cancer, and a 3-5 fold increased relative risk of the disease if more than one first
degree relative has a history of prostate cancer. Familial prostate cancer is thought to
account for 5-10% of cases and these cases are more likely to be diagnosed in younger men.**
There is a genetic association, and associations have been made between prostate cancer and
breast cancer incidence in families who carry the mutated BRCA gene.”> Men with Lynch

Syndrome are pre-disposed to colorectal cancer and have recently been reported to also have

a 2-fold increased risk of prostate cancer.”
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1.2.4.2 HORMONES

Hormonal factors, especially those relating to the sex-hormones, have also been associated
with increased risk of prostate cancer. Higher circulating levels of testosterone and its
metabolites, have been positively associated with prostate cancer, whereas oestradiol and

sex-hormone binding globulin have been inversely associated with the disease.’

Oestrogens appear to have a conflicting role in prostate cancer development as high doses of
oestrogens have been reported to result in the development of inflammation, hyperplasia,
and dysplasia or PIN through the oestrogen receptor-alpha (ERa).”” Some of the ethnic
differences in prostate cancer risk may be partially explained by hormonal factors i.e.
polymorphisms in the Cytochrome P (CYP)-450 enzymes which metabolise the sex steroid

hormones can vary by race.’

1.2.4.3 DIeT AND NUTRITION

Stresses throughout life may also have a role in the development of prostate cancer. Some
studies have reported associations between reduced prostate cancer risk and consumption of
foods containing lycopene (found in cooked tomatoes), glucosinolates (found in brassicas),
carotenoids (orange-yellow vegetables); as well as dietary supplementation with selenium,
zinc and vitamins A, C, E and D.* The consumption of soy products, containing isoflavones, has
been inversely associated with prostate cancer, and the high consumption of soy products in

Asian countries, may contribute to the lower incidence of prostate cancer in these regions.’

Associations have been made between the high incidence of prostate cancer in western and
developed countries and high caloric diets as well as diets high in saturated fatty acids.”®
Obesity has been correlated with the development of higher-grade cancers.” It has been
proposed that dietary fat may alter serum androgen levels, cause oxidative stress or increase
IGF levels.” Fatty acids are a diverse family of substances; some have been associated with
prevention of prostate cancer while others have been associated with increased incidence of
and mortality from prostate cancer.?® In particular linoleic acid and di-homo-gama linolenic
acid (DHGLA) derived from dietary fatty acids and arachadonic acid from cell membrane
phospholipids may be of importance, as they are substrates of the COX-1, COX-2 and
lipoxygenase (LOX) enzymes. The products of these enzymes are the leukotrienes,
prostaglandins and thromboxanes, which are implicated in inflammation, and may be involved

in the development of PIN and its progression to prostate cancer.?® See Figure 1-3.
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Figure 1-3: Schematic of some COX and LOX substrates and products which may have a role

in prostate cancer progression®

Oxidative stress, which leads to the production of reactive oxygen species (ROS), may also play
a role in the development of prostate cancer from PIA or high-grade PIN.>* ROS is produced as
a by-product of prostaglandin biosynthesis by COX. Foods rich in anti-oxidant properties
(vitamin E, lycopene, selenium and isoflavones) have been associated with a reduced risk of

854 However, it has also been proposed that anti-oxidants and other free

prostate cancer.
radical scavengers may prevent cancer cell apoptosis triggered by ROS,*® which suggests that

anti-oxidants may not be as beneficial as some studies have suggested.

1.2.4.4 INFECTION

A history of sexually transmitted infections®® or prostatitis®® (often caused by bacterial
infection) may be associated with prostate cancer incidence; although studies examining
these risk factors may be subject to recall bias. Serological evidence of Trichomonas vaginalis
infection, a sexually transmitted asymptomatic bacterial infection which spreads to the

’ more advanced prostate

prostate has been associated with prostate cancer incidence,’
cancer and poorer outcomes.”® The immune response to infection i.e. the secretion of
inflammatory cytokines and other markers may contribute to the aetiology of prostate
cancer.*”” Interestingly in one of the studies examining a history of Trichomonas vaginalis, this
increased risk of prostate cancer was not observed in regular users of aspirin; whereas
infrequent or never use of aspirin (over the participant’s life-time) was associated in a

significantly increased risk (OR=2.05, 95% ClI 1.05, 4.02). This may suggest aspirin has a role in

mediating the inflammation associated with this infection.”’
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1.2.4.5 ENVIRONMENTAL FACTORS

Environmental stresses have been associated with prostate cancer risk. These include
occupational exposures to pesticides, electromagnetic fields and cadmium.® It has been
hypothesised that these stresses lead to the production of inflammatory cytokines, such as
Interleukin-6, which is a prostate cancer growth factor; the downstream effects of this

inflammatory response may lead to the development and progression of prostate cancer.

1.2.4.6 MEDICATION EXPOSURES

A number of medicines have been investigated for their association with prostate cancer
incidence. The testosterone 5a-reductase inhibitor finasteride, used to treat BPH, has been
associated with a reduction in prostate cancer incidence in observational studies,”® and
compared to placebo in a randomised trial.®* However, cancers diagnosed in the finasteride
arm were more frequently of Gleason score >7, and thus these patients had a poorer

prognosis.60

Long-term exposure to digoxin®' and aspirin® has been associated with reduced incidence of
prostate cancer in observational studies and meta-analyses of randomised controlled trials.
These will be discussed in later chapters (Chapter 3, Section 3.2.2 and Chapter 4, Section 4.2.1
respectively). A number of other medicines for cardiovascular indications have been
associated with reduced risk of prostate cancer. The cholesterol-lowering statins have been
reported to be associated with reduced incidence of prostate cancer in meta-analyses of
observational studies.”® The anti-thrombotic warfarin has also been found to be associated

with reduced incidence of prostate cancer in observational studies.®*®

Biological mechanisms
have been proposed through which angiotensin Il may have a role in proliferation,
angiogenesis and inflammation.®® However, the anti-hypertensive medicines which act on the
angiotensin system, angiotensin |l receptor antagonists and angiotensin converting enzyme
(ACE) inhibitors, have been associated with a slightly increased risk of prostate cancer.®’ Beta-
blocker use of four years or more has been associated with reduced risk of prostate cancer.®®

Adrenalin-signalling has been associated with tumour progression, which can be blocked by

beta-blockers.®

Due to their anti-inflammatory activity, non-steroidal anti-inflammatory drugs (NSAIDs),
including aspirin have been hypothesised to reduce the risk of prostate cancer. In studies
which have examined the association between use of these medicines and prostate cancer
incidence, aspirin, but not non-aspirin NSAIDs, was found to be associated with reduced risk of

70,71

prostate cancer. However other studies have reported NSAIDs or COX-2 inhibitors to be
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associated with reduced risk of prostate cancer.”” The NSAIDs and their association with

prostate cancer are discussed further in Chapter 4, Section 4.5.

Given the role of IGF in prostate development and the progression of prostate cancer, anti-
diabetic agents have been examined in relation to prostate cancer risk. Patients with type 2
diabetes mellitus, and who have lower levels of circulating insulin are at reduced risk of

prostate cancer. Type 2 diabetes mellitus patients also have lower testosterone levels.”>’* B

y
contrast, men with diabetes who are diagnosed with prostate cancer have poorer outcomes.’
Exposure to the hypoglycaemic agent metformin, which does not increase insulin levels, has
not been associated with a significant reduction in prostate cancer incidence;”” however it can
reduce the growth of prostate tumours and is being investigated in a clinical study as a

potential treatment for prostate cancer (NCT01561482).

1.2.5 CHALLENGES OF PROSTATE CANCER RESEARCH

Some unique characteristics of prostate cancer, described by Reid and Hamdy,”* make this
disease a challenge for researchers and clinicians alike. The slow growing nature of the disease
makes the detection of prostate cancer difficult; the multifocal nature of cancerous lesions in
the prostate also makes it difficult to assess on biopsy. The age-related aetiology of prostate
cancer means that the environmental factors or accumulation of exposures which may lead
carcinogenesis are poorly understood; also treatment decisions are affected by the age at
which patients are diagnosed and their other health conditions as will be discussed in Section
1.4. Finally prostate cancer has the highest prevalence of any non-cutaneous human cancer in

men; this makes it a continuing public health issue.
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1.3 THe BURDEN OF PROSTATE CANCER

International data from GLOBOCAN 2008° was used for comparison of prostate cancer
incidence and mortality in Ireland to that globally. The GLOBOCAN is a project co-ordinated by
the International Agency for Research on Cancer, to provide estimates of cancer incidence and
mortality for all cancers globally.”® The data from cancer registries is weighted according to
the population it covers and used to generate population-weighted average estimates of
incidence rates, mortality rates and disability adjusted life years for major cancer types in 184
different countries. Corrections were applied to prostate and breast cancer incidence rates to
account for screening-related increases in incidence rates. The methodology used is described
in more detail on the GLOBOCAN website.”® There is considerable variation in the incidence
rates of prostate cancer globally, varying 25-fold between the more developed countries, and

those of Asia and North Africa, whereas prostate cancer mortality rates vary 10-fold globally.”®

1.3.1 GLOBAL AND EUROPEAN PROSTATE CANCER INCIDENCE AND MORTALITY

In males the incidence of prostate cancer is second to lung cancer; the Age-Standardised Rate
(ASR, world standard population) is 27.9 cases per 100,000 person years. Higher incidence
rate estimates of prostate cancer were observed in Europe and more affluent and
industrialised regions such as North America, Europe and Australia.”® Prostate cancer
incidence is, in fact, correlated with Gross National Product.® Prostate cancer incidence rates
globally reflect the influence of race on prostate cancer risk i.e. high incidence in Caribbean
nations and lower incidence in Asian countries.” In Europe (WHO European region, 40
countries) prostate cancer accounted for 21.8% of all cancer cases diagnosed and is the most
commonly diagnosed cancer in men, ASR=59.3 cases per 100,000 person years. PSA testing
practices have contributed significantly to the increase in prostate cancer incidence and the
variation in prostate cancer incidence rates globally.”” The increase in use of the TURP
procedure to treat BPH has also been attributed to the increased detection of prostate

CBI’]C(—Z‘!‘.32

Globally, prostate cancer has the sixth highest cancer mortality rate in men. In Europe, the
mortality rate of prostate cancer, 12 deaths per 100,000 person years, accounts for 9.4% of
cancer deaths in men, making it the third most common cause of cancer death in European
men. Comparison of incidence and mortality rates reveal that high-resource countries with
high incidence rates of prostate cancer don’t have high prostate cancer mortality rates.”’ This

is potentially because of the increased detection of many non-aggressive tumours in some
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western countries, due to PSA testing of asymptomatic men. The highest mortality rates are in
the Caribbean and West African countries.”® In these poorer resource regions, prostate cancer

incidence rates are also high and the population is at high risk of the disease.”’

The Nordic countries of Norway, Sweden and Iceland are the only European countries to have
both high incidence and mortality rates. However mortality rates from prostate cancer in
these countries have begun to decline significantly.”’ Bray et al. reported a strong correlation
between incidence rates of prostate cancer from 1986-1990 and the mortality rates in 1995.
The statistics from the following decade however had a much poorer correlation.*” This
inflated incidence of prostate cancer is attributed to the over-detection of indolent tumours,

many of which are detected through PSA testing.*’

1.3.2 PROSTATE CANCER IN IRELAND

The Republic of Ireland had the highest prostate cancer incidence rate estimate in Europe in
2008,”° ASR=126.3 cases per 100,000 person years, and the third highest incidence rate
estimate worldwide. The rise in prostate cancer incidence in Ireland has been particularly
noteworthy,” and similar to other developed countries, has been attributed to the wide-
spread use of PSA testing and subsequent prostate biopsy.”” The crude incidence rate of
prostate cancer in the Irish population has increased by 4% annually from 1994-1999; with the
sharpest rise from 1998-2004.”% A small decrease in prostate cancer incidence has been

observed in recent years.

On the island of Ireland, the age-adjusted risk of prostate cancer (1994-2007) has been
determined to be substantially (29%) iower in Northern Ireland compared to the Republic of
Ireland.” PSA testing is far less prevalent in Northern Ireland, and this is thought to explain the
differences between the incidence rates in the two jurisdictions. Figure 1-4 illustrates these
regional variations in a cancer map. The more affluent areas of south county Dublin have a
much higher relative risk than those areas in the centre or north of the city. This corresponds
with income-related differences observed in uptake of PSA testing with higher uptake

amongst more affluent men.*

19



elfast

Relative risk: <0.50 NSNNY | | R - oo Dublin

Figure 1-4: Smoothed relative risk of prostate cancer on the island of Ireland for years 1995-

2007

(Reproduced with permission; All-Ireland Cancer Atlas)’
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Population-based PSA testing has been associated with a downward migration in prostate
cancer stage and grade at diagnosis in a British study.®" This is similar to that observed in the
Republic of Ireland where the increase in prostate cancer incidence has been driven by the
increased detection of smaller tumours (T1, T2).78 The majority of T1 cases are Tlc, identified
by needle biopsy, usually as a result of an elevated PSA.”® The incidence of T3 and T4 tumours
has not changed significantly.”® The age at diagnosis is younger in the Republic of Ireland

compared to Northern Ireland (median age 71 years, and 73 years respectively).*

In Ireland prostate cancer mortality began to decline in 1997.%° Despite the prostate cancer
incidence rate in Ireland being the highest in Europe in 2008, the age-standardised mortality
rate estimate, 12.98 deaths per 100,000 person years, ranks sixteenth, which is close to the
European average.”® By the end of 2008, over 17,000 men in Ireland were living up to fifteen
years after their prostate cancer diagnosis.” The prevalence of prostate cancer is likely to

increase in the future as the population ages.

1.3.3 PSA TESTING AND PROSTATE CANCER INCIDENCE IN IRELAND

PSA testing has been widely acknowledged as the driving factor behind the observed increase

in prostate cancer incidence both nationally and internationally.”””

There is no organised
population-based prostate cancer screening programme in Ireland, or any other country.® In
2006, The National Cancer Forum (the then national advisory body to the Minister for Health
on cancer policy) advised against population-based prostate cancer screening.®* Subsequent
meta-analyses have failed to show the benefits of screening programmes on reducing
mortality from prostate cancer.’>*® Drummond et al. reported 78% of baseline PSA tests
carried out in Ireland (1994-2005) were in men aged less than 70 years, with 26% of all tests in
men aged under 50 years.”” There were no Irish guidelines in place, however those in the UK
and US clearly advised against PSA testing in men under 50 years and over 70 years®’ and 75
years® respectively. However PSA testing is often included in occupational health checks
carried out by GPs,*> and more men in a survey study by Hevey et al. responded that they
would have a PSA test following their doctor's recommendation than would initiate
undergoing a PSA test themselves.”” A survey of Irish GPs found them to broadly support PSA
testing and their knowledge of this area was based on personal clinical experience rather than
the evidence base regarding the test.* National guidelines® as discussed above (Section

79,89
I.

1.2.3.1) have been introduced since the studies by Drummond et a were carried out.

21



The factors that influence PSA testing in the Irish population were investigated and a paper
investigating the associations between prostate specific antigen testing and men’s healthcare
utilisation and their physical, mental and emotional health, was prepared by Flahavan,
Drummond et al. (Appendix 3). This cross-sectional study was carried out in The Irish
Longitudinal Study on Ageing (TILDA) cohort. TILDA is a study investigating the health, lifestyle
and financial situation of a population-representative sample of over 8,000 people aged 50
years and older living in the community.” This study found that men eligible for the state-
funded General Medical Services (GMS) scheme were less likely to have ever had a PSA test.
Eligibility for the GMS scheme is based on age and an income threshold. This is consistent with
the socioeconomic differences observed in prostate cancer incidence in Ireland.” Higher
educational status was also associated with increased likelihood of PSA testing. This
corresponds with findings regarding prostate cancer incidence in the All-Ireland cancer atlas,
where areas with the lowest proportion of the population educated to third level have a 17%
reduced relative risk of prostate cancer than those areas where the highest proportion of the

population have degree level education.’

1.3.3.1 USES OF THE PSA TEeST

Despite the poor sensitivity and specificity of the PSA test in tumour detection, PSA is used as
a prognostic marker in prostate cancer staging, risk-stratification, and as a measure of
treatment success.” Various age- and race-related PSA normal ranges have been identified
and several PSA-indices have been studied. PSA velocity, the change in total PSA over time,
may be used to differentiate between patients and their risk factors. Men with BPH can be
expected to have a linear PSA velocity, while those with prostate cancer will eventually have
an exponential PSA velocity.”* PSA doubling time, the time required for the PSA to double in
value, is used as a surrogate for rapid tumour growth. It is also used to monitor disease
recurrence and progression following primary treatment.’’ In patients who have metastatic
disease, high baseline PSA, high PSA nadir and shorter PSA doubling time are predictors of

poorer overall and progression free-survival.”®
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1.4 PROSTATE CANCER TREATMENT

Treatment for prostate cancer depends on the prognosis of the disease and the life
expectancy of the patient. For almost every stage of disease there are multiple treatment
options, however there is no definitive optimum therapy.® In the treatment decision-making

process, the potential side-effects of various treatments are a strong consideration.

1.4.1 LOCALISED PROSTATE CANCER

Stratification of patients into risk categories (low, intermediate, high) according to tumour

characteristics is used in decision making regarding treatment. The risk category stratifications

. 94

defined by D’Amico et al.** and used by the European Association of Urology (EAU)* are

presented in Table 1-2.

Table 1-2: Risk stratification of prostate cancer patients’**

Risk Category AJCC Tumour size* Gleason Score PSA (ng/ml)
Low T1lc-T2a 2-6 <10
Intermediate T2b 7 10-20
High >T2c 8-10 >20

*EAU specify clinical staging of tumour size

1.4.1.1 CONSERVATIVE MANAGEMENT

In the treatment of many cancers i.e. breast cancer, surgical excision of the tumour, radiation
treatment, chemotherapy or hormonal therapy is regularly used as first line treatment. Many
prostate cancers however, are slow-growing and a more conservative approach to treatment
may be appropriate. Conservative management is often used in low-risk localised prostate
cancer.®’ Conservative management may fall under two categories, watchful waiting or active

surveillance.”®

Watchful waiting is the decision not to treat the tumour with curative intent. However
patients may receive palliative treatment such as androgen deprivation therapy (ADT) if and

d.”®® This is considered suitable for older men with shorter life expectancy,

when require
because the overall survival benefit to be gained from surgical or pharmacological
intervention may not outweigh the consequences of potential side-effects of treatment.” The

objective of watchful waiting is to minimise both disease and treatment-associated morbidity.

Active surveillance is a suitable treatment option for men with low-risk localised prostate

92

cancer and a life expectancy of at least 10 years.” Initially the tumour is not treated
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aggressively; the patient and their tumour are reassessed regularly by PSA test and biopsy.
The decision to commence treatment with curative intent (i.e. surgery or radiation) will be

- s . . 9
made when disease is deemed to have progressed i.e. PSA or Gleason score progression.”®*?

1.4.1.2 SURGERY

Prostatectomy may be carried out by a variety of methods such as open radical retropubic
prostatectomy, perineal prostatectomy or robotic or laparoscopic surgery.”® Prostatectomy is
_considered suitable in men with tumours confined to the prostate gland which can be
removed simply; pelvic lymph nodes may also be removed.® Depending on tumour extent
men may experience side effects such as impotence and incontinence due to damage to
nerves and vasculature during the procedure. It is generally not the therapy of choice in men
with less than 10 years of life-expectancy.” Another localised treatment for low-risk prostate
cancer is cryotherapy, where the cancerous tissue is frozen, however destruction of other
tissue may result in more complicated side-effects."” Following radical prostatectomy, men

should not have detectable PSA, and a serum PSA (> 0.2ng/ml) defines biochemical failure.’®

1.4.1.3 RADIATION

The use of radiation treatment of prostate cancer has increased over the past number of years
in Ireland.” External beam radiation therapy may be used to treat the prostate exclusively, or
additionally the seminal vesicles, and/or the entire pelvis; depending on the clinical extent of
the disease, the Gleason score and PSA level.' Intensity modulated radiation therapy may be
used also for the treatment of pelvic nodes, and is often used in the treatment of high-risk
disease.”® External beam radiation therapy may be used in combination with ADT for the
treatment of intermediate-risk or high-risk disease.’’ Brachytherapy is a procedure where
radioactive seeds are implanted into the prostate using ultrasound guidance. The seeds emit
low-dose radiation for a period of weeks/months and thus kill cancerous cells. Brachytherapy
is suitable as monotherapy in patients with low-risk disease,’ or in combination with external
beam radiation therapy in men with intermediate-risk disease.”® Radiation may be indicated
following surgery,” or if PSA recurrence (>0.2ng/ml but <0.5ng/ml) is detected (salvage
radiation).”® Similar to surgical treatment the success of radiation treatment is measured by
the post-treatment PSA, or PSA nadir. Biochemical failure, in patients who receive radiation, is

characterised by a rise in PSA nadir (>2ng/ml).*®

The specific toxicity associated with radiation treatment depends on the treatment type;

intensity modulated radiation therapy can be more localised than whole pelvic external beam
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radiation, thus some side effects may be minimised.?® The main side effects are those of the

genitourinary and gastrointestinal tracts; the latter include rectal bleeding.”®
1.4.2 ADVANCED PROSTATE CANCER

1.4.2.1 ANDROGEN DEPRIVATION THERAPY

As the growth and development of the prostate is controlled by testosterone, the majority of
prostate tumours are androgen dependent, and therefore sensitive to the withdrawal of
circulating androgens i.e. androgen deprivation therapy (ADT). This may be done surgically
(bilateral orchiectomy), but medical ADT is more common.*® ADT as monotherapy is usually
indicated in locally advanced and metastatic disease; in addition to this radiation may be

indicated in the treatment of locally advanced disease.*®

The classes of drugs used in ADT are GnRH analogues (i.e. buserelin, goserelin, leuprorelin);
anti-androgens (i.e. bicalutamide, flutamide) and the GnRH antagonist (degarelix).30 GnRH
analogues, and GnRH antagonists act similarly, the former down-regulate the GnRH receptor
in the pituitary, the latter antagonise the receptor; resulting in inhibition of the secretion of LH
and FSH from the pituitary, which suppresses testicular production of testosterone.”* These
are usually administered by depot injections. Initially an increase in testosterone production
(androgen flare) may occur in men receiving treatment with GnRH analogues; therefore anti-
androgens may be indicated in the first month.*® Anti-androgens are androgen receptor
antagonists, which may be used prior to or in combination with GnRH analogues. Combined
androgen blockade (CAB) can be used however it has only modest (5%) survival benefit

compared to GnRH analcgues.*

ADT is usually indicated long-term; it is non-curative, however it does slow disease
progression. Men with androgen dependent prostate cancer which responds to ADT will
eventually progress to androgen independent or castrate resistant prostate cancer. The
median time to progression is two years,*® and ADT is still indicated.®* Secondary hormonal
therapy may include oestrogen therapy.® The novel CYP17 inhibitor abiraterone, which
inhibits androgen synthesis is indicated in combination with prednisolone in castrate resistant

prostate cancer, prior to, or following chemotherapy.®

The main side effects of androgen deprivation therapy are hot flushes®* which occur as a
result of the hormonal imbalance (increased oestrogens, relative to androgens).
Gynaecomastia may also occur with anti-androgens and GnRH antagonists. Sexual dysfunction

is also a side effect of treatment. Long-term treatment with GnRH antagonists can result in
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cardiovascular disease, and these agents are also likely to cause increased adiposity, and

increase the risk of osteoporosis.®®

1.4.2.2 CHEMOTHERAPY

Chemotherapy is only indicated in disease which has spread beyond the prostate, or in
castrate resistant prostate cancer. Docetaxel, in combination with prednisolone, is the
chemotherapy regimen of choice in castrate resistant disease which has metastasised; it has
been shown to improve pain control and survival.”® However it is associated with side effects
such as hair loss, alopecia, neuropathy, bone marrow suppression and cardiovascular disease.
The novel agent cabazitaxel, from the same class as docetaxel, is used in patients who have

not responded to docetaxel.’’

1.4.3 SUMMARY

As described above, treatment depends on the prostate tumour stage and Gleason score, as
well as the patient’s health status and life expectancy. Prostate cancer treatments in Ireland
have been shown to vary considerably according to patients’ area of residence (health-board
area), even after adjustment for age and comorbidity.”” While there are now national
guidelines for referral of patients for a prostate cancer diagnosis to specialist clinics, there are
92,96

no definitive national guidelines for treatment, and summary guidance®® of European or

other guidelines must be consulted.

Curative treatment of localised prostate cancer places considerable financial burden on health
services in comparison with conservative management.”® In the treatment of localised
prostate cancer, only radical prostatectomy shows survival benefit over conservative
management.’” New therapies, such as abiraterone indicated for metastatic castrate resistant
prostate cancer, have shown marginal improvements in survival (4 months).” The approval of
reimbursement of these agents and availability to patients has been hindered by their poor

cost-effectiveness.'®
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1.5 DiGoxIn

1.5.1 THE HISTORY OF DIGOXIN AND THE CARDIAC GLYCOSIDE FAMILY

Cardiac glycosides, of the cardenolide family, are compounds with an aglycone composed of a
steroidal nucleus with a five-membered lactone ring at Carbon 17, and glycosidic linkage to

%! The related bufadienolide compounds have a six-membered

sugar molecules at carbon 3.
lactone ring.101 Plants of the Digitalis species Digitalis lanata and Digitalis purpurea or
foxglove, are sources of the most commonly used cardiac glycosides, digoxin and digitoxin

respectively. These are illustrated in Figure 1-5.
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Figure 1-5: Digitalis flower and the chemical structure of digoxin

The cardiac glycosides have an interesting therapeutic history; in 1785, Sir William Withering
described the therapeutic benefit of foxglove in patients with a condition called dropsy, (an
accumulation of fluid in the body).'® The use of the cardiac glycosides has been maintained to
the present day in treatment of congestive heart failure and atrial fibrillation; albeit now as
add-on therapy in patients with heart-failure.'® Similarly in the treatment of atrial fibrillation,
cardiac glycosides have been superseded by newer anti-arrhythmic agents as the mainstay of

therapy.'”

Some reports exist of other cardiac glycosides such as oleander being used in the Middle Ages
for the treatment of cancer,’® and more recently studies have been carried out investigating
Anvirzel™ an aqueous oleander extract in the treatment of solid tumours. Phase | trials are

complete'® however phase Il trials have not proceeded.
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1.5.2 PHARMACOLOGY OF DIGITALIS GLYCOSIDES

The digitalis glycosides (digoxin and digitoxin) are positive inotropes; in congestive heart
failure this enhances the contractility of the cardiac muscle without increasing heart rate. In
atrial fibrillation digitalis acts as a rate control agent’® Cardiac glycosides are
sodium/potassium ATPase (Na'/K" ATPase) ligands; they bind to the a-subunit of the Na'/K’
ATPase pump and inhibit the hydrolysis of ATP, thus preventing sodium ion transport. This
reduces the concentration gradient for calcium efflux and causes intracellular calcium

concentration to increase, which results in enhanced contractility of the cardiac muscle.

1.5.3 INDICATIONS FOR USE OF DIGOXIN

Digoxin is the only cardiac glycoside licensed for use in Ireland. It is indicated for the
treatment of supraventricular arrhythmias, such as atrial fibrillation and atrial flutter to reduce
ventricular rate. It is also indicated for chronic heart failure, where systolic dysfunction is the

dominant problem and heart failure accompanied by atrial fibriilation."®’

The prevalence of heart failure in Europe in 2008 was estimated at 2-3% in the total
population, and 10-20% in the population between 70-80 years. It is more common in men
than women.'” The prognosis for heart failure is poor, 30-40% of people die within one
year'®® and 50% die within four years.'*® Digoxin is recommended in symptomatic heart failure
in addition to angiotensin converting enzyme (ACE) inhibitors and diuretics.” It can be used to
control heart rate prior to, or in addition to a beta-blocker. Digoxin can improve ventricular
function, and reduce hospital admission due to worsening atrial fibrillation but it has no effect
on survival.'® Digoxin may be used alone or in combination with verapamil or diltiazem to

control ventricular rate.

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia.’®*'° The prevalence

is estimated to be approximately 1-2% in the general population.'® It is associated with

increasing age, with prevalence of approximately 0.5% in persons under 60 years,'®*'"

increasing to 5-15% at 80 years.w‘1 The incidence of AF is reported to have increased by 13% in

the past two decades.'”

Men are more likely to develop AF than women, (OR=1.8, 95% Cl 1.2,
2.8). AF can be a cause and also a consequence of heart failure. Heart failure has been
found in 30% of patients with AF, and AF is found in 30-40% of heart failure patients.'® AF is

attributed to be the cause of one in five strokes.'®'"

Anti-thrombotic therapy is
recommended for all patients with AF and atrial flutter; anti-platelet therapy with aspirin is

sufficient in those at very low risk of stroke.™*
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1.6 ASPIRIN

1.6.1 THE ORIGINS AND HISTORY OF ASPIRIN

The ancient Greeks were reported to have chewed willow bark for its analgesic properties.
Salicin was identified as the active compound in willow bark in 1826. Aspirin, or acetyl-salicylic
acid, a modification of salicylic acid, was commercialised by Bayer, one of the world’s oldest
pharmaceutical companies, in 1897.'"> The chemical structure of aspirin is illustrated in Figure

1-6.
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Figure 1-6: Chemical structure of aspirin

Aspirin was initially indicated and marketed for treating fever and pain. In the early 1950s Dr
Lawrence Craven, a US physician noted increased bleeding in patients who chewed aspirin
gum following surgical removal of tonsils and adenoids. He proposed aspirin had
anticoagulant properties and reported personal observations of patients at-risk of myocardial
infarction who having taken aspirin, even at low doses, had not suffered a cardiac event.'*® In
the 1970s Vane et al. discovered that aspirin blocked the formation of prostaglandins and
thromboxanes, the latter which play an important role in platelet aggregation and clotting.
Vane et al. were subsequently awarded the Nobel Prize in Physiology or Medicine in 1982.""
Trials of aspirin as secondary prevention for myocardial infarction and stroke also carried out
in the 1970s led to its subsequent licensing for this indication."*® A significant advantage of
aspirin as prophylactic pharmacotherapy for cardiovascular disease is its low cost. Aspirin is
the most commonly prescribed agent on the GMS scheme; over 2.5 million prescriptions for

aspirin were dispensed in 2011.**°

1.6.2 PHARMACOLOGY OF ASPIRIN

The pharmacological target of aspirin is the COX enzyme channel; this is the active site of the
COX enzyme, where arachidonic acid and other substrates are converted to prostaglandins
and thromboxanes as described already (Section 1.2.4.3). Aspirin, through covalent bonding
with a serine residue in the COX enzyme channel, prevents arachadonic acid from accessing

the channel, thus reducing the production of prostaglandins.24
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The COX enzyme exists in two isoforms, COX-1 and COX-2, with differing effects. COX-1 is
constitutively expressed throughout the body; COX-1 products are responsible for maintaining
various tissues i.e. protection of gastrointestinal mucosa, regulation of renal blood flow; and

haemostasis i.e. regulation of platelet aggregation and adhesion.”*

COX-1 in platelets produces TX-A,, a platelet aggregation factor, and COX-1 in the vascular
endothelium produces PG-l, which inhibits platelet aggregation. Aspirin irreversibly blocks
COX-1, which cannot be regenerated by circulating platelets as they lack a nucleus. Cells of the
endothelial tissue can regenerate COX-1, and also require higher doses of aspirin for
inhibition. Aspirin is thus effective in altering the balance of these platelet aggregation factors

and reducing the formation of thrombi.**

COX-2 is an inducible enzyme expressed in response to inflammatory cytokines (i.e.
Interleukin-1a, Interleukin 6, NF-kB)*?® growth factors (i.e. IGF-l, EGF),"*! hypoxia'*’ and
tumour promoters. COX-2 production of prostaglandins such as PG-E,, PG-D, and PG-I, results
in localised pain and inflammation. PG-E, mediates fever, and there are three known PG-E,
receptors leading to a variety of effects such as vasodilation and hyper-algesia. PG-E,, PG-D,

and PG-l; through their vasodilator activity, synergise with other inflammatory mediators.”

1.6.2.1 PHARMACOKINETICS OF ASPIRIN

Aspirin is absorbed in the stomach and intestine. Metabolism of aspirin to salicylate begins in
the gut wall. Following absorption aspirin binds to plasma proteins, however conversion to
salicylate occurs rapidly (half-life 15-20mins). Although it does not inhibit COX enzymes,
salicylate does have pharmacological activity; it may reduce the expression of COX-2 in some
cell types.’” Salicylate undergoes further hepatic metabolism or may be excreted in urine,

depending on the dose of aspirin or the urinary pH."**

1.6.2.2 ADVERSE EFFECTS OF ASPIRIN

COX inhibition by aspirin, while critical to its pharmacological effects, also contributes to its
side effect profile. PG-E,, produced by COX-1 protects the mucosal membrane of the
stomach.”® Inhibition of COX-1, leads to gastric irritation and potentially ulceration and
bleeding. Reduced production of prostaglandins can also have adverse effects on renal
function, as PG-E, has vasodilator activity and works to compensate vasoconstriction
mediated by noradrenaline or angiotensin Il. The anti-platelet effect of aspirin may also cause
cerebrovascular bleeding. Excessive dosing of aspirin may cause Salicylism, which may present

as tinnitus, vertigo, impaired hearing, nausea and vomiting. Aspirin is contraindicated in
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children aged less than 16 years, due to the risk of Reye’s syndrome.** Aspirin should be used
with caution in the elderly as the risks of gastric irritation or ulceration may outweigh the
benefit. Its use should also be avoided in patients with severe impairment of renal, cardiac or

hepatic function.'*

Enteric coating of aspirin tablets, and co-prescription of anti-secretory drugs, (histamine (H2)-
receptor antagonists and proton pump inhibitors) have been used as means of overcoming
these adverse gastrointestinal effects, while still allowing patients to benefit from the
antithrombotic activity of aspirin. Selective COX-2 inhibitors such as celecoxib and rofecoxib
were also developed te treat pain and inflammation due to the unfavourable gastric side
effects of aspirin and NSAIDs mediated by COX-1 inhibition.>* The therapeutic use of selective
COX-2 inhibitors has been restricted by their cardiovascular adverse effects. Selective COX-2
inhibitors have however been examined as potential treatment of cancer in preclinical'*® and

clinical*®’ studies, and are further discussed in Chapter 4.

1.6.3 INDICATIONS OF ASPIRIN

Due to the fact that aspirin inhibits both COX enzymes, which have pleiotropic functions,
aspirin has a number of clinical indications. The dosing of aspirin also differs according to the

indication.

1.6.3.1 ANALGESIC, ANTI-INFLAMMATORY AND ANTIPYRETIC ACTIVITY OF ASPIRIN

In dosage forms where aspirin is indicated for its anti-inflammatory, anti-pyretic and analgesic
properties, it is licensed for sale over the counter, and on general sale in Ireland.’ These
medicinal products contain typically 200-500mg of aspirin, and are indicated for relief of mild
to moderate pain i.e. headache, migraine, dental pain, sore throat, dysmenorrhoea, neuralgia,
myalgia, rheumatic pain, sciatica, lumbago, fibrositis, muscular pains, sprains, strains, joint

swelling, stiffness, fever and symptoms of the common cold or influenza.***

1.6.3.2 ANTI-THROMBOTIC ACTIVITY

As a cardio-protective agent aspirin is indicated following myocardial infarction, ischaemic
stroke and in patients with unstable angina.'* Dosage forms of aspirin licensed for long-term
use for a cardiovascular indication are only available on prescription in the Republic of
Ireland.'® This includes the low-dose (75mg) dosage form, high dose (300mg) products and

combination products (i.e. with dipyridamole, clopidogrel).
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Aspirin is widely prescribed as an antithrombotic agent for the prophylaxis of stroke in

8

patients with atrial fibrillation,’*® and is also commonly prescribed for the prevention of

cardiovascular events in patients with type |l diabetes mellitus."”® Aspirin has been
investigated as primary prevention of cardiovascular disease and results of a meta-analysis
have shown that aspirin-treated patients have significantly reduced serious vascular events, in

130

particular non-fatal myocardial infarction.” However, in primary prevention of vascular

disease, aspirin is not recommended as the increased risk of bleeding outweighs the

benefit.**

32



1.7 CHAPTER SUMMARY AND THESIS OBJECTIVES

Pharmacoepidemiology is a valuable method of investigating whether exposure to commonly
prescribed medicines may alter disease outcomes. Firstly there is the potential to elucidate
whether the effects of these drugs observed in pre-clinical studies are observed at the
population level; secondly, associations between exposure to these drugs and cancer
outcomes may identify biological pathways integral to tumour growth and progression, which
may be used in the development of new therapies; and thirdly, there are potential public
health issues regarding the association between cancer and commonly used drugs. In addition
to this, should these drugs be repositioned in cancer treatment, the deveiopment costs are

reduced, and the side-effects of existing agents are well understood.

The rise of prostate cancer incidence in Ireland, largely due to widespread PSA testing, has
been outlined. Prostate cancer mortality began to fall in Ireland before the PSA-era,*
therefore the number of men surviving following their diagnosis of prostate cancer is
increasing.” The identification of other methods of reducing the burden of this disease on
health services and increasing the survival of men with prostate cancer is a priority. Cancer
pharmacoepidemiology, examining medicines usage and cancer outcomes explores this
possibility. In this thesis, two of the oldest used medicines are examined with respect to their
potential anti-cancer activity in men with prostate cancer. The next chapter will outline the

linked database used to conduct this research.

1.7.1 DIGOXIN

Digoxin has been shown in pre-clinical studies to inhibit HIF-1a. expression, which is crucial in
the adaptation of prostate cancer cells to hypoxic states, and may inhibit tumour growth.*®
This is because HIF-1a is crucial to the induction of angiogenesis and reprogramming of
energy metabolism in hypoxic cancer cells.* Digoxin has also been associated with reduced
prostate cancer incidence,®! but digoxin exposure has not as yet been examined in relation to

prostate cancer survival.

A literature review of the pre-clinical studies which have proposed the anti-cancer potential of
digoxin in prostate cancer is presented in Chapter 3, Section 3.1. Similarly a review of the
observational research to date which has examined this hypothesis is provided in Chapter 3,

Section 3.2.
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The studies examining digoxin exposure in men with prostate cancer are also presented in

Chapter 3. The aims of these studies were to:

I Assess the association between digoxin exposure prior to diagnosis and prostate
cancer tumour characteristics at diagnosis
Il. Examine whether exposure to digoxin at the time of diagnosis is associated with

prostate cancer-specific mortality.

1.7.2 ASPIRIN

The anti-inflammatory activity of aspirin may play a role in inhibiting the development of
prostate cancer,”’ as inflammation has been identified as a pre-cancerous’’ and tumour-
promoting®® process. The anti-platelet effect of aspirin has also been proposed to impede
tumour dissemination.”’ Existing studies have reported aspirin to be associated with reduced
prostate cancer incidence, and a number of studies have shown varying associations

— 5 2133
between aspirin exposure and prostate cancer mortality.”***

The literature regarding pre-clinical studies examining aspirin and prostate cancer is reviewed
and presented in Chapter 4, Section 4.1. The meta-analyses and observational research to
date which have reported associations between aspirin and prostate cancer incidence and

outcomes are discussed in Chapter 4, Section 4.2.

The studies examining aspirin exposure and prostate cancer mortality are presented in

Chapter 4; the objectives of these studies were to:

l. Examine the association between aspirin exposure prior to diagnosis and prostate
cancer-specific mortality in men diagnosed with localised prostate cancer.
Il Examine the association between pre-diagnostic aspirin exposure and prostate

cancer-specific mortality in men with high grade (Gleason Score >7) prostate cancer.

The results of these studies are discussed in each chapter in the context of the existing pre-
clinical and observational evidence. The concluding chapter summarises the findings,
discusses the potential implications of this research and the potential scope for future

pharmacoepidemiology research in prostate cancer.

Appended to the thesis are two additional manuscripts which are indirectly related to the
objectives of this work. These studies also investigated aspirin exposure and cancer patient
outcomes. Firstly, a nested case-control study conducted in the UK CPRD population in

collaboration with Professor Liam Murray and Dr Chris Cardwell. This study investigated the
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association between low-dose aspirin use following diagnosis and prostate cancer mortality in
a cohort of British prostate cancer patients and is described in Appendix 4. This has been
accepted for publication in Cancer Causes Control. Secondly, a study led by Dr T. lan Barron
investigating the association between pre-diagnostic aspirin use and lymph node involvement
in a cohort of Irish women with stage I-lll breast cancer; this manuscript is currently under

review. (Appendix 5).
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Chapter 2 DATA SOURCES

This chapter outlines the methodology employed in this thesis. Firstly it provides a description
of the databases used, and the information available in these databases. The strengths and
limitations of these resources are discussed and the linkage of the databases is described.
Finally, a descriptive drug utilisation analysis of digoxin and aspirin is provided in the study

population used to conduct the main analyses of the thesis.

37



2.1 DATABASES

2.1.1 PRESCRIPTION CLAIMS DATA

The Department of Health through the Health Services Executive (HSE) funds a number of
health and medical care schemes which are delivered by the Primary Care Reimbursement
Service (PCRS).™* Community pharmacies are contracted with the PCRS to provide
pharmaceutical care to patients under a number of the community drug schemes.
Approximately 1,600 community pharmacy contractors submit monthly claims to the PCRS for

medicines dispensed on the community schemes in order to be reimbursed.

The General Medical Services (GMS) database is generated from the prescription claims
submitted to the PCRS by the pharmacy contractors for GMS eligible patients. This database is
nationally representative, and has been used extensively for research purposes in studies

136,137

examining treatment outcomes,'* good prescribing practice, changes in prescribing

practice’® and the cost-effectiveness of prescribing, i.e. prescribing of generics or branded

139,140

drugs.

2.1.1.1 THE GMS SCHEME

The GMS scheme is available to "persons who are unable without undue hardship to arrange
general practitioner, medical and surgical services for themselves and their dependants".'**
Under the GMS Scheme, patients are provided access to a number of healthcare services free
of charge including GP visits, community health, dental and hospital care as well as provision
of medicines and some medical devices through community pharmacy contractors. The
eligibility criteria for the GMS scheme have changed over time, but approximately one third of
the population (1.4-1.6 million) were covered by the scheme during the period relevant to this

thesis.**?

Eligibility is based on means test and age. All persons aged 70 years and over were
eligible for the scheme from July 2001 to December 2008 regardless of means; therefore there

is virtually 100% coverage of these patients during this time period.

Patients who are eligible for the GMS scheme are also eligible for the High-Tech Drugs scheme
provided by the PCRS. This provides high-cost medicines, usually initiated in hospital, to

3% The PCRS covers the cost of the medicines (no mark-up), by

patients in the community.
paying the wholesaler directly and pays pharmacies a patient care fee. This scheme covers
items such as anti-rejection drugs, biological agents, growth hormones and ADT medicinal

products for prostate cancer. Data from the High-Tech scheme was available; however the
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date of dispensing was not available from the PCRS and therefore this data was not used.

Information on the use of ADT was however available from the NCRI database.

2.1.1.2 COVARIATES

The following covariates can be captured from the GMS database (i) patient demographics
such as age-group (0-4 years, 5-11 years, 12-15 years, 16-24 years, 25-34 years, 35-44 years,
45-54 years, 55-64 years, 65-69 years, 70-74 years, 275 years), gender (male, female), HSE
region (Dublin Mid Leinster, East, South, West) and Local Hospital Office (approximately one
for each county); (ii) details about each prescription claim, date of claim, WHO Anatomical
Therapeutic Classification (ATC) code,'*® quantity dispensed and drug-product code (GMS
code number, which is unique for each medicinal product formulation); and (iii) the PCRS
doctor number and pharmacy number which are unique for each PCRS prescriber and

pharmacy contractor.

2.1.1.3 STRENGTHS AND LIMITATIONS

The GMS scheme can be considered a closed pharmacy system; therefore the data capture
within this database can be considered reliable and accurate. This is because firstly patients
receive their medicines for free, making it unlikely that they will obtain their medication
through another source at cost to themselves; secondly, claims from pharmacies are usually
submitted to the PCRS electronically; and thirdly, pharmacies also submit the original
prescription form to the PCRS for reimbursement and where discrepancies exist between

prescriptions and claims, the pharmacy contractor will not be reimbursed for the claim.

Some limitations of this resource must also be acknowledged. It should be noted that GMS
patients may receive certain specified medication under other schemes, such as the High-Tech
Drugs, Long Term lliness, Dental Treatment Services, Methadone Maintenance Therapy, or
Psychiatric Schemes. Unlicensed medicines are not captured in the data either. The GMS
database only has information on patient medication dispensed; there is no information on
patient diagnoses or patient outcomes. This is a limitation in assessing comorbid conditions.
Dispensing of a medication does not mean that the patient is compliant with the medication
received; therefore some misclassification of exposure may occur. Due to the eligibility criteria
for the GMS scheme, older people and people of lower socioeconomic status are over-

represented in the database.
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2.1.2 NATIONAL CANCER REGISTRY IRELAND

The NCRI has actively collected detailed data on all incident cancers in the population

normally resident in the Republic of Ireland since 1994.**

Trained, hospital-based tumour
registration officers collect information on patient characteristics, tumour details, treatment
received and death from multiple sources including pathology laboratories, radiology
departments, oncology departments, hospital administrative systems and individual medical
records. The national death certificate register, from the Central Statistics Office, which

includes patient cause of death and date of death, is linked to patient records at the NCRI.

2.1.2.1 DATABASE AND COVARIATES
A database of all prostate cancers (ICD-O, C61)'* diagnosed 2001-2006, was provided by the
NCRI for this research project. For each man diagnosed with prostate cancer, details of all

other diagnosed cancers (1994-2009) other than non-melanoma skin cancers were provided.

The NCRI database contains information on the following patient demographics at diagnosis:
patient age (years); smoking status (current, former, non-smoker, unspecified); marital status;
occupational status; county and health-board of residence, and a census-based socioeconomic
deprivation score™*® for the local electoral district of residence. Tumour characteristics are also
captured including: tumour morphology; tumour grade (Gleason Score <5, 5-7, >7,
unspecified);”* and AJCC TNM Stage. Staging was recorded as clinical or pathological stage.
Pathological tumour staging, where available, took precedence over clinical staging. Staging
data available was tumour size (T1, T2, T3, T4, unspecified); nodal status (negative, positive,
unspecified); metastases (negative, positive, unspecified); and overall tumour stage (1, I, lll, 1V,
unspecified).* Where nodal status or metastases were unspecified or not assessed they were

assumed negative for categorising tumour stage. This is the NCRI policy.

Treatment types and the dates of treatment receipt in the year following diagnosis are also
captured in the NCRI data: surgery (yes, no), radiation (yes, no) hormonal therapy (yes, no) or
chemotherapy (yes, no). Occasionally tumour registration officers will gather information on
treatments received beyond one year following diagnosis, or records of distance metastases
diagnosed. However as this data is not routinely collected, it is not consistent and is not used.
Date and cause of death as recorded on death certificates coded by ICD-9, or ICD-10 codes are

also included in the database.
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2.1.2.2 STRENGTHS AND LIMITATIONS
The strengths of this database are that it is nationally representative and five-year tumour

%7 The main

registration of prostate cancer is estimated to be in excess of 96% complete.
limitation of this prostate cancer dataset is incomplete staging data. This is a significant issue
in analysis of routinely gathered data. Due to the age at which men are diagnosed with the
disease, there is increased likelihood of them having other comorbid conditions at diagnosis.
The subsequent complications which may arise with invasive prostate biopsy or aggressive

treatment may mean that a conservative approach to tumour staging and subsequent

treatment is taken.
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2.2  LINKED DATABASE

The linked NCRI-PCRS database is the principal resource used to carry out this doctoral
research. The establishment of this database including the data linkage process is described in

this section. This linked database has been used for similar studies before.**®

2.2.1 LINKAGE

Data linkage of the NCRI database to the GMS prescription claims was carried out by staff at
the NCRI. Cancer diagnoses from January 1* 2001 to December 31% 2006 were linked to
prescription claims for GMS eligible patients from January 1* 2000 to December 31 2007.
Follow-up data on deaths was provided up to December 31* 2009 initially, but this was

updated to December 31* 2010 over the course of this project.

The NCRI developed a data processing application (DataPipe) to clean the data and re-format
data fields such as names, dates of birth and addresses, prior to matching. Subsequently
record linkage of patient records in the prescription claims database to those in the NCRI
database was carried out using probabilistic matching. The programme used for this was
AutoMatch, which uses a fuzzy matching algorithm to return the degree of similarity between
the records. Of prostate cancer cases diagnosed from 2002-2006, 51.0% of men under the age
of 70 were identified as having a GMS card and 89.9% of men aged 70 years and over were

successfully matched to a GMS record. (NCRI, personal communication)
2.2.2 LINKED DATA COVARIATES

2.2.2.1 IDENTIFICATION OF INCLUSION AND EXCLUSION CRITERIA

In order to be eligible for these studies, all men had to have at least one year of GMS eligibility
prior to their prostate cancer diagnosis. Pre-diagnostic GMS eligibility was identified from a
combination of the start- and stop-dates of eligibility for each patient provided by the PCRS,
and prescription claims. Eligibility for all studies was based on having continuous GMS

eligibility for at least one year prior to the date of prostate cancer diagnosis.

Cancer diagnoses (other than non-melanoma skin cancer) recorded by the NCRI, since 1994,
which preceded a prostate cancer diagnosis (2001-2006) were identified, for the purpose of
excluding patients with a prior diagnosis of invasive cancer. Over the course of this work, the
decision was taken within the research group to exclude patients who had another cancer
diagnosed on or before the date of their prostate cancer diagnosis. This explains some

differences in the numbers excluded on this basis between different studies.
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2.2.2.2 MEDICATION EXPOSURES

Medications were identified in the GMS database by WHO-ATC code;'** exposures for periods
(either before or after diagnosis) were identified from prescription claims. WHO-ATC codes for
all medicines referred to in this thesis are listed in Appendix 7. For the medications of interest
in each study (i.e. digoxin, aspirin), the dose of the drug product received and dosing intensity
were determined. Dosing intensity was calculated as the proportion of days covered (PDC)***
i.e. proportion of days in which the patient had a supply of the medication available to them

during the period of interest. The exposed group was subsequently stratified by levels of

dosing intensity. Medication exposure was also stratified by the dose of the drug received.

2.2.2.3 COMORBIDITY SCORE

Prescription claims on the GMS scheme for the year prior to prostate cancer diagnosis were
used to generate a medication based comorbidity score. The number of distinct medication
classes (determined on the five-character ATC code), was used to calculate the score. This
method is based on a validated medication-based means cof prediction of mortality,
hospitalisation and long-term care admissions.”® This or any other medication-based
comorbidity score is limited by not having complete capture of medication dispensed on other

community drugs schemes.

2.2.3 DATA UTILISATION AGREEMENTS

The use of data held by the NCRI for research purposes is covered by the Health (Provision of
Information) Act 1997. Data utilisation agreements have been established with the NCRI and
PCRS. All potential patient identifiers have been removed from the datasets prior to receipt
and data used in this project has been stored on an encrypted drive on a desktop computer

for use only by the PhD researcher.

2.2.4 STRENGTHS AND LIMITATIONS OF THE LINKED DATA

The strengths and limitations of the individual GMS and NCRI databases hold for the linked
database. The NCRI does not carry out active follow-up of tumour progression or recurrence,
therefore this limits further study of patient outcomes; mortality is the only outcome which

can be assessed.

2.2.5 DATA ANALYSIS

SAS® V 9.2 (SAS Institute, Cary, NC) was used for all analyses of the GMS data and linked

datasets. Significance at p<0.05 is assumed unless stated otherwise.
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2.3  EXTERNAL VALIDITY OF THE LINKED DATASET

The inclusion criteria for all studies carried out in the linked NCRI-PCRS database is eligibility
for the GMS scheme for the entire year prior to diagnosis. As already discussed, eligibility for
this scheme is based on means test and age; therefore these men differ somewhat from the

11 and PSA testing (Flahavan,

general population. Healthcare utilisation including GP visits
Drummond et al. Appendix 3) differs in GMS eligible men, to those who are ineligible for this
scheme. The characteristics of the GMS eligible men diagnosed with prostate cancer have
been compared to the full cohort of men diagnosed with prostate cancer to illustrate the

representativeness of this cohort.

2.3.1 COMPARISON OF LINKED NCRI-PCRS GMS ELIGIBLE COHORT WITH FuLL NCRI

COHORT OF MEN DIAGNOSED WITH PROSTATE CANCER

The characteristics of men diagnosed with prostate cancer in the entire NCRI population and
those identified from the NCRI-PCRS database as having GMS eligibility for the year prior to
diagnosis have been tabulated. See Table 2-1. The linked database was used to identify all
prostate cancer cases diagnosed 2001-2006 and the men with continuous GMS eligibility for
the year prior to diagnosis. Covariates tabulated were patient factors (age at diagnosis,
smoking status at diagnosis, deprivation score of electoral district of residence at diagnosis)
year of incidence, tumour characteristics (tumour stage; Gleason score) and treatment
received in the year following diagnosis (radiation, surgery, ADT, chemotherapy, no active

treatment).

13,824 prostate cancer cases were diagnosed from 2001-2006; 48.4% (N=6,688) were eligible
for the GMS scheme for the entire year prior to diagnosis (Table 2-1). The mean age at
diagnosis of GMS eligible men (74.0 years), was greater than that of the full cohort (69.4
years). There were more GMS eligible men (32.4%) living in socioeconomically deprived areas
than men in the full NCRI cohort (27.9%). The trend in the number of prostate cancer cases
diagnosed over the years 2001-2006 was similar in the GMS eligible population to the full NCRI
cohort. More GMS eligible men were diagnosed with stage IV (14.9% Vs. 11.3%) and Gleason
Score > 7 (19.7% Vs. 17.9%) disease, relative to the full cohort. The percentage of men with
Gleason Score unspecified was also greater in the GMS population. Differences in extent of
diagnoses and treatments received are likely to reflect the older age of men in the GMS
population; more men in the GMS eligible cohort received ADT (47.7% Vs. 36.7%) or no

treatment (24.5% Vs. 22.2%) and fewer received surgery or radiation (Table 2-1.).
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Table 2-1: Characteristics of the full NCRI cohort of prostate cancer cases (2001-2006) and

the NCRI-PCRS GMS eligible cohort

Characteristic Full NCRI Cohort NCRI-PCRS GMS eligible
(N=13,824) cohort (N=6,688)
Patient Details
Age/years Mean (SD) 69.4 (9.4) 74.0 (8.0)
Smoking Status®  Never 1,914 (13.8) 1,061 (15.9)
(%) Former 4,465 (32.3) 2,106 (31.5)
Current 2,269 (16.4) 1,282 (19.2)
Unspecified 5,176 (37.4) 2,239 (33.5)
Deprivation Score® Least Deprived 1 2,742 (19.8) 1,032 (15.4)
(%) 2 1,729 (12.5) 793 (11.9)
3 1,883 (13.6) 890 (13.3)
4 2,337 (16.9) 1,204 (18.0)
Most Deprived 5 3,861 (27.9) 2,165 (32.4)
Unspecified 1,272 (9.2) 604 (9.0)
Year of Incidence 2001 1,905 (13.8) 780 (11.7)
(%) 2002 2,144 (15.5) 1,020 (15.3)
2003 2,155 (15.6) 1,106 (16.5)
2004 2,664 (19.3) 1,327 (19.8)
2005 2,462 (17.8) 1,264 (18.9)
2006 2,494 (18.0) 1,191 (17.8)
Tumour Details
Stage© [ 409 (3.0) 214 (3.2)
I 7,036 (50.9) 3,073 (45.9)
I 1,187 (8.6) 478 (7.1)
\Y 1,569 (11.3) 994 (14.9)
Unspecified 3,623 (26.2) 1,929 (28.8)
Grade® Low (Gleason <7) 8,621 (62.4) 3,714 (55.5)
High (Gleason >7) 2,746 (17.9) 1,317 (19.7)
Unspecified 2,727 (19.7) 1,657 (24.8)
Treatment Received®
Surgery 4,270 (30.9) 1,632 (24.4)
Radical Prostatectomy 1,876 (13.6) 215 (3.2)
Other Prostatectomy 2,394 (17.3) 1,417 (21.2)
Radiation 4,449 (32.2) 1,749 (26.2)
ADT 5,071 (36.7) 3,190 (47.7)
Chemotherapy 240 (1.7) 135(2.0)
No Treatment 3,069 (22.2) 1,638 (24.5)

A: Smoking status recorded at diagnosis

B: Deprivation Score of electoral district of residence according to SAHRU

C: AJCC Staging Manual 5th Ed.*

D: Treatment received in the year following diagnosis
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In summary, the GMS eligible men are older and a greater proportion of these men live in
more socioeconomically deprived areas compared to the full NCRI cohort. Given the older age
of this cohort, the differences observed in tumour stage, Gleason score at diagnosis and less

aggressive treatments received are to be expected.
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2.4 DIGOXIN PRESCRIBING IN THE GMS POPULATION

2.4.1 INTRODUCTION

This section describes the prevalence of digoxin prescribing in the GMS population. As already
described in the previous chapter (Section 1.5), digoxin is prescribed as add-on therapy for

atrial fibrillation and heart failure.

2.4.2 METHODS

The database used for this analysis was the GMS database as described in Section 2.1.1. The
Defined Daily Dose (DDD) is “the assumed average maintenance dose per day for a drug used
for its main indication in adults”.’® The most accepted way of describing drug utilization in a
population is as numbers of DDDs per 1000 inhabitants per day. The prescribing of digoxin
(WHO ATC CO1AAO5: DDD=0.25mg)*** in DDDs per 1000 GMS eligible population per day was
calculated for each year (2002-2009). The prevalence of prescribing of digoxin by gender and
age-group (=55 years) was examined. Persons aged less than 55 years were excluded as the

prevalence of digoxin prescribing in this group was <1%.

2.4.3 RESULTS

Figure 2-1 illustrates that digoxin use in the entire GMS population has decreased over the
years 2002-2009. Prescribing of digoxin is higher in males compared to females, 8.5%
compared to 6.7% in females in 2002; the prevalence fell to 5.1% and 4.0% respectively by
2009. See Figure 2-2. Prescribing prevalence is also considerably higher in the older age-
groups, in particular those aged 75 years and older. The decline in use over time by age-group
is illustrated in Figure 2-3. Prescribing was 15.4% in patients aged 75 years and older in 2002,
falling to 8.9% by 2009.
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2.4.4 DISCUSSION

The prevalence of digoxin prescribing is higher in males than in females, due to the higher
prevalence of both heart failure and atrial fibrillation in males than in females. Digoxin
prescribing is also higher in older age groups, again reflecting the epidemiology of these
conditions (Chapter 1, Section 1.5.3). The use of DDDs as a measure of medication utilisation
is a rather crude measure of medication consumption in a population, and its optimal use is in
making comparisons between different populations. It must be recognised that although
0.25mg is the WHO recognised DDD of digoxin, many patients, especially elderly patients,

receive far lower daily doses of digoxin.

Digoxin is regarded as one of the earliest therapies for cardiac illness; however, current
guidelines state that, since the introduction of novel agents, digoxin is only the optimum
therapy for a minority of patients. Beta-blockers have been shown to significantly improve

103 i atrial

outcomes of patients with heart-failure, and digoxin is indicated as add on therapy.
fibrillation, other anti-arrhythmic agents have become the mainstay of therapy.'® Digoxin use
is declining due to the evidence emerging in favour of these newer agents; however it is still

prescribed in Ireland, particularly in older males.
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2.5 ASPIRIN PRESCRIBING IN THE GMS POPULATION

Aspirin, in dosage forms licensed for long-term use for a cardiovascular indication is subject to
a medical prescription in the Republic of Ireland.'®* This includes the low-dose (75mg) dosage
form, high dose (300mg) products and combination products (i.e. with dipyridamole,
clopidogrel). The prescribing of aspirin was assessed in the GMS eligible population for the

years 2002-2009, again using the GMS database as outlined in the analysis of digoxin above.

2.5.1 METHODS

The number of DDDs of aspirin used in the GMS eligible population per year was calculated
(2002-2009). These were determined by aspirin indication (BO1ACO06: anti-platelet activity
DDD=75mg; NO2BAO1: anti-inflammatory activity, DDD=3,000mg)."** Trends of aspirin
prescribing by gender and age-group (245 years) were also assessed over this period. Persons
aged under 45 years accounted for <5% of aspirin prescriptions, and were excluded from
analyses by age and gender. Within the cohort of patients receiving aspirin, the trend in
average aspirin dose prescribed was also examined (low <75 mg; intermediate 75-150 mg high

>150 mg).

2.5.2 RESULTS

Aspirin prescribing has increased in the entire population over the period examined. See
Figure 2-4. In men aged 45 years and older the prevalence of aspirin prescribing on the GMS
scheme has risen from 32.2% in 2002 to 40.1% in 2009. The prevalence of aspirin prescribing
by gender is illustrated in Figure 2-5. Aspirin is prescribed to more men than women in this
population. The prevalence of aspirin prescribing is highest in the oldest age groups. See
Figure 2-6. A consistent rise in the prescribing prevalence was seen from 2002-2009 in all age
groups. Analysis of the dose of aspirin prescribed (Figure 2-7) illustrates that the majority of

men who received aspirin only received low-dose preparations (<75 mg).
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2.5.3 DISCUSSION

This analysis illustrates the increased prescription of aspirin to patients eligible for the GMS
scheme. The overall prevalence of aspirin prescribing increased steadily over the years 2002-
2008. The drop off in the prevalence of aspirin prescribing, and number of DDDs prescribed in
the GMS population from 2008 to 2009 (Figure 2-4) can be attributed to changes in the
denominator (number of GMS eligible patients). This is because (i) eligibility criteria changed
during this year due to the introduction of means testing for patients aged over 70 years, and
(i) an increased number of people in younger age groups met the means-based eligibility

criteria due to the economic circumstances at this time.**

The irregular trend noted in the DDD analysis highlights a limitation of this method. That is,
that in a patient population which may fluctuate, trends need to be interpreted carefully.
Another limitation regarding the use of DDDs which must also be acknowledged is that
medical practice differs globally. Therefore the DDD of 3,000mg for aspirin for anti-
inflammatory or analgesic indications, although not commonly used at this dose in Ireland

124

(maximal daily dosing 3,600mg),””" may be more commonly used in other countries. An
increase in aspirin use was observed across all age-bands when the population aged 45 years
and older was examined. On examination of the average dose of aspirin prescribed to males
and females it is clear that the majority of aspirin prescribed was for low-dose (<75 mg)
aspirin; suggesting that the majority of aspirin prescribed is indicated for prevention of
cardiovascular events. The highest prevalence of prescribing was in men in the oldest age-

bands; this is consistent with the cardiovascular indications of aspirin as the prevalence of

angina, stroke and myocardial infarction increase with increasing age.
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2.6 CHAPTER SUMMARY

The description of the databases and covariates used for the studies carried out in this thesis
sets the scene for this research. The comparison of the GMS-eligible prostate cancer patients
in with the entire cohort of men diagnosed with prostate cancer illustrates the
representativeness of this cohort. The descriptive drug utilisation analysis of both digoxin and
aspirin has shown that men who receive these medicines are of a similar age as those who are
diagnosed with prostate cancer. There is mounting evidence from pre-clinical and
observational studies that digoxin and aspirin have anti-cancer properties; therefore the study
of the potential anti-cancer effects of these medicines in a population-based cohort such as

the NCRI-PCRS database is therefore both feasible and warranted.
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Chapter 3 DIGOXIN AND PROSTATE CANCER

The pre-clinical studies which have examined the potential for digoxin in prostate cancer, and
proposed a number of anti-cancer mechanisms of action are reviewed in this chapter. The
observational evidence which has assessed digoxin exposure and cancer incidence and
outcomes is also presented. Based on this data two studies have been conducted, the first
examining the stage and grade of prostate cancer at diagnosis in men who are exposed to
digoxin compared to those who are not; the second examining prostate cancer survival in men
receiving digoxin. The results from these studies are presented and discussed in light of the

existing knowledge regarding digoxin and its potentiai mechanisms in cancer.

55



3.1 PRECLINICAL STUDIES OF CARDIAC GLYCOSIDES IN CANCER

The following section outlines the various mechanisms of anti-cancer activity of digoxin which
have been investigated. Digoxin and other cardiac glycosides have been shown to have
potential in the control of cancer cell growth in a variety of cancer cell lines. These are related
to the well-documented pharmacological activity of digoxin on the sodium/potassium ATPase
pump,” and more recently, the ability of digoxin to alter gene transcription which has been

demonstrated through inhibition of HIF-1a expression.*®

3.1.1 Sobium/POTASSIUM ATPASE IN CANCER

Cardiac glycosides are sodium/potassium ATPase (Na'/K" ATPase) ligands. The Na'/K" ATPase
plasma membrane pump is involved in cell adhesion and cancer progression. It has signal
transduction properties and is a target for many substances both endogenous i.e. oestrogens

153,154

and exogenous i.e. tamoxifen. Each of the Na'/K" ATPase pump a-subunit isoforms have

differing affinity for the various members of the cardiac glycoside family; and have different

155,156

isoform expression in different human cancer cell lines. As a result different cancer cell

lines have differing sensitivities to various cardiac glycosides.

Based on the knowledge that the inhibitory action of cardiac glycosides on the Na“/K" ATPase
causes disruption of intracellular calcium homeostasis, the role of increased intracellular
calcium in the apoptotic pathway was one of the first to be investigated in cancer cells.”™
Concentration-dependent arrest of growth and apoptosis of prostate cancer cells treated with
digoxin has been demonstrated; these effects were most pronounced in the androgen-
dependent LNCaP cell line.””**® Caspase enzymes were determined to have a significant role
in digoxin mediated apoptosis in prostate cancer cells due to the increased intracellular Ca**

17 These

and reduced K' concentrations;**® this was shown to cause DNA fragmentation.
effects are illustrated in Figure 3-1. Digoxin also causes fibroblast apoptosis through this

mechanism.*®

Cyclin-dependent kinase 5 and p25 cleavage from p35, (cdk5/p25) are involved in ceil cycle
regulation and neuronal homeostasis and are distributed in cells of the male reproductive

system.™’

Cleavage of p25 from p35 is a calcium dependent reaction, and increased
expression of Cdk5/p25 was demonstrated in cells treated with digoxin. Cdk5/p25 were found
to be required for digoxin-mediated prostate cancer cell death. This pro-apoptotic property of
digoxin in cancer cells is an important anti-cancer mechanism as resisting cell death is one of

the hallmarks of cancer.”
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3.1.2 EXTRACELLULAR EFFECTS OF DIGOXIN

Changes to the extracellular surface of the cancerous cell can affect the metastatic potential
of the tumour. Digoxin has been shown to inhibit FGF-2 release, which is involved in tumour
progression.161 Reduced adherence of breast cancer cells to plates has been noted in the
presence of digitalis.”>* Digoxin also sensitises cells to anoikis, a process whereby normal
epithelial cells undergo apoptosis on detachment from the extracellular matrix. Digoxin has

been demonstrated to reduce the viability of prostate cancer cells in vitro.*®

Cardiac glycoside
inhibition of the Na“/K" ATPase pump has also been shown to modify a biosynthetic pathway
of extracellular N-glycan structures; this type of modification, can impede the migration and
invasion of tumour cells, as well as the formation of distant metastases of prostate tumours in

mice.'®3

3.1.3 HYPOXIA INDUCIBLE FACTOR 1-ALPHA

Hypoxia Inducible Factor 1-alpha (HIF-1a) is not expressed in normal prostate cells;** however
HIF-1a and HIF-1B are found in high-grade PIN a pre-cancerous state, thus highlighting the
potential for HIF-1 targeting in both cancer treatment as well as cancer prevention.'**** There
is an association between tumour grade and HIF-1a expression in breast and brain tumours.®®
This has not been reported in prostate tumours;'®”**® however HIF-1 activates VEGF

%8 HIF is involved in

expression which is associated with higher prostate cancer tumour grade.
both inducing angiogenesis, and reprogramming energy metabolism in hypoxic prostate
cancer cells.”* In prostate cancer, biochemical failure'®® and reduced disease-specific survival
have been associated with higher levels of HIF-1a expression.'®® One study reported androgen
dependent prostate cancer cells had the lowest levels of HIF-1a expression and androgen
independent prostate cancer cells the highest; suggesting that HIF-1a expression is associated

with androgen independent prostate cancer.'”’

3.1.3.1 INHIBITION OF HIF-10 BY DIGOXIN
In high-throughput screening studies, cardiac glycosides, as well as naturally occurring

3 .
WL tardiac

strophanthidin glycosides were found to be inhibitors of HIF-1a expression.
glycosides were found to reduce the expression of HIF-1a and HIF-2a in a concentration-
dependent manner and furthermore reduce the expression of the HIF-1 target genes in cancer
cells under hypoxic conditions.*® HIF-1 is a transcription factor formed when HIF-1c, expressed
in response to hypoxia, binds with HIF-1B which is constitutively expressed. HIF-1 has been

shown to augment the spread of metastases through the vasculature. The effects of HIF-1a
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and its inhibition by digoxin are illustrated in Figure 3-1. Digoxin was found to prolong
prostate cancer tumour latency, inhibit tumour xenograft growth and reduce the expression
of HIF-1 target genes in mouse models.* Inhibition of HIF-1a expression by digoxin reduced
primary tumour growth and lung metastases of breast cancer xenografts in mice; there was

synergy of this effect in combination with doxorubicin.'’”?

The anti-angiogenic effects of
digoxin have also been demonstrated in androgen independent prostate cancer xenografts,
where significant inhibition of blood vessel formation and reduced blood vessel density, but

not a reduction in tumour growth was reported."”*

3.1.3.2 PHYTO-OESTROGENIC EFFECTS OF DIGOXIN

Digitalis glycosides have been investigated in pre-clinical studies of breast cancer cell lines
which reported the oestrogen receptor (ER) negative cell lines to have increased or equal
susceptibility to cardiac glycoside-mediated cell death compared to the ER positive cell

. 154,175,176
lines.

Digoxin has been reported to have phyto-oestrogenic properties,"’” and these
properties have been implicated in associations between digoxin exposure and incidence of
oestrogen sensitive cancers.’’® Oestrogens have been used previously in the treatment of
prostate cancer,'”” and may be used as secondary hormonal therapy in addition to ADT.* Two
oestrogen receptors ERa and ERP have been identified in prostatic tissue, and have opposing

180,181

effects. ERa activation in both the epithelium and stroma of the prostate stimulates

proliferation, malignancy and inflammation.'®

ERB activation is pro-apoptotic and anti-
proliferative in both BPH and prostate cancer. ERa antagonists, ERB agonists'®! and agents
with mixed agonist/antagonist activity such as raloxifene'®* have been suggested as potential
treatment options in prostate cancer.'® Digoxin has known oestrogenic side-effects, i.e.
gynaecomastia, however it has not been determined which, if any, ER subtype digoxin has

stronger affinity for.

Cross-talk exists between the HIF-1a and the hormone receptors (ER and AR). It has been
proposed that ERB1 destabilises HIF-1ce in prostate cancer cells.®® However, retained
expression of ERPB with endothelial Nitric Oxide Synthase (eNOS), HIF-1a or HIF-2a in some
hypoxic prostate cancer phenotypes has been associated with poorer prognosis.
Transactivation of the AR can be enhanced by hypoxia in the presence of HIF-1a, in particular

at low concentrations of DHT, which would mimic castration resistant prostate cancer.’®
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3.1.4 POTENTIAL INTERACTIONS OF DIGOXIN

3.1.4.1 PROSTATE SPECIFIC ANTIGEN EXPRESSION

PSA, as discussed in Chapter 1, Section 1.3.3.1, has been used widely as a means of detection
of prostate cancer and as a measure of disease recurrence or biochemical failure.”* The
Prostate Derived ETS Factor (PDEF) gene is a member of the ETS family of transcription factors
which regulate cell cycles and are modulators of PSA expression.'®* Digoxin has been shown to
reduce PDEF gene expression and hence reduce expression of PSA; however, it has not been

elucidated as to whether this is solely through PDEF.'

3.1.4.2 ANDROGEN DEPRIVATION THERAPY
There is evidence that digoxin inhibits testosterone biosynthesis and secretion in rat testicular

cells.*®

This inhibitory effect of digoxin and digitoxin on CYP450,, was shown in rat luteal
cells, and Leydig cells, reducing the biosynthesis of progesterone and testosterone.'®® Reduced
levels of plasma testosterone and LH have been detected in patients receiving long-term

189,190

digoxin therapy. Furthermore, increased levels of serum oestrogen have been reported

in men aged 25-40 years exposed to digoxin.'*’

Although this has been refuted in other
studies,”" it is possible that these hormonal effects of digoxin may influence the outcomes of
men with prostate cancer treated with ADT. Reported hormonal effects of digoxin on

oestrogen dependent cancers will be discussed in Section 3.2.1.

3.1.4.3 RADIOTHERAPY
Cardiac glycosides have been reported to have radio-sensitizing effects in breast cancer cell

. 192
lines.

Cells treated with cardiac glycosides have been reported to accumulate in the G2M
phase of the cell cycle which makes them more susceptible to radiation.'®* Topoisomerase |I
inhibition was also proposed as a possible mechanism for digoxin’s anti-cancer activity in

renal, breast and melanoma cell lines.”***

The lactone moiety of the cardenolide illustrated
in Figure 1-5 is structurally similar to the active component of the topoisomerase inhibitor
irinotecan.” Inhibition of topoisomerase Il delays the repair of X-ray induced breaks in DNA
and can hence increase radio-sensitivity. HIF-1la expressing cells have specifically been
reported to be resistant to radiotherapy.'®® Radiation induces the formation of ROS in the cell,

which is pro-apoptotic; ROS may however also induce HIF-1 activity.195

3.1.4.4 CHEMOTHERAPY

Synergy of digitoxin and digoxin with other chemotherapeutic agents has been demonstrated

176,196

in breast and colon cancer cell lines. In colon cancer cells, increased intracellular calcium
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causes increased calmodulin kinase Il activity and activation of HIF-1a.. HIF-1 activates
transcription of the mdr-1 (multiple drug resistance) gene, resulting in the expression of P-
glycoprotein (PGP) which can confer multiple drug resistance.”’ Increased PGP expression
was observed in colon cancer cells treated with digoxin resulting in reduced intracellular
accumulation of doxorubicin (PGP substrate) and thus reduced efficacy. It has been suggested
that the efficacy of doxorubicin or other PGP substrates may be reduced in patients treated

with digoxin.'”’

Very few men with prostate cancer receive chemotherapy, which is usually indicated only at

advanced stages of castrate resistant prostate cancer.®

In a recent study of men with
metastatic prostate cancer treated with docetaxel, digoxin exposure was associated with an
increased risk of all-cause mortality (HR=1.43, 95%Cl 1.01, 2.03)."*® The authors attributed this
increased risk mainly to higher levels of cardiovascular comorbidity in the digoxin exposed

group.

61



3.2 OBSERVATIONAL AND CLINICAL STUDIES OF CARDIAC GLYCOSIDES IN CANCER

Preclinical studies have suggested a variety of mechanisms through which digoxin has anti-
cancer activity. Despite the encouraging results, concerns have been raised as to the
therapeutic relevance of these pre-clinical findings. The digoxin concentrations reported to
have anti-cancer effects in these studies exceed those normally tolerated by humans in vivo. It
has, however, been suggested that prolonged exposure to digoxin could be sufficient to have
an anti-proliferative effect in humans.*® Observational studies have investigated this
hypothesis in relation to the incidence of breast, uterine, ovarian, cervical as well as prostate

cancer.

3.2.1 INITIAL OBSERVATIONAL STUDIES

The presence of an association between cardiac glycoside exposure and cancer outcomes was
first hypothesised in the late 1970s, prior to the extensive pre-clinical investigations of cardiac
glycosides in cancer which have been carried out in the last decade. In a study of 142 breast
cancer patients Stenkvist reported that women receiving cardiac glycosides had tumours
which were smaller and more uniform than those not exposed to cardiac glycosides.199
Following this observation, Stenkvist et al. studied a cohort of breast cancer patients and
found that the risk of recurrence within five years following mastectomy was lower in the

200

group exposed to cardiac glycosides.”” Other observationai research regarding cardiac

glycosides and cancer incidence at this time was inconclusive, mainly because these studies

were of small size and limited by the data sources available at the time.”*"?%

Two case-control studies have shown cardiac glycoside exposure to be a risk factor for maie

204,205 | 206 207
f 4

breast cancer. Another two Danish studies, one case-contro one cohort,”" reported
approximately 30% increased risk of breast cancer in women exposed to digoxin compared to
unexposed women, and approximately 40% increased risk when compared to other women
receiving treatment for cardiovascular conditions (See Table 3-1). The relative risk was slightly
higher for women with ER positive status, which the authors claim point to an oestrogen-

mimicking mechanism.”®’

A subsequent study reported a significantly increased risk of uterine
cancer, but not ovarian or cervical cancer, associated with digoxin exposure; the risk of uterine

cancer is increased by exogenous oestrogen exposure.’®®
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Table 3-1: Reported associations between digoxin exposure and cancer incidence in observational research

Year Author Study Setting Study type Exposure Cancer Reported Result (95% ClI)
1990 Lenfant-Pejovic et al.””  France & Switzerland Case-Control Digitalis Breast (male) OR 4.10 (1.40,12.40)
2001 Ewertz et al.”” Norway, Sweden, Denmark  Case —Control  Digoxin 25 years Breast (male) OR 2.00 (0.90, 4.40)
2008 Ahern et al.’* Denmark ~ Case-Control Digoxin >1 yevarb » Breast OR 1.30 (1.14,1.48)
2011 Biggar et al.””’ " Denmark Cohort - Digoxin current use  Breast RR 1.39 (1.32,1.46)
Digoxin former use  Breast RR 0.91 (0.83,1.00)
2012 Biggaret al’® Denmark Co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>