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Abstract

Hypertension is a prevalent condition with clear links to increased mortality and
morbidity. The sympathetic nervous system is a key regulator of blood pressure
and sex differences in sympathetic blood pressure regulation may contribute to
the reduced hypertension prevalence in premenopausal women compared to
young men. However, hypertension in premenopausal women exists and the
underlying mechanisms are poorly understood. Furthermore, whilst female
hypertension risk is greater after the menopause, the mechanisms promoting
hypertension in some postmenopausal women but not others remain unclear.
This thesis hypothesised that hypertensive women exhibit altered sympathetic
regulation versus normotensive controls. Firstly, the transduction of sympathetic
nerve activity into blood pressure was measured in hypertensive and
normotensive pre- and postmenopausal women (and equivalent male groups),
using an established method. Transduction was increased in hypertensive versus
normotensive premenopausal, but not postmenopausal women. Additionally,
sympathetic transduction was negatively associated with age in hypertensive
women. These data indicate a role for increased sympathetic transduction in
hypertensive premenopausal but not postmenopausal women. The hypothesised
mechanism driving increased sympathetic transduction in hypertensive
premenopausal women (poorer beta-adrenergic receptor function versus
normotensive controls), was investigated, but data collection was difficult (due to
the COVID-19 pandemic), and this question remains unanswered. Additionally,
the thesis aimed to determine whether respiratory modulation of sympathetic
activity was altered in postmenopausal versus premenopausal women, given that
age does not appear to affect respiratory sympathetic modulation in men. The
data showed that respiratory sympathetic modulation is reduced in healthy
postmenopausal women compared to younger adults, but that hypertension had
no additional effect. As such, poorer respiratory modulation may be a mechanism
by which ageing is associated with increased sympathetic activity in women.
Overall, these data have contributed to the understanding of two aspects of
sympathetic blood pressure regulation in women, with important implications for

the understanding of hypertension development in women.
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Chapter 1 Literature Review

1.1 Introduction

Hypertension is a risk factor for cardiovascular disease that affects a significant
proportion of the global adult population (World Health Organisation, 2017). The
autonomic nervous system is a key regulator of blood pressure and evidence
suggests that altered autonomic regulation of blood pressure may be an
important mechanism driving the development of hypertension (Koeners et al.,
2016). Autonomic blood pressure regulation differs by sex in healthy adults and
sex differences in blood pressure regulation may contribute to sex differences in
hypertension prevalence (Hart et al., 2012). However, the mechanisms leading to
hypertension in women remain incompletely understood. The overall aim of this
thesis was to contribute to the understanding of autonomic blood pressure
regulation in hypertensive women, in order to help identify factors that might

precipitate hypertension in women.

1.2 Note on terminology

The term sex describes the biological traits (sex chromosomes, sex hormones,
gonads, secondary sexual characteristics) by which an individual is identified as
male or female. Additionally, some individuals have biological traits associated
with more than one sex and may identify as intersex or as having differences in
sexual development (National Academies of Sciences and Medicine, 2022). The
term gender describes an individual’s identity and is related to societal and
cultural influences (National Academies of Sciences and Medicine, 2022,
Connelly et al., 2021). National Institutes of Health recommendations indicate
that biological sex data is collected in research only when relevant to the topic
studied (National Academies of Sciences and Medicine, 2022). Given that this
thesis focuses on the role of sex hormones in the development of hypertension,
the thesis will discuss sex differences rather than gender differences. Some
researchers use the terms male and female when referring to sex, and the terms
men and women when referring to gender (Connelly et al., 2021). However,
these terms are often not clearly distinguished (National Academies of Sciences
and Medicine, 2022). Most of the core literature referenced in this thesis use the
terms men and women, although some papers use male and female to describe

research participants. When the terms men and women are used in the literature,



it is generally assumed, although often not explicitly stated, that the authors are
referring to cisgender men and women (whose gender matches the sex they
were assigned at birth (National Academies of Sciences and Medicine, 2022)). In
the literature review chapter, the terms used by the authors of the referenced
work have been used (usually ‘men’ and ‘women’). The research participants
contributing data to the thesis were recruited as male or female, therefore ‘male’
and ‘female’ are used in the experimental chapters of the thesis (including when
referring to the work of others, for consistency). The research could have been
made more inclusive by collecting both sex and gender data, as is recommended
(National Academies of Sciences and Medicine, 2022) and future work will follow

these guidelines.

1.3 Overview of hypertension

1.3.1 Global prevalence of hypertension

Hypertension describes a state where average blood pressure is consistently
above normal levels (Guyenet, 2006). Global hypertension prevalence in adults
was estimated to be 22% in 2015 (World Health Organisation, 2017).
Hypertension is prevalent across the world; for example, within the past decade
prevalence estimates of adult hypertension were reported at 34% in the US
(Benjamin et al., 2017), 29% in Brazil (Picon et al., 2012), 25% in Europe (Timmis
et al., 2019), 25% in East and West Sub-Saharan Africa (Okello et al., 2020),
23% in China (Wang et al., 2018), and 19% in India (Gupta et al., 2021), although
the methodology used to determine prevalence varied among these studies.
When definition of hypertension and method of determining prevalence were
controlled for in a meta-analysis across seven global regions, Europe and Central
Asia was reported to have the highest prevalence among men (38.8%), whilst
sub-Saharan Africa was reported to have the highest prevalence among women
(36.9%) (Mills et al., 2016). Whilst hypertension prevalence varies within the
geographical regions and countries listed above, these statistics illustrate that a
substantial proportion of the global population is directly affected by
hypertension. Furthermore, global hypertension prevalence was reported to rise
by 5.2% between 2000 and 2010 (Mills et al., 2016) and global prevalence is
predicted to be 29% in 2025 (Kearney et al., 2005). Therefore, hypertension will

continue to be a major factor in global healthcare for years to come.



1.3.2 Global consequence of hypertension

There is considerable evidence that hypertension is associated with increased
mortality and morbidity (Whelton, 1994). Hypertension is associated with
increased risk of stroke and coronary heart disease (MacMahon et al., 1990),
renal disease (Klag et al., 1996) and vascular dementia (Sharp et al., 2011,
Gorelick et al., 2011). For example, for a resting systolic blood pressure above
115 mmHg, risk of death by stroke or ischaemic heart disease was reported to be
approximately two-times greater for every 20 mmHg increase in systolic blood
pressure in those aged 60-69 years (Lewington et al., 2002). The Global Burden
of Disease study reported that in 2017, hypertension was the single risk factor,
among 476 studied, that was associated with the greatest number of disability-
adjusted life years (218 million, as well as 10.4 million deaths) (Global Burden of
Disease 2017, 2018). Therefore, lowering blood pressure in individuals with
hypertension is an important global healthcare goal.

1.3.3 Defining hypertension

The threshold at which blood pressure is considered to be high varies
geographically and as new evidence emerges. Global, European and UK
guidelines indicate that when measured in the clinic, a systolic blood pressure >
140 mmHg and a diastolic blood pressure > 90 mmHg is indicative of
hypertension (Unger et al., 2020, Williams et al., 2018, National Institute for
Health and Care Excellence, 2019). American guidelines now suggest that stage
one hypertension occurs when systolic blood pressure is 2130 mmHg or diastolic
blood pressure is >80 mmHg, with pharmacological treatment offered from stage
one depending on individual cardiovascular risk (Whelton et al., 2018). In this
thesis, hypertension is defined according to the UK guidelines (National Institute
for Health and Care Excellence, 2019), given that hypertensive patients taking

part in the research would be treated according to these guidelines.

1.4 Sex differences in hypertension

1.4.1 Sex, age, and hypertension prevalence

There is clear evidence that hypertension prevalence increases with advancing
age (Burt et al., 1995, Benjamin et al., 2017, Mills et al., 2016, Kearney et al.,
2005, Gu et al., 2002, Lovic et al., 2013). In England, 54% of adults aged 65-74
years had hypertension in 2019, compared to 7% of those aged 25-34 years
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(Lifestyles Team NHS Digital, 2020). Similarly, in America, 67% of those aged
above 60 years had hypertension in 2011-2014 compared to 12% of those aged
20-39 years (Benjamin et al., 2017). A small number of studies have reported no
relationship between age and hypertension prevalence, for example in a rural
community in Panama (Hollenberg et al., 1997), but large scale studies from
various countries, such as those listed above, generally support the idea of

increased hypertension risk with increasing age.

When adults of all ages are considered, hypertension prevalence does not differ
greatly between men and women (e.g., 32% of women versus 31% of men in
America (Whelton et al., 2018)). However, hypertension prevalence is influenced
by sex differently in younger and older adults. In general, hypertension
prevalence is lower in young women versus young men, but greater in older
women versus older men (Burt et al., 1995, Benjamin et al., 2017, Gu et al.,
2002) (Benjamin et al. use the terms male and female). The age at which
prevalence of hypertension in women overtakes hypertension in men varies
between studies, from ~65 years (Gu et al., 2002, Benjamin et al., 2017) to 70
years (Burt et al., 1995), and depends on how the age groups are categorised.
Overall, hypertension risk increases with age in both men and women, however it
appears that young women are at reduced risk of hypertension compared to

young men, whilst older women are at greater risk versus older men.

1.4.2 Hypertension in postmenopausal women

Given that hypertension risk is low in younger versus older women, it is thought
that female sex hormones may offer some protection against cardiovascular
disease (Deroo and Korach, 2006). There is some evidence that female sex
hormones influence blood pressure via their effects on the vasculature (section
1.4.1.1) and the menopause is associated with declining levels of oestrogen and
progesterone (Moreau, 2018). Across studies from various countries, the average
age of menopause was reported as 50.5 years (InterLACE Study Team, 2019).
However menopausal transition lasts multiple years, with sex hormone
concentrations fluctuating over this time before reaching postmenopausal levels
(Moreau, 2018). Despite this, studies have attempted to determine whether
menopause is an independent risk factor for hypertension. Amigoni et al.,
reported that when age and body mass index (BMI) were controlled for,
hypertension was still more prevalent in postmenopausal versus premenopausal

women (Amigoni et al., 2000), whilst others have reported no difference in
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hypertension prevalence between pre- and postmenopausal women (Staessen et
al., 1997). However, women reaching menopause at an earlier age (within the
normal menopausal age range, so not considered early-onset menopause) were
found to be at greater risk of hypertension than those reaching menopause
several years later (Song et al., 2018). Furthermore, postmenopausal women
were found to have a greater increase in systolic blood pressure over five years
compared to premenopausal women, whilst no group difference was seen in age-
matched men (Staessen et al., 1997). Therefore, there is some evidence that
menopause may contribute to the risk of hypertension, but this risk is difficult to
study independently from the concurrent risk of increasing age (Staessen et al.,
1998).

1.4.3 Hypertension in premenopausal women

Whilst older adults are at the most risk of developing hypertension, some young
adults also develop the condition, with hypertension considered ‘young-onset’ if
occurring in adults younger than 40 years (Chen et al., 2004). Young-onset
hypertension is less common in women versus men, for example 4% of women
compared to 11% of men aged 25-34 years in England (Lifestyles Team NHS
Digital, 2020). In women aged 35-44 years, who may no longer be considered to
have young-onset hypertension, but who are still of premenopausal age,
hypertension prevalence rises to 9% (versus 13% in men) (Lifestyles Team NHS
Digital, 2020). These statistics demonstrate that premenopausal hypertension
does occur and may occur despite the potential protective effects of female sex
hormones. Therefore, it is important to consider the mechanisms driving
hypertension in premenopausal women, given that most premenopausal women
do not experience hypertension. This thesis focuses on the regulation of blood
pressure by the sympathetic nervous system, with the ultimate aim of determining
whether altered sympathetic regulation contributes to hypertension in

premenopausal women.

15 Blood pressure homeostasis

1.5.1 Overview

Blood pressure is a physiological variable under the control of several regulatory
mechanisms. These include neural reflexes via the autonomic nervous system,

which in turn receive additional regulation from higher brain regions (Dampney,



2016); properties of the vascular muscle and endothelium (Dampney, 2016); and
hormonal signalling mechanisms including the renin-angiotensin-aldosterone
system (Miller and Arnold, 2019) and natriuretic peptides (Rubattu and Gallo,
2022). In the short-term, control of arterial blood pressure ensures adequate
tissue perfusion (Dampney, 2016). In the long-term, maintenance of blood
pressure within a normal range avoids the additional risks associated with
hypertension (Benjamin et al., 2017). This thesis focuses on sympathetic control
of blood pressure, and in particular, the sympathetic control of vasoconstrictor

tone.

1.5.2 The arterial baroreflex

Rapid buffering of changes in blood pressure occurs via the arterial baroreflex
(Dampney, 2016). Arterial baroreceptor afferents in the carotid sinus and aortic
arch (Guyenet, 2006) encode blood pressure by firing in response to stretch of
the arterial wall, where increased pressure results in increased stretch
(Dampney, 2016). Baroreceptor afferent activity is conveyed to the nucleus
tractus solitarius (NTS) in the medulla via the glossopharyngeal (carotid
baroreceptors) and vagus (aortic baroreceptors) nerves (Dampney, 2016).
Projections from the NTS to other regions of the brainstem regulate the outflow of
autonomic efferent activity in response to baroreceptor afferent input.
Sympathetic nervous system activity originates in the pre-sympathetic neurones
of the rostral ventrolateral medulla (RVLM) (Guyenet, 2006). The RVLM receives
inhibitory input from the caudal ventrolateral medulla (CVLM), which in turn
receives excitatory input from the NTS (Guyenet, 2006). As such, increased
baroreceptor afferent activity results in increased CVLM inhibition of the pre-
sympathetic neurones, which inhibits sympathetic outflow (Guyenet, 2006).
Parasympathetic nervous system activity originates in the nucleus ambiguus,
which receives excitatory input from the NTS. Therefore, increased baroreceptor
afferent activity results in increased parasympathetic outflow (Dampney, 2016).
Via this mechanism, a fall in blood pressure (reduced baroreceptor afferent
activity) results in increased sympathetic and decreased parasympathetic activity,
whilst increased baroreceptor afferent activity results in reduced sympathetic and

increased vagal activity (Dampney, 2016).

Baroreflex effector mechanisms are brought about by the activity of the
sympathetic and parasympathetic projections to the heart, blood vessels and

adrenal medulla. Cardiac sympathetic efferents promote increases in heart rate
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and contractile force, resulting in increased cardiac output, whereas cardiac
parasympathetic efferents promote bradycardia (Dampney, 2016). Vascular
sympathetic efferents promote vasoconstriction, which increases peripheral
resistance (Dampney, 2016). Therefore, in response to falling blood pressure,
baroreflex effector mechanisms bring about increased cardiac output and total
peripheral resistance. Given that mean arterial blood pressure is equal to the
product of cardiac output and peripheral resistance (Thomas, 2011), these

effector mechanisms act to increase blood pressure.

1.5.3 Sympathetic control of long-term blood pressure

In addition to regulating blood pressure on a beat-to-beat basis, there is evidence
that the arterial baroreflex contributes to regulation of long-term resting blood
pressure. For example, patients with damaged baroreceptor afferents exhibit
labile blood pressure that can become very high in association with high levels of
sympathetic activity (Heusser et al., 2005). Furthermore, exacerbating
baroreceptor stimulation (baroreflex activation therapy) can be an effective non-
pharmacological treatment for hypertension (Spiering et al., 2017) that is
associated with a reduction in sympathetic activity (Heusser et al., 2010). The
role of the sympathetic nervous system in contributing to hypertension is
supported by evidence showing higher levels of resting sympathetic nerve activity
in hypertensive patients compared to normotensive controls (Hogarth et al.,
2007b, Hogarth et al., 2011, Grassi et al., 2000). Although this finding is not
common to all studies assessing sympathetic nerve activity in hypertension
(Schobel et al., 1996), a meta-analysis of 63 studies concluded that hypertension
is usually associated with increased sympathetic activation (Grassi et al., 2018).
A key hypothesis for the cause of this sympathoexcitation is that afferent activity
from tissues receiving inadequate blood supply triggers increased sympathetic
activity in order to increase perfusion (Koeners et al., 2016). Examples of organs
implicated in this hypothesis include brain, the carotid body (location of peripheral
chemoreceptors), and exercising skeletal muscle (Koeners et al., 2016). For
example, hypertensive individuals had lower cerebral blood flow and were more
likely to have cerebrovascular variants (that could limit perfusion) compared to
normotensive controls, with borderline hypertensive participants exhibiting
reduced cerebral blood flow in the absence of excess sympathetic activity
(indicating that cerebral hypoperfusion precedes chronic symapthoexcitation)
(Warnert et al., 2016). Meanwhile, removal of carotid body afferents delayed the

onset of hypertension in a rat model of hypertension (Abdala et al., 2012), whilst
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carotid body excision was shown to be an effective treatment for hypertensive
patients, but only in those who exhibited excess chemoreceptor sensitivity at
baseline (Narkiewicz et al., 2016). As such, these data, among others,
demonstrate a role for afferent activity in promoting chronic sympathoexcitation,
which may underlie or contribute to the development of hypertension.

1.5.4 Regulation of vasoconstrictor tone

1.5.4.1 Overview

Sympathetic control of blood pressure depends not only on the amount of
sympathetic activity directed towards the vasculature, but also the efficiency with
which a given level of sympathetic activity triggers vasoconstriction (sympathetic
transduction) (Hart and Charkoudian, 2014). This depends on several factors,
including the relative level of innervation (Thomas, 2011), neurotransmitter
release, receptor type and number on the innervated tissue (Tymko et al., 2021),
circulating vasoactive substances, and structural properties of the arteries
(Thomas, 2011). Furthermore, receptors for sympathetic neurotransmitters are
located both pre- and post-junctionally (Thomas, 2011), as well as on the
vascular endothelium (Guimaraes and Moura, 2001).

1.5.4.2 Sympathetic control of vascular smooth muscle

Vascular sympathetic efferents control vasoconstrictor tone via the action of the
neurotransmitter noradrenaline, and co-transmitters adenosine triphosphate
(ATP) and neuropeptide-Y (NPY) (Huidobro-Toro and Donoso, 2004).
Noradrenaline binds alpha and beta-adrenergic receptors which are present on
the abluminal vascular smooth muscle (Michelotti et al., 2000). The
vasoconstrictor response of noradrenaline is achieved by vascular smooth
muscle contraction, secondary to alpha-adrenergic receptor activation, with the
alpha-1 subtype (Gg-coupled) acting to increase intracellular calcium and the
alpha-2 subtype (Gi-coupled) acting to reduce intracellular cAMP and the
associated smooth muscle relaxation (Michelotti et al., 2000). Beta-adrenergic
receptors (Gs-coupled) stimulate cAMP production when activated, and therefore
promote vascular smooth muscle relaxation (Michelotti et al., 2000). Given that
alpha-adrenergic receptors are more highly expressed than beta-adrenergic
receptors in the arteries contributing to vascular tone, vasoconstriction is the net
effect of sympathetic activity directed to the vasculature (Riedel et al., 2019). Co-
transmitters ATP and NPY can contribute to the contractile effect of

noradrenaline. Activation of P2X receptors (mainly P2X; (Martin-Aragon Baudel

8



et al., 2020)) on vascular smooth muscle by ATP promotes depolarisation
(Huidobro-Toro and Donoso, 2004) via influx of cations into the smooth muscle
cells (Burnstock and Williams, 2000). Meanwhile, NPY activation of the Y1
receptor is thought to enhance the vasoconstrictor effects of the other
transmitters (Huidobro-Toro and Donoso, 2004). Additionally, receptors located
on the sympathetic nerve terminals (alpha-2 (Michelotti et al., 2000) and Y2
(Huidobro-Toro and Donoso, 2004)) act to inhibit further release of
neurotransmitters, whilst P2Y receptors located on vascular smooth muscle and
vascular endothelium influence vasoconstrictor tone in both directions depending

on subtype (Martin-Aragon Baudel et al., 2020).

1.5.4.3 Endothelial contribution to vasoconstrictor tone

The endothelium produces both vasodilation (nitric oxide, prostaglandin) and
vasoconstriction-promoting factors (endothelin) (Orshal and Khalil, 2004), which
can be released in response to mechanical stimuli (shear stress) (Zhao et al.,
2015), or upregulation by other factors, including sex hormones (Zhao et al.,
2015, Miller and Duckles, 2008). Nitric oxide promotes vasodilation through a
cGMP-mediated relaxation of the vascular smooth muscle (Zhao et al., 2015).
Protein kinase G activation by cGMP leads to reduced calcium entry into smooth
muscle cells via voltage-gated membrane channels or sarcoplasmic reticulum
channels, as well as promoting re-uptake of calcium into the sarcoplasmic
reticulum (Zhao et al., 2015). Additionally, nitric oxide can promote s-nitrosylation
of receptors, which encourages their downregulation (Zhao et al., 2015).
Evidence from rat arterial tissue showed that nitric oxide promotes
downregulation of alpha-adrenergic receptors via this mechanism (Nozik-Grayck
et al., 2006). However, s-nitrosylation of G-protein receptor kinase (GPRK) acts
to inhibit phosphorylation of beta-adrenergic receptors by GPRK, which reduces
beta-adrenergic downregulation (Whalen et al., 2000). As such, nitric oxide may
further promote vasodilation by discouraging loss of functional beta-adrenergic

receptors to downregulatory mechanisms.

Adrenergic receptor subtypes alpha-2 and beta-2 are also found on vascular
endothelium, where their activation may promote nitric oxide production
(Guimaraes and Moura, 2001). Ferro et al. demonstrated that the endothelium is
crucial in beta-adrenergic vasodilatory mechanisms in human vein tissue. The
vasodilator response to beta-adrenergic agonists was lost upon removal of the

endothelium or inhibition of eNOS (Ferro et al., 1999). Therefore, both vascular
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smooth muscle and endothelial adrenergic receptors appear to play an important

role in regulating vasoconstrictor tone.

1.5.4.4 Arterial stiffness

Arterial stiffness is another factor contributing to blood pressure. Stiffer arteries
are less compliant (Rossi et al., 2011) and are associated with increased systolic
and pulse pressure (but decreased diastolic blood 