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Abstract

Background: Differences exist in the presentation, pathophysiology,
management, and outcomes of cardiovascular conditions in men and women.
These differences may arise from sex-dependent factors such as chromosomal
complement, regulation of sex hormones, and sex-specific factors like pregnancy.
Beyond sex, gender, a multifaceted psychosocial concept, also has an impact on
cardiovascular health and disease. Transgender individuals experience
incongruence between the sex they were assigned at birth and their gender
identity. These individuals may engage with gender-affirming hormone therapy
(GAHT), such as oestrogen or testosterone, and the effects of such treatments
upon cardiovascular health have yet to be determined, and may provide insight

into cardiovascular pathophysiology.

Aims: This thesis aims to enhance our understanding of the role of sex and gender
in cardiovascular disease, including transgender cardiovascular health, through a

range of methodological approaches.

Methods: Chapter 3) A systematic review assessing the influence of GAHT upon
the blood pressure of transgender individuals is undertaken; Chapter 4) The
Gender and Sex Determinants of Cardiovascular Disease: From Bench to Beyond-
Premature Acute Coronary Syndrome (GENESIS-PRAXY) gender stratification
questionnaire is adapted and applied to a UK sample of cisgender individuals
(n=446) to construct a gender score via principal component analysis (PCA);
Chapter 5) A bioinformatic analysis of sex and gender stratified differentially
expressed microRNA (miRNAs) in human plasma of individuals (n=36), derived from
the original GENESIS-PRAXY study, who have experienced acute coronary
syndrome (ACS) is undertaken; Chapter 6) A descriptive analysis of the Vascular
Effects of Sex Steroids in Transgender Adults (VESSEL) study, which utilises a range
of vascular phenotyping procedures (e.g. flow-mediated dilatation, peripheral
artery tonometry, and pulse wave analysis (PWA) and velocity (PWV)) in
transgender individuals using long-term GAHT compared to cisgender individuals

is presented.



Results: Chapter 3) The systematic review identified 14 studies including 1,309
transgender individuals, which demonstrated broadly no change in blood pressure
in transmasculine individuals using testosterone. Both increases and decreases
were observed within the transfeminine population using oestrogen therapy.
These studies were of limited quality due to their uncontrolled pre-post design,
lack of intervention and blood pressure measurement standardisation, inadequate
follow up and small sample sizes; Chapter 4) The gender stratification analysis
demonstrated a continuum of gender scores in this population derived from five
gender-related questionnaire instruments. Gender score distributions were
distinct from the GENESIS-PRAXY analysis, highlighting that gender and its related
factors are dynamic and context dependent; Chapter 5) miR-664a-5p, miR-3613-
5p, miR-382-5p, miR-134-5p, miR-10b-5p, miR-885-5p, miR-206, and miR-32-5p
were found to be differentially expressed in females versus males in ACS. Many of
these miRNA and associated gene networks demonstrate a number of roles
important to ACS pathophysiology including the regulation of vascular smooth
muscle cell proliferation, endothelial injury and inflammation, atherosclerosis
progression. miR-3605-5p and miR-4467 were differentially expressed in males
with feminine versus masculine gender characteristics; Chapter 6) Due to the
impact of coronavirus disease 2019 (COVID-19), the VESSEL study was discontinued
prematurely, however, the feasibility of local recruitment of transgender

participants is demonstrated.

Discussion: This thesis expands our appreciation of the means by which gender
can be measured and its potential influence, in addition to sex, upon epigenomic
regulation in cardiovascular disease. Moreover, it improves our understanding of
limitations and barriers in conducting research in transgender populations.
Overall, this thesis provides valuable insight into the methodological approaches
used the investigation of sex and gender in cardiovascular disease, which can be
applied in future cardiovascular research in cisgender and transgender

populations.
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Chapter 1 Introduction



1.1 Chapter overview

In this introductory chapter, the definitions used in this thesis in relation to sex,
gender, and transgender terminology are outlined. Next, the relationship between
sex, gender and cardiovascular disease in cisgender and transgender populations
are briefly discussed. This chapter concludes with an outline of the thesis
structure and provides an overview of each chapter and the aims and research

objectives addressed.

1.2 Background

1.2.1 Sex & gender terminology

Although the terms ‘sex’ and ‘gender’ are often used interchangeably in everyday
language, and even in clinical research, their meanings and use are not equivalent
(Rioux et al., 2022). This thesis will aim to use these terms appropriately and
provides their definitions below in order to facilitate a clearer understanding of

the important, and scientifically relevant, differences in these terms.

Sex refers to the biological characteristics of an individual. This is often assigned
at birth and is broadly based on the appearance of external genitalia (Mauvais-
Jarvis et al., 2020). Largely, these factors are determined by an individual’s
chromosomal complement and exposure and response to sex hormones. This
relationship is not wholly binary and there are many disorders of sex development
(i.e. intersex) resulting from gonadal, chromosomal and anatomical abnormalities

that demonstrate this (Ahmed et al., 2016), as outlined in Chapter 2.

Sex is therefore considered as a physiological component comprising from the
presence and function of chromosomal complement, sex hormones and secondary
sex characteristics (Clayton & Tannenbaum, 2016). Consequently, the terms
‘male’, ‘female’ and ‘intersex’ are used when reporting either the sex of a

participant or biological sex-related factors.



Conversely, gender is derived from social, cultural and behavioural factors
(Tannenbaum et al., 2016). It is a multidimensional concept that incorporates
many factors including: gender identity (i.e. one’s internal sense of masculine,
feminine or alternative gender); gender roles (i.e. societal expectations of a
particular gender); gender relations (i.e. the interpersonal interactions that occur
between and within genders); and institutionalised gender (i.e. distribution of
power across society, as seen by differences in educational attainment, income,
political representation) (Connelly et al., 2021). Therefore, when discussing

gender, the terms ‘men’, ‘masculine’, ‘women’, and ‘feminine’ are applied.

With respect to gender modalities (i.e. an individual’s experience of gender in
relation to the sex they were assigned at birth), a cisgender person is someone
who’s gender identity and natal sex is congruent (Rioux et al., 2022). Conversely,
transgender is an umbrella term to describe individuals whose gender identity is

not congruent with the sex they were assigned at birth (Figure 1-1).

Sex —I |7 Gender Sex Gender

Gender Gender
Congruence Incongruence

l

Gender
Dysphoria

. |

Cisgender Transgender

Figure 1-1. Model of gender congruence and incongruence.

Transgender people may experience distress or discomfort as a consequence of
their gender identity differing from physical or social attributes typically ascribed
to their sex assigned at birth (i.e. gender dysphoria) (Dhejne et al., 2016). Gender
dysphoria may result in adverse effects on an individual’s psychological, physical
and social well-being. The intensity and frequency of gender dysphoria is not

uniform in this population and may be alleviated by a range of measures. This may



include social changes, e.g. modifying their gender expression to match their
identity to gender-affirming medical and surgical interventions (T’Sjoen et al.,
2019).

Terms Definition

The classification of a person as male or female, typically occurring at
Sex birth, based upon biological characteristics such as genitalia,

reproductive organs, chromosomes and hormones

) ) A person’s intrinsic sense of being a man, woman or an alternative
Gender identity
gender

People whose gender identity aligns with the sex they were assigned at

Cisgender
birth.

Distress or discomfort that may be experienced because a person’s
Gender dysphoria gender identity differs from that which is physically and/or socially

attributed to their sex assigned at birth.

An umbrella term for people whose gender identity differs from their

Transgender
natal sex

Transgender man A person whose sex was assigned female who identifies as a man

Transgender ) ) .

A person whose sex was assigned male who identifies as a woman
woman

Gender-affirming Hormonal therapy aiming to align the physical characteristics of an
hormone therapy individual with their gender identity

Table 1-1. Transgender terminology definitions

Importantly, the term ‘transgender’ should be used as an adjective (e.g.
transgender people or individuals) and not a noun (e.g. transgenders) or verb (e.g.
transgendered) (Rioux et al., 2022). A transgender man is an individual who was
assigned female sex at birth and identifies as a man. A transgender woman is
therefore a natal male who identifies as a woman. Terms such as ‘Male-to-Female’
are no longer considered acceptable in reference to transgender individuals
(Coleman et al., 2022).



Transgender individuals may also identify as non-binary, and have gender
identities that do not conform to gender associated with binary gender systems
(i.e. man or woman) (Liszewski et al., 2018). Non-binary individuals may have a
neutral gender (i.e. neutrois), no gender (i.e. agender), masculine and feminine
gender (i.e. bigender), or two or more genders (i.e. paragender). (Reisner &
Hughto, 2019). Importantly, these gender identities may also change over time

(i.e. they are gender fluid).

These terminologies will continue to evolve as our understanding and appreciation
of the intricacies of gender deepens. The use of appropriate sex and gender
terminology has several advantages. It provides an accurate description of
populations being studied, it allows stratification between biological and
psychosocial systems, and prevents careless conflation (e.g. describing gender in
a rat model). Importantly, it is respectful to the individuals being researched and
has the potential to facilitate clinical research that is reflective of the complex

bio-sociocultural interactions of the human condition (Rioux et al., 2022).

1.2.2 Sex, gender, & cardiovascular Disease

Cardiovascular disease is a major contributor to worldwide mortality in both
cisgender men and women (Roth et al., 2017). The differences evident in the
epidemiology, pathology, clinical presentation and outcomes of cardiovascular
disease, such as hypertension, between men and women is being increasingly
acknowledged (Colafella & Denton, 2018; Virani et al., 2020). Importantly, an
appreciation of the role of sex and gender promoting these disparate
cardiovascular mechanisms and outcomes, has improved our understanding of
both sex-related pathophysiology and psychosocial mechanisms by which gender-

specific inequalities and stressors act (Mauvais-Jarvis et al., 2020).

Ischaemic heart disease is a prime example of this relationship. This condition
occurs more frequently and in a much younger age demographic in men compared
to women (George et al., 2015). Many biological mechanisms may be responsible

for these differences including pro-inflammatory and dyslipidaemic Y chromosome



haplogroups (Charchar et al., 2004, 2012), or the numerous cardioprotective
effects of oestrogen in vascular smooth muscle cells (e.g. promoting
vasodilatation via inhibiting calcium influx) (Pabbidi et al., 2018). Moreover,
significant anatomical differences, such as smaller epicardial coronary arteries or
atherosclerotic plaque composition evident in females, may promote sex-
dependent effects in this condition (Lansky et al., 2012; Patel et al., 2016).

However, these sex-related pathophysiological mechanism may not fully explain
the differences observed between men and women, and the integration of social
determinants of disease are crucial to understand these variances. For instance,
in the Variation In Recovery: Role of Gender on Outcomes in Young Acute
Myocardial Infarction Patients (VIRGO) study, women with acute myocardial
infarction (MI) had lower socioeconomic status and quality of life, and higher
levels of psychological stressors compared to men (Bucholz et al., 2017).
Addressing such factors in younger women with ischaemic heart disease, who
demonstrate higher rates of comorbidities, hospitalisation and mortality following
acute coronary syndrome (ACS) compared to men, are imperative to improving
patient outcomes (Clemmensen et al., 2015; Alabas et al., 2017; Dreyer et al.,
2017).

Importantly, the pathological mechanisms responsible for mediating adverse
gender-related effects are unknown. It has been demonstrated that in young
women who have experienced an acute coronary event, mental stress-induced
myocardial ischaemia is twice that of men, despite eliciting equivalent exercise
or pharmacological-evoked ischaemia (Vaccarino et al., 2018). Similarly,
upregulated amygdalar metabolism, a neural centre associated with stress
responses and emotional processing, promotes an inflammatory state in women
with impaired cardiological function (Fiechter et al., 2019). Potential mediators
responsible for this relationship may include epigenetic modification, which may
modulate gene regulation in response to environmental stimuli. Multiple
epigenetic modifications contributing to atherosclerosis have been described in

vascular structures (Rizzacasa et al., 2019). Consequently, this process may



provide a link between adverse gender-related psychosocial influences and the

vascular health of individuals.

These influences are undoubtedly important to the cardiovascular health of
transgender individuals, where there is emerging evidence of increased
cardiovascular risk (Caceres & Streed, 2021). People who are transgender may
engage with gender-affirming healthcare and receive sex hormone therapy such
as oestrogen or testosterone (T’Sjoen et al., 2019). The influence of these
hormones in the context of natal sex chromosomes is unclear, although data from
conditions of chromosomal aneuploidies and excess cross-sex hormone exposure,
such as Klinefelter’s or polycystic ovarian syndrome, suggest that transgender
individuals may experience increased cardiovascular risk as a result of this
interaction (Gravholt et al., 2018; Zhang et al., 2020a).

Moreover, non-traditional risk factors such as the Gender Minority Stress, may
exacerbate this risk further. Within this model, distal stressors, such as gender
non-affirmation (i.e. misgendering), stigma, discrimination, and proximal
stressors, including internalised stigma, and negative expectations, contribute to
enhanced levels of stress (Streed et al., 2021). These may promote adverse
behavioural traits, and promote poorer health outcomes. Factors such as mental
health disorders, substance misuse, smoking, and health inequalities undoubtedly
contribute to the burden of cardiovascular risk in the transgender population
(Reisner et al., 2016; Kcomt et al., 2020).

Consequently, this thesis sets out to explore the relationship between sex, gender
and the development of cardiovascular disease in cisgender and transgender
individuals. To accomplish this a variety of methodological approaches are
undertaken including: a systematic review of the effect of gender-affirming
hormone therapy (GAHT) upon the blood pressure of transgender individuals; the
application of a gender questionnaire to generate gender scores for use in
cardiovascular research; the bioinformatic analysis of differentially expressed
microRNA (miRNA) in ACS stratified by sex and gender; and the vascular

phenotyping of transgender individuals on long-term GAHT.



1.3 Thesis aim & objectives

1.3.1  Aim

This PhD commenced in February 2019 and as a consequence there was significant
impact of the Coronavirus disease 2019 (COVID-19) pandemic upon my studies. In
particular, non-COVID-19 related studies were halted at the Glasgow Clinical
Research Facility for a considerable period following the national lockdown.
Furthermore, | was redeployed back to the NHS for a period of 3 months. As a
consequence there was significant disruption relating to the studies included

within this thesis resulting in the themes of this work being shifted.

Consequently, this thesis pragmatically aims to enhance our understanding of the
role of sex and gender in cardiovascular disease, including transgender
cardiovascular health, through a range of methodological approaches. These
include literature review; systematic review; the application of a gender
questionnaire to generate gender scores via principal component analysis (PCA);
the bioinformatic analysis of differentially expressed microRNA (miRNA) in ACS
stratified by sex and gender; and the vascular phenotyping of transgender

individuals on long-term GAHT.
1.3.2 Objectives

1) To review the literature relating to the mechanisms by which sex and gender
may influence cardiovascular health of cisgender and transgender populations
(Chapter 2).

2) To systematically review the influence of GAHT upon the blood pressure of

transgender individuals (Chapter 3).

3) To adapt and utilise a gender stratification questionnaire in a UK population
(Chapter 4).



4) To investigate the differential expression of miRNA in the plasma of individuals

who have experienced ACS by sex and gender (Chapter 5).

5) To demonstrate the feasibility of the Vascular Effects of Sex Steroids in
Transgender Adults (VESSELS) study, and describe the vascular function of
transgender people using long-term GAHT(Chapter 6).

1.4 Thesis structure

Chapter 2 of this thesis provides an overview of relevant literature. This chapter
discusses the process of sex determination and preservation, and how factors
related to this process may modulate the development of cardiovascular disease.
This chapter then describes the concept of gender as a psychosocial construct,
the effects of gender upon cardiovascular risk, and the means by which gender is
measured in clinical research, and potential biological mediators. Lastly this
chapter provides a background to gender-affirming healthcare and the potential
associations with cardiovascular disease. This provides background to the

methodological approaches undertaken in subsequent chapters.

Chapter 3 assesses the associations between masculinising (i.e. testosterone) and
feminising (i.e. oestrogen) GAHT and blood pressure in transgender individuals

through a systematic review of the literature.

Chapter 4 adapts and utilises the GENESIS-PRAXY questionnaire in a UK population.
Principal component analysis is then used to generate gender scores within this

population, which are then compared to a simple masculinity-femininity score.

Chapter 5 provides a bioinformatic analysis of differentially expressed miRNAs in
human plasma in ACS stratified according to sex and gender. Regulatory network
analysis was then used to predict sex and gender-dependent miRNA-gene

interactions in this condition.
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Chapter 6 demonstrates the feasibility of the VESSEL study along with a descriptive

analysis vascular function of transgender people using long-term GAHT.

Chapter 7 discusses the overall findings of the thesis and compares these findings
to the existing literature. The general strengths and limitations of this thesis are

discussed in addition to directions for future research.



Chapter 2

Literature Review

11
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2.1 Chapter overview

The aim of this chapter is to provide context for the means by which sex and
gender may influence cardiovascular health of cisgender and transgender
populations. This chapter outlines the processes involved in sex determination,
differentiation and maturation, and variations that may occur in these processes.
These factors are explored in order to demonstrate the complexity of these
physiological functions, the potential for variation in aspects of sex biology, and
how perturbations in factors relating to determining and maintaining sex-related
traits may alter cardiovascular health. This chapter then describes the evidence
for altered cardiovascular risk factors between males and females, and the
mechanisms by which this altered risk occurs, and in particular the role of sex
steroids and chromosomes. Additionally, this chapter describes the complex
psychosocial construct of gender and its components, the effects of gender upon
cardiovascular risk, the means by which gender is measured in clinical research,
and potential biological mediators by which gender may act and alter
cardiovascular outcomes. These sex and gender factors influence cardiovascular
disease greatly, and are of huge relevance to both the study of individuals who
are transgender and more broadly in cisgender populations also. This chapter then
shifts its focus to transgender gender-affirming healthcare and its potential
associations with cardiovascular disease. Taken together, this chapter aims to
provide an overview of sex and gender, and how variations in these traits may
facilitate the development of cardiovascular disease to provide a foundation of
understanding that underpin the methodological approaches undertaken in

subsequent chapters.
2.2 Sex differences in cardiovascular disease

2.2.1 Sex determination, differentiation & maturation

There are distinct epidemiological, pathophysiological and therapeutic

differences between males and females with respect to health and disease. These
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biological differences are attributed to chromosomal complement, functional
gene expression, and sex hormone secretion and action. Sex refers to the
biological characteristics of an individual and is determined by these factors
(O’Neil et al., 2018). Sex differentiation incorporates these physiological
processes that result in divergence in characteristics between sexes.
Understanding sex, and the factors that differ between males and females, may
fundamentally improve our appreciation of sex-related differences in health and
disease. This section will describe the process by which sex differentiation occurs,
matures and is maintained, before describing how variation of these processes
may facilitate the development of cardiovascular disease. This section is of
particular relevance to Chapter 3 and Chapter 6, where the influence of exogenous
sex hormones upon transgender vascular health is explored, and Chapter 5 in
which an analysis of sex-dependent differentially expressed microRNA (miRNA) in

acute coronary syndrome (ACS) is undertaken.

2.2.1.1 Sex determination & differentiation

Sex chromosomes are the predominant factor in determining sex. Sex
determination commences at conception when the sperm, carrying an X or Y
chromosome, fuses with the X chromosome containing ovum. Multiple genes are
involved in gonadal determination and in turn sex differentiation. However, the
predominant initiator in testicular development, and consequently sex
differentiation, is the Sex-Determining Region Y (SRY) gene located on the Y
chromosome (Nagahama et al., 2021). This encodes the SRY protein, also known
as testes-determining factor. This binds DNA via its high-mobility group (HMG) box,
thereby acting as a transcription factor that regulates a series of genes important
to sex-determination. In particular, upregulation of SOX9, a member of the SRY-
related HMG—box genes, is believed to be pivotal to testis cord formation (Li et
al., 2014b).

This promotes the undifferentiated, and bipotential, gonadal tissue to virilize,
secrete testosterone and anti-Mullerian hormone, thereby promoting the

respective development and regression of Wolffian and Mullerian ducts, and



14

instigating the development of the male phenotype (Lucas-Herald & Mitchell,
2022). Conversely, in females the absence of SRY, X-linked or autosomal genes,
promote ovarian development and the pre-pubertal female phenotype (Arnold,
2017).

The importance of the SRY gene in sex determination can be exemplified by
phenotypic males with de la Chapelle syndrome (i.e. testicular disorder of sex
development) and a 46(XX) karyotype, which occurs in 1 in 20,000 male new-borns
(de la Chapelle, 1981; Vorona et al., 2007). This condition results in a male
phenotype, despite ‘female’ chromosomal complement, and arises as a
consequence of the translocation of the SRY gene to the X chromosome during
paternal meiosis (Lambert et al., 2021). SRY resides in close proximity to
pseudoautosomal region 1 (PAR1), which undergoes recombination with the
homologous X chromosome PAR1 region during meiosis (Helena Mangs & Morris,
2007). PAR1 genes are inherited in an autosomal rather than sex-linked fashion,
therefore unequal PAR1 recombination including the SRY region, permits the

translocation of SRY to the X chromosome.

Males with this 46(XX) karyotype develop with typical male genitalia, however,
can develop ambiguous genitalia or be born with both testicular or ovarian tissues
(de la Chapelle, 1987). Although the SRY gene in these individuals promotes the
gonadal primordia to form testis, they lack the azoospermia factor region (AZF) in
the long arm of the Y chromosome, which is essential for spermatogenesis, and

are therefore infertile (Dominguez & Reijo Pera, 2013).

Interestingly, this 46(XX) male syndrome can also occur in individuals lacking the
SRY gene. Such circumstances may arise from the overexpression of genes
responsible for testicular differentiation (SOX family genes) or the repression of
pro-ovarian/anti-testis genes (e.g. WNT4, RSPOT1), thereby highlighting the
potential influences of downstream modifiers of the SRY gene (Grinspon & Rey,
2016). As a result, the presence or absence of several genetic components, but
predominantly the SRY gene, promotes gonadal differentiation and fetal exposure

to sex hormones (e.g. androgens or oestrogens), which consequently determines
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phenotypic sex. Other factors that promote genetic differences between male and
female cells include functional differences between Y and X homologous genes
(e.g. ZFX vs ZFY), and random X chromosome inactivation and escape in female
cells, which can result in higher gene expression in females than males (Mauvais-
Jarvis et al., 2020). Similarly, loss of function of SRY via deletion or mutation, or
dysregulation related sex-determining effectors may mediate the development of
Swyer syndrome. This condition comprises of a 46 XY karyotype with
unambiguously female genitalia, the presence of mullerian structures but the

absence of functioning gonads (King & Conway, 2014).

Therefore, in the context of sex chromosome aneuploidies, where individuals are
born with abnormal numbers of sex chromosomes, the sex of these individuals is
determined by the Y chromosome, and the presence of SRY and its downstream
effectors (Mcelreavey & Fellous, 1999). Therefore, individuals with 47 (XXY;
Klinefelter syndrome & XYY; XYY syndrome) are male, whereas individuals with 45
(XO; Turner syndrome) or 47 (XXX; Trisomy X) karyotypes are females. The
tolerance of excess sex chromosome complement can be attributed to the process
of X chromosomal inactivation and the relatively limited number of functional

genes encoded in the Y chromosome.

2.2.1.2 Sex & gonadal maturation

The second phase responsible for promoting sex differentiation, which occurs in
genetically and hormonally primed individuals, arises with the advent of puberty.
Puberty is characterised by the development of secondary sex characteristics,
gonadal maturation and reproductive capability (Abreu & Kaiser, 2016). The
hypothalamic-pituitary-gonadal (HPG) axis regulates this process and ongoing
adult sex hormone secretion in adulthood. This axis is typically supressed during
childhood but reactivates at the advent of puberty with the sustained increase in
gonadotropin-releasing hormone (GnRH) secretion from hypothalamic neurones.
GnRH in turn acts upon the anterior pituitary gonadotrope GnRH receptors to
promote the secretion of gonadotropins, luteinising hormone (LH) and follicular

stimulating hormone (FSH). These gonadotropins sequentially promote gonadal
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maturation and sex-steroid secretion and provide negative feedback along this

axis (Tena-Sempere, 2012).

Following puberty, cells that express androgen and oestrogen receptors (ERs) may
demonstrate sex-specific traits, including secondary sex characteristics. However
there are a number of conditions where this relationship is more complex.
Androgen insensitivity syndrome, when present in its complete form, is a disorder
of androgen resistance characterised by a female phenotype in individuals with a
XY karyotype (Hughes et al., 2012). This occurs as a result of missense mutations
distributed throughout the eight exons of the androgen receptor (AR) gene, which
are typically localised in regions that encode deoxyribonucleic acid (DNA)-binding
and ligand-binding domains. Testosterone concentrations are maintained within
or above the male reference ranges, while excess testosterone is peripherally
aromatised to oestrogen, which in combination with testicular produced oestrogen
has concentrations lower than expected in females but higher than typically

evident in males.

Similarly, natal males (46, XY) with mutations in 5a-reductase type 2 (SRD5A2),
which is responsible for the conversion of testosterone to dihydrotestosterone
(DHT), experience fetal androgen deficiency (Cheon, 2011). DHT is a potent
androgen and plays a vital role in fetal male sex development. Consequently,
these individuals will develop external genitalia, which may appear ambiguous or
female. Internal genitalia include seminal vesicles, epididymis, vas deferens, and

ejaculatory duct and the testes may be present in the inguinal sac or abdomen.

These children are typically raised as girls, however, following puberty they
virilise and develop male secondary sex characteristics as a consequence of
testosterone, rather than DHT, being the essential androgen in this process. In
geographical regions with a high prevalence of this condition the transition from
a female to male phenotype has been accepted culturally (Loughlin, 2021). In the
Dominican Republic, this process is termed ‘Guevedoce’, whereas in Papua New
Guinea it is known as ‘kwolu-aatmwol’. Interestingly, this process results in many

individuals adopting a masculine gender identity despite being raised as girls.
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Variation in these sex-related factors may alter the cardiovascular risk of
individuals. UK cohort studies have demonstrated that individuals with sex
chromosomal aneuploidies, such as Klinefelter and Turner syndrome, experience
higher cardiovascular mortality than the general population (Swerdlow et al.,
2005; Schoemaker et al., 2008). Moreover, Klinefelter syndrome is associated with
substantive increases in the risk of venous thromboembolism in addition to
increased cardiovascular risk (Bojesen et al., 2006; Zoller et al., 2016). The exact
mechanisms underpinning this increased risk is unclear but may represent a
complex interplay between increased X chromosome gene dosages (e.g. excess X-
linked coagulation factor VIII levels), the presence of hypergonadotropic
hypogonadism or testosterone use, but also the neurocognitive morbidity
associated with this condition, which may impede healthcare engagement and

access and promote adverse health behaviours (Gravholt et al., 2018).

The synthesis and function of sex hormones promote secondary sex
characteristics, but also distinct differences and responses in a number of organ
systems, such as the vasculature (Connelly et al., 2020). This has also been
demonstrated in the autosomal recessive disease, congenital adrenal hyperplasia
(CAH), which may result from mutations in CYP21A2, which encodes the 21-
hydroxylase enzyme (Merke & Auchus, 2020). Females with this condition are
virilised with ambiguous genitalia due to excess cortisol precursors being diverted
through androgen biosynthetic pathways in response to cortisol deficiency
mediated adrenocorticotropic hormone (ACTH) release. Results from a recent
meta-analysis of 20 studies demonstrate that individuals with this condition have
elevated blood pressure, carotid intima thickness and insulin resistance and
therefore demonstrate elevated cardiometabolic risk compared to the general
population, albeit in a complex and heterogenous phenotype where glucocorticoid
exposure may contribute to such findings (Tamhane et al., 2018). Similarly,
women with polycystic ovarian disorder, a condition defined as the presence of
androgen excess and oligo-anovulation, demonstrate an increased risk of
myocardial infarction (Ml), ischaemic heart disease and stroke (Zhang et al.,
2020a).
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Therefore, although sex is typically represented as a binary trait, it is in fact a
much more complex interplay between sex-related chromosomes, genes and
hormones, which through numerous variations promote the development of
secondary sex characteristics that exist along a continuum. Disruption in these
factors may modulate the development of cardiovascular disease, which may be
of particular relevance to transgender individuals where there may be interplay
between natal sex chromosomes and GAHT. This relationship is explored further

in Chapter 3 and Chapter 6.

2.2.2 Sex & cardiovascular disease

The role of sex in influencing the epidemiology, pathophysiology, clinical
presentation and outcomes in cardiovascular disease is being increasingly
recognised (Roth et al., 2017; Colafella & Denton, 2018). Cardiovascular disease
comprises many distinct conditions, and to review all sex-related factors would
be beyond the scope of this thesis. Consequently, the influence of sex will be
discussed in relation to hypertension, ischaemic heart disease and heart failure as
exemplars of this relationship. In particular hypertension will form the focus of
this section as it remains the most researched model of the impact of sex on

cardiovascular outcomes.

2.2.2.1 Hypertension

Hypertension is one of the most important modifiable risk factors for
cardiovascular disease and mortality worldwide (Yusuf et al., 2020). Blood
pressure is a sex-dependent trait as demonstrated in a meta-analysis of 3,476
people without hypertension, systolic and diastolic blood pressure was 6 mmHg
and 4 mmHg higher in males than females, respectively (Staessen et al., 1991). In
the 2021 update of the US Heart Disease and Stroke Statistics, the age-adjusted
prevalence of hypertension between 2015 to 2018 in those over the age of 20 years

was 51.7% in males and 42.8% in females (Virani et al., 2021).
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The differences in blood pressure and the development of hypertension between
males and females is influenced significantly by age. In childhood the blood
pressures of males and females are comparable. However, following puberty and
the increased secretion of sex steroids, blood pressure rises and exhibits sex-
specific differences, with males exhibiting higher blood pressure than their female

counterparts (Jackson et al., 2007).
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Figure 2-1. Hypertension prevalence, sex hormone levels and ageing.

Hypertension prevalence for males (dark grey) and females (light grey) are depicted alongside
relative male testosterone (solid line) and female oestrogen levels (dotted line). Figure published
under a Creative Commons License, no permission necessary for use (Connelly et al., 2021).
Data from the US between 2013 and 2016 obtained from the National Health and
Nutrition Examination Survey (NHANES), demonstrated that the hypertension
prevalence in females and males per age grouping was 13% versus 25.7% (20-34
years), 31.6% versus 42.5% (35-44 years), 49.7% versus 56.3% (45-54 years), and
63.9% versus 66.4% (55-64 years) (Virani et al., 2020). At ages beyond 64 years,
females demonstrate a higher prevalence of hypertension than males. This rise

coincides with the fall in endogenous oestradiol levels occurring following the
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menopause, thereby suggesting a significant role of sex steroids in this relationship
(Figure 2-1)(Connelly et al., 2021). Importantly, body mass index, smoking and
socioeconomic status may also facilitate increases in hypertension within
postmenopausal women, and this association may represent a complex interplay

between sex steroids and behavioural risk factors (Tikhonoff et al., 2019).

The steep upwards trajectory evident in blood pressure has also been
demonstrated in a longitudinal analysis of 32,833 individuals examined over 40
years (Ji et al., 2020). In this cohort, females demonstrated a sharper increase in
blood pressure from the third decade of life. Consequently, fundamental
differences in the development of blood pressure dynamics may exist between
males and females. These factors, which may be either sex (e.g. sex hormones,
chromosomal complement, pregnancy or epigenetic changes) or gender (e.g.
psychosocial traits such as relative economic deprivation) mediated ultimately
ameliorate the cardioprotective blood pressure advantages evident in females in
their youth and promote the sex-convergence of hypertension prevalence later

with age (Connelly et al., 2021).

The impact of hypertension on the development of adverse cardiovascular
outcomes is also inequitable between sexes. In the INTERHEART cohort, which
studies the effect of potentially modifiable risk factors associated with Ml in 52
countries, blood pressure was a more potent risk factor for Ml in females than
males (Yusuf et al., 2004). Recently, in a prospective study from Tromsg, Norway,
including 33,859 individuals, although the risk of Ml was greater in males, this risk
was influenced more significantly by blood pressure in females (Albrektsen et al.,
2017). Similarly, in a UK Biobank study of 471,998 people, the relative risk of M
in those with elevated blood pressure was over 80% higher in females compared
to males, although males had an overall higher risk (Millett et al., 2018). The
stronger association of hypertension and adverse cardiovascular outcomes in
females is not limited to MI. In the prospective Reasons for Geographic and Racial
Differences in Stroke (REGARDS) study, the association of hypertension and
ischaemic stroke was twice that in females compared to males, even following

adjustment for risk factors associated with this disease (Madsen et al., 2019).
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Despite hypertension occurring more commonly in males, females develop this
condition at an accelerated rate and are exposed to sex-specific risk factors such
as hypertensive disorders of pregnancy and the menopause (Ostchega et al., 2020;
Jietal., 2021; Virani et al., 2021). In a pooled analysis of 27,542 individuals from
established cohorts (i.e. Framingham Heart Study, Multi-Ethnic Study of
Atherosclerosis, Atherosclerosis Risk in Communities Study, and Coronary Artery
Risk Development in Young Adults Study) hypertension-related organ damage (e.g.
the relative risk of MI, heart failure and stroke) increased at lower blood pressure

thresholds in females compared to males (Figure 2-2) (Ji et al., 2021).
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Figure 2-2. Sex differences in hypertension.

This figure demonstrates the overall hypertension prevalence (top left), complication thresholds per
blood pressure category (top right), blood pressure trajectories across the lifespan (bottom left) and
hypertension sex-specific risk factors in females (bottom right). HR: hazard ratio; CVD:
cardiovascular disease. Figure published under a Creative Commons License, no permission
necessary for use (Connelly et al., 2022).
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2.2.2.2 Ischaemic heart disease

Sex-specific differences are also evident in ischaemic heart disease. Overall, this
condition is more prevalent and occurs earlier in life in males compared to females
(George et al., 2015). Young to middle aged women typically are afforded

protection against atherosclerosis and the development of this condition.

In a UK Biobank study of 471,998 individuals with no history of cardiovascular
disease, women who smoked or had evidence of hypertension had a significantly
higher relative risk of developing a Ml compared to men (Millett et al., 2018).
Importantly, these sex-specific associations reduced with age, suggesting that as
the population ages and the prevalence of these risk factors increase, the
incidence of Ml in women may become equal to men. It should be noted that the
incidence of MI-related hospitalisation has increased in young women despite

decreasing in men (Arora et al., 2019).

Ischaemic heart disease phenotypes also appear to be sex-specific. In younger
females, MI appears to be driven by plaque erosion rather than rupture, which is
more common in males and older females (Wang et al., 2016b). Whereas overall,
females demonstrate more coronary microvascular dysfunction and impaired
coronary flow reserve compared to males (Taqueti et al., 2017). Consequently,
females presenting with ACS demonstrate less obstructive disease on angiography,
however, they experience higher mortality in the following year compared to
males (Shaw, et al., 2008; Kunadian et al., 2017). Similarly, in the National
Hospital Discharge Survey 1979-2005, the in-hospital mortality relating to MI was
14.9% in females and 10.2% in males (Fang et al., 2010).

Sex differences are also evident in the management of this condition. In an
analysis of 13,193 patients who received coronary artery bypass grafting, females,
who comprised only ~20% of this cohort, had higher risk of major adverse cardiac
and cerebrovascular events in the five year follow up (Gaudino et al., 2022). A
large component of this increased risk was attributed to a higher rate of

perioperative MIl. This may be a consequence of smaller native coronary arteries
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and bypass conduits and increased tendency to vasospasm in females, resulting in

a technically more complex procedure.

Therefore, although the absolute risk of Ml is elevated in males compared to
females, the pathophysiology underlying established ischaemic heart disease, risks
associated with the development of ischaemic heart disease, and management
modalities and mortality demonstrate a number of sex-dependent differences.
Mechanisms responsible for these differences are likely to be diverse. The role of
sex-specific differentially expressed miRNA and related gene networks in ACS are
investigated as a potential mediators of these differences are investigated in
Chapter 5.

2.2.2.3 Heart failure

Interestingly, the lifetime risk for the development of heart failure appears
comparable between sexes. In the Framingham Heart Study this was estimated as
21% for males and 20% for females (Lloyd-Jones et al., 2002). However, heart
failure subtypes differ greatly between sexes. In a study of 28,820 participants
from four community-based cohorts and followed up for incident heart failure over
12 years, males experienced a twofold higher risk of heart failure with reduced
ejection fraction (HFrEF) compared to females (Ho et al., 2016). In the Swedish
Heart Failure Registry, females accounted for 55% of all patients with heart failure
with preserved ejection fraction (HFpEF) and only 29% of HFrEF patients (Stolfo
et al., 2019). Obesity is a major risk factor in the development of HFpEF and this
relationship appears to be particularly pronounced in females (Di Cesare et al.,
2016; Savji et al., 2018).

Nevertheless, the higher proportion of females with HFpEF may be due to the age
distribution of the population at risk as females continue to exhibit a higher life
expectancy (Groenewegen et al., 2020). In a pooled analysis from the
Cardiovascular Health Study and the Multi-Ethnic Atherosclerosis Study, at the

index age of 45 years the lifetime of HFpEF was similar in males and females,
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however, the risk of HFrEF was twice as high in males (10.6% versus 5.8%) (Pandey
etal., 2018).

Taken together, there are significant differences between males and females in
relation to the prevalence of these cardiovascular conditions, the mechanisms by
which they occur, the thresholds by which the develop, and disease subtypes and
phenotypes. These sex differences are not uniform and must be considered in the
context of a particular cardiovascular condition. Only through investigation of
these disparities through a range of methodological approaches can we expand
our understanding of the role of sex in the development of cardiovascular disease

and improve sex-based clinical pathways.
2.2.3 Sex-related mechanisms in vascular pathophysiology

In combination with sex-chromosome derived gene expression, sex hormone
secretion and function shape the basis for distinct biological systems, which with
respect to disease are divergent in their epidemiology, pathophysiology and
management (Mauvais-Jarvis et al., 2020). Therefore sex-related mechanisms of
cardiovascular disease can generally be influenced by three main factors: sex
hormones, sex chromosomes, and differentially expressed sex-regulated genes.
This is important to both the understanding of sex and gender differences in
cisgender populations, but also in transgender populations whereby there may be
interactions between natal sex chromosomes and exogenous sex steroids. In this
section, the mechanisms and evidence by which sex chromosomes hormones
mediate cardiovascular risk in cisgender populations will be reviewed. Describing
the role of each of these factors in the pathophysiology of every disease of the
cardiovascular system is beyond the scope of this thesis, and consequently some
exemplars have been identified of particular interest. This section introduces
concepts important to Chapter 5, where an analysis of sex-dependent
differentially expressed microRNA (miRNA) in acute coronary syndrome (ACS) is
undertaken, and Chapter 3 and Chapter 6, where the influence of GAHT upon

transgender vascular health is investigated.
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2.2.3.1 Sex chromosomes: Y chromosome

It has been demonstrated that a degree of the increased risk of cardiovascular
disease in males is inherited via the sex-determining Y chromosome. Y
chromosome haplogroups represent sequences of this chromosome that are closely
related and share a common ancestor (Kivisild, 2017). In an analysis of Y
chromosome lineage, males with Y chromosome haplotype |, which represents one
of the most common Y chromosome haplotypes, demonstrated a higher age-
adjusted risk of ischaemic heart disease in the British Heart Foundation Family
Heart Study (odds ratio (OR) 1.75. 95% Cl 1.2, 2.5) and West of Scotland Coronary
Prevention Study (OR 1.45, 95% Cl 1.2,1-9) than males with other haplogroups
(Charchar et al., 2012). This increased risk was independent of traditional and
socioeconomic cardiovascular risk factors. However, macrophage transcriptome
analysis demonstrated this haplogroup to be associated with the downregulation
and adaptive immunity and upregulation of macrophagic inflammatory response
pathways. This suggests modulation of the immune response, and in particular
vascular inflammation, may in turn promote the development of ischaemic heart
disease in recipients of this Y chromosomal lineage. More recently, in an analysis
of 129,133 male UK Biobank participants, the Y chromosome haplogroup 11 was
found to be associated with ischaemic heart disease, where carriers demonstrated
an 11% increases in the risk of ischaemic heart disease compared to all other
haplogroups (Eales et al., 2019). Likewise, this haplogroup was associated with
alterations in atherogenic pathways including immunity, oxidative stress,

coagulation and extracellular matrix remodelling.

Similarly, in a study of 1,288 men, the Hindlll(-) polymorphism within the non-
recombining region of the Y chromosome demonstrated elevated total and low-
density lipoprotein (LDL) cholesterol levels compared to subjects with the
Hindlll(+) genotype (Charchar et al., 2004). These effects appear to be
independent of testosterone hormonal concentrations and suggest that the Y
chromosome loci may influence LDL levels, and potentially modulate the

development of ischaemic heart disease.
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The Y chromosome has also been found to modulate blood pressure in humans and
animal models of hypertension. In particular, the origin of the Y chromosome (i.e.
where it has been inherited from a hypertensive or normotensive male parent)
modulates levels of circulating angiotensin IlI, angiotensin (1-7), renal renin-
aldosterone angiotensin system (RAAS) receptor expression, and renal
responsiveness to RAAS stimulation in stroke-prone spontaneously hypertensive

rats (Sampson et al., 2014).

Loss of the Y chromosome in leukocytes affects ~15% of the male population of
older age and has been independently associated with secondary major
cardiovascular events in an atherosclerotic population (Haitjema et al., 2017).
This suggests that the Y chromosome is likely essential in maintaining
cardiovascular health in males. However, it has not yet been demonstrated
whether the loss of the Y chromosome in these cells promotes disease progression

or is a marker for genomic instability in a pro-atherogenic phenotype (Lau, 2020).

During pregnancy, cells may be exchanged between mother and fetus, and these
cells may persevere in the mother as microchimerism (Khosrotehrani et al., 2004).
Many of these females carry male cells which are believed to have originated from
the male fetus (i.e. male-origin microchimerism). In a population of 766 Danish
female participants in the Diet, Cancer and Health cohort between 1993-1997,
71.2% were found to demonstrate male-origin microchimerism. This was identified
via sequencing the Y chromosome, and in particular the DYS14 DNA, in their blood.
In this analysis, male-origin microchimerism was associated with a reduced rate
of ischaemic heart disease (hazard ratio (HR) 0.44; 95% CI 0.23, 0.83). However,
there was no improvement in cardiovascular mortality (Hallum et al., 2021).
Importantly, this was also associated with lower rates of all-cause and cancer-
specific mortality. The mechanism responsible for the relationship is not clear.
However, it does suggest a potential interaction between the female phenotype

and introduction of male cells and requires further investigation.

Consequently, Y chromosomal gene expression may facilitate altered

cardiovascular risk via these inherited or transmitted mechanisms, and directly
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contribute to sex differences in the susceptibility to disease. However, more
research is required to fully ascertain the overall contribution of this chromosome
in the development of cardiovascular disease. This may be of particular relevance
to transgender women, where the interaction between the inherited Y
chromosome, the introduction of feminising sex hormones, and cardiovascular risk
merits further investigation. The influence of GAHT on blood pressure and vascular
function in this population is investigated in Chapter 3 and Chapter 6 of this thesis,

respectively.

2.2.3.2 Sex chromosomes: X chromosome

Sex differences in gene expression influencing cardiovascular risk may occur as a
consequence of the escape of X chromosomal genes from X inactivation. Typically,
the imbalance of gene dosages that occurs in the 46 XX karyotype, compared to
46 XY, is addressed through the random inactivation of a single X chromosome
within a given cell achieved via chromosome-wide transcriptional silencing
(Regitz-Zagrosek & Kararigas, 2017). However, disruption of this mechanism and
the escape of X inactivation permits unbalanced gene expression. It is anticipated
to occur in ~15% of X-linked genes and is believed to contribute to sex differences
between males and females (Berletch et al., 2011). Recently, X-linked genes that
escape this process have been implicated in regulating sex-specific myofibroblast
activation pathways and aortic value stenosis progression, which may contribute
to the increased fibrosis observed in females with this condition (Aguado et al.,
2022).

However, the wider role of the X chromosome in sex differences in vascular
pathophysiology is not well studied. This is in part due to the relative complexity
of this allosome compared to the gene poor Y chromosome (Clarke & Assimes,
2018). Evolutionary degeneration of the Y chromosome has resulted in it
containing few genes, whereas comparatively the X chromosome contains as much
as 5% of the total human genome. Comparatively, the Y chromosome expresses

~70 protein-encoding genes, whereas ~800 are expressed by the X chromosome.
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Consequently, the X allosome and its incumbent genes have significant potential

to modulate sex differences in cardiovascular disease.

Due to the complexity of X-linked genes expression, this X chromosome has been
broadly excluded from genome-wide association studies, and the contribution of
this sex chromosome towards the development of cardiovascular disease is poorly
understood. In a recent comprehensive X chromosome wide meta-analysis
including ~43,000 cases of coronary arterial disease and ~58,000 controls from 35
international study cohorts, no associations between X chromosomal variants were
discovered (Loley et al., 2016). However, this neutral result may indicate that the
genetics of the X chromosome is more complex than anticipated (e.g. incomplete
understanding of X chromosome inactivation patterns or X chromosomal gene

coverage).

In murine models, autosomal translocation of the SRY gene permits the
investigation of sex chromosomal influence in cardiovascular disease in XX and XY
mice that may have either male or female gonads. This four core genotype murine
model (i.e. XY males, XY females, XX males, XX females) permits the assessment
of the relative effects of sex hormones versus chromosomes within a phenotype.
Using these methods, XX mice have demonstrated higher vulnerability to
myocardial ischaemic reperfusion injury compared to XY mice, which was
determined a consequence of X chromosomal dosage rather Y chromosome
absence (Li et al., 2014a). Similarly, dyslipidaemia and the development of
atherosclerosis was greater in XX than XY mice and these effects were largely
independent of sex hormones (AlSiraj et al., 2019). These findings are of particular
relevance in postmenopausal females and transgender men (Chapter 6), where
the XX genotype may contribute to the accelerated development of
atherosclerotic disease in the absence of the cardioprotective effects of

oestrogen.
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Testosterone is secreted from Leydig cells in the testis. This is governed by the
whereby GnRH
hypothalamus thereby stimulating the anterior pituitary to produce LH. This

hypothalamus-pituitary-testes axis,

is secreted from the

gonadotroph then binds to its G-protein coupled receptor on gonadal Leydig cells

(Isidori et al., 2008). This promotes the transport of cholesterol into mitochondria

by the carrier protein StAR (steroidogenic acute carrier regulatory protein) where

it is synthesised into testosterone via a series of cytochrome p450 (CYP) enzymes

(Figure 2-3).
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Once released, the majority of testosterone is bound with high affinity to sex
hormone-binding globulin (SHBG) and to a lesser extent albumin, corticosteroid-
binding globulin (Goldman et al., 2017). Unbound free testosterone accounts for
1-4% of total testosterone. Binding to these proteins is important to the bioactivity
of testosterone, where SHBG modulates the bioactivity of sex steroids by limiting
their diffusion into target tissues. Consequently, bioavailable testosterone refers
to the fraction of circulating testosterone that is not bound to SHBG and reflects

the sum of free and albumin bound testosterone.

Testosterone is peripherally aromatised to estradiol and converted to DHT via 5a-
reductase. Both testosterone and DHT activate the AR, where the latter has a
relative affinity approximately four times that of the former (Swerdloff et al.,
2017). However, as DHT synthesis relies on the action of 5a-reductase, the action
of this androgen is typically most physiologically relevant in tissues where this
enzyme is highly expressed, such as the fetal genitalia and the adult prostate,

skin, and liver.

Importantly, the AR is expressed throughout the cardiovascular system on vascular
endothelial and smooth muscle cells (Lucas-Herald et al., 2017). This receptor is
comprised of a 110 kDa protein receptor that contains three major functional
regions: the N-terminal transcriptional regulation domain, the DNA binding domain
and the ligand binding domain (Heinlein & Chang, 2002). Two AR variants, AR-A
and AR-B, have been identified, however, the functional role of these receptor

subtypes is unclear.

After binding to the cytosolic AR, a conformational change takes place, whereby
co-localised chaperone proteins (e.g. heat shock proteins and cytoskeletal
elements) are dissociated and the AR dimerises and undergoes nuclear
translocation (Boese et al., 2017). Once this occurs, the AR interacts with the
androgen response elements (ARE) to regulate a multitude of genomic responses
(Chistiakov et al., 2018). Conversely, testosterone may modulate non-genomic
effects via membrane bound ARs. These act via multiple intracellular pathways
involving PKA, PKC, and MAPK (Lopes et al., 2012).
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Through these mechanisms, testosterone can mediate vasodilatation via
endothelium dependent mechanisms through the release of vasodilating factors
into the vascular smooth muscle cells, such as increasing nitric oxide
bioavailability via AR facilitated endothelial nitric oxide synthase (eNQOS)
activation (Figure 2-4) (Moreau et al., 2020). Endothelium independent
mechanisms of vasodilation may also occur, which is in part mediated by inhibition
of voltage-operated calcium channels and the activation of potassium channels on

vascular smooth muscle cells (Tambo et al., 2016).
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Figure 2-4. Vascular effects of sex hormones.

This figure demonstrates the vascular expression of sex steroid receptors and the effects by which
these hormones modulate vascular function in health and disease. Figure published under a
Creative Commons License, no permission necessary for use (Connelly et al., 2019).
Testosterone may also facilitate ischaemic cardioprotection via the upregulation
of the cardiac a1-adrenoceptor, which has been demonstrated in isolated perfused
hearts and ventricular myocytes from orchiectomised rats (Tsang et al., 2008).
Recently, testosterone has been shown to improve vascular remodelling through

the growth arrest-specific protein 6/Axl pathway, which plays a role in cell
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survival, migration and inflammation (Chen et al., 2020). In a randomised control
trial, testosterone supplementation was found to reduce inflammatory mediators
in hypogonadal men, such as TNFa, IL-18 and increase IL-10 (Malkin et al., 2004).

This evidence supports the immunomodulatory role of this sex hormone.

The vasoconstrictive actions of testosterone have also been observed (Ceballos et
al., 1999). In young male spontaneously hypertensive rats, testosterone
supplementation increases blood pressure, which is mediated by the RAAS
(Dalmasso et al., 2017). The pressor response promoted by testosterone may be
modulated via angiotensin Il (Ang-Il) and altered Ang-ll receptor (AT1R/AT2R)
ratios (Mishra et al., 2019). By influencing vascular Ang-Il receptor subtypes,
testosterone may modulate Ang-ll responses thereby increasing the risk of

hypertension in males.

In rat models it has also been demonstrated that testosterone promotes leucocyte
migration via nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
cyclooxygenase (COX)-dependent mechanisms. This promotes oxidative stress and
inflammation, which may in turn increase the risk of vascular injury and disease
(Chignalia et al., 2015). The AR may promote reactive oxygen species generation
via increasing the expression a number of pro-oxidants, such as NAD(P)H oxidases,
xanthine oxidases and COX-2, and the transcription of factors important to the c-
Src and PI3K/Akt pathways (Cruz-Topete et al., 2020). Additionally, testosterone
promotes AR-mediated mitochondrial-associated reactive oxygen species
generation and apoptosis in vascular smooth muscle cells (Lopes et al., 2014).
Consequently, testosterone may contribute to both vascular health and disease.
The influence of testosterone on blood pressure and vascular function of

transgender men is explored in Chapter 3 and Chapter 6, respectively.

2.2.3.4 Sex hormones: testosterone, males & cardiovascular risk

Levels of testosterone decline with age in healthy men (Harman et al., 2001; Yeap
et al., 2012). In elderly men low testosterone predicts increased risk of

cardiovascular disease and mortality (Araujo et al., 2011; Corona et al., 2011;
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Ruige et al., 2011). In an observational study of 1,031 men with low testosterone
receiving replacement therapy mortality was significantly reduced (HR 0.61; 95%
Cl 0.42,0.88) (Shores et al., 2012). Similarly, in a retrospective cohort study of
8,808 men with evidence of androgen deficiency dispensed testosterone was
associated with lower cardiovascular risk over a median follow-up of 3.4 years (HR
0.67, 95% Cl 0.62,0.73) (Cheetham et al., 2017).

To date, no prospective interventional studies investigating the impact of
testosterone replacement upon cardiovascular events or mortality as primary
endpoints have been reported. In a double-blind placebo randomised controlled
trial, the use of testogel for one year in 138 hypogonadal men was associated with
an increase in non-calcified coronary artery plaque volume compared with the
control group (Budoff et al., 2017). These results should be interpreted with
caution as the testosterone cohort demonstrated overall less plaque at study
completion, which may have resulted from disparate baseline plaque burdens

between study groups (Yeap et al., 2018).

A randomised controlled trial of testosterone in 209 men with mean age of 74
years, limited mobility and a high prevalence of comorbid disease (e.g.
hypertension, diabetes, hyperlipidaemia and obesity) demonstrated an increased
risk of cardiovascular adverse events resulting in the premature discontinuation
of the trial (Basaria et al., 2010). These results must again be carefully interpreted
as cardiovascular risk was not the primary outcome of this trial and the small

number of events that occurred did not undergo structured evaluation.

In the Testosterone's Effects on Atherosclerosis Progression in Aging Men (TEAM)
trial, which utilised a parallel-group randomised trial design, the effects of
testosterone therapy on atherosclerosis progression assessed by carotid intima
media thickness and CT coronary artery calcium scores was studied (Basaria et
al., 2015). Three hundred and eight hypogonadal males aged over 60 years were
treated with either 7.5 g of testosterone gel or placebo gel for a total of three

years. In this trial, testosterone was not associated with either of these outcomes.
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However, this short follow up period may not have been sufficient to ascertain

any clinically significant differences between these groups.

A meta-analysis of 27 placebo-controlled randomised trials demonstrated that
testosterone therapy increased cardiovascular-related events (OR 1.54, 95% ClI
1.09,2.18) in men (Xu et al., 2013). However, more recent meta-analyses have
not demonstrated testosterone to be associated with increased risk of
cardiovascular events (Onasanya et al., 2016; Alexander et al., 2017; Corona et
al., 2018). Given these conflicting results, it is unsurprising that no consensus
exists regarding the overall impact of testosterone therapy on vascular health in

men.

In response to this controversy, the Testosterone Efficacy and Safety (TestES)
consortium undertook an individual patient data meta-analysis of 17 trials
encompassing 3,431 participants (Hudson et al., 2022). The analysis demonstrated
no evidence that testosterone therapy increased short or medium term
cardiovascular risk in hypogonadal men, however, could not confirm the long-term
safety of this sex hormone. However, the testosterone replacement therapy for
assessment of long-term vascular events and efficacy response in hypogonadal
men (TRAVERSE) trial (NCT03518034) commenced in 2018 and aims to assess the
effect of testosterone on major adverse cardiovascular events (MACE). This trial
is powered to assess cardiovascular events, will enrol 6,000 males and aims
provide a definitive answer to whether longer-term testosterone therapy
modulates cardiovascular outcomes in this population (US National Library of
Medicine, 2019). The influence of testosterone upon the cardiovascular risk of
transgender men is discussed further in section 2.4 of this chapter. Additionally,
the effects of this sex hormone on blood pressure and vascular function of

transgender men is investigated in Chapter 3 and Chapter 6, respectively.

2.2.3.5 Sex hormones oestrogen & the vasculature

Oestrogens are the predominant feminising sex hormones in females and have

important roles in both reproductive and non-reproductive systems. Oestrogen
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consists of three main subtypes: 17B8-estradiol (E2; estradiol), estrone (E1) and
estriol (E3) (Figure 2-5). 17B-estradiol is the most abundant and physiological
significant of these hormones in premenopausal females (Cui et al., 2013). Estrone
predominates following the menopause and is synthesised in adipose tissue from
adrenal dehydroepiandrosterone (DHEA). Estriol is the least potent oestrogen is
synthesised in large quantities by the placenta through 16a-hydroxylase. Lastly,
estetrol (E4) is only produced during pregnancy as a consequence of the fetal liver
exclusively facilitating 15a- and 16a-hydroxylation of this sex steroid (Holinka et
al., 2008).

Estriol (E3) Estetrol (E4)

Figure 2-5. Structural biology of oestrogen subtypes.

In premenopausal women, oestrogens are synthesised from cholesterol primarily
in the ovaries. Theca cells produce androgens, which are then converted to
oestrogens via the aromatase enzyme in granulosa cells (Figure 2-3). In males,
gonadal oestrogen synthesis occurs Leydig cells, Sertoli cells and in spermatocytes
(Hess et al., 1997). Physiologically significant concentrations of oestrogens may
also be synthesised at extra-gonadal sites including the adrenal glands, brain and

adipose tissue (Barakat et al., 2016).

The functions of oestrogens are diverse. Their primary role is to facilitate the

development and maintenance of reproductive organs and secondary sex
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characteristics. The effect of oestrogens in males is less well understood,
however, it has been suggested that they play a role in reproduction health (Cooke
et al., 2017). Importantly, ERs are ubiquitously expressed and therefore offer a

diverse range of physiological functions.

In the vasculature, ERs are expressed within vascular smooth muscle and
endothelial cells (Khalil, 2013). Estradiol may bind to the cytosolic ERs, ERa or
ERB. These receptors then dimerise and undergo nuclear translocation where they
regulate oestrogen response elements (ERE). In addition, interaction with
activator protein-1 (AP1) and specificity protein-1 (Sp1), which are located on the
promoter of oestrogen responsive genes, facilitate transcriptional regulation
(lorga et al., 2017). In addition, estradiol may also bind to membrane bound ERs
(ERa, ERB and G protein coupled oestrogen receptor (GPER)). Their activation may
stimulate MAPK/ERK/PI3K/cAMP second messenger signalling that facilitate rapid

non-genomic responses.

Endothelial ERa has been shown to promote endothelium-dependent
vasodilatation through eNOS, endothelial proliferation and migration, and
promotes carotid artery re-endothelialisation (Chambliss et al., 2010; Kypreos et
al., 2014). In murine models, this receptor subtype mediates the cardioprotective
effects of oestrogen in response to vascular injury and atherosclerosis (Hodgin et
al., 2001; Pare et al., 2002).

The RAAS is an important component of cardiovascular health and its mediators,
such as plasma renin, fluctuate in response to oestrogen levels throughout the
menstrual cycle (Chidambaram et al., 2002). These actions are mediated via ERa
activation of juxtaglomerular nuclear ERE of renin expressing cells, which is a
necessary component of basal renin expression (Lu et al., 2016). Moreover, in
premenopausal women an ERa mediated increases in activity of angiotensin-
converting enzyme (ACE) 2 and angiotensin (1-7), a bioactive peptide that opposes
the vaso-injurious effects of Ang Il and promotes vasodilatation. Consequently this

leads to the development of a vasodilatory phenotype (Medina et al., 2020).
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ERB may also facilitate alteration in cardiovascular risk in females. Vascular
smooth muscle cell ion channel aberrations and hypertension have been observed
in mice deficient in ERB (Zhu et al., 2002). ERB activation has also been
demonstrated to reduce blood pressure in spontaneously hypertensive rats
(Jazbutyte et al., 2007). In oestrogen replete premenopausal females ERB gene
variant rs10144225 minor alleles are associated with the development of salt-
sensitivity of blood pressure, which is believed to be mediated by an increased
aldosterone/renin ratio (Manosroi et al., 2017). This again demonstrates the

reciprocity between sex hormones and RAAS mediators.

Lastly, loss of GPER action promotes endothelium-dependent vasoconstriction,
atherosclerosis and vascular inflammation (Barton & Prossnitz, 2015). Direct
activation of this receptor via the GPER G1 agonist promotes coronary vessel
relaxation in a concentration and sex-dependent manner in rats (Debortoli et al.,
2017). Consequently, selective targeting of this membrane bound receptor may
be considered in the future as a potential mediator of cardiovascular risk (Dinh et
al., 2021).

2.2.3.6 Sex hormones: oestrogen, females & cardiovascular risk

Premenopausal females are protected from cardiovascular disease in an
oestrogen-dependent manner relative to age-matched males. Low levels of
oestrogen in younger females and premature menopause are associated with an
increased risk of cardiovascular disease (Jacobsen et al., 1997; Morselli et al.,
2017a). Moreover, declining oestrogen availability following the menopause is
associated with dyslipidaemia, increases in blood pressure and an elevated risk of

cardiovascular disease (Anderson et al., 2013; Kilim, 2013).

Observational studies initially suggested a cardioprotective effect of exogenous
oestrogen therapy in postmenopausal females (Hale & Shufelt, 2015; Keck &
Taylor, 2018). However, despite this randomised trials such as the Heart and

Estrogen-Progestin Replacement Study (HERS) and Women's Health Initiative (WHI)
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study refuted the cardiovascular safety of this recommendation (Stampfer &
Colditz, 1991; Manson et al., 2003; Wassertheil-smoller et al., 2014).

Subsequent trials and secondary analyses have demonstrated that early
introduction of oestrogen therapy (<10 years from menopause onset) in younger
(<60 years) postmenopausal women is either neutral or beneficial with respect to
cardiovascular risk. Indeed, the lower absolute risk of adverse events among
women 50 through 59 years of age suggests that hormone therapy may be
beneficial (Pinkerton, 2020). Conversely, initiation in older women with longer
periods of oestrogen deprivation may in fact be harmful, particularly in those with
established cardiovascular disease. This phenomenon has been termed the ‘timing
hypothesis’ (Hale & Shufelt, 2015; Lobo, 2017; Marjoribanks et al., 2017; Keck &
Taylor, 2018). The influence of oestrogen upon the cardiovascular risk of
transgender women is discussed further in section 2.4 of this chapter. Moreover,
the relationship between this sex hormone, blood pressure and vascular function

of transgender women is investigated in Chapter 3 and Chapter 6, respectively.

2.2.3.7 Sex-specific risk factors

Sex differences, as a consequence of chromosomal or sex hormone mediated
mechanisms, result in a number of sex-specific factors that modulate
cardiovascular disease. For instance, anatomically females have smaller epicardial
coronary arteries and higher baseline myocardial blood flow. As a consequence,
endothelial shear stress is increased, which influences endothelial function and
the propensity to develop atherosclerosis (Patel et al., 2016). Even the
pathophysiology of atherosclerosis differs between sexes, which is evident in the
composition of plaque in those presenting with ACS. In patients presenting with
this acute ischaemic event, females demonstrated higher levels of comorbid
disease. However, plaques were less prone to rupture, they did not contain a
necrotic score and overall there was less extensive coronary calcium and coronary

artery disease (Lansky et al., 2012).
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One of the major differences between males and females that arises from these
sex-related mediators is the capacity to become pregnant, which may have
profound effects in the development of cardiovascular disease. Hypertensive
disorders in pregnancy may play a pivotal role in the upward trajectory in blood
pressure evident in females from third decade, and may facilitate the loss of
female cardioprotection later in life (Benschop et al., 2019; Ji et al., 2020).
Transient periods of elevated blood pressure during pregnancy may facilitate the
development of a sustained hypertensive phenotype. In the Nurses' Health Study
II, which included 58,671 females participants without a history of hypertension
or cardiovascular disease, hypertensive disorders of pregnancy doubled the rate
of self-reported chronic hypertension with a mean follow up of 25-32 years (Stuart
et al., 2018). Furthermore, in the Rochester Epidemiology Project medical record-
linkage system, based on 9,862 pregnancies between 1976 and 1982, the
development of hypertensive disorders of pregnancy and pre-eclampsia
substantially increased the prevalence of hypertension and doubled the risk of
stroke and ischaemic heart disease in a median follow-up of 36.2 years (Garovic
et al., 2020). Consequently, these studies suggest there is strong association
between the development of gestational hypertension and long-term

cardiovascular vulnerability, which is specific to the female sex.

2.2.4 Limitations of sex in cardiovascular risk prediction

The Framingham Heart Study provided seminal research in the definition of
cardiovascular risk factors, which have subsequently influenced clinical guidelines
and public health policy in relation to cardiovascular disease prevention for
decades (Tsao & Vasan, 2015). This research coined the term ‘coronary risk
factors’ as major determinants of cardiovascular risk. These would later be
described as ‘traditional risk factors’ and comprise hypertension, smoking,
diabetes and dyslipidaemia (Mahmood et al., 2014). As demonstrated throughout
this section, although males and females are exposed to these risk factors, the
prevalence and processes by which they occur, and the influence they have upon

the cardiovascular risk of an individual differs significantly between sexes.
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Sex is incorporated in approximately one third of cardiovascular prediction models
and risk assessment tools, such as the Framingham Heart Score, that only utilise
these traditional risk factors (Paulus et al., 2016). However, these may
underestimate cardiovascular risk in women. This may be of consequence of the
lack of psychosocial assessment and the estimation of short-term cardiovascular
risk in a population that typically experiences an extended lifespan compared to
males (Lakoski et al., 2007). Moreover, there has been insufficient representation
of women in cardiovascular research, and inadequate conduct of sex- and gender-
based analyses, which prevents gender equity in cardiovascular health and hinders

these predictive assessments (Scott et al., 2018; Jin et al., 2020).

Ultimately, sex unilaterally, as a biological concept, cannot help us understand
why women experience disparities in referrals and timeliness of coronary
revascularization, or enrolment and engagement in cardiac rehabilitation
following ischaemic events compared to men and consequently experience worse
outcomes (Colella et al., 2015; D’Onofrio et al., 2015; Roswell et al., 2017; Hyun
et al., 2021). Only through gender-based analyses and incorporation of ‘non-
traditional’ risk factors can we expand our understanding of how these facilitate
the development of cardiovascular disease and the differences evident in
cardiovascular event outcomes between men and women (Azizi et al., 2020;
Connelly et al., 2021a).

2.3 Gender & cardiovascular disease

This chapter section will provide context for the concept of gender and its
contributing dimensions, the means by which gender is measured in clinical
research and lastly, by what mechanisms gender-related factors may alter the
cardiovascular risk of an individual. This section also presents a background to the
gender stratification analysis undertaken in Chapter 4, and the investigation of
gender-specific differentially expressed miRNA and regulatory gene networks
within Chapter 5 of this thesis.
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2.3.1 What is gender?

Gender is a multi-factorial concept that is derived from psychosocial, behavioural
and cultural components that may modulate health (Clayton & Tannenbaum,
2016; Schiebinger & Stefanick, 2016). Gender incorporates humerous dimensions
including gender identity (i.e. personal sense of masculinity, femininity,
alternative or lack of gender), gender roles (i.e. societal and cultural expectations
of gender), gender relations (i.e. interpersonal dynamic between genders), and
institutionalized gender (i.e. political, educational, social distribution of power in
society) (Figure 2-6) (Connelly et al., 2021). These gender norms impact the
behaviour of individuals, how they perceive themselves and others, and how they

interact with one another and society (Tannenbaum et al., 2016).
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Figure 2-6. Gender component framework.
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The concept of gender identity was first published in 1968 by Dr Robert Stoller,
who hypothesised that sex and gender were not interchangeable but independent
and interacting concepts (Calvo et al., 1985). The American Psychology

Association defines this as ‘A person’s deeply-felt, inherent sense of being a boy,
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a man, or male; a girl, a women, or female; or an alternative gender (e.g.
genderqueer, gender nonconforming, gender neutral) (American Psychological
Association, 2015). Consequently, a person’s gender identity refers to their
intrinsic sense of self (e.g. ‘l am a man’, ‘I am a woman’, ‘I am an alternative
gender’, ‘I lack gender’). This may be congruent with a person’s assigned sex,
resulting in an individual being cisgender. Conversely, if conflict exists between a

person’s sex and gender, the individual is transgender.

Traditionally, gender has been considered dichotomous, where individuals would
classify themselves as either masculine or feminine. However, contemporary
definitions allow for a greater conceptual range, whereby individuals may identify
along a spectrum of gender identities, that may be fluid and dynamic.
Importantly, both masculine and feminine traits may co-exist and interact with

environmental and social factors.

The majority of individuals are assigned a ‘male’ or ‘female’ sex at birth and
subsequently a congruent gender identity and gender role forms as a ‘boy’ or
‘girl’, respectively (Joseph et al., 2017). These gender identities are consolidated
in adolescence and adulthood, where an individual adopts gender roles based on
stereotypical social and behavioural norms considered appropriate for that culture
and society. Gender identity is not the same as gender roles or even expression
although these may be correlated. An individual may identity as a cisgender
woman but may not comply with stereotypical gender roles considered typical for
that gender (Polderman et al., 2018).

It is unclear whether such psychosocial behaviours are influenced wholly
environmentally, or whether biological or genetic factors are contributory.
Recently, theories of gender identity have been developed, however, demonstrate
significant limitations as these cannot be studied in animal models (Roselli, 2018).
Although broadly considered psychosocial in nature, emerging evidence suggests
that a significant proportion of gender identity is inherited and polygenic in

aetiology.
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In a study of gender diagnosticity (i.e. the Bayesian probability that an individual
is predicted to be male or female on the basis of gender-related characteristics)
in 839 monozygotic and dizygotic same-sex twin pairs, a heritability of 53% was
demonstrated (Lippa & Hershberger, 1999). Heritability estimates for masculinity
and femininity were 36% and 38%, respectively. This hypothesis is supported by
data from older (n=2,647 pairs, mean age 41.2 years) and younger (n=1,503, mean
age 23.2) cohorts from the Australian Twin Registry, where heritability estimates
for masculinity and femininity were approximately one third with slightly higher
estimates in the older cohort (Loehlin & Martin, 2000).

In a multi-national and generational cohort, a significant proportion (~-40%) of
gender diagnosticity is heritable (Loehlin et al., 2005). As demonstrated in meta-
analysis of twin correlations and reported variance components for 17,804 traits
from 2,748 publications including 14,558,903 partly dependent twin pairs,
estimated heritability of behavioural and personality traits are approximately 49%
(Polderman et al., 2015). The heritability of gender identity is in keeping with
these estimates although clearly interaction with societal norms and gender

expectations is the primary component in establishing individual gender identity.

The gender of an individual can have profound effects on cardiovascular health.
In the Gender and Sex Determinants of Cardiovascular Disease: From Bench to
Beyond-Premature Acute Coronary Syndrome (GENESIS-PRAXY) study, the
cardiovascular morbidity and mortality of participants following ACS was
associated more strongly with gender than sex (Pelletier et al., 2015). In
particular, individuals with ischaemic heart disease who demonstrate feminine
personality traits, in addition to those with feminine gender roles, are at increased
risk of recurrent ischaemic heart disease (Pelletier et al., 2016). Importantly,
these associations were independent of sex, thereby demonstrating that gender

traits alone may modulate cardiovascular risk and outcomes.

Similar effects were apparent in the Variation In Recovery: Role of Gender on
Outcomes in Young Acute Myocardial Infarction Patients (VIRGO) study. In this

study, women with acute MI had lower socioeconomic status and higher levels of
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psychosocial stressors than men (Bucholz et al., 2017). They were also found to
have lower quality of life at the time of MIl. Consequently, these gender-mediated
factors may significantly increase the risk of cardiovascular disease in young

women.

2.3.1.2 Gender roles

Gender roles are societally imposed behavioural norms applied to men and women
(Mauvais-Jarvis et al., 2020). These regulate a multitude of routine health
behaviours and expectations that may affect cardiovascular disease susceptibility
and management. These factors include primary earner status, employment, type
of occupation, and carer and parental responsibilities (Tadiri et al., 2021).
Moreover, the means by which we interact with our environment and undertake
lifestyle choices can be modulated by this gender component. Gender roles may
also be influenced by culture, whereby expectations may differ between urban

and rural communities in addition to developed and developing societies.

In a pooled cross-sectional, individual-level data analysis comprising 47,045
participants, job strain was associated with a number of cardiovascular risk factors
(e.g. diabetes, smoking, physical inactivity, obesity) (Nyberg et al., 2013). Shift
work and longer-working hours may potentiate this risk (Kang et al., 2012;
Torquati et al., 2018). In a multi-cohort study of 102,633 individuals with a mean
follow up of 13.9 years a higher mortality was observed in men with
cardiometabolic risk factors compared to healthy men or all women. Importantly,
the effect of job strain on mortality was independent of the presence or
management of traditional risk factors (Kivimaki et al., 2018). Similarly, in the
Copenhagen City Heart Study and the INTERHEART study, job insecurity and
permanent work stress were respectively associated with at least a two-fold
higher odds of Ml in men only (Rosengren et al., 2004; Netterstrem et al., 2010).
Conversely, marital stress but not work stress has been shown to increase risk of
recurrent cardiac events in women with established ischaemic heart disease (Orth-
Gomér et al., 2000).
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The effects of gender roles on the development of cardiovascular disease may
intersect with sex. Smoking remains a leading risk for early death and disability
worldwide and elicits profound effects of the risk of developing cardiovascular
disease (Huxley & Woodward, 2011; Reitsma et al., 2017). The interactions
between sex, gender and smoking in cardiovascular disease first became evident
in a prospective study of ~25,000 individuals, where it was demonstrated that the
relative risk of Ml in smoking women exceeded that of men by over 50%, even after
adjustment for major cardiovascular risk factors (Prescott et al., 1998). Similarly,
in a recent meta-analysis of over 2.4 million individuals and more than 44,000
ischaemic heart disease events, women who smoke have a 25% higher relative risk

for ischaemic heart disease compared to men (Huxley & Woodward, 2011).
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Figure 2-7. Sex and gender as modifiers of cardiovascular risk.

Biological sex and sociocultural gender influence cardiovascular risk by interacting with
cardiovascular risk factors. Reproduced with permission (Connelly et al., 2021a).

However, gender roles modulate smoking prevalence and consumption, which are
higher in men compared to women (Woodward et al., 2005; Maurice et al., 2006;
Reitsma et al., 2017). It is therefore unclear whether gender-related differences
in smoking mediates this increased risk, or whether established smoking gender

norms in combination with a sex-mediated predisposition increases this risk
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(Peters et al., 2015). The intersection and interaction between sex and gender

and a multitude of cardiovascular risk factors occurs commonly (Figure 2-7).

2.3.1.3 Gender relations

Gender relations reflects the interactions between individuals as a consequence
of their gender identity and/or expression (Tadiri et al., 2021). Examples of this
include relationships, marital status, family dynamics and local networks of

psychosocial support.

In a prospective cohort study of 90,987 people aged 40-69 years in Japan without
a diagnosis of cardiovascular disease, women inhabiting households with their
spouse and children had a greater than two fold higher risk of ischaemic heart
disease than women living with spouses only (lkeda et al., 2009). Conversely, in a
population-based cohort study of 302,885 people aged 40-60 in Finland, men who
were married had a lower risk of Ml incidence and fatality compared to single or
cohabiting men, even following adjustment of socioeconomic factors including
education, occupation, income and employment status (Kilpi et al., 2015). This
association was not apparent in women, however, cohabitation was associated

with greater fatality following MI.

In a meta-analysis of marital status and risk of cardiovascular diseases in 34
prospective studies including more than 2 million subjects, in comparison to
married individuals those who are unmarried demonstrated an increased risk of
all-cause mortality, ischaemic heart disease and mortality and stroke mortality
(Wong et al., 2018). A greater risk from death from ischaemic heart disease and
stroke was also observed in divorced compared to married individuals. In this
analysis, there was increased all-cause mortality and ischaemic events in
unmarried men that was not evident in unmarried women when compared to

married individuals.

Married individuals may benefit with respect to these outcomes due to social

spousal support, which may reduce the time to seek medical assistance and
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improve adherence to treatment and lifestyle behavioural changes (Wu et al.,
2012; Austin et al., 2014). Spousal support may also potentiate participation in
cardiac rehabilitation, which would in turn improve survival outcomes (Kachur et
al., 2017). In addition to these examples of social causation theory, the stress
hypothesis may also contribute to the positive effects of marriage (Quinones et
al., 2014). Marriage, or an equivalent close spousal relationships, may broadly
have beneficial influences on economic, behavioural and emotional welfare
thereby promoting the recognition of disease and ensuring treatment adherence.
Lastly, sustained emotional spousal support may ameliorate maladaptive
neuroendocrine responses to stressors that may contribute to the
pathophysiological processes responsible for adverse cardiovascular outcomes

such as atherosclerosis (Wirtz & von Kanel, 2017).

This association was also explored in a further meta-analysis of 21 studies with
7,891,623 individuals and 1,888,752 deaths, which assessed sex differences in the
association between marital status and the risk of cardiovascular, cancer, and all-
cause mortality (Wang et al., 2020). In this analysis, unmarried individuals were
at a higher risk of all-cause and cardiovascular mortality. However, this
association was again stronger in men than women. Similarly, in those who were
divorced or separated, men had significantly higher cardiovascular and all-cause
mortality compared to women. Consequently, it is evident that women and men
do not benefit equally from stable spousal relationships with respect to

cardiovascular health.

2.3.1.4 Institutionalised gender

Institutionalised gender refers to the distribution of power, resources, and
opportunities among genders. Consideration of institutional gender is of particular
importance when undertaking cross-national, cultural or even when examining
rural-urban differences as gender equity may differ significantly. Moreover, these
differences may be apparent within the microcosm of a particular field or
institution where there is an imbalanced gender dynamic and equity (Tadiri et al.,
2021).
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Socioeconomic deprivation is often a consequence of institutionalised gender and
the sequalae of this may modulate the health differentially amongst genders. In
high-income countries socioeconomic deprivation is associated with the risk of
cardiovascular disease (Hippisley-Cox et al., 2008; Manrique-Garcia et al., 2011).
In a recent meta-analysis of low socioeconomic status and cardiovascular disease,
comprising of over 22 million individuals and over 1 million cardiovascular events,
indices of socioeconomic status were associated greater risk of cardiovascular
disease in both men and women (Backholer et al., 2017). However, the association
of socioeconomic deprivation and cardiovascular disease was stronger in women
compared to men. The excess risk of cardiovascular disease associated with the
lowest versus highest educational attainment was 18% higher for women compared
with men. Indeed, income is a strong predicter of cardiovascular morbidity and
mortality regardless of angiographic coronary disease extent or other traditional
risk factors (Shaw et al., 2008a).

Differences between men and women in hypertension are believed to be broadly
driven by sex-determined factors (Colafella & Denton, 2018). However, data from
the Cohorte des Consultants des Centres d’examens de santé (CONSTANCES) have
demonstrated the role of gender-mediated inequalities. In this cohort, that
comprises of 59,805 individuals between the ages of 25-69 years, hypertension
prevalence was higher in men than women (Neufcourt et al., 2020). However, the
relationship between the development of this condition and socioeconomic
deprivation was more potent in women. This was most apparent younger
individuals (ages 25 to 34 years) and was especially associated with education and

demonstrates the disproportionate impact of social inequalities in women.

This association appears to hold true for an individual’s perception of their value
in society. In a meta-analysis of the association between subjective social status
and cardiovascular disease, lower subjective social status (i.e. an individual’s
perception of their position in social hierarchy) significantly increased the risk of
ischaemic heart disease, hypertension and diabetes (Tang et al., 2016).

Consequently, an individual’s cardiovascular risk appears to be altered by their
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own perception of their position in society, which ultimately reflects a

consequence of complex factors, including gender.

We must also consider the equitable access and delivery of health care between
men and women as a potential risk factor for poorer cardiovascular outcomes.
Several studies have demonstrated that women experience different, and often
less aggressive treatment trajectories, than men. In a survey of US cardiologists,
most participants exhibited implicit gender bias in relation to the theoretical
management of women with ischaemic heart disease (Daugherty et al., 2017). In
an Australian study of patients attending healthcare services, the odds of a woman
having all necessary cardiovascular risk factors recorded was 12% lower than men
(Hyun et al., 2017). In a study of 10,112 patients with ischaemic heart disease
recruited across Europe, Asia and the Middle East, women were also less likely to
achieve risk factor treatment targets as a consequence of less aggressive
treatment trajectories for cardiovascular risk factors (Zhao et al., 2017).
Similarly, there continues to be significant barriers to the inclusion and
representation of women in cardiovascular trials, thereby impeding the
exploration of gender differences in treatment responses and deriving research

outcomes potentially predominantly relevant to men (Scott et al., 2018).

These differences in approach also occur in the acute management of patients. In
acute heart failure, women receive less intensive diuresis following hospitalisation
compared to men (Meyer et al., 2013). In a UK study of over 500,000 patients with
a diagnosis of acute MI, almost one in three patients received an initial diagnosis
other than ST elevation MI (STEMI) or non-ST elevation MI (NSTEMI) at first medical
contact, and this was more likely to occur in women (OR 0.63 for men compared
to women) (Wu et al., 2018). Incorrect initial diagnoses inevitably results in delays
to the management of women, which can impact mortality (Melberg et al., 2013;
Bugiardini et al., 2017). This was exemplified in an analysis of audio logs and
medical records of 244 consecutive STEMI patients who contacted an emergency
communication service in Norway, akin to contacting 999 ambulance services in
the UK. Despite demonstrating similar clinical presentations, women were not

prioritised by ambulance services, with only 78.7% being classified as most urgent
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(i.e. red alert priority) compared to 89.4% in men. This ultimately resulted in
delays in care and increased periods of myocardial ischaemia comparted to men
(Melberg et al., 2013). Consequently, gender may influence the equitable
research, access and delivery of healthcare, which ultimately influences clinical

outcomes.

2.3.2 Measurement of gender in cardiovascular research

Historically, the incorporation of gender measurement has been disparate as
clinical research did not have the quantitative tools for assessing the impact of
gender on health outcomes (Nielsen et al., 2021). However, as this field has
evolved, the inclusion of gender stratification in clinical research is viable and has
demonstrated utility (Pelletier et al., 2014).

In the 1970s, Dr Sandra Bem set forth a framework of gender theory whereby
masculine and feminine traits were not considered opposing concepts but were
distinct (Bem, 1974). Using a sample of 561 male and 356 female University
students the Bem sex role inventory (BSRI) was devised. This quantifies the self-
attribution of traits that are representative of gender roles. In the BSRI, masculine
traits are categorised as taking the lead, being aggressive, competitive, dominant,
self-reliant, and athletic, whereas compassion, affection, sympathy, warmth, and
being yielding are considered feminine. This BSRI conceptualises androgyny, which
combines masculine and feminine traits, and individuals who are undifferentiated
that do not score highly for masculine or feminine traits. This remains the most
commonly used measure of gender roles, and has been incorporated into other
gender measures (Pelletier et al., 2015), including the questionnaire used in
Chapter 4 of this thesis. However, it does not assess additional gender dimensions

but rather focuses broadly on personality traits.

In a cross-sectional study in Scotland utilising the BSRI, masculinity but not
femininity was associated with smoking in men and women (Emslie et al., 2002).
Similarly, in a study conducted in Glasgow, Scotland, in 704 men and 847 women,

lower femininity scores were associated with a higher risk of ischaemic heart
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disease death in men but not women (Hunt et al., 2007). Conversely, masculine

scores were not associated with this outcome.

Gender diagnosticity was introduced by Lippa and Connelly in the 1990s (Lippa &
Connelly, 1990). This approach was built upon the Bayesian probability that an
individual is male or female based on gender-related indicators. This method
assesses gender-related differences in behaviours that discriminate between
gender within a given population. This was constructed based upon occupational
preferences and past times. In a sample of 654 men and 210 women, masculine
individuals from either male or female sex demonstrated higher mortality at any

given age compared to their feminine counterparts (Lippa et al., 2000).

More recently Pelletier et al developed a multidimensional composite gender
score, the GENESIS-PRAXY Gender Index (GGl), from a range of psychosocial
gender-related variables, which would permit discrimination between men and
women (Pelletier et al., 2015). Through the construction of a propensity score
derived from coefficient estimates in the logistic regression model with biological
sex as dependent variable and gender variables as covariates, the GGl was

generated.

These gender-related characteristics included: 1) primary earner status; 2)
personal income; 3) hours per week completing housework; 4) primary person
responsible for doing housework; 5) stress at home; 6) masculinity traits; and 7)
femininity traits (Pelletier et al., 2016). These factors were used to produce a
propensity score based on the probability of the individual being female. The GGl
ranges from 0-100 with higher scores relating to characteristics traditionally
ascribed to women and lower scores being ascribed to men. Importantly, this score
demonstrated a spectrum of masculine and feminine score in both males and

females (Figure 2-8).

In GENESIS-PRAXY higher scores, which denoted feminine characteristics (i.e.
higher number of hours per week doing housework, primary responsibility doing

housework, higher level of stress at home, BSR femininity score, lower personal
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income, not being primary earner) increased the risk of multiple adverse outcomes
including hypertension, diabetes and depression. Moreover, feminine individuals
were at greater risk of recurrent ACS over 12 months, which was independent of
sex (Pelletier et al., 2016). When this methodology was applied to the Canadian
Community Health Survey (CCHS) (n=63,522) and Austrian Health Interview
Survey (n=15,771), individuals with traits ascribed to women demonstrated more
adverse cardiovascular health and higher risk of cardiovascular disease,
independently from biological risk factors (Azizi et al., 2021). This gender
stratification questionnaire is adapted and applied in a UK population for future
use in cardiovascular research in Chapter 4 of this thesis. Moreover, by utilising
samples obtained from the original GENESIS-PRAXY study, multiple circulating
miRNA were found to be differentially expressed in ACS by sex and gender in
Chapter 5 of this thesis.
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Figure 2-8. Gender Score Distribution in the GENESIS-PRAXY study.

Reproduced with permission (Pelletier et al., 2015).

Recently, the Stanford Gender-Related Variables for Health Research assessment
tool has been developed for clinical and population research (Nielsen et al., 2021).
Following a comprehensive review of English language measures of gender from
1975 to 2015, exploratory and confirmatory factor analyses identified 7 gender-
related variables. These included discrimination, independence, work strain,
caregiver strain, risk-taking, emotional intelligence, and social support. These

were tested against self-rated health outcomes, including mental health.
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Importantly, this study does not rate these factors as either ‘masculine’ or
‘feminine’ with the view that this does not provide sufficient or useful detail,
which could be applied to behavioural interventions. Analysing each gender-
related factor separately allows for that specific factor to be associated with
poorer health outcomes, for instance work strain and the incidence of Ml in men,
to be targeted directly (Kilpi et al., 2015).

This disaggregated means of measuring gender has also been explored in the
HEalthy Life in an Urban Setting (HELIUS) study (Bolijn et al., 2021). In this
population-based analysis of 9,185 participants of six ethnic groups, three
variables collected in the original HELIUS questionnaire including weekly hours
spent on household chores, primary earner status and sex-predominant
occupations were utilised as a surrogate for gender characteristics. Masculine
traits, such as being the primary earner and performing male-dominated
occupations, were associated with higher cardiovascular risk and this association
was stronger in women. However, it is unclear whether the results of these studies
truly reflect the effect of gender or alternatively social stratification. It is
nevertheless difficult to disentangle these factors in the context of gender-related

social inequalities.

It is clear a greater understanding of gender factors, as a source of differential
health outcomes, is therefore urgently required and will offer opportunities to

improve equitable healthcare access and delivery.

2.3.3 Biological sequalae of gender

If gender-related psychosocial traits facilitate the development of cardiovascular
disease there must be a mechanism by which this is achieved. Two putative
processes by which gender may mediate adverse pathophysiological consequences

have recently emerged.



54

2.3.3.1 Psychosocial stressors & myocardial perfusion

The influence of psychosocial stressors has emerged as a potential deleterious
gender mediator. Mental stress and depression are established as non-traditional
risk factors that contribute to the development of ischaemic heart disease (Shah
et al., 2011; Rich-Edwards et al., 2012). Women are twice as likely to develop
depression compared to men and therefore the effects of this cardiovascular
modifier may be more prevalent in this population (Kuehner, 2017). In the context
of MI, increased baseline stress levels were associated with worse recovery in
angina-related and overall quality of life (Xu et al., 2015). Importantly, stress
levels did not vary between men and women in this study, however, this trait was

more common in women who subsequently experienced worse outcomes.

One mechanism that may be responsible for this is the myocardial response to
mental stress. In young women who have suffered a Ml there is a comparable rise
in ischaemia induced by exercise and pharmacological-induced stress (Vaccarino
et al., 2018). However, these women experienced a two-fold rise in mental stress-
induced myocardial ischaemia compared with men. In addition, microvascular
dysfunction and peripheral vasoconstriction were also observed in women but not
men, thereby demonstrating that feminine stressors may evoke ischaemia via
autonomic microvascular disruption (Sullivan et al., 2018). It is possible that high
emotional stress can provoke sympathetic activation and inflammation thereby

impeding cardiac perfusion.

The amygdala plays a key role in neural responses to stress and emotions
(Lagraauw et al., 2015). Elevated basal metabolic amygdala activity, which was
determined by 18F-fluorodexoyglucose PET/CT, predicts major adverse
cardiovascular events (Tawakol et al., 2017). Importantly, this occurs
independently of established cardiovascular risk factors. In concert with increased
amygdala stimulation there is evidence of elevated haemopoietic activity and
vascular inflammation. Moreover, elevated amygdalar function is associated with
decreased left ventricular ejection fraction and fixed perfusion defects in women

and not men (Fiechter et al., 2019). These findings suggest that there may be a
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neural-haemopoietic-arterial axis that modulates cardiovascular risk and function
in women. Consequently, it is probable that psychosocial stressors modulated by

gender may provoke a biologically sex-based predisposition to this vascular insult.

2.3.3.2 Gender-mediated epigenomic modification

Social determinants of health can be viewed as ‘conditions in the environments in
which people are born, live, learn, work, play, worship, and age’ (Mancilla et al.,
2020). They are influenced by factors such as political, socioeconomic, and
cultural constructs and may modulate health outcomes throughout life through a
multitude of potential mechanisms. Gender may be considered a social

determinant of cardiovascular health in this context (O’Neil et al., 2018).

Epigenetic mechanisms & gender

Social epigenomics investigates the means by which social experiences promote
epigenetic gene modification and regulation (Mancilla et al., 2020). These social
and environmental factors may alter the epigenome and regulate gene expression
with potentially adverse downstream molecular consequences, which modulate
the development of disease. Epigenetic modifications consist of three main
categories: 1) DNA methylation; 2) post-translational histone modification; and 3)
regulation of gene expression by non-coding ribonucleic acid (RNAs), such as
miRNA (Costantino et al., 2018).

DNA methylation is achieved through the addition of a methyl group to the fifth
position carbon in cytosine-paired-with-guanine (CpG) dinucleotide sequences
(Notterman & Mitchell, 2015). Promotor regions are enriched with these
sequences, therefore CpG methylation typically results in the suppression of gene
transcription via obstructing transcription factor binding to DNA or though the
recognition of methylated sites by chromatin modifying enzymes. This methylation

is enduring and is present in newly synthesised DNA.
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A further means of epigenetic modification is the post-translation modification of
histone proteins. Histones package DNA in nucleosomes and these proteins can be
post-translationally modified via methylation, acetylation, ubiquitination and
phosphorylation (Costantino et al., 2018). Modifications to the N-terminal histone
tail of nucleosomes regulate their chromatin state and mediate accessibility of
DNA by transcriptive proteins (Rizzacasa et al., 2019). Consequently, these post-
translational modifications may promote transcriptional repression and activation

by regulating DNA supercoiling (Mancilla et al., 2020).

Lastly, regulatory non-coding RNA such as miRNA and long non-coding RNAs play a
vital role in the regulation of gene expression. In Chapter 5 of this thesis a
bioinformatic analysis of sex and gender stratified differentially expressed miRNAs
in human plasma of individuals who have experienced ACS is undertaken. miRNAs
are endogenous, single-stranded, short non-coding RNA sequences that range from
22 to 26 nucleotides and regulate gene expression at the post-transcriptional
level. Since miRNA were first identified in Caenorhabditis elegans in 1993,
thousands of miRNA have been identified both in humans and across a variety of

organisms (Lee et al., 1993; Hammond, 2015).

Canonical miRNAs are encoded in the genome as individual genes or as gene
clusters, which contain a few to several hundred distinct miRNA (Treiber et al.,
2019). Initially, miRNAs are transcribed by RNA polymerase Il as primary miRNAs
(pri-miRNAs), which consist of over 200 nucleotides and where 20-25 nucleotides
of the mature miRNA are embedded in the stem of a pri-miRNA hairpin structure
(Figure 2-9). Pri-miRNAs are then processed to ~70 nucleotide single hairpin
precursor miRNAs (pre-miRNAs) via the nuclear microprocessor complex, which
comprises the RNase Ill enzyme, Drosha, and the double-stranded RNA-binding
protein DiGeorge Syndrome Critical Region 8 (DGCR8) (O’Brien et al., 2018).
Additionally microprocessor-independent miRNA may be generated from non-
canonical biogenesis involving mirtrons and tailed mirtrons. These are generated
via splicing and successive lariat debranching and function as pre-miRNAs that do

not require microprocessor cleavage (Treiber et al., 2019).
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Pre-miRNA are then exported to the cytoplasm by the export receptor, exportin
5. Subsequently, the RNase lll-type enzyme, Dicer, cleaves the pre-miRNA to
generate a miRNA duplex intermediate consisting of a ~22 nucleotide miRNA (i.e.
guide strand) and miRNA* (i.e. passenger strand). The miRNA guide strand of the
duplex is incorporated into the RNA-induced silencing complex (RISC), while the
miRNA* strand is released and degraded (Zhao et al., 2019). The mature miRNA
then guides the RISC-miRNA complex to complementary sequences predominantly
in the 3'- untranslated regions of target mRNAs, although interactions with
alternative regions do occur including 5'-untranslated regions and gene promoters
(Broughton et al., 2016; Zhou et al., 2018). Nucleotides residing between position

2 and 7 (i.e. seed sequence) are responsible for this target-site recognition.
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Figure 2-9. Canonical miRNA synthesis and extracellular release.

Subsequently, miRNA-mediated gene silencing is accomplished by base pairing of
the 5 region of miRNAs with the 3’-untranslated region of the target mRNA target
sequence, resulting in translational repression and/or mRNA degradation,
although gene upregulation has been also observed (Vasudevan, 2012). This

permits miRNA-mediated gene regulation at the post-translational level, whereby
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miRNA may target potentially hundreds of distinct mRNAs that are critical to a

multitude of physiological processes.

Although miRNA function intracellularly, extracellular miRNA have been identified
in circulating body fluids and tissue culture medium (Zhao et al., 2019). miRNA
may be released into the extracellular space via passive leakage in injured cells,
active secretion in microvesicles or exosomes, or via RNA-binding proteins, such
as high-density lipoprotein (HDL) or Argonaute 2 (Figure 2-9). These processes
permit miRNA to travel to target cells, where they are internalised and modulate
gene expression through aforementioned mechanisms. Circulating miRNAs
demonstrate considerable stability and resistance to degradation by RNase
activity, which highlight their potential utility for diagnostic and prognostic

biomarkers, and putative therapeutic targets (Tsui et al., 2002).

Epigenomic, Social Determinants & Cardiovascular Disease

Epigenomic modifications are of particular importance in the development of
cardiovascular disease. For instance, during atherosclerosis extensive epigenetic
modifications occur in endothelial cells, vascular smooth muscle cells,
macrophages, inflammation and homocysteine homeostasis (Rizzacasa et al.,
2019). DNA methylation may also play a significant role in the regulation of blood
pressure (Kato et al., 2015). Histone modification, via triple methylation of lysine
27 in histone H3, has also been associated with progressive stages of

atherosclerosis (Wierda et al., 2015).

Alterations in the level of circulating miRNA have been identified in a humber of
cardiovascular conditions. In the plasma of patients following MI there were
increased levels of miRNA, including miR-21-5p and miR-30d-5p, which correlated
with left ventricular remodelling (Danielson et al., 2018). Moreover, plasma miR-
208a has been found to be elevated following MI and absent in healthy subjects
(Wang et al., 2010). Recently, differentially expressed circulating miR-21, miR-
29a, and miR-126 have been found to be associated with a higher risk of premature

death due to cardiovascular disease (Yamada et al., 2021). This suggests that
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serum levels of these circulating miRNA may be a novel risk factor for premature
cardiovascular death and potentially be used as a biomarker to detect at risk

individuals.

Importantly, these epigenetic modifications have also been associated with the
presence of social and environmental deprivation. In a cohort of ~5,000
individuals, lower socioeconomic status was associated with accelerated
epigenetic ageing (Fiorito et al., 2017). Similarly, high neighbourhood
socioeconomic deprivation, which is associated with age-related disease and
mortality, is associated with DNA methylation-based epigenetic age acceleration
(Lawrence et al., 2020).

The association between deprivation and global DNA methylation content has also
been linked to biomarkers of cardiovascular disease and inflammation (Mcguinness
et al., 2012). In the longitudinal Multi-Ethnic Study of Atherosclerosis study
neighbourhood deprivation was associated with DNA methylation of genes related
to stress and inflammation, which could contribute to the development of
cardiovascular disease (Smith et al., 2017). Recently, cardiac DNA methylation
has also been implicated as a previously unrecognised biomarker of socioeconomic
disparity in human heart failure outcomes. In this observational analysis a bimodal
signature of cardiac DNA methylation in heart failure was observed and
corresponded with racial and socioeconomic differences in all-cause mortality

following mechanical circulatory support (Pepin et al., 2021).

miRNA expression is also responsive to a variety of lifestyle exposures such as air
pollution, smoking, physical activity and alcohol consumption, which in turn may
be modulated by gender (Vrijens et al., 2015; Panico et al., 2021). In the recent
coronary diet intervention with olive oil and cardiovascular prevention
(CORDIOPREV) randomised control trial conducted in 805 individuals with
ischaemic heart disease and evidence of endothelial dysfunction, the adoption of
a Mediterranean diet improved endothelial function compared to low-fat diet.
Several serum miRNAs, that are involved in gene regulation important to

endothelial function, were also altered following the adoption of this diet
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(Yubero-Serrano et al., 2020). Consequently, environmental influences that may
modulated by gender, such as nutritional exposure, may facilitate the modulation
of miRNA levels that directly mediate gene processes responsible for vascular

health and disease.

Importantly, miRNA regulation may also be sex dependent, which is driven by two
predominant mechanisms. Firstly, EREs are common promotor elements and
oestrogen binding may alter miRNA expression (Klinge, 2015). In a study of
postmenopausal monozygotic twins discordant for hormonal replacement therapy
usage, serum miR-21 and miR-146a levels, which are associated with
inflammation, were lower in oestrogen users (Kangas et al., 2014). Moreover,
serum concentrations of miR-126-3p were higher at the ovulatory and luteal
phases than in the follicular phase of the menstrual cycle in females (Li et al.,
2017). In endothelial cells, miR-126-3p supresses vascular cell adhesion molecule
(VCAM1) and Spred1, a protein that inhibits mitogenic signalling. As a consequence
endothelial proliferation, migration, and monocyte adhesion are promoted, which
may contribute to the protective effects afforded by oestrogen against
atherosclerosis. Many miRNA have now been identified that are responsive to
oestrogen in terms of expression and influence vascular health (Pérez-Cremades
etal., 2018).

Additionally, the X chromosome encodes at least 118 miRNAs and ~15% of these
are capable of escaping X-inactivation, which may result in elevated miRNA
expression (Song et al., 2009; Florijn et al., 2018). Conversely, the Y chromosome
contains only 4 annotated miRNAs, with 2 being identified within the
pseudoautosomal PAR1 region, which can undergo X chromosome recombination
(Kozomara et al., 2019; Di Palo et al., 2020).

Several X-chromosome encoded miRNA are dysregulated in cardiovascular disease.
In a porcine model of MI, inhibition of the X chromosome miR-92 reduced infarct
size and postischemic loss of function (Hinkel et al., 2013). In humans, circulating
X chromosome encoded miR-221 demonstrated a female-specific increase in

individuals with metabolic syndrome, which acts as a precursor to cardiovascular
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disease (Wang et al., 2013). Consequently, it is possible that incomplete X
chromosome inactivation may result in the augmented expression of miRNA
deleterious towards the vasculature that are counteracted by the protective
effect of oestrogen and oestrogen-sensitive miRNA (Florijn et al., 2018). It is
possible that perturbation of this balance, such as following the menopause, may

enhance cardiovascular risk in females who experience oestrogen deprivation.

MiRNA, as mediators of epigenetic regulation, may become dysregulated in
response to environmental exposures and are inherently modulated by sex.
Importantly miRNAs are critical regulators of cardiovascular function and disease.
Consequently, miRNA are prime candidates in the search of gender-mediated
epigenetic modifiers and the pathophysiological sequalae to psychosocial gender.

This hypothesis is consequently explored in Chapter 5 of this thesis.
2.4 Cardiovascular health in transgender people

Thus far, this thesis chapter has reviewed the relationship between sex and gender
mechanisms, and cardiovascular risk in cisgender populations. This chapter
section will now provide context for the association between being transgender
and the development of cardiovascular disease. This section will begin by
providing a background in terms of gender-affirming healthcare, the epidemiology
of people who are transgender, and the evidence suggesting an increased risk of
cardiovascular disease in transgender people. Consequently, this section aims to
offer context to Chapter 3 and Chapter 6 of this thesis, where the influence of
GAHT upon blood pressure and vascular function in transgender people are

investigated, respectively.
2.4.1 Background

Transgender is an umbrella term to describe individuals whose gender identity
differs from the assigned sex at birth (Coleman et al., 2022). Transgender people
identify with a gender that is not congruent with the sex they were assigned at

birth. Transgender people may experience serious distress and dysphoria relating
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to this gender incongruence that may adversely affect an individuals physical and

mental wellbeing.

In many transgender individuals the impact of sex related factors, such as the
utilisation of gender-affirming hormone (GAHT) therapy, and the interaction this
elicits with natal chromosomal complement, may fundamentally alter individual’s
cardiovascular risk (Connelly et al., 2019). Moreover, the psychosocial impact of
gender and societal factors, including minority stressors, in these individuals in
the context of this altered physiological state may further enhance this risk
(Streed et al., 2021b). The aforementioned sex and gender related mechanisms
outlined in this thesis may modulate cardiovascular disease development in this
population. Throughout the remaining sections of this chapter, the history of
transgender healthcare, epidemiology, means of gender-affirmation and

cardiovascular risk will be discussed.
2.4.2 History of transgender healthcare & terminology

Throughout recorded history individuals have existed who exhibit gender
identities that were not congruent with their natal sex or did not conform to
existing societal norms. For instance, the Roman emperor Elagabalus (204-222 AD)
reportedly embraced feminine pronouns and gender expression, including
feminine clothing, wigs and cosmetics. Moreover, Elagabalus offered a substantial
reward to any physician that could provide them female genitalia, and therefore
sought gender affirmation via surgical means (Bhinder & Upadhyaya, 2021).
Additionally, the life of the spy, diplomat and soldier, Chevalier d’Eon de
Beaumont, is well documented and many scholars consider her to be transgender
(Rogister, 2018). In the 18t century d’Eon lived as a woman and attended the

Russian court as such.

In the modern era, the first gender-affirming surgeries were undertaken in the
1920s at the Hirschfeld’s Institut fur Sexualwissenschaft in Berlin (Slagstad, 2021).
Magnus Hirschfeld was a noted physician and sexologist who coined the term

‘transvestite’ in 1910, which is derived from Latin ‘trans’ (i.e. across) and ‘vestis’
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(i.e. clothing) (Beemyn, 2013). Hirschfeld identified that these individuals were
not fetishists or suffering from psychopathy, and recognised that their sexuality
was distinct from their gender identity. Hirschfeld collaborated closely with Eugen
Steinach, an Austrian Endocrinologist, who is broadly consider the founder of the
neuroendocrinology of sexual behaviour and played a significant role in identifying

the impact of sex hormones on physical characteristics (Sodersten et al., 2014).

The first recorded transgender person to undergo gender-affirming surgery was
Dora Richter. Under the care of Magnus Hirschfeld in 1922, she underwent an
orchidectomy followed later by vaginoplasty. At this point in time, these surgeries
were highly experimental and had a high risk of poor outcomes (Kiyar et al., 2020).
In May 1933, due to the emerging influence of the Nazi party in Germany,
Hirschfeld’s institute was attacked and Richter is not known to have survived.
Hirschfeld had by this point been exiled to France, where he continued his

research, writing and campaigning until his death in 1935 following a MI.

In 1939, Dr Michael Dillon, a British Physician, was the first documented person to
be treated with oral testosterone for the purpose of gender-affirmation (Frey et
al., 2017). Diethylstilbestrol, a synthetic form of oestrogen, was also being utilised
as GAHT in transgender women within this decade (Martinez et al., 2020). In 1946,
Dillon would be the first transgender person to undergo phalloplasty, which was
overseen by Sir Harold Gillies, an eminent plastic surgeon who specialised in

pioneering gender-affirming surgery.

The term transsexual was first coined by David Cauldwell, a US sexologist, in 1949
in his essay ‘Psychopathia Transexualis’, where he differentiated biological from
psychological sex and determined the latter to be a consequence of social
condition (Cauldwell, 2013). This remained a diagnostic term in the International
Classification of Diseases and Related Health Problems (ICD-10) (World Health
Organization, 2004), however, was removed in future revisions (World Health

Organization, 2019).
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The first high profile gender-affirming surgery to take place was undertaken in
Denmark in 1952 on Christine Jorgensen, a transgender women who was a US
citizen and World Ward Il veteran (Frey et al., 2017). This procedure was captured
in international headlines and introduced the concept of being transgender and

gender-affirmation to a global audience.

By 1966, Harry Benjamin, a German-American Endocrinologist, published ‘The
Transsexual Phenomenon’, which articulated the concept of gender identity and
argued against attempts to repress transgender identity via psychotherapy
(Benjamin, 1967). In 1979, the Harry Benjamin International Gender Dysphoria
Association was founded, offering standards of care in the clinical management of
people who were transgender. This would later be renamed the World Professional
Association for Transgender Health (WPATH), which continues to produce
guidance on standard of medical and surgical care of transgender individuals (Frey
etal., 2017).

Finally, the term ‘transgender’ came to prominence in the 1990s coinciding with
an increased frequency of studies of people who were transgender (Joseph et al.,
2017). This term arose in an effort of collective advocacy for freedom of gender
expression, whereby it relies on self-identification rather than medical
classification and continues to be the preferred terminology when describing this

diverse population (Reicherzer, 2008).

2.4.3 Epidemiology

The overall size of the transgender population is not known due to a number of
factors limiting the obtainment of accurate prevalence estimates. Transgender
people are a heterogenous group where some will actively seek out gender-
affirming therapy, while others make social transition only (Sineath et al., 2016).
A proportion of transgender individuals will live with gender incongruence as a
personal choice or will fear external expression of this will result in adverse social,
emotional and economic consequences (Winter et al., 2016). Moreover, some

individuals live in regions where stigma acts as a barrier to healthcare access or
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where access to healthcare is not possible due the absence of gender identity
services (Meerwijk & Sevelius, 2017). Furthermore, hormonal therapy may be
sought from non-medical sources, such as the internet, rather than access
healthcare directly. Lastly, most countries do not routinely collect census data
relating to individuals identifying as transgender. As a consequence of these
sampling biases, prevalence assessments may be difficult to interpret and may

underestimate the true size of this population (Mueller et al., 2017).

Arcelus et al have published a meta-analysis of reported prevalence rates in an
attempt to overcome some of the biases inherent in previous epidemiological
research (Arcelus et al., 2015). They have estimated that the meta-analytical
prevalence of transgender people to be 4.6 per 100,000, with transgender women
and men demonstrating rates of 6.8 and 2.6 per 100,000, respectively.
Importantly, a temporal analysis has demonstrated an increase in the reported
prevalence of being transgender over the previous 50 years. However, this
assessment is limited by the presumption that all transgender people engage with
medical therapy, which is not the case, and therefore these data may represent
increases in healthcare engagement rather than a true expansion in this

population.

To ascertain prevalence estimates of the transgender people, population-based
studies may also be utilised and provide a high degree of reliability. In a sample
of community participants in Massachusetts, USA, the prevalence rate of
identifying as transgender was found to be 0.5% (Conron et al., 2012). This is
consistent with data from the US 2014-2016 Behavioural Risk Factor Surveillance
System (BRFSS), which suggests 0.48% of the US population identify as
transgender. This amounts to 1.5 million US citizens, of which 770,000 identify as
transgender women, 458,000 identify as transgender men and 332,000 as gender

non-conforming (Downing & Przedworski, 2018).

A recent meta-regression analysis of population based surveys in the US estimated
the transgender population to be 390 per 100,000 (Meerwijk & Sevelius, 2017).

Similar estimates have been obtained in Flanders, Belgium where 0.7% of men and



66

0.6% of women identify as transgender (Van Caenegem et al., 2015), and in the
Netherlands, where this was reported as 1.1% of natal males and 0.8% of natal

females (Kuyper & Wijsen, 2014).

The disparity between ascertainment of transgender status in those who have
received treatment versus those who self-identify is best exemplified in a meta-
analysis (Collin et al., 2017). In this analysis, the meta-prevalence estimates were
9.2 per 100,000 for people who have undergone surgical or hormonal gender-
affirmation therapy. This increased to 355 per 100,000 in studies of self-reported
transgender identity. It is therefore evident that a significant disparity exists
between the number of individuals who utilise gender-affirming therapy and those
who identify as transgender, who have not or cannot engage with these services.
When broader definitions of gender diversity are utilised in survey based research,
higher prevalence ranging between 0.5-4.5% of the adult population have been
observed (Zhang et al., 2020b).

It is important to note that these prevalence estimates are not globally uniform.
In China, for instance, there are estimated 400,000 transgender people, which
accounts for ~0.03% of this population (Xie et al., 2021). However, due to
significant discrimination and lack of family, social and governmental support, this
prevalence may be underestimated as individuals may not feel able to self-

identify.

In Iran, since 1987 a fatwa, decreed by Ayatollah Khomeini, has permitted the
Department of Forensic Psychiatry, Tehran, to facilitate gender-affirming therapy
(Mamoojee et al., 2017). Following surgical therapy, an individual may be issued
a new state identity card with that gender evident and procure hormonal therapy,
which is state-subsidised. However, despite this governmental support, ‘public
transvestitism’, same-sex relationships and gender fluidity are not permitted,
thereby limiting the means by individuals can engage with their transgender
identity, unless they are willing to undergo surgery. These issues are not limited
to these regions and highlight global issues with acceptance and support with

gender diverse individuals (Reisner et al., 2016).
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In terms of future healthcare delivery, it is apparent that the demand for gender
identity services is increasing (Zucker, 2017). In Sweden, the incidence of
applications for gender reassignment surgery rose significantly between the 1970s
and 2000s (Dhejne et al., 2014). The increasing prevalence of the transgender
population has also been observed in recently meta-analyses (Arcelus et al., 2015;
Meerwijk & Sevelius, 2017). With growth of the transgender population and
increasing demand for transgender health services, it is expected that the number
of people receiving GAHT therapy will continue to increase, which may result in

issues relating to equitable healthcare access and delivery.

2.4.4 Gender-affirming healthcare

The management of individuals who are transgender requires and multidisciplinary
approach. This may include specialists such as psychiatrists, endocrinologists,
sexual health specialists, urologists, gynaecologists, dermatologists, surgeons, and
voice and communication therapists. Interventions are required to be person-
specific as the goals of gender-affirming treatment should focus on the individual
needs and expectations of a patient rather than prescriptive and dogmatic
management guidelines (Coleman et al., 2022). Although all these facets of
transgender health are important, this section will focus on the use of GAHT and
surgical therapies, as these factors are likely to be particularly important for
physiological alterations that may modulate the development of cardiovascular

disease.

The treatment goals of gender-affirming healthcare are to decrease endogenous
sex hormone concentrations, thereby diminishing natal secondary sex
characteristics. Concurrently, exogenous sex hormones facilitate the attainment
of sex hormone levels consistent with the individual’s gender identity (Hembree
et al., 2017). Two predominant means of gender-affirming interventions are
offered to achieve this: medical and surgical therapies. Non-binary people, who
may account for as much as 35% of the transgender population (James et al.,
2016), may require a different combinations and degrees of masculinisation,

feminisation, demasculinisation and defeminisation that should be personalised to
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that individual’s needs and treatment goals (Cocchetti et al., 2020). Evidence is
sparse for this approach and therefore this thesis section will focus on

predominantly on masculinising and feminising gender-affirmation.

2.4.4.1 Feminising gender-affirming hormone therapy

Transgender women utilise feminising hormone therapy to align their physical
appearance to their gender-identity (T’Sjoen et al., 2019). These changes include
reduced facial and body hair growth, breast growth and the alteration of adipose

tissue and muscle mass distribution.

In a multi-centre study of 229 transgender women utilising gender-affirming
therapy, after one year, breast development was modest and typically occurred
within the first six months of treatment (De Blok et al., 2018). This was
accompanied by substantive decrease in testicular volume (Fisher et al., 2016). In
a retrospective longitudinal study of 150 transgender women there was a

significant increase in weight and body mass index (Quirds et al., 2015).

Overall, data from the Kaiser care consortium has demonstrated that 58% of
transgender women received hormonal therapy. However, this may be an
underrepresentation as individuals may be utilising hormonal therapy from sources
not supported by their insurance (Quinn et al., 2017). Two predominant forms of
feminising therapy are utilised by transgender women: oestrogen and androgen

lowering therapies.

Oestrogen therapies

Previously, transgender women have been treated with either ethinyl estradiol,
synthetic oestrogen, or conjugated equine oestrogens (Table 2-1). The latter
mode of oestrogen delivery is extracted from pregnant mares’ urine and contains
a total of 10 different oestrogens including estrone, 178 estradiol, and a group of
unique ring B unsaturated oestrogens (e.g. equilin and equilenin) that act

predominantly via ERB and not ERa (Bhavnani & Stanczyk, 2014). However, these
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oestrogens are no longer recommended due to immunoassay interference in
oestrogen measurement and their associated risk of thrombosis and potentially

cardiovascular disease (Seal et al., 2012; Nolan & Cheung, 2020).

Modern gender-affirming healthcare typically utilises bioidentical 178-estradiol as
the oestrogen of choice for feminising hormonal therapy in transgender women.
The bioavailability of these agents has been improved through the formulation of
ester prodrugs (oestrogen valerate or oestrogen cypionate), which are
subsequently hydrolysed to 17B-estradiol (Cirrincione et al., 2020). Estradiol
hemihydrate is bioequivalent to estradiol and both this oestrogen formulation and
estradiol valerate are dose equivalent (Banker et al., 2021). Non-prodrug

formulations of 17B-estradiol can also be utilised such as micronized estradiol.

Route Formulation Dose

Estradiol hemihydrate
Oral estradiol (Elleste Solo) or valerate 2-6 mg/day

(Progynova)

Sulfate esters of estrone,

equilin sulfates, 17a-
Oral conjugated oestrogens 2.5 -7.5 mg/day
estradiol and 17B8-estradiol

(Premarin)
Estradiol hemihydrate (e.g. 0.025-0.2 mg/day
Transdermal patches estraderm, estradot (change patch every 3-7
patches) days)

Estradiol valerate or
Intramuscular oestrogen . 2-20 mg /1-2 weeks
cypionate

Estradiol hemihydrate (e.g. ) )
Transdermal gel 2 squirts (1.5mg) daily
Sandrena)

Table 2-1. Feminising oestrogen therapies.
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Oral oestrogen undergoes extensive first-pass metabolism where it is converted to
estrone and estrone sulfate, which demonstrate less potent bioactivity. Following
oral administration, oestrogen levels peak after a few hours and demonstrates
sustained elevation for up to 12 hours (Kuhl, 2005). Transdermal preparations
escape first-pass metabolism and typically reach maximum concentrations after
several hours. Transdermal oestrogen patches are typically applied once or twice
per week (Maheshwari et al., 2021). With respect to the route of oestrogen
delivery, data have emerged in postmenopausal cisgender women demonstrating
that transdermal oestrogen is less thrombogenic than oral oestrogen therapy
(Mohammed et al., 2015; Bergendal et al., 2016). These results have been
extrapolated to transgender women, and it is recommended to utilise transdermal

oestrogen therapy when individuals reach 40 years of age.

The median estradiol concentrations in healthy natal males in 150 pmol/L, which
falls to 90 pmol/L in older men. Comparatively, premenopausal females exhibit
estradiol levels of 400 pmol/L (Russell & Grossmann, 2019). To achieve these
female concentrations, estradiol orally may be administered in doses of 2 to 6 mg
per day typically as estradiol valerate or hemihydrate. Estradiol patches may be
applied at doses of 0.025-0.2 mg per day, with patches changed every 3 to 5 days
(Hembree et al., 2017).

Androgen lowering therapies

The majority of transgender women require adjuvant therapy to facilitate the
suppression of testosterone prior to gender-affirming orchidectomy as oestrogen
monotherapy may not be sufficient to supress endogenous testosterone
concentrations to female ranges (Leinung et al., 2018). Following the
commencement of oestrogen monotherapy, testosterone concentrations are
expected to decrease towards the male hypogonadal range (6-9-10-4 nmol/L),
however, this typically remains elevated when compared to the female
concentrations (<2-6 nmol/L) (Tangpricha & den Heijer, 2017). Several classes of
therapies may be utilised including cyproterone acetate, GnRH analogues and

spironolactone (Table 2-2).
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The most commonly utilised anti-androgen is cyproterone acetate. Cyproterone
acetate is a steroidal anti-androgen that acts as a potent AR competitive
antagonist (Sonneveld et al., 2005). Furthermore, cyproterone acetate activates
the progesterone receptor, which acts to supress GhnRH and gonadotropins via
central mechanisms to decrease testosterone production. This drug is not
available in the US as it had never been licenced (Mamoojee et al., 2017).
Cyproterone acetate, in combination with oestrogen, is efficacious in lowering
endogenous total testosterone concentrations in transgender women, when
compared to oestrogen monotherapy (Angus et al., 2019). Importantly, this anti-
androgen has been associated with an increased risk of meningioma, depression
and hyperprolactinaemia, and rarely fulminant hepatotoxicity (Bessone et al.,
2016).

Androgen Progesterone Oestrogen
HPG Axis
Anti-androgen Receptor Receptor Receptor .
Suppression
Antagonist Agonist Agonist
Cyproterone acetate
X X X
25-50mg/day
GnRH analogues
Leuprolide/ Triptorelin
11.25mg IM / 12 weeks - - - X
Goserelin 10.8 mg
SC/12 weeks
Spironolactone
X X X

100-300/day

Table 2-2. Mechanisms of prominently utilised anti-androgen action.

Anti-androgen drug pharmacodynamic mechanisms are denoted by ‘X’. HPG: Hypothalamic-
pituitary-gonadal; IM: intramuscular; SC: subcutaneous. Reproduced with permission (Angus et al.,
2021).

As a consequence of these potential side effects, gender healthcare providers in

the UK have adopted long-acting GnRH analogues as first-line therapy. The GnRH
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agonists leuprorelin, triptorelin and goserelin are typically utilised for this
purpose, and act to supress pituitary gonadotrophin secretion in order to reduce
endogenous gonadal androgens. GnRH secretion is pulsatile and its activation of
anterior pituitary gonadotrope GnRH receptors stimulate the synthesis and
secretion of gonadotropins. GnRH agonists stimulate an initial increase in
gonadotrophin secretion, which is known as the ‘flare effect’ (Kumar & Sharma,
2014). However, the chronic (i.e. tonic) activity of GnRH agonists promotes the
downregulation of its receptor, thereby ameliorating gonadotropin secretion.
GnRH analogues overcome the short 2-4 minutes half-life of the decapeptide GnRH
through the substitution of Glycine residue in position 6, which is responsible for
its degradation, with a D-Amino acid (Maggi et al., 2016). In addition, the affinity
of these molecules may be increased through the deletion of the position 10
glycine amide and the addition of an ethylamine residue to the position 9 proline,

which is present in triptorelin.

Lastly, spironolactone is also used to ameliorate androgen levels and function
though a multitude of actions. In addition to the classical antagonism of the
mineralocorticoid receptor, spironolactone also acts a partial antagonist of the AR
and partial agonist at the ER (Fagart et al., 2010). Spironolactone, also acts as a
weak inhibitor of 17 a-hydroxylase and 17,20-lysase, which are integral to the
testosterone synthetic pathway. Finally, spironolactone demonstrates weak
progestogenic activity, that ameliorates GnRH and gonadotrophin secretion,
thereby lowering gonadal testosterone. Doses of 100-400 mg of this agent are
typically required, which is much higher than is used in cardiac or hepatic failure.
Compared with cyproterone acetate, spironolactone is associated with a greater
requirement for surgical breast augmentation and is inferior with respect to
reducing testosterone concentrations in transgender women (Seal et al., 2012;
Angus et al., 2019).

Ultimately, due to the lack of prospective longitudinal studies, there is no strong
evidence supporting the use of a particular anti-androgen therapy in order to

improve clinical outcomes (Angus et al., 2021). Studies broadly concentrate on
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testosterone lowering ability, however, this may be an imperfect proxy for

feminisation as many of these drugs act to directly inhibit the AR.

Adjunct therapies

5a-reductase inhibitors, such as finasteride or dutasteride, which inhibit the
conversion of testosterone to DHT, may also be used. Other potential drugs
include the nonsteroid AR antagonists, such as bicalutamide (Glintborg et al.,
2021). However, these are not recommended as they do not lower serum

testosterone levels and there is limited data supporting their use.

Similarly, progesterone therapies, such as medroxyprogesterone, have been
utilised in transgender women previously (Wierckx et al., 2014a). Typically, these
are considered a means to promote breast development. However, no study to
date has demonstrated clinical efficacy of these drugs and they are not
recommended. Moreover, there are data suggesting a potential increased risk of
venous thromboembolism and stroke in cisgender women receiving progestogens,
which would be a concern in this cohort (Manson et al., 2003; Barsoum et al.,
2010).

2.4.4.2 Masculinising gender-affirming hormone therapy

Testosterone therapy is used to masculinise transgender men via facial and body
hair growth, deepening of voice, cessation of menses, and increased musculature.
Recent US health outcome data suggest as many as 52% of transgender men
utilised hormone therapy (Quinn et al., 2017). The aim of this therapy is to obtain
these natal male secondary sex characteristics to allow these individuals to live
their lives as men, reduce gender dysphoria and improve quality of life (lrwig,
2017). Long-term testosterone administration in transgender men promotes
reduction in breast glandular tissue and substantive increases in fibrous
connective tissue (Slagter et al., 2006). In a longitudinal study of 11-21 months of
masculinising hormone therapy in 223 transgender men, weight gain greater than

5 kg was observed in 30% of participants (Kyinn et al., 2021).
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Broadly, the treatments provided are akin to those of cisgender hypogonadal men,
where the mainstay of treatment are injectable testosterone preparations (Table
2-3) (Unger, 2016). Testosterone has an approximate half life of 10 minutes
following injection, however, this bioavailability is improved by 178 esterification.
Esterification promotes testosterone oil solubility and renders this hormone inert,
which permits the gradual absorption of testosterone following the cleavage of

this ester.

Esterification of the 178 position of testosterone with undecanoic produces
testosterone undecanoate. This hydrophobic side chain consists of the aliphatic
fatty acid undecanoic acid, which contains 11 carbon atoms compared to
testosterone enanthate that contains of 7 carbon atoms (Edelstein & Basaria,
2010). This alteration provides a more favourable pharmacological profile with a
half-life of 34 days as a consequence of its solubility in a castor oil vehicle that
decreases the rate of absorption (Corona et al., 2014). This androgen prodrug is
then steadily released from depot where it then enters the circulation and is

cleaved by esterases to produce undecanoic acid and bioactive testosterone.

Formulation Route Dose

Testosterone enanthate or
125-250 mg / 3-6 weeks
es