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Abstract 

Hypertension is the leading modifiable cause of premature death worldwide. Some 

hypertensive individuals develop left ventricular (LV) hypertrophy (LVH) and 

myocardial fibrosis, increasing cardiovascular morbidity and mortality, whereas some 

hypertensive individuals have normal LV structure and function. The sympathetic 

nervous system (SNS) and immune system are known to play a role in hypertension 

and cardiac remodelling; however, it remains unknown whether inflammation causes 

sympathetic overactivation, or if elevated sympathetic nerve activity (SNA) induces 

inflammation in hypertension. This thesis hypothesised that inflammation would 

precede sympathetic overactivation in the development of cardiac remodelling. 

Temporal changes in lumbar SNA and inflammatory markers in spontaneously 

hypertensive rats (SHRs) were observed from 10-weeks-old to 15-weeks-old, with 

circulating IL-18 found to be a significant predictor of LVH. However, due to issues 

with data collection, lumbar SNA data was inconclusive. This thesis also aimed to 

identify whether resting SNA or SNA reactivity was associated with cardiac 

remodelling in humans. Resting SNA was found to predict concentric cardiac 

remodelling, and SNA reactivity was a predictor of cardiac fibrosis in people with and 

without hypertension. Resting SNA was also found to predict circulating IL-18, 

confirming a link between SNA and inflammation, although no inflammatory markers 

were associated with cardiac remodelling. However, a type III collagen synthesis 

marker, amino-terminal propeptide of procollagen type III (PIIINP) was found to 

predict LVH, but no markers predicted myocardial fibrosis. Additionally, stress-

induced increases in SNA were found to be sustained in recovery in hypertensive but 

not normotensive individuals, having implications for increased cardiovascular risk. 

Finally, hypertensive individuals had an increased rise in pro-inflammatory markers 

following exercise, with change in IL-10 being an independent predictor of ECV. 

Overall, this thesis has shown resting SNA and SNA reactivity predict cardiac 

remodelling and circulating IL-18, IL-10 and PIIINP may be potential biomarkers to 

predict cardiac remodelling. 
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CHAPTER 1 Introduction 

1.1 Hypertensive heart disease 

Hypertensive heart disease (HHD) is a complex constellation of structural and 

functional abnormalities of the left ventricle including left ventricular (LV) 

hypertrophy, excessive interstitial myocardial fibrosis, and systolic and diastolic 

dysfunction, as a result of chronically elevated blood pressure (Drazner 2011, 

Tackling and Borhade 2019). Clinical manifestations of HHD include, but are not 

limited to, cardiac remodelling, such as LV hypertrophy (LVH) and cardiac fibrosis, 

arrhythmias, myocardial ischemia, and heart failure (HF).  

1.1.1 Epidemiology and aetiology of hypertensive heart disease 

Elevated blood pressure (hypertension) is the leading cause of premature deaths 

globally (Forouzanfar, Liu et al. 2017), and is responsible for 44% of heart and 

circulatory disease deaths in the UK alone (British Heart Foundation 2022). More 

than 10 million people in the UK have been diagnosed with hypertension (British 

Heart Foundation 2022), putting them at greater risk of stroke, LVH, cardiac fibrosis, 

myocardial infarction and HF. Heart disease caused by hypertension is estimated to 

cost the NHS £2 billion annually. HF is an incurable condition, which accounts for 5% 

of all emergency hospital admissions, with 9.4% of patients dying in hospital, and a 

one-year mortality rate at 23.3% of patients admitted with HF (Cleland 2012).  

Hypertension is defined as the chronic elevation of arterial pressure above office 

systolic blood pressure (SBP) values of ≥140 mmHg and/or diastolic blood pressure 

(DBP) values of ≥90 mmHg (Williams, Mancia et al. 2018) or the use of 

antihypertensive medication. The cause of hypertension is poorly understood, 

although several modifiable environmental factors have been independently 

correlated with the development of hypertension. These include obesity, excessive 

alcohol consumption, sedentary lifestyle, and a high sodium diet. Other 

uncontrollable risk factors include genetics and family history, stress, increasing age 

and elevated sympathetic nerve activity (SNA) (Carretero and Oparil 2000, Tomek 

and Bub 2017, Tackling and Borhade 2019).  
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LVH prevalence in hypertension is between 36-41% (Cuspidi, Sala et al. 2012), and 

cardiac fibrosis prevalence in HHD was recently shown to be 81% (Westaby, Miles 

et al. 2022). Hypertension is responsible for approximately 25% of all causes of HF 

(Tackling and Borhade 2019); however intensive treatment of hypertension has been 

shown to reduce the risk of HF by 38% (SPRINT 2017). Presence of LVH in 

hypertension has consistently been shown to predict cardiovascular morbidity and 

mortality (Brown, Giles et al. 2000, Mathew, Sleight et al. 2001, Vakili, Okin et al. 

2001, Bombelli, Facchetti et al. 2009, Pierdomenico and Cuccurullo 2010). In 

addition, as cardiac fibrosis leads to increased myocardial stiffness, it also 

contributes to increased cardiovascular morbidity and mortality (Frohlich 2001, 

Weber 2001, Cuspidi, Ciulla et al. 2006). 

As hypertension can lead to LVH, cardiac fibrosis and HF, and is responsible for a 

large percentage of HF cases (Tackling and Borhade 2019), it is important to 

understand the mechanisms of the progression of HHD. HF is a progressive 

condition in which the heart is unable to deliver sufficient oxygen to tissues to meet 

metabolic demands, resulting from functional or structural impairment of ejection of 

blood or ventricular filling (Yancy, Jessup et al. 2013, Andersson and Vasan 2014). 

Although the underlying pathophysiological mechanisms of the progression of HHD 

remain unclear, it is currently speculated that a systemic inflammatory state driven 

by comorbidities, impairs endothelial function and generates reactive oxygen species 

(ROS), resulting in myocardial stiffness (Paulus 2016), in addition to myocardial 

fibrosis (section 1.2.1) (Michalska-Kasiczak, Bielecka-Dabrowa et al. 2018) and 

increased sympathetic nerve activation (section 1.3.1) (Verloop, Beeftink et al. 2015, 

Grassi, Pisano et al. 2018), although the timeline of HHD progression is unknown . 

1.1.2 Animal models of hypertensive heart disease 

Chronic human studies following the progression of HHD from early hypertension to 

cardiac remodelling (LVH and fibrosis) and HF would have large financial and time 

implications; therefore, animal models are frequently used to study this disease. The 

spontaneously hypertensive rat (SHR) is the most commonly used animal model of 

HHD, in which hypertension develops from 5-6 weeks of age, and plateaus between 

7-10 weeks of age. Using SHRs, it is possible to measure and assess the temporal 

changes in inflammatory and fibrotic markers, cardiac function and structure, and 
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SNA over the course of the disease. With this information, it may be possible to 

establish a timeline of the different interactions between the immune system and 

sympathetic nervous system (SNS), and subsequently determine the aetiology of 

why hypertension leads to cardiac remodelling and HF in some patients, but not 

others. In this thesis, the SHR was used to follow the changes in circulating 

inflammatory and fibrotic markers, lumbar sympathetic nerve activity (LSNA) and 

LVH from early hypertension without significant cardia remodelling, to developed 

hypertension with LVH and cardiac fibrosis present.  

1.2 Cardiac remodelling in hypertensive heart disease 

Maladaptive cardiac remodelling is a clinical manifestation of HHD, which is believed 

to occur as an adaptive response to the haemodynamic overload induced by 

elevated blood pressure to minimise wall stress (Frohlich, Apstein et al. 1992). 

Concentric cardiac remodelling, in which wall thicknesses increase and LV cavity 

decreases, is common in HHD. The law of Laplace, which states that LV wall stress 

is directly related to LV pressure and radius, and inversely related to LV wall 

thickness, explains this compensatory response frequently observed in hypertensive 

individuals (Nadruz 2015). LV mass increases with both increased wall thickness or 

chamber dilatation, which commonly occurs in response to pressure overload or 

volume overload, respectively (Drazner 2011). However, the degree of afterload is 

not the only determinant of the development of LVH and cardiac remodelling. Two 

patients with the same degree and duration of hypertension can have different 

outcomes, as one may develop LVH, myocardial fibrosis and HF, while the other can 

maintain normal LV structure and function. Risk of cardiovascular morbidity and 

mortality is increased two- to four-fold in patients with LVH, compared to patients 

with normal LV mass (Katholi and Couri 2011); therefore it is critical to detect LVH 

and myocardial fibrosis as early as possible to provide necessary treatment, in 

addition to identifying those at risk of developing LVH and myocardial fibrosis.  

At the cellular level, cardiomyocytes respond to biomechanical stress and 

neurohumoral stimulation, leading to cardiomyocyte hypertrophy. The addition of 

new sarcomeres in parallel, increases cardiomyocyte width, resulting in concentric 

hypertrophy, whereas sarcomere addition in series increases cardiomyocyte length, 

resulting in eccentric hypertrophy (Nadruz 2015). Alterations in titin expression, a 
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sarcomeric protein which in part regulates cardiomyocyte hypertrophy through its 

role in force transmission, contribute to increased myocardial stiffness (Shimizu and 

Minamino 2016). Pathological cardiomyocyte hypertrophy is associated with several 

detrimental changes, including a metabolic switch from fatty acid oxidation to 

glucose oxidation, resulting in diminished ATP reserves (Lehman and Kelly 2002), 

increased oxidative stress via ROS generation and dysregulation of calcium handling 

(Piek, de Boer et al. 2016, Shimizu and Minamino 2016, Gonzalez, Ravassa et al. 

2018). ROS have been implicated in inflammation-induced hypertrophy, as treatment 

of cardiomyocytes with the antioxidant n-acetylcysteine significantly reduced tumor 

necrosis factor (TNF-α)-induced hypertrophy via downregulation of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) activation (Higuchi, Otsu et 

al. 2002). Furthermore, oxidative stress in the hypertensive heart promotes 

myocardial fibrosis via increased expression of transforming growth factor-β (TGF-

β), elevated collagen synthesis and reduced collagen degradation (Zhao, Zhao et al. 

2008).  

Ultimately, these changes lead to cardiomyocyte death via apoptosis, necrosis 

and/or phagocytosis (Piek, de Boer et al. 2016), which consequently promotes 

alterations in the extracellular matrix (ECM), contributing to myocardial fibrosis 

(Shimizu and Minamino 2016). 

1.2.1 Myocardial fibrosis in hypertensive heart disease  

A common feature of HHD is myocardial fibrosis, which is the excess deposition of 

ECM proteins such as collagens (Glezeva and Baugh 2014) and collagen cross-

linking (CCL) by cardiac fibroblasts, as a result of imbalanced collagen synthesis and 

degradation (Borlaug and Paulus 2011). Myocardial fibrosis contributes to cardiac 

dysfunction by disrupting the interactions between cardiomyocytes and other cells 

within the myocardium (Parichatikanond, Luangmonkong et al. 2020), resulting in 

increased ventricular stiffness, impaired tissue compliance and reduced filling 

capacity of the heart (Travers, Kamal et al. 2016, Herum, Lunde et al. 2017).  

The composition of myocardial collagen fibres primarily consists of collagen types I 

and III, which are secreted as triple-helix procollagen molecules with amino and 

carboxy terminal propeptides (Goldsmith, Bradshaw et al. 2013, Mani and Mani 

2021). Cleavage of the propeptides by procollagen proteinases during the 
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conversion of procollagens type I and III into collagens type I and III respectively, is 

critical for preventing excessive collagen deposition (Goldsmith, Bradshaw et al. 

2013). The detrimental impact of myocardial fibrosis is not only influenced by the 

quantity of collagen deposition, but also by the quality of the collagen fibres and their 

arrangement (Gonzalez, Lopez et al. 2019). CCL is a process in which covalent links 

between collagen fibres, catalysed by the enzyme lysyl oxidase, lead to an increased 

resistance to collagen degradation by MMPs (Brower, Gardner et al. 2006, Ekstrom, 

Hellman et al. 2020). Therefore, the higher the degree of CCL, the lower the 

breakdown of collagen from MMPs, resulting in increased interstitial accumulation of 

collagen fibres and subsequent deterioration in cardiac function (Mani and Mani 

2021).  

Cardiac fibroblasts (CFs) are abundant cells in the mammalian heart and are 

commonly found in connective tissue of the heart (Camelliti, Borg et al. 2005, Porter 

and Turner 2009, Vasquez, Benamer et al. 2011). Normal cardiac function is 

regulated in part by CFs, which contribute to structural, mechanical, biochemical and 

electrical conductance properties of the healthy myocardium (Camelliti, Borg et al. 

2005). CFs play a critical role in the synthesis and degradation of the ECM, which 

provides a structural scaffold for other cardiac cell types such as cardiomyocytes 

(Souders, Bowers et al. 2009) and distributes mechanical forces across the 

myocardium (Souders, Bowers et al. 2009, Travers, Kamal et al. 2016, Saucerman, 

Tan et al. 2019). To ensure ECM homeostasis, CFs play a role in maintaining a 

balance between ECM synthesis and degradation, and tightly regulate the 

expression and function of proteolytic enzymes, matrix metalloproteinases (MMPs) 

and their inhibitors, tissue inhibitor of metalloproteinases (TIMPs) (Camelliti, Borg et 

al. 2005, Porter and Turner 2009, Fu, Liu et al. 2020). Other cells including 

cardiomyocytes also contribute to ECM homeostasis. To maintain ECM 

homeostasis, a balance between the breakdown of the ECM, predominantly 

mediated by MMPs, and the inhibition of activated MMPs by TIMPs, is essential.  

A vast number of cardiovascular disease aetiologies involve pathological cardiac 

remodelling, characterised by myocardial fibrosis. In hypertension, myocardial 

fibrosis commonly occurs in the interstitium (interstitial fibrosis) and around blood 

vessels (perivascular fibrosis) as a result of CF stimulation (Creemers and Pinto 
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2011). Both interstitial and perivascular fibrosis result in reduced oxygen diffusion 

and nutrient supply to the stressed myocardium, ultimately promoting cardiomyocyte 

hypertrophy and death (Piek, de Boer et al. 2016). In HHD, collagen formation 

becomes disproportionate to LV mass caused by sustained pressure overload. 

Excessive fibrosis associated with hypertension detrimentally affects myocardial 

compliance characteristics, leading to myocardial stiffness and cardiac dysfunction 

(Creemers and Pinto 2011). Extracellular volume (ECV), a marker of myocardial 

fibrosis (Haaf, Garg et al. 2016), was found to be significantly higher in HF with 

preserved ejection fraction (HFpEF) patients than hypertensive patients, and higher 

in hypertensive patients than healthy controls, showing a gradual increase in 

myocardial fibrosis, throughout the progression of HHD (Mordi, Singh et al. 2018).  

Collagen volume fraction (CVF) in endomyocardial biopsies from hypertensive 

patients was significantly higher compared to the CVF in normotensive biopsies 

performed during autopsy (Querejeta, Varo et al. 2000). Serum concentrations of 

carboxy-terminal propeptide of procollagen type I (PICP) were 69% higher in 

hypertensive patients than normotensive controls. A positive correlation between 

CVF and serum PICP was found, which was enhanced during multivariate analyses 

accounting for blood pressure and LV mass index (LVMI) (Querejeta, Varo et al. 

2000). This study highlights the significance of elevated blood pressure and cardiac 

hypertrophy on myocardial fibrosis development. More recently, endomyocardial 

biopsies performed during autopsy revealed significantly increased myocardial 

fibrosis in a HFpEF cohort compared to a mixed control group containing both 

hypertensive and normotensive subjects (Mohammed, Hussain et al. 2015), 

demonstrating the role of myocardial fibrosis in the progression of HHD. Although 

there were no differences in myocardial fibrosis between the hypertensive controls 

and normotensive controls in this study, it may have been better to split this control 

group in two due to the conflicting data surrounding the presence of fibrosis in 

hypertension, specifically not all hypertensive patients have cardiac fibrosis, but is 

present in some hypertensive individuals. 

Endothelial dysfunction in HFpEF has been linked to a reduction in microvascular 

density, which was associated with the severity of myocardial fibrosis (Mohammed, 

Hussain et al. 2015). Furthermore, emerging research has stated the importance of 
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myocardial fibrosis in contributing to the development of HFpEF in HHD (Lewis, 

Schelbert et al. 2017, Michalska-Kasiczak, Bielecka-Dabrowa et al. 2018), with 

increased diffuse myocardial fibrosis measured using cardiac magnetic resonance 

imaging (MRI), being significantly correlated with impaired diastolic, but not systolic 

function (Su, Lin et al. 2014). In addition, myocardial fibrosis may precede clinical 

diagnosis of HFpEF (Lewis, Schelbert et al. 2017), providing a potential target for 

HFpEF research.  

1.2.1.1 Pathophysiology of myocardial fibrosis 

During cardiac hypertrophy and remodelling, the greater mechanical load on the 

heart (increased stretch and strain) induces increases in ECM deposition (Creemers 

and Pinto 2011), via CFs transduction of these mechanical forces into biochemical 

signals (Humphrey, Dufresne et al. 2014). This mechanically-induced signalling 

results in the transient differentiation of CFs into proto-myofibroblasts and 

subsequent differentiation to myofibroblasts, which are absent in the healthy 

myocardium (Creemers and Pinto 2011, Fan, Takawale et al. 2012, Bing and Dweck 

2019, Tarbit, Singh et al. 2019), with the exception of heart valve leaflets (Creemers 

and Pinto 2011). 

The early stages of CF differentiation in response to mechanical stress result in the 

development of an intermediate fibroblast phenotype, proto-myofibroblasts (Baum 

and Duffy 2011). These cells are characterised by their expression of α-smooth 

muscle actin (α-SMA)-negative stress fibres and fibronectin extra domain-A (Hinz, 

Phan et al. 2007, Tarbit, Singh et al. 2019), and are thought to be a reversible state 

(Driesen, Nagaraju et al. 2014). Further stimulation of the proto-myofibroblasts by 

numerous factors including inflammation, TGF-β, ROS and alterations in mechanical 

tension leads to differentiation of proto-myofibroblasts to mature myofibroblasts 

(Tarbit, Singh et al. 2019). This transformation of CFs to proto-myofibroblasts and 

myofibroblasts causes myocardial fibrosis (Figure 1.1), which ultimately culminates 

in adverse cardiac remodelling and impaired cardiac function via multiple 

mechanisms. Firstly, ECM protein synthesis by myofibroblasts is increased, leading 

to disruption of ECM homeostasis and fibrotic depositions, which subsequently 

replace cardiomyocytes or disrupt cardiomyocyte interactions (Fan, Takawale et al. 

2012, Tarbit, Singh et al. 2019). Furthermore, paracrine signalling from 
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myofibroblasts contributes to pathological hypertrophy and consequent 

cardiomyocyte death observed in HHD (Piek, de Boer et al. 2016). Myofibroblasts 

have a higher rate of proliferation and migration than CFs, express smooth muscle 

markers such as α-SMA which allows myofibroblast contraction (Baum and Duffy 

2011), and also synthesise and secrete growth factors and cytokines such as 

interleukin-1α (IL-1α), IL-1β, IL-6, IL-10 and TNF-α (Fan, Takawale et al. 2012), all of 

which contribute to the inflammatory response. 

 

Figure 1.1 Schematic diagram illustrating the process of cardiac fibrosis in 

HHD 

Pathological stresses such as elevated mechanical load on the heart and 

inflammation, triggered by sympathetic overactivation promotes differentiation 

of cardiac fibroblasts to proto-myofibroblasts and myofibroblasts. 

Myofibroblasts synthesise extracellular matrix proteins (ECM) such as collagen 

causing ECM deposition. Myofibroblasts synthesise and secrete growth factors 

and cytokines (TNFα, IL-1α, IL-1β, IL-6, IL-10) which contribute to the 
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inflammatory response. Myofibroblasts also secrete matrix metalloproteinases 

(MMPs) which breakdown the ECM. Cardiac fibrosis may lead to cardiac 

hypertrophy and heart failure in HHD. Figure created in BioRender.  

In HHD, the systemic inflammatory state exacerbates myocardial fibrosis. In an 

animal model of HHD, 20-week-old SHRs were observed to have significantly 

elevated levels of mast cells, concomitant with a significantly higher CVF compared 

to age-matched normotensive Wistar Kyoto controls (WKYs) (Levick, Murray et al. 

2010), implicating a role of inflammation in the pathogenesis of myocardial fibrosis. It 

was recently observed that LV biopsies from HHD patients had significantly more 

collagen fibres and an increased infiltration of mast cells than normotensive controls 

(Juliano, Skaf et al. 2020). These studies highlight the involvement of an 

inflammatory response in myocardial fibrosis in HHD, as mast cells, when activated, 

are known to release inflammatory and pro-fibrotic cytokines and chemokines. 

Furthermore, in HHD, inflammatory cells such as macrophages and monocytes 

migrate across the damaged endothelium and release TGF-β, a profibrotic cytokine 

which promotes collagen production and CF differentiation to MFs (Paulus and 

Tschope 2013, van Empel and Brunner-La Rocca 2015, Gallet, de Couto et al. 

2016). TGF-β is the most prominent mediator of CF activation, inducing pro-fibrotic 

gene expression via its canonical and non-canonical signalling pathways (Herum, 

Lunde et al. 2017). Activated by cellular stretch and strain, and circulating hormones 

including angiotensin II, TGF-β is a key cytokine in the development of pressure 

overload-induced fibrosis (Creemers and Pinto 2011) which occurs in HHD. As such, 

it is important to understand the role of inflammation in the development of cardiac 

fibrosis. 

1.2.1.2 Diagnosis of myocardial fibrosis 

Histopathological analysis of myocardial tissue remains the gold standard for 

diagnosing myocardial fibrosis (Liu, Song et al. 2017); however this method is highly 

invasive with risk of complications, and is limited by sampling error and may not 

detect regional myocardial fibrosis due to the inability to assess the entire 

myocardium (Bing and Dweck 2019). Therefore, cardiac MRI has become an 

indispensable technique to detect and quantify myocardial fibrosis clinically (Salerno, 

Sharif et al. 2017). Myocardial fibrosis is detected using cardiac MRI via injection of a 

contrasting agent, gadolinium. ECV is subsequently calculated using pre- and post-



 10 

 

contrast T1 mapping times (Haaf, Garg et al. 2016, Kanagala, Cheng et al. 2019) 

and haematocrit values. Normal ECV values in healthy volunteers have been 

reported to be 25.3 ± 3.5% (Sado, Flett et al. 2012); whereas hypertensive 

individuals with LVH have ECV values of 29 ± 3%, compared to those without LVH 

27 ± 2% (Kuruvilla, Janardhanan et al. 2015). Furthermore, elevated ECV values of 

>28.1% have been shown to be predictive of hospitalisation for HF (Schelbert, 

Piehler et al. 2015). However, the high cost of equipment and running cardiac MRIs, 

in addition to the need for technical specialists and requirement of patient’s 

immobility throughout the scans are major disadvantages of the technique, leading to 

research into circulating biomarkers for myocardial fibrosis diagnosis.  

1.2.1.2.1 Blood biomarkers of fibrosis 

Due to the multifactorial nature of fibrosis, there are limited circulating biomarkers in 

venous blood used to identify myocardial fibrosis. Serum PICP concentrations are a 

direct indicator of collagen type I synthesis, as it is released into the bloodstream 

following the complete cleavage of the carboxy-terminal propeptide by proteinases 

(Lopez, Gonzalez et al. 2010, Mani and Mani 2021). Another marker of collagen 

synthesis is amino-terminal propeptide of procollagen type III (PIIINP), which is 

released in the conversion of procollagen III to collagen type III (Lopez, Gonzalez et 

al. 2010).  

Early research investigating serum concentrations of PICP in hypertensive patients 

identified a direct correlation with CVF in endomyocardial biopsies (Querejeta, Varo 

et al. 2000). Importantly, hypertensive patients with severe fibrosis had significantly 

higher serum PICP levels than hypertensive patients with non-severe fibrosis 

(Querejeta, Varo et al. 2000), demonstrating a correlation between serum PICP 

levels and myocardial fibrosis. Accordingly, PICP levels measured in coronary sinus 

serum samples were significantly higher than peripheral PICP serum levels in 

hypertensive patients with LVH but not normotensives, indicating that the heart 

secretes PICP into the systemic circulation (Querejeta, Lopez et al. 2004). It was 

also reported that CVF was elevated in hypertensives, which strongly correlated with 

both coronary sinus and peripheral serum PICP levels (Querejeta, Lopez et al. 

2004). The same research group later reported that out of 28 potential fibrotic 

markers, only type I and III collagens, PICP and PIIINP respectively, measured in the 
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serum, correlated with histologically proven myocardial fibrosis using myocardial 

biopsies (Lopez, Gonzalez et al. 2015a). Therefore, PICP may be a useful circulating 

biomarker used to predict cardiac fibrosis in HHD. 

Circulating biomarkers of collagen degradation include MMP-1, known as interstitial 

collagenase, and carboxy-terminal telopeptide of collagen type I (CITP), which is a 

direct indicator of type I collagen degradation, as it is released when collagen type I 

is degraded by MMP-1 (Lopez, Gonzalez et al. 2010). As the degree of myocardial 

CCL determines the resistance of collagen fibres to degradation by MMPs (Lopez, 

Ravassa et al. 2016), the ratio of circulating CITP to MMP-1 was investigated as an 

additional biomarker of CCL in hypertensive HF patients (Lopez, Ravassa et al. 

2016, Ravassa, Lopez et al. 2022). HF patients were categorised as having a normal 

or low serum CITP:MMP-1 ratio (non-invasive study) or normal or high CCL values 

(invasive study), from endomyocardial biopsies. The CITP:MMP-1 ratio was 

inversely associated with CCL, and receiver operating characteristics curves showed 

that the CITP:MMP-1 ratio had an 80% sensitivity and 76% specificity for predicting 

high CCL. Furthermore, excessive myocardial CCL was associated with increased 

HF-related hospitalisation, predicted by the serum CITP:MMP-1 ratio, despite similar 

CVF values between groups (Lopez, Ravassa et al. 2016). Subsequently, Ravassa 

and colleagues investigated the effect of 1-year spironolactone treatment on CCL in 

HFpEF patients, to determine whether spironolactone could alter collagen 

biomarkers. Patients were categorised via serum CITP:MMP-1 ratio and PICP 

tertiles at baseline. In patients with a low CITP:MMP-1 ratio, spironolactone did not 

improve diastolic function and had no effect on serum PICP levels; whereas those 

with a medium or high CITP:MMP-1 ratio exhibited improved diastolic function and 

reduced circulating PICP levels (Ravassa, Trippel et al. 2018). Together these 

studies validate the use of CITP:MMP-1 ratio as a biomarker for CCL, which is 

associated with poor outcome in hypertensive HF.  

Additionally, the ratio between PICP and CITP is used as an index of type I collagen 

turnover, as it reflects the balance between type I collagen synthesis and breakdown 

(Lopez, Gonzalez et al. 2010, Lofsjogard, Kahan et al. 2017, Mani and Mani 2021). 

Serum PICP:CITP ratio was found to be associated with myocardial fibrosis severity, 
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in addition to being associated with myocardial stiffness in HHD patients (Diez, 

Querejeta et al. 2002).  

With myocardial fibrosis causing a plethora of cardiovascular complications such as 

LVH, LV dilatation, arrhythmias, and HF, it is essential to diagnose and treat this 

condition in its early stages. Identifying individuals at risk of developing myocardial 

fibrosis and/or those at risk of progressing to HF is a critical step in potentially 

preventing adverse cardiovascular outcomes, morbidity, and mortality. Using 

circulating biomarkers to diagnose myocardial fibrosis has the potential to enhance 

the understanding of the mechanisms and signalling pathways involved, which 

ultimately can provide a new therapeutic target. Furthermore, blood sampling is safer 

and less invasive than endomyocardial biopsies and can be completed in all 

patients, in addition to saving time and money if a biomarker is proven to be as 

accurate and reliable as cardiac MRI. Consequently, it is important to identify and 

assess novel circulating biomarkers of myocardial fibrosis. As such, one of the aims 

of this thesis was to determine whether circulating markers of collagen synthesis and 

degradation were predictive of ECV in a hypertensive animal model and human 

hypertension. An additional aim was to determine whether circulating markers of 

collagen synthesis and degradation changed over time in SHRs, prior to the 

development of myocardial fibrosis.  

1.3 Sympathetic overdrive and inflammation in hypertensive heart disease 

Various studies have demonstrated that increased activation of the SNS and chronic 

inflammation occur in different cardiovascular diseases, including hypertension, LVH 

and HF (Grassi, Seravalle et al. 1995, Hein, Arnon et al. 2003, Marvar, Lob et al. 

2011, Esler 2015, Warnert, Rodrigues et al. 2016). Overactivity of the SNS results in 

characteristic features of HHD such as increased arterial stiffness (Mangoni, Mircoli 

et al. 1997) and endothelial dysfunction (Hijmering, Stroes et al. 2002), and has been 

associated with increased mortality in HF patients (Barretto, Santos et al. 2009). 

Furthermore, sympathetic overdrive causes both systemic inflammation (Katayama, 

Battista et al. 2006) and local inflammation in the myocardium, which are key 

components in the development of hypertension-induced cardiac fibrosis (Levick, 

Murray et al. 2010), leading to LV dysfunction. Both clinical and experimental studies 

have demonstrated that hypertension is associated with chronic systemic 
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inflammation (Sanz-Rosa, Oubina et al. 2005, Cachofeiro, Miana; et al. 2009, 

Zubcevic, Waki et al. 2011), which is also known to induce sympathetic overdrive 

(Zhang, Yu et al. 2010, Zubcevic, Waki et al. 2011).  

Despite the accumulating evidence implicating both inflammation and elevated 

sympathetic activation in the pathophysiology of HHD, it remains unknown whether 

inflammation or sympathetic overdrive occurs first in this disease, or if they occur in 

conjunction with each other, both of which result in a vicious cycle. Breaking this 

cycle may be essential for successful treatment of HHD; although due to the 

multifactorial nature of HHD, the therapeutic strategy may differ depending on the 

severity of the disease (Fisher and Paton 2012). 

1.3.1 Sympathetic overdrive in hypertensive heart disease 

The SNS controls blood pressure via the action of noradrenaline and neuropeptide Y 

on the peripheral vasculature α-adrenergic receptors, causing vasoconstriction and 

thus increased blood pressure (Charkoudian and Rabbitts 2009). Sympathetic 

overdrive has long been associated with hypertension (Goldstein 1983, Grassi, 

Pisano et al. 2018) and LVH (Greenwood, Scott et al. 2001, Schlaich, Kaye et al. 

2003, Burns, Sivananthan et al. 2007). Recent studies have also linked sympathetic 

overdrive with HFpEF (Seravalle, Quarti-Trevano et al. 2019). 

Early work investigating the potential role of excessive SNS activation in 

hypertension measured plasma catecholamine concentrations to assess SNS 

contribution (Goldstein 1983). It was reported that levels of plasma noradrenaline, 

the postganglionic neurotransmitter of the SNS, were consistently elevated in 

hypertensive subjects compared to normotensive subjects in 64 studies; although 

due to the large interindividual variability, statistical significance was only reached in 

40% of these studies (Goldstein 1983). However, using plasma catecholamine levels 

as an indicator of SNA is controversial as they represent not only the product of 

sympathetic secretion, but also metabolic degradation, reuptake by nerve endings, 

sampling site, binding to postsynaptic receptors and uptake into non-neural tissue 

(Goldstein 1983). Subsequent research used microneurography, a technique which 

directly records the activity of nerve fibres in a peripheral nerve (Vallbo and Hagbarth 

1968), to assess sympathetic discharge in hypertensive patients with and without 
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LVH (Greenwood, Scott et al. 2001, Schlaich, Kaye et al. 2003, Burns, Sivananthan 

et al. 2007).  

In a cohort of 28 hypertensive patients, 14 patients were observed to have LVH, 

identified using echocardiographic LVMI (Greenwood, Scott et al. 2001). 

Microneurography was used to measure multi-unit and single-unit muscle 

sympathetic nerve activity (MSNA and s-MSNA respectively), quantified as burst 

frequency (bursts/min) and burst incidence (bursts/100 heartbeats). Resting MSNA 

and s-MSNA in the hypertensive patients with LVH was significantly higher than 

those without LVH when quantified as burst incidence but not burst frequency. 

Furthermore, a significant, positive correlation was observed between both s-MSNA 

and MSNA and LVMI, indicating that the presence of LVH is associated with 

elevated sympathetic discharge in hypertensive individuals (Greenwood, Scott et al. 

2001). 

Similarly, MSNA burst incidence and frequency were significantly elevated in 

hypertensive patients with LVH, compared to those without LVH and normotensive 

subjects (Schlaich, Kaye et al. 2003). Conversely, total body and renal noradrenaline 

spillover, assessed via catheterisation and tracer infusion of 3H-labelled 

noradrenaline, was similar between both hypertensive groups, but significantly 

greater compared to normotensive subjects. Cardiac noradrenaline spillover 

however, was significantly higher in the hypertensive group with LVH compared to 

those without LVH and normotensive controls. LVMI, measured using 

echocardiography, was positively correlated with cardiac noradrenaline spillover and 

MSNA, demonstrating that hypertensive LVH is associated with elevated cardiac 

sympathetic outflow, which may play a role in LVH development in hypertension 

(Schlaich, Kaye et al. 2003). Antihypertensive medication was discontinued for a 

minimum of 4 weeks prior to the study; therefore, the results cannot be extrapolated 

to hypertensive patients on medication, as these drugs may influence the variables 

measured in this study. Furthermore, the possibility of white-coat or masked 

hypertension cannot be ruled out as blood pressure was measured in clinic on 2 or 

more occasions and not assessed using ambulatory blood pressure monitoring 

(ABPM) over a 24-hour period. Burns and colleagues subsequently used cardiac 

MRI, to determine LVMI in 49 hypertensive patients (25 with LVH, 24 without LVH) 
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and 24 normotensive controls (Burns, Sivananthan et al. 2007). In accordance with 

the previous research, resting MSNA and s-MSNA was observed to be higher in 

hypertensive patients with LVH compared to those without LVH and normotensive 

controls. MSNA was positively correlated with LVMI in both hypertensive groups, 

irrespective of LVH occurrence. It is important to note that the hypertensive group 

without LVH had a significantly greater LVMI than the normotensive group, despite 

not being clinically diagnosed with LVH. These results show that regardless of LVH 

diagnosis, LV mass is related to sympathetic overdrive in hypertension (Burns, 

Sivananthan et al. 2007). Measuring LVMI with cardiac MRI has been shown to be 

more accurate and reproducible than echocardiography (Bottini, Carr et al. 1995, 

Myerson, Bellenger et al. 2002). Like Schlaich and colleagues, this study did not use 

ABPM to assess blood pressure and antihypertensive medication was stopped or 

never received. Despite these limitations, these studies suggest SNA is elevated in 

hypertensive LVH.  

It was later observed that hypertensive patients with LV diastolic dysfunction also 

displayed markedly elevated resting MSNA in comparison to hypertensive patients 

with normal LV function, and normotensive, healthy controls (Grassi, Seravalle et al. 

2009). LVMI and ABPM were similar between hypertensive groups, indicating that 

LV mass and the severity of hypertension were not attributable to the differences in 

MSNA (Grassi, Seravalle et al. 2009). A recent study (Seravalle, Quarti-Trevano et 

al. 2019) aimed to determine MSNA in patients with HFpEF, HF with mid-range EF 

(HFmrEF) and HF with reduced EF (HFrEF) following the release of new clinical 

guidelines on HF classifications (Ponikowski, Voors et al. 2016). An inverse 

relationship between various adrenergic activity parameters such as MSNA and 

plasma noradrenaline, and LVEF was observed in controls, HFpEF, HFmrEF and 

HFrEF individuals. This study demonstrated that sympathetic activity increases with 

HF and decreasing LVEF; however, there were several limitations. Similar to the 

previous studies, ABPM was not used to confirm hypertensive state, thus masked 

hypertension could not be ruled out. Additionally, all individuals participating in this 

study had a BMI <26kg/m2 and no history of diabetes mellitus, which is not 

necessarily reflective of the HF population. Together the data shows SNA is linked to 

cardiac hypertrophy; however, it remains unknown whether SNA is elevated in 

hypertensive cardiac fibrosis. 
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Animal models of HHD have previously implicated a role of chronic SNS activation in 

cardiac remodelling (Levick, Murray et al. 2010). Bilateral sympathectomised SHRs 

exhibited significantly attenuated CVF compared to untreated SHRs, concomitant 

with considerably lower SBP, DBP and mean arterial pressure (MAP) (Levick, 

Murray et al. 2010). Interestingly, cardiac mast cell density was significantly higher in 

sympathectomised SHRs compared to sympathectomised WKYs, and untreated 

SHRs and WKYs. Inflammatory cytokines (IL-4, IL-6, IL-10, and interferon (IFN)-γ) 

regulated directly or indirectly by mast cells were also quantified in LV tissue. IFN-γ 

and IL-4 were significantly elevated in the SHR compared to WKY, with 

sympathectomy normalising IFN-γ expression, but not IL-4. IL-6 and IL-10 were 

significantly reduced in SHR, but denervation of the heart normalised their 

expression (Levick, Murray et al. 2010). This study implicates a role of the SNS in 

cardiac fibrosis in an animal model of hypertension, therefore identifying whether the 

association between SNA and fibrosis exists in humans. Furthermore, these findings 

confirm the complex interplay between the SNS and inflammatory response, leading 

to cardiac fibrosis in the progression of HHD.  

1.3.1.1 The role of β-adrenergic signalling in SNA-induced inflammation 

Cardiac β-adrenergic receptors are G-protein coupled receptors, and play an 

essential role in the function of the heart via catecholamine stimulation (de Lucia, 

Eguchi et al. 2018). The β1-adrenergic receptor subtype is the most abundant in 

healthy human cardiomyocytes (Myagmar, Flynn et al. 2017), and overstimulation of 

β1-adrenergic receptors induces myocardial pro-inflammatory cytokine expression, 

which in turn promotes cardiac fibrosis (Xiao, Li et al. 2018). Acute stimulation of β-

adrenergic receptors with isoproterenol activated the inflammasome within 

cardiomyocytes, leading to cleavage and maturation of pro-IL-18 (Xiao, Li et al. 

2018). Subsequent pro-inflammatory macrophage infiltration into the myocardium 

promotes cardiac fibrosis (Xiao, Li et al. 2018). Selective β1 blockade prevents 

inflammasome activation in vitro, and in vivo IL-18 inhibition following β-adrenergic 

insult ameliorated cardiac fibrosis (Xiao, Li et al. 2018).  

However, the literature investigating the effects of β-blockers on preventing and/or 

regressing cardiac fibrosis is conflicting. Rats injected with a nitric oxide synthase 

inhibitor to induce hypertension, were treated with propranolol, a non-selective β-
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adrenergic receptor blocker, or atenolol, a cardio-selective β1-adrenergic receptor 

blocker, with both treatments preventing cardiac fibrosis development, that was seen 

in the untreated hypertensive rats (Pacca, de Azevedo et al. 2002). Furthermore, 

propranolol treatment prior to β1-adrenergic receptor overstimulation prevented 

cardiac fibrosis in rats (Benjamin, Jalil et al. 1989). In contrast, atenolol treatment in 

hypertensive patients with LVH and cardiac fibrosis did not reduce myocardial 

collagen content (Ciulla, Paliotti et al. 2004), in addition to labetalol, a dual-active α- 

and β-adrenergic receptor, not regressing cardiac fibrosis caused by renovascular 

hypertension in rats (Brilla 2000). Likely these studies are conflicting because of 

using different β-blockers, for example only blocking cardiac β1-adrenergic receptors 

versus nonselective β-adrenergic blockade, or different timing of starting treatment, 

for example, prevention versus regression. Furthermore, other mechanisms may be 

involved, including β2-adrenergic receptor stimulation, or increased release of 

neuropeptide Y, a co-transmitter with noradrenaline, during sympathetic nerve 

stimulation.  

Humans are exposed to physiological stressors every day, resulting in increased 

SNA and catecholamine and co-transmitter release, stimulating the cardiac β-

adrenergic receptors. As such, it is important to determine the effect of physiological 

stressors on inflammation and subsequent cardiac remodelling, specifically cardiac 

fibrosis, as it may be more important than resting SNA. 

1.3.2 Inflammation in hypertensive heart disease 

It is well-documented that a key event in response to hypertension is the 

accumulation and infiltration of inflammatory cells to the heart, leading to cardiac 

fibrosis development. A systemic inflammatory state has also been described in 

HFpEF patients, which leads to oxidative stress and pathological myocardial 

remodelling (Paulus and Tschope 2013).  

The neutrophil to lymphocyte ratio (NLR), calculated as the neutrophil count divided 

by the lymphocyte count from a venous blood sample, is a commonly used 

biomarker of inflammatory status both in health and various diseases (Belen, Sungur 

et al. 2015, Forget, Khalifa et al. 2017, Liu, Ko et al. 2019, Song, Graubard et al. 

2021). NLR in controlled hypertensive patients was found to be significantly higher 

than that of the normotensive patients (2.11 ± 0.39 vs. 1.87 ± 0.35 respectively), 
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resulting from an elevated neutrophil count (Belen, Sungur et al. 2015). Furthermore, 

patients with resistant hypertension, defined as elevated blood pressure despite 

taking three antihypertensive medications at optimal dose, had significantly elevated 

NLR and neutrophil count compared to the controlled hypertensive patients. 

Multivariate analysis subsequently revealed NLR and neutrophil count to be 

independent predictors of resistant hypertension (Belen, Sungur et al. 2015), 

however, this analysis was not completed in the controlled hypertensive patients.  

Correspondingly, a cohort study, following 28,850 participants over 6 years, 

identified a significant correlation between an elevated NLR and an increased risk of 

developing hypertension (Liu, Zhang et al. 2015). Adjusted hazard ratios of 

hypertension were related to the increase in NLR levels; with the highest NLR 

quintile hazard ratio of 1.23 (95% confidence intervals 1.06-1.43), compared to the 

lowest NLR quintile hazard ratio of 1.08 (95% confidence intervals 0.92-1.26) (Liu, 

Zhang et al. 2015).  

Inflammatory markers have consistently been shown to be significantly upregulated 

in hypertensive individuals (Jekell, Malmqvist et al. 2013, Tomiyama, Shiina et al. 

2017, Pan, Michaelsson et al. 2019). Both IL-6 and high-sensitivity C-reactive protein 

(hs-CRP) were proven to be independently related to MAP in hypertensive patients 

with LVH (Jekell, Malmqvist et al. 2013). Although antihypertensive treatment 

reduced both SBP and DBP in these patients, there was no effect observed on the 

elevated levels of inflammatory markers IL-6 and hs-CRP (Jekell, Malmqvist et al. 

2013). Patients were withdrawn from their medication for 4- to 6-weeks prior to 

taking the antihypertensive medication within the study, which may have affected 

levels of inflammatory markers prior to the study. Furthermore, 24-hour ABPM 

revealed 4 of the hypertensive patients with LVH as not hypertensive, but due to 

their clinic blood pressure being elevated, they were included in the hypertensive 

group (Jekell, Malmqvist et al. 2013), which does not conform to the European 

Society of Cardiology (ESC) / European Society of Hypertension (ESH) definition of 

hypertension (Williams, Mancia et al. 2018).  

To investigate the contribution of inflammation to the development of hypertension, a 

longitudinal study followed 3274 Japanese men over a 9-year period (Tomiyama, 

Shiina et al. 2017). At baseline, all participants were normotensive (<140/90 mmHg); 
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however, throughout the study, 14.5% became hypertensive. Linear regression 

analyses revealed that the log CRP concentration was significantly associated with 

SBP and DBP, in addition to brachial-ankle pulse wave velocity, a measure of 

arterial stiffness, implicating a role of inflammation in the pathogenesis of 

hypertension via increased arterial stiffness (Tomiyama, Shiina et al. 2017). It is 

important to note that women were excluded from the study; therefore, the findings 

cannot be extrapolated to both sexes, as it is well-known that there are sex 

differences in the incidence and severity of hypertension (Gillis and Sullivan 2016, 

Benjamin, Blaha et al. 2017), in addition to sex differences in CRP levels (Cartier, 

Cote et al. 2009).  

Recently, Pan and colleagues conducted a study investigating whether ECV, an 

indirect marker of myocardial fibrosis, thus HHD progression, correlated with plasma 

biomarkers of inflammation in normotensive individuals, and hypertensives with and 

without LVH (Pan, Michaelsson et al. 2019). The analysis revealed that ECV was 

significantly greater in hypertensive individuals with LVH compared to the other 

groups, and inflammatory biomarkers including IL-6, TNF-receptor-1 and 

osteoprotegerin (a member of the TNF superfamily) were significantly positively 

correlated with ECV, whilst IL-18 was significantly negatively correlated with ECV. 

These results demonstrated that inflammatory mediators are correlated with HHD 

progression (Pan, Michaelsson et al. 2019). Although correlations were observed 

between inflammatory markers and ECV, causality remains unknown. Additionally, 

the sample sizes for each group were small, therefore comorbidities, medications 

and other variables were not adjusted for within the analysis.  

Pro-inflammatory molecule junction adhesion molecule-1 (JAM-1) has been shown 

to be significantly elevated in the nucleus tractus solitarius (NTS) of both young, pre-

hypertensive and older (hypertensive) SHRs, in comparison to age-matched 

normotensive WKYs (Waki, Liu et al. 2007). The NTS is one of the central regions of 

the brain which regulates baroreflex gain control (Waki, Murphy et al. 2006), and 

JAM-1-induced inflammation in the NTS may lead to accumulation of leukocytes and 

concomitant platelet aggregation, in addition to inflammatory cytokine infiltration 

(Fisher and Paton 2012). Furthermore, adenoviral overexpression of JAM-1 in the 

NTS of WKY rats caused a significant rise in SBP and increased leukocyte adhesion 
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within the NTS capillaries (Waki, Liu et al. 2007), implicating a role of pro-

inflammatory JAM-1 in the development of hypertension. 

Subsequent research investigating the effect of inflammation on sympathetic control 

in Sprague-Dawley rats demonstrated that an intracerebroventricular injection of 

lipopolysaccharide induced significant upregulation of pro-inflammatory cytokines, 

including TNF-α, and increased renal SNA and mean blood pressure compared to 

baseline values, and control rats administered with an intracerebroventricular 

injection of artificial cerebrospinal fluid (Zhang, Yu et al. 2010). These findings show 

that inflammatory mediators in the brain contribute to activation of the SNS and 

elevations in blood pressure in healthy rats, highlighting the interrelation between 

inflammation and sympathetic overdrive.  

Elevated levels of IL-1β and IL-6, and reduced levels of IL-10 were observed in 30-

week-old SHRs in comparison to age-matched WKYs (Miguel-Carrasco, Zambrano 

et al. 2010). Furthermore, LV mRNA expression and activation of NF-κB were 

significantly higher in SHRs, in addition to angiotensin-converting enzyme (ACE) 

expression, compared to WKYs. Twelve-week captopril (ACE inhibitor) treatment 

normalised interleukin levels, and reduced ACE and NF-κB expression in SHRs, 

comparable to WKYs. Blood pressure was also reduced by captopril treatment in 

SHRs, although DBP was high (>100 mmHg) in both treated SHRs and WKY rats. 

This study shows that inhibition of ACE reduces not only blood pressure, but also 

circulating inflammatory interleukins in SHRs (Miguel-Carrasco, Zambrano et al. 

2010); therefore, it is possible that inflammation may play a role in maintaining 

elevated blood pressure in hypertension. Furthermore, plasma concentration of pro-

inflammatory soluble-TNF receptor-1 was observed to be a significant independent 

predictor of LVH in hypertensive individuals, with LVH prevalence higher in 

hypertensive individuals with higher soluble-TNF- receptor-1 (Rosello-Lleti, Rivera et 

al. 2009), supporting a key role of inflammation in the progression of HHD.  

The literature highlights a clear involvement of both sympathetic overdrive and 

inflammation in the pathogenesis of HHD, including the development of myocardial 

fibrosis; however, the exact mechanisms surrounding these adverse events remain 

to be elucidated. Therefore, one aim of this thesis was to determine whether resting 

SNA was associated with basal inflammation, in addition to identifying whether 
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elevations in LSNA occurred before the rise in inflammatory markers, or vice versa, 

in SHRs. Another aim was to determine whether circulating basal levels of 

inflammatory markers were predictive of cardiac remodelling in both an animal model 

and human hypertension. 

1.4 Blood pressure control 

Blood pressure regulation has short-term and long-term mechanisms. The main 

mechanism regulating blood pressure in the short term is the arterial baroreflex, 

which is important for different behavioural states, such as resting, exercising or 

during other stressors (Dampney 2016). Amongst other mechanisms (renin-

angiotensin-aldosterone system), sympathetic control of blood pressure has a 

central role in long-term blood pressure regulation (Guyenet 2006). 

1.4.1 The arterial baroreflex 

It is critical to maintain normal blood pressure to prevent low blood pressure leading 

to inadequate blood supply to organs, or high blood pressure resulting in cardiac 

remodelling, end-organ damage, myocardial infarction or stroke (Wehrwein & Joyner 

2013). The arterial baroreflex plays an essential role in regulating short-term blood 

pressure. Baroreceptors located in the aortic arch and carotid artery sinuses respond 

to changes in stretch of the arterial walls, such that an elevation in blood pressure is 

detected as increased arterial wall stretch, which leads to increased baroreceptor 

afferent firing (Wehrwein and Joyner 2013, Dampney 2016). The NTS receives these 

afferent signals, which ultimately results in inhibited sympathetic outflow, as a 

consequence of the pre-sympathetic neurones in the rostral ventrolateral medulla 

receiving inhibitory innervation from the caudal ventrolateral medulla, which receives 

excitatory input from the NTS (Guyenet 2006, Wehrwein and Joyner 2013, Dampney 

2016). Furthermore, the excitatory projections from the NTS to the nucleus ambiguus 

increase parasympathetic outflow (Wehrwein and Joyner 2013, Dampney 2016). 

Alterations in blood pressure are brought about by the efferent sympathetic and 

parasympathetic nerves innervating the heart and blood vessels (Charkoudian and 

Rabbitts 2009, Wehrwein and Joyner 2013, Dampney 2016). When blood pressure 

increases, the inhibition in sympathetic outflow, and increase in parasympathetic 

outflow result in a decrease in total peripheral resistance (TPR) via vasodilation, and 

a decrease in cardiac output (CO) and heart rate (Charkoudian and Rabbitts 2009, 
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Wehrwein and Joyner 2013, Dampney 2016). This leads to a concomitant fall in 

blood pressure, as MAP is the product of TPR and CO. In contrast, a drop in blood 

pressure results in increased sympathetic efferent activity to induce vasoconstriction 

of the peripheral vasculature, brought about by the binding of noradrenaline to α-

adrenergic receptors, and increase TPR and CO, and increased heart rate, caused 

by the binding of noradrenaline to β-adrenergic receptors, consequently increasing 

blood pressure. 

1.4.2 Long-term blood pressure control and the SNS 

The SNS has a key role in blood pressure regulation and contributes to the 

development of hypertension (Guyenet 2006, Gallet, de Couto et al. 2016, Grassi, 

Pisano et al. 2018). It has been shown that hypertensive patients commonly exhibit a 

significantly higher resting level of SNA compared to normotensive individuals 

(Grassi, Pisano et al. 2018). In addition to the evidence for a contribution of the SNS 

to hypertension discussed in section 1.3.1, in which individuals with HHD have an 

elevated baseline SNA, other mechanisms have been shown to play a role. 

Poor organ perfusion has been proposed as a potential mechanism of augmented 

sympathetic discharge in hypertension, with a focus on the kidney, carotid body and 

the brain (Koeners, Lewis et al. 2016). This hypothesis states that afferent activity 

from hypoperfused organs increases excessively to increase perfusion and prevent 

blood flow supply-demand mismatch (Koeners, Lewis et al. 2016). 

Bilateral denervation of the kidneys has been shown to reduce blood pressure and 

SNA in patients with resistant hypertension (Krum, Schlaich et al. 2009, Schlaich, 

Sobotka et al. 2009, Esler, Krum et al. 2010, Hering, Lambert et al. 2013) and SHRs 

(Hart, McBryde et al. 2013). Furthermore, carotid sinus nerve denervation in SHRs 

led to a drop in blood pressure and sympathetic nerve discharge, which was not 

seen in normotensive Wistar rats (Abdala, McBryde et al. 2012, McBryde, Abdala et 

al. 2013), in addition to delaying the onset and magnitude of hypertension in pre-

hypertensive rats (Abdala, McBryde et al. 2012). Finally, cerebral hypoperfusion, as 

a result of increased cerebral vascular resistance in hypertension, has been shown 

to occur prior to elevations in MSNA, and cerebral vascular resistance was a 

significant predictor of hypertension status (Warnert, Rodrigues et al. 2016). 
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Together, the results of these studies provide evidence of the contribution of 

excessive afferent activity to sympathetic overactivation in hypertension 

development. 

1.4.3 Blood pressure response to stressors 

The above mechanisms focus on blood pressure control in the resting state; 

however, the blood pressure response to stressors such as the cold pressor test 

(CPT) and exercise is also important.  

1.4.3.1 The cold pressor test 

Seminal research by Hines and Brown (Hines and Brown 1933) developed the CPT, 

to investigate blood pressure variability. The CPT is a sympatho-excitatory stimulus 

which elicits large increases in blood pressure and MSNA. It has commonly been 

used to test sympathetic neural control and has been proposed by some as a 

reliable clinical test to determine future hypertension (Hines 1940, Wood, Sheps et 

al. 1984, Menkes, Matthews et al. 1989).  

Due to the interindividual variability in responses to the CPT, the physiological 

mechanisms of the CPT are not fully understood. A review paper recently outlined 

multiple potential mechanisms involved in the CPT response (Pouwels, Van 

Genderen et al. 2019). Initial immersion in cold water causes systemic peripheral 

vasoconstriction, resulting in elevated blood pressure. Furthermore, the CPT elicits a 

sympathetic response, thus causes noradrenaline release, which subsequently 

increases vasoconstriction via α-adrenergic receptor activation (Frank and Raja 

1994, Tousoulis, Davies et al. 1997). Continued immersion in cold water, leads to 

periodic cold-induced vasodilatation (Lewis 1930). In individuals with a healthy 

endothelium, CPT-induced vasodilatation evokes endothelium-dependent flow-

induced dilatation, as a result of increased coronary shear stress (Duboisrande, 

Dupouy et al. 1995). Endothelial dysfunction in hypertension will impair this 

vasodilator mechanism, potentially leading to an elevated blood pressure response 

to the CPT. Coronary vasodilatation during the CPT will also be enhanced by 

adrenaline release, which stimulates the β-adrenergic receptors on vascular smooth 

muscle cells, promoting vasodilatation (Pouwels, Van Genderen et al. 2019). This 

effect was confirmed via infusion of propranolol, which partially inhibited coronary 

vasodilatation observed during the CPT (Nabel, Ganz et al. 1988).  
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Longitudinal studies in healthy individuals have demonstrated that an exaggerated 

blood pressure response to the CPT is predictive of future hypertension (Barnett, 

Schirger et al. 1963, Wood, Sheps et al. 1984, Menkes, Matthews et al. 1989); 

however other studies did not observe this relationship (Harlan, Osborne et al. 1964, 

Benetos and Safar 1991). Additionally, the blood pressure response to the CPT in 

hypertensive patients, has been shown to be similar (Greene, Boltax et al. 1965) and 

greater than (Benetos and Safar 1991) that of normotensive, healthy controls.  

Hand immersion in cold water (4-5°C) for 1-minute increased blood pressure from 

rest in normotensive subjects who were deemed hyporeactors (Δ SBP = 11.4 ± 0.9 

mmHg) or hyperreactors (Δ SBP = 29.4 ± 4.2 mmHg), and significantly greater blood 

pressure responses in hypertensive subjects (Δ SBP = 47.2 ± 10.5 mmHg). It was 

concluded that blood pressure response to the CPT increased with increasing 

hypertension severity, and an exaggerated blood pressure response may be 

predictive of future hypertension development (Hines and Brown 1933). In 

agreement, subsequent longitudinal studies in medical students and children showed 

that the exaggerated blood pressure response during the CPT was related to future 

hypertension (Wood, Sheps et al. 1984, Menkes, Matthews et al. 1989). However, 

only 11% (Menkes, Matthews et al. 1989) and 34% (Wood, Sheps et al. 1984) of the 

subjects in these studies had hypertension in their follow-up visits. Furthermore, 

other studies have not confirmed these findings (Benetos and Safar 1991, Lambert 

and Schlaich 2004). Interestingly, a strong negative relationship was observed 

between the change in DBP and age, in the normotensive and not hypertensive 

group (Benetos and Safar 1991), indicating older adults may have a poorer 

vasodilator capacity. No relationship with blood pressure response and family history 

of hypertension was observed, thus it was concluded that the CPT was not predictive 

of hypertension. This study did not include a follow-up period, therefore cannot 

properly determine incidence of future hypertension.  

A subsequent study revealed that young normotensive subjects with no family 

history of hypertension (FH-), had a significantly greater change in MSNA in 

response to the CPT than age-matched normotensives with family history of 

hypertension (FH+), and hypertensive subjects (Lambert and Schlaich 2004). This 

was accompanied by a significantly greater change in blood pressure in the FH- 
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normotensive group, compared to the FH+ normotensive group. Differences in blood 

pressure response between the FH- normotensive and hypertensive groups were not 

significant. In the older subjects, the CPT-induced changes in blood pressure did not 

differ between normotensive and hypertensive groups; however, there was a 

significantly higher change in MSNA for the normotensive compared to hypertensive 

group (Lambert and Schlaich 2004). The latter two studies discontinued 

antihypertensive therapy for 2-3 weeks prior to study visits; therefore, it is not known 

if the sympathetic and blood pressure responses to the CPT would differ between 

treated and untreated hypertension.  

Little research has been conducted looking at the recovery of blood pressure and 

SNA following the CPT. However, the recovery from a physiological stressor can 

provide crucial information about the responsiveness of the SNS and cardiovascular 

system and may help predict recovery from other everyday stressors. It is not known 

whether the SNS and cardiovascular system recovery will differ between 

normotensive and hypertensive individuals. Prolonged recovery of the SNS from a 

stressor has clinical implications, including the development of left ventricular 

hypertrophy (Greenwood, Scott et al. 2001, Schlaich, Kaye et al. 2003) and heart 

failure (Barretto, Santos et al. 2009). Therefore, one aim of this thesis was to 

determine whether SNA reactivity to a stressor (CPT) could predict cardiac 

remodelling, in addition to a secondary aim of identifying whether hypertensive 

individuals have an exaggerated response to the CPT, and whether the recovery to 

the CPT is altered in hypertension. 

1.4.3.2 Dynamic exercise in normotension 

Another physiological stressor that promotes sympathetic activation, is exercise. As 

exercise starts, blood flow to organs is reduced, to enable adequate oxygen supply 

to the exercising muscles (Joyner and Casey 2015). The skeletal muscle pump 

facilitates venous return, which subsequently increases end-diastolic volume, in turn 

increasing stroke volume (Frank-Starling mechanism). Heart rate increases via vagal 

withdrawal, and consequently cardiac output is increased (CO=HR x SV). Exercise-

induced release of metabolites contributes to increased vasodilatation in the 

exercising muscle, which in turn causes a reduction in total peripheral resistance 

(Burton. 2004). However, the large increase in CO ultimately leads to a moderate 
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rise in blood pressure (Burton. 2004). During low intensity exercise, cardiopulmonary 

baroreceptor loading from increased venous return and central blood volume causes 

a decrease in MSNA (Saito, Tsukanaka et al. 1993). As exercise intensity increases, 

MSNA and blood pressure increase (Saito, Sone et al. 1997). The exercise pressor 

reflex is one of the mechanisms controlling the cardiovascular response to exercise 

(Kaufman and Hayes 2002). 

1.4.3.2.1 Exercise pressor reflex  

The exercise pressor reflex is a feedback mechanism from the exercising skeletal 

muscle and comprises of the mechanoreflex and metaboreflex (Kaufman, Waldrop et 

al. 1984, Sausen, Delaney et al. 2009). The mechanoreflex is activated by 

mechanical stimulation of the mechanoreceptors within the exercising muscle 

(Kaufman, Waldrop et al. 1984). Chemical stimuli such as acidosis from metabolite 

accumulation activates the metaboreflex (Sausen, Delaney et al. 2009). Stimulation 

of the group III (mechanoreflex) and IV (metaboreflex) afferents results in increased 

MSNA and blood pressure during exercise (McCloskey and Mitchell 1972, Kaufman, 

Waldrop et al. 1984).  

1.4.3.3 Exercise in hypertension  

The exercise pressor reflex is abnormally overactive in hypertension, leading to an 

exaggerated rise in blood pressure during exercise (Delaney, Greaney et al. 2010, 

Mizuno 2016, Sidhu, Weavil et al. 2019). Exercise blood pressure has been 

demonstrated to be a strong predictor of LVH (Ren, Hakki et al. 1985) in addition to 

being associated with inflammation (Jae, Fernhall et al. 2006). An exaggerated blood 

pressure response to exercise (SBP ≥210 mmHg) in normotensive males, was found 

to be associated with increased white blood cell count (Jae, Fernhall et al. 2006). 

The peak systolic blood pressure reached in the individuals in this study was similar 

to that of borderline hypertensives (Chaix, Dimitriu et al. 1982) and treated and 

untreated hypertensives (Chant, Bakali et al. 2018) in previous studies, suggesting 

that possibly some of these individuals were hypertensive, particularly as they did 

not use 24-hour blood pressure monitoring to diagnose hypertension. More recently, 

an exaggerated blood pressure response to exercise (SBP ≥190 mmHg) was found 

to be associated with hs-CRP in normotensive females (Michishita, Ohta et al. 2016). 



 27 

 

With previous research showing that inflammatory markers are elevated in 

normotensive individuals with an exaggerated blood pressure response to exercise, 

a secondary aim of this thesis was to determine whether hypertensive individuals 

exhibited a significant inflammatory state post-exercise, and whether the change in 

inflammatory markers from pre- to post-exercise were associated with cardiac 

remodelling.  

1.5 Rationale for this thesis 

Several questions about the mechanisms underlying the development of HHD 

remain unanswered. Firstly, it is not known whether resting SNA and/or SNA 

reactivity to a physiological stressor is associated with cardiac remodelling. 

Secondly, it is not known whether inflammation is driving the elevations in SNA, or 

vice versa. Thirdly, it is not known whether resting SNA is associated with basal 

inflammation, and if this inflammation is associated with cardiac remodelling. Finally, 

an exaggerated blood pressure response is associated with a post-exercise 

inflammatory state in normotensive individuals, but it is not known whether 

hypertensive patients with an exaggerated blood pressure response also exhibit a 

significant elevation in inflammatory markers. 

1.6 Hypothesis 

The overall experimental hypotheses of this thesis are that resting SNA and SNA 

reactivity are associated with cardiac remodelling, and that inflammation occurs prior 

to sympathetic overactivation in the progression of HHD.  

CHAPTER 2 Aims and hypotheses 

2.1 Chapter 5 aims and hypotheses 

The primary aim of chapter 5 was to determine whether 10-week-old SHRs had 

significantly greater interstitial and/or perivascular fibrosis compared to age-matched 

WKYs.  

It is hypothesised that 10-week-old SHRs will not have significant interstitial or 

perivascular fibrosis compared to WKYs. 
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Secondary aims were: 

Aim 2: To determine the level of vascular remodelling and cardiac hypertrophy in 10-

week-old SHRs.  

It is hypothesised that SHRs will have begun to develop vascular remodelling and 

cardiac hypertrophy compared to WKYs. 

Aim 3: To identify whether 10-week-old SHRs have elevated circulating inflammatory 

markers compared to WKYs.  

It is hypothesised that circulating inflammatory markers will be similar between SHRs 

and WKYs at 10 weeks of age. 

Aim 4: Use metabolomics and proteomics analyses to generate hypotheses 

regarding signalling pathways for future work. 

2.2 Chapter 6 aims and hypotheses 

The primary aim of chapter 6 was to determine whether sympathetic nerve activity 

(SNA) is associated with cardiac remodelling, using lumbar SNA (LSNA) as a 

measure of SNA. 

It is hypothesised that LSNA will be associated with left ventricular hypertrophy and 

cardiac fibrosis in an animal model of hypertension. 

Secondary aims were: 

Aim 2: To identify if increases in circulating inflammatory markers occur prior to 

elevations in LSNA in SHRs.  

It is hypothesised that inflammatory markers will increase before elevations in LSNA. 

Aim 3: To determine whether LSNA is associated with circulating inflammatory 

markers. 

It is hypothesised that an association between LSNA and circulating inflammatory 

markers will exist. 
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Aim 4: To identify circulating inflammatory and fibrotic markers associated with LVH 

and/or cardiac fibrosis in SHRs and WKYs.  

It is hypothesised that circulating inflammatory and fibrotic markers will be 

associated with LVH and/or cardiac fibrosis. 

Aim 5: Use metabolomics and proteomics analyses to generate hypotheses 

regarding signalling pathways for future work. 

2.3 Chapter 7 aims and hypotheses 

The primary aim of chapter 7 was to identify whether SNA at rest and/or SNA 

reactivity to stressors is associated with LVH and/or cardiac fibrosis in people with 

and without hypertension.  

It is hypothesised that both resting SNA and SNA reactivity to a physiological 

stressor is associated with LVH and/or cardiac fibrosis. 

Secondary aims were: 

Aim 2: To determine whether resting SNA is associated with baseline inflammatory 

markers in people with and without hypertension.  

It is hypothesised that resting SNA will be associated with baseline inflammatory 

markers. 

Aim 3: To identify circulating inflammatory markers associated with LVH and/or 

cardiac fibrosis, measured using cardiac MRI in people with and without 

hypertension.  

It is hypothesised that resting markers of inflammation will be associated with cardiac 

remodelling. 

Aim 4: To determine whether a stressor (exercise) alters circulating inflammatory 

biomarkers, and if the change in these markers from pre- to post-exercise is 

associated with LVH and/or cardiac fibrosis. 

It is hypothesised that the change in inflammatory markers from pre- to post-exercise 

will be associated with LVH and/or cardiac fibrosis.  
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CHAPTER 3 General methods for animal studies 

All experiments and procedures were performed in accordance with Home Office 

regulations as detailed in the Home Office Guidance on the Operation of the Animals 

(Scientific Procedures) Act 1986, HMSO (London) and as amended by the European 

Directive 2010/63/EU. Ethical approval was granted by the University of Bristol 

Animal Welfare and Ethics Review Board (project licence number: PP7925817).  

3.1 Power calculation 

Based on previous research (Brilla, Janicki et al. 1991b, Levick, Murray et al. 2010, 

Chan, Fenning et al. 2011), it is expected that the level of fibrosis at 15 weeks of age 

in the SHR should be between 38-49% worse than observed in WKY controls. 

Therefore, 8 animals per group will provide the power of 80% to detect a significant 

difference in fibrosis, with alpha set at 0.05, based on a two-tailed test.  

3.2 Experimental design 

A randomised block design was used for both studies one (chapter 5) and two 

(chapter 6). Block design splits the study into mini experiments (blocks), with each 

block containing a subset of experimental units, which reduces the variability and 

influence of any nuisance effects, ultimately reducing the sample size required to 

complete the study (Bate and Clark 2014). In this thesis, the experimental units are 

the rats, and the blocks include a minimum of one spontaneously hypertensive rat 

(SHR), and one Wistar Kyoto (WKY) control rat, housed together in the same cage. 

All experiments and analyses after, and including termination, and tail-cuff blood 

pressure (BP) measurements were conducted for study one and two.  

3.3 Spontaneously hypertensive and Wistar Kyoto rats 

SHRs and WKYs were bred and bought from Envigo (UK). Animals were housed in 

the Bristol Animal Services Unit under standard conditions (23 ± 1°C, 60-70% 

relative humidity, light/dark cycle of 12 hours), with ad libitum access to standard 

chow and water. The SHRs and WKYs in chapter 5 are different to the SHRs and 

WKYs in chapter 6. Due to an error within the Animal Services Unit system, the light 

cycle for block 2 (chapter 6) was not 12:12, and these rats were in 24/7 light.  

3.4 Physiological monitoring  
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During the settle in period following arrival (days 2-6), all rats were habituated and 

behaviourally conditioned to the experimental tests and procedures that were 

performed throughout the study protocol. This involved acclimatising the rats to 

remain on the ECGenie platform for 15 minutes a day (for study one only), followed 

by sitting in the researchers lap for 15 minutes a day with BP cuffs attached and 

recording (see section 3.3.1). Rats were not restrained during BP monitoring as this 

has been shown to cause stress (Irvine, White et al. 1997).  

3.4.1 Tail-cuff blood pressure monitoring and analyses 

For both study one and two, rats were acclimatised to tail-cuff BP monitoring in the 

habituation period. Tail arterial BP was determined using a tail-cuff 

sphygmomanometer (CODA High Throughput System, Kent Scientific, Connecticut, 

USA) using a modified version of Liptak’s (Liptak, Kaprinay et al. 2017) method to 

reduce stress to the rats. On habituation and experimental days, rats were placed on 

the researchers lap on an incontinence sheet and heating mat and allowed to 

explore the area until calm. An O-cuff (CODA High Throughput System, Kent 

Scientific, Connecticut, USA) was then placed at the base of the tail, followed by the 

volume pressure recording sensor (Figure 3.1). Five acclimation cycles were 

completed before 10 regular cycles, in which SBP, DBP, MAP and heart rate were 

recorded. Recordings were rejected if the rat was moving at the time, tail blood 

volume was less than 15 µl, and time between the diastolic and systolic measures 

was too short or too long. The average of all reasonable recordings was used. 
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Figure 3.1 Tail-cuff blood pressure monitoring setup 

Restraint-free blood pressure monitoring. VPR: volume pressure recording 

3.5 Tissue collection 

Rats were weighed prior to termination. Rats were sacrificed by intraperitoneal 

administration of sodium pentobarbital (10 mg/kg).  

3.5.1 Arterial blood collection 

Arterial blood was performed to collect blood for plasma and serum separation. 

Blood was collected using a 21G needle into EDTA and kept on ice until 

centrifugation for plasma, and into anti-coagulant free Eppendorf tubes and kept at 

room temperature for 30-45 minutes to allow the blood to clot for serum. Samples 

were then centrifuged at 2000 g at 4°C for 10 minutes. Plasma and serum were 

aliquoted into Eppendorf tubes and subsequently stored at -80°C for metabolomics 

and inflammatory and fibrotic marker analysis.  

3.5.2 Isolated Langendorff preparation 
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Hearts were then rapidly excised and transferred into ice-cold Krebs-Hensleit buffer 

(120 mM NaCl, 25 mM NaHCO3, 11 mM glucose, 1.2 mM KH2PO4, 1.2 mM MgSO4, 

4.8 mM KCl, 1.2 mM CaCl2). Hearts were cannulated and immediately perfused with 

Krebs buffer at 37°C via the aorta (Figure 3.2) at a constant perfusion rate of 10 

ml/min for study 1 and 12 ml/min for study 2. Left ventricular developed pressure 

(LVDP) was measured via insertion of a water-filled balloon made from cling film, 

through the left atria into the left ventricle, connected to a pressure transducer. 

Hearts were then perfused with cardioplegia solution (120 mM NaCl, 25 mM 

NaHCO3, 11 mM glucose, 1.2 mM KH2PO4, 1.2 mM MgSO4, 20 mM KCl, 1.2 mM 

CaCl2, 15 mM MgCl2) at a constant perfusion rate of 1 ml/min for 5 minutes. Tissue 

was collected from the apex and snap frozen in liquid nitrogen and stored at -80°C 

for proteomics analyses. Hearts were then perfused with fixative solution (0.1 M 

phosphate buffer, 0.5 mM CaCl2, 1.7 mM D-glucose anhydrous, 1% (v/v) 

glutaraldehyde, 1% (w/v) paraformaldehyde) at a constant perfusion rate of 1 ml/min 

for 5 minutes for tissue histology using light and electron microscopy. Left atrium and 

right atrium were subsequently collected and snap frozen in liquid nitrogen and 

stored at -80°C for proteomics analyses.
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Figure 3.2 Langendorff setup 

Langendorff setup with heart in (left) and out (right) of warming chamber
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3.5.2.1 Langendorff functional data analysis 

Traces for left ventricular developed pressure (LVDP) and other functional 

parameters were acquired (Figure 3.3) and analysed in LabChart (LabChart 7, AD 

Instruments). Once the trace was stable, one minute was selected for analysis to 

calculate rate pressure product (RPP), LVDP, HR, maximum dP/dt and the 

contractility index. LabChart’s blood pressure add-on was used to analyse and 

calculate the different parameters: LVDP was calculated as the difference between 

the maximum and minimum pressure, max dP/dt as the steepest part of the slope 

during the upstroke of the pressure curve, contractility index as max dP/dt divided by 

pressure at the time of max dP/dt, Tau as the exponential time constant of 

relaxation, and RPP was calculated separately as LVDP multiplied by HR. Isolated 

hearts with an RPP below 15,000 were excluded from analysis as previously 

described (Khaliulin, Halestrap et al. 2014, Khaliulin, Bond et al. 2017).  

 

 

Figure 3.3 Left ventricular developed pressure analysis 

LVDP recorded in LabChart 7 at (A) 500:1 and (B) 2:1.  
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3.6 Metabolomics sample processing 

Samples were prepared and analysed for metabolites at the School of Chemistry 

Metabolomics facility at the University of Bristol, using nuclear magnetic resonance 

(NMR) spectroscopy, equipped with a nitrogen-cooled triple resonance probe 

(CryoProbe Prodigy TCI) (500 MHz Bruker AVANCE III HD, Bruker BioSpin GmbH, 

Germany), as previously described (Soininen, Kangas et al. 2015, Wurtz, Kangas et 

al. 2017). Pooled control samples were prepared by mixing 5 µl aliquots from each 

plasma sample, and synthetic controls prepared with 0.8 mM alanine and 5 mM 

glucose, in 0.04% sodium azide. 80 µl of plasma was added to 80 µl of sodium 

phosphate buffer (75 mM Na2HPO4, 0.08% sodium 3-trimethylsilyl)propionate-

2,2,3,3-d4, 0.04% sodium azide, in 8-%20% H2O/D2O, pH 7.4) and transferred to 3 

mm NMR tubes. NMR spectra were acquired in Bruker Topspin 3.6.2. 1D NOESY 

(noesygppr1d pulse sequence, 256 scans, 3.9 seconds acquisition time) and CPMG 

spectra (cpmgpr1d pulse sequence, 256 scans, 3.3 seconds acquisition time) were 

acquired on each sample. 

3.6.1 Metabolomics data analysis 

NMR spectra were analysed using MestReNova software (Mnova, MestReNova 

Research, Spain). Trimethylsilylpropionic acid was added to each sample at 4.6 mM 

to provide a chemical shift reference at 0ppm. Chemical shift references for 

metabolites were identified using Chenomx software (Chenomx, Canada), Bayesil 

web system (bayesil.ca) and the Human Metabolome Database. Prior to metabolite 

identification, NMR spectra for all samples were superimposed to identify differences 

in spectra between samples. Area under the curve for each metabolite was 

measured in Mnova software and compared between WKYs and SHRs. 

3.7 Inflammatory marker analyses 

The multiplex assay was completed with Tom Hathaway. Inflammatory markers were 

analysed using the Milliplex® Multiplex assay, using Luminex® (Rat 

cytokine/chemokine panel. Category number: RECYTMAG-65K, Merck Millipore, 

Massachusetts, USA), following the manufacturer’s instructions. Firstly, the Luminex 

(Bio-Plex MAGPIX Multiplex Reader, Bio-Rad) was calibrated prior to beginning 

experiments on day 1 and 2. Nine standard curves were constructed (Appendix 1). 

All standards and samples were analysed in duplicate. 
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Wells were primed with 200 µl of assay buffer, shaking for 10 minutes at room 

temperature. Assay buffer was then removed, and 25 µl of standards and quality 

controls were added to the plate. Next, 25 µl of assay buffer was added to sample 

wells, and 25 µl of serum matrix added to standards and control wells. Samples were 

diluted 1:2 in assay buffer, and 25 µl was subsequently added to sample wells. The 

premixed beads were vortexed and 25 µl added to each well. The plate was sealed 

and wrapped in foil, and incubated overnight on a plate shaker at 4°C. On day 2, 

wells were washed twice in wash buffer, and 25 µl of detection antibodies added to 

each well. The plate was sealed, wrapped in foil, and incubated on a plate shaker for 

1 hour at room temperature. Wells were not aspirated, and 25 µl of streptavidin-

phycoerythrin added to each well, and sealed, wrapped in foil, and incubated on a 

plate shaker at room temperature for 30 minutes. Wells were then washed and 125 

µl of drive fluid added to all wells. The plate was run on the Luminex using 

xPONENT software. The average of duplicates was taken for concentrations of each 

analyte. 

3.8 Fibrotic marker analysis 

Serum carboxy-terminal telopeptide of collagen type I (CITP), carboxy-terminal 

propeptide of procollagen type I (PICP), amino-terminal propeptide of procollagen 

type III (PIIINP) and matrix metalloproteinase-1 (MMP-1) concentrations were 

analysed following the manufacturer’s instructions (Rat PICP, Rat PIIINP, Rat CITP 

and Rat MMP-1 ELISA kits, antibodies.com, Cambridge, UK). A standard curve of 0, 

1.25, 2.5, 5, 10, 20, 40 and 80 ng/ml of PICP, 0, 0.312, 0.625, 1.25, 2.5, 5, 10 and 20 

ng/ml of CITP and PIIINP and 0, 15.6, 31.2, 62.5, 125, 250, 500 and 1000 pg/ml for 

MMP-1 were constructed. All samples and standards were analysed in duplicate. 

The coated ELISA plates were washed in wash buffer (350 µl per well for 1-2 

minutes) prior to standards and samples being added (100 µl per well). Standards 

and samples were subsequently incubated at 37°C for 90 minutes (PICP, CITP and 

PIIINP), and 2 hours (MMP-1). Standards and samples were discarded from the 

plates, and plates were then washed twice. Biotin-labelled antibodies (1:100 for 

PICP, CITP, PIIINP and MMP-1) were added to each well (100 µl per well) and 

incubated at 37°C for 60 minutes. Plates were washed three times after discarding 

the contents, and horseradish peroxidase-streptavidin conjugate (1:100) was added 

to each well (100 µl per well) and incubated at 37°C for 30 minutes (PICP, CITP and 
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PIIINP) and 1 hour (MMP-1). Plates were washed five times after discarding the 

contents. 3,3',5,5'-tetramethylbenzidine substrate was subsequently added to each 

well (90 µl per well) for 10-20 minutes, depending on the colour change. Finally, 50 

µl of stop solution was added to each well, and plates were read at 450 nm using a 

plate reader (GloMax Discover Microplate Reader, Promega, UK). 

3.9 Tissue histology with light microscopy 

After fixation using Langendorff, hearts were cut (cross-section) and fixed in 4% 

paraformaldehyde, at room temperature overnight. Heart slices were then washed in 

phosphate-buffered saline (PBS), then stored in PBS at 4°C until processing. 

3.9.1 Tissue processing and embedding 

Sample processing was completed using Thermo Fisher Scientifc ExcelsiorTM AS 

Tissue Processor, which was used to dehydrate samples with ethanol, which 

enabled paraffin wax to infiltrate the samples for embedding. Sample embedding 

was completed using Thermo Fisher Scientific HistoStarTM Embedding Workstation. 

Paraffin wax was poured into metal moulds, with each sample placed in the correct 

orientation into the wax. A cassette was placed on the top of the wax block, and left 

to solidify on ice, within the metal moulds overnight. The next day, the metal moulds 

were removed, and samples were trimmed for sectioning. 

3.9.2 Tissue sectioning and slide preparation 

Wax blocks were cooled on an ice block prior to sectioning. Blocks were cut (5 µm 

sections) using the Thermo Scientific Shandon FinesseTM 325 Manual Microtome and 

transferred to a water bath. Sections were dried onto Superfrost Plus Microscope 

slides (Thermo Scientific) and left overnight at 37°C.  

3.9.3 Auto-staining slides 

Haemotoxylin and eosin (H&E) staining was used measure LV chamber dimensions. 

Haemotoxylin stained nucleic acids such as DNA and RNA a deep blue-purple 

colour. Eosin-stained proteins such as cytoplasmic and extracellular matrix proteins 

pink. Elastic Van Gieson (EVG) staining was used to stain elastic fibres within the 

heart sections. Elastic fibres and nuclei were stained black, collagen fibres were 

stained red / pink, and other tissue elements such as cardiomyocytes were stained 
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brown. To dissolve the wax, slides were rinsed in clearene, followed by multiple 

rinses in ethanol. Slides were then rinsed with water to rehydrate samples and to 

enable dyes to infiltrate the samples. H&E and EVG staining was completed using 

an autostainer (Thermo Scientific VaristainTM 24-4 Automatic Slide Stainer). After 

staining, all sections were covered with mounting media (DPX) and a cover slip. 

3.9.4 Masson’s trichrome staining 

Masson’s trichrome staining was used to identify collagen fibres in the heart 

sections, indicating cardiac damage such as fibrosis. This stain is a three-colour 

stain where collagen fibres stain blue, nuclei stain black / purple and other cellular 

components such as cytoplasm and muscle stain red. To deparaffinise and 

rehydrate sections, slides were rinsed in clearene for 15 minutes and subsequently 

rinsed in 100%, 95% and 70% industrial methylated spirits (IMS) for 5 minutes each 

and finally rinsed and hydrated with distilled water. Slides were then stained with 

Mayer’s haemotoxylin solution for 1 minute. Slides were then rinsed in running, warm 

tap water for 10 minutes, then washed in distilled water before staining with Biebrich 

scarlet-acid fuchsin solution (2.4g Biebrich scarlet, 0.3g acid fuchsin, 3 ml glacial 

acetic acid, 300 ml distilled water) for 15 minutes. Next, slides were rinsed in distilled 

water, and differentiated in phophomolybdic-phosphotungstic acid solution (25g 5% 

phosphomolybdic acid, 25g 5% phosphotungstic acid, 1000 ml distilled water) for 15 

minutes (or until collagen was not red), followed by staining with aniline blue solution 

(2.5g aniline blue, 1 ml glacial acetic acid, 100 ml distilled water) for 1-2 minutes. 

Slides were briefly rinsed in distilled water and differentiated in 1% acetic acid 

solution for 2-5 minutes, before the final rinse in distilled water. Samples were 

checked under the microscope to ensure adequate staining. Sections were then 

rapidly dehydrated with 70, 90 and 100% IMS for 10 seconds and soaked in 

clearene before being mounted in DPX and left to dry overnight at room temperature.  

3.9.5 Light microscopy image analysis 

Images were acquired using digital microscopy (PreciPoint M8, PreciPoint, 

Germany). ViewPoint (PreciPoint, Germany) software and ImageJ software was 

used to analyse images. LV dimensions were measured in ImageJ three times and 

an average taken. Wall thicknesses of the LV posterior wall (LVPW), LV anterior wall 

(LVAW), LV free wall (LVFW) and interventricular septum (IVS) were measured at 
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the same approximate area and the thickest part of each section to ensure 

consistency throughout measurements. Relative wall thickness was measured in two 

different ways. First, as 2 x (LVPW / LV diameter) (Ganau, Devereux et al. 1992, 

Khouri, Peshock et al. 2010, Biton, Goldenberg et al. 2016), and second, as 

(IVS+LVPW) / LV diameter (Gidding, Carnethon et al. 2010, Stoylen, Molmen et al. 

2016). LV diameter and LV cavity diameter were taken as the longest possible line 

from the LV free wall to the septum (towards the right ventricle (RV)), through the 

centre of the LV. Cross-sectional area (CSA) of the LV and LV cavity were measured 

by drawing around the LV and LV cavity respectively. Total LV wall CSA was 

calculated by taking LV cavity CSA from LV CSA.  

To analyse the quantity of elastin and fibrosis present in the heart in the EVG- and 

Masson’s-stained images respectively, two macros were written in ImageJ for each 

stain. These macros used the colour threshold tool, in which the thresholds were 

selected manually on multiple images to identify which threshold detected the black 

staining (elastin), blue staining (fibrosis) and tissue staining best, prior to writing the 

macros. Elastin was quantified as the percentage of black staining in the coronary 

arteries compared to percentage of tissue staining in each image. Fibrosis was 

quantified as the percentage of blue staining compared to percentage of tissue 

staining as the whole heart, LV and RV. For Masson’s analyses, three images were 

taken in each section of the heart (RV, LVAW, LVFW, LVPW and IVS) and pixel 

analysis was completed using the macros. Perivascular fibrosis was calculated as 

the area of fibrosis surrounding the vessel divided by the total vessel area (Higashi, 

Shimokawa et al. 2003). Large vessels and 2 mm x 2 mm sections (as described 

below) were analysed for perivascular fibrosis. EVG staining was only observed in 

the coronary vessels in SHRs and WKYs at 10 weeks old, therefore for EVG 

analyses, large coronary vessels and 2 mm x 2 mm sections were identified as 

described below for coronary artery dimensions. At 15 weeks old, there were 

minimal small coronary arteries, thus section analyses for all stains were not 

completed for study 2. 

Masson’s staining was also used to analyse coronary artery dimensions. Firstly, 

larger coronary arteries were identified at the lowest magnification and analysed 

(Figure 3.4). Secondly, 2 mm x 2 mm sections from the IVS, LVFW, LVAW, LVPW 
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and RV were identified and all vessels within these sections were analysed at higher 

magnifications (Figure 3.5). For both the low magnification and section analysis, 

dimensions such as vessel and lumen diameter (length and width), wall and media 

thickness, media, vessel and lumen CSA and circumference and wall to lumen ratio 

(WLR) were measured (Figure 3.6). WLR based on length was calculated as vessel 

diameter minus lumen diameter, divided by lumen diameter. WLR based on CSA 

was calculated as vessel CSA minus lumen CSA, divided by lumen CSA. Media to 

lumen ratio (MLR) was calculated as media CSA minus lumen CSA, divided by 

lumen CSA. For wall and media thickness, four points on the vessel were measured 

and averaged. Vessel wall CSA was calculated as the vessel CSA minus the lumen 

CSA. Media CSA was calculated as the media CSA minus the lumen CSA.  

 

Figure 3.4 Representative images of WKY and SHR hearts for large coronary 

artery identification 

Low magnification images of WKY (left) and SHR (right) hearts with large 

vessels indicated by yellow arrows. 
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Figure 3.5 Representative image of 2 mm x 2 mm section analysis of coronary 

arteries 

High magnification images of coronary arteries within sections 

  



 43 

UOB Open 

 

Figure 3.6 Coronary artery dimension analysis 

Dotted yellow line outlines vessel circumference and the area within it 

represents vessel CSA. Dotted black line outlines lumen circumference, and 

the area within it represents lumen CSA. Dotted green line outlines media 

circumference and the area within it minus lumen CSA represents media CSA. 

Yellow arrows indicate vessel length and width. Black arrows indicate lumen 

length and width. Red arrows indicate wall thickness. White arrows indicate 

media thickness. 

3.10 Tissue histology with electron microscopy 

After fixation using Langendorff, hearts were cut into small cubes in a petri dish to be 

processed into blocks. Samples were then kept in fixative solution at 4°C overnight, 

before being transferred into PBS.  

3.10.1 Tissue processing and staining 

Processing of samples was completed by the Wolfson Bioimaging Facility at the 

University of Bristol. Samples were immersed in 1% (w/v) osmium tetroxide in 

phosphate buffer for 90 minutes, then washed with phosphate buffer. Samples were 

then washed in distilled water and stained in the dark with 3% (w/v) uranyl acetate in 

distilled water, for 30 minutes. Next, samples were rinsed in distilled water for 10 

minutes, followed by a series of dehydration in 70%, 80% and 90% ethanol for 10 

minutes each. Samples were then rinsed in propylene oxide three times for 10 
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minutes and left overnight, before being stored in EPON epoxy resin for 24 hours. 

Samples were embedded in EPON epoxy resin and polymerised at 60°C for 48-72 

hours, then cut and stained with 5% uranyl acetate solution (2.5g uranyl acetate, 50 

ml distilled water) and lead citrate (94 mM lead nitrate, 140 mM sodium citrate, 0.19 

mM NaOH) before imaging.  

3.10.2 Electron microscopy image analysis 

Sections for electron microscopy were taken from LVFW and viewed and acquired 

using a Tecnai 12 FEI 120 kV BioTwin transmission electron microscope and FEI 

Ceta 4K x 4K CCD camera by the Wolfson Bioimaging Facility at the University of 

Bristol. Images were captured from multiple areas from each sample.  

ImageJ software was used to analyse images. Sarcomere length and percentage of 

mitochondria and myofibrils within the images were determined using the grid tool in 

ImageJ, set to 10 µm2, and the cell counter to count interfibrillar, subsarcolemmal 

and perinuclear mitochondria, and myofibrils in each image. 

Using the grid tool set to 5 µm2, mitochondria area, perimeter, length, and width were 

measured from one mitochondrion per grid square for interfibrillar mitochondria. For 

subsarcolemmal and perinuclear mitochondria, all mitochondria were measured as 

their abundance is much lower. Aspect ratio, circularity and roundness were 

calculated from these measurements using the following calculations (Picard, White 

et al. 2013, Kalkhoran, Munro et al. 2017): 

Aspect ratio = mitochondria length / mitochondria width 

Circularity = (4 x mitochondria area) / (π x mitochondria length2) 

Roundness = (4π x mitochondria area) / mitochondria perimeter2 

3.11 Proteomics 

3.11.1 Protein extraction 

Tissue samples were defrosted and kept on ice. Samples were weighed, placed in 2 

ml tubes, and RIPA buffer (200 ml 1 x PBS, 1% (v/v) Nonidet P-40 detergent, 0.5% 

(w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecylsulphate, pH 7.4) was added 
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at 10 µl/mg of tissue. Protease (mini, EDTA-free protease inhibitor cocktail tablets, 

Roche, UK) and phosphatase (PhoSTOP, Roche, UK) inhibitors were added to the 

RIPA buffer before adding to the tissue samples. Ceramic homogenising beads were 

added to samples in RIPA buffer. Tubes were then placed in a tissue homogeniser 

(Bertin Technologies, France) at 4°C, shaken for 30 seconds, and placed back on 

ice. This process was repeated until all tissue was homogenised. Samples were 

subsequently centrifuged at 13,000 x g for 10 minutes at 4°C. Supernatant was 

collected, split into Eppendorf tubes and stored at -80°C for protein quantification.  

3.11.2 Protein quantification  

Total protein content of the samples was determined using the micro bicinchoninic 

acid protein assay kit following the manufacturer’s instructions (ThermoFisher 

Scientific, UK). Samples were prepared by diluting 1:10 in RIPA buffer. In a 96-well 

plate, 200 µl of working reagent (combined reagent A:B ratio 50:1) was added to 20 

µl of sample. A standard curve of 0, 0.025, 0.125, 0.25, 0.5, 0.75, 1.0, 1.5 and 2 

mg/ml of bovine serum albumin solution was used to quantify protein concentration. 

Both standards and samples were analysed in duplicate. Sample and working 

reagent were mixed using a plate shaker for 30 seconds, and then incubated at room 

temperature for 5 minutes. Plates were read at 490 nm using a plate reader 

(LabTech LT-5000MS). Protein concentrations were calculated from the standard 

curve.  

3.11.3 Proteomics analysis 

Methods for proteomics analysis were provided by the University of Bristol’s 

proteomics facility and have been previously described (Abdul-Ghani, Skeffington et 

al. 2022). Samples were diluted to 2 mg/ml with RIPA buffer, in 60 µl. Protein 

identification was performed by the University of Bristol’s proteomics facility using 

tandem mass tagging (TMT). First, 100 µg aliquots of each sample were digested 

with trypsin (2.5 µg trypsin per 100 µg protein) at 37ºC overnight. Samples were 

labelled with TMT eleven plex reagents, and labelled samples then pooled. For total 

proteome analysis, 50 µg of pooled sample was desalted using a SepPak cartridge 

following the manufacturer’s instructions (Waters, Milford, Massachusetts, USA). 

Eluate from the SepPak cartridge was subsequently evaporated to dryness, then 

resuspended in buffer A (20 mM ammonium hydroxide, pH 10). This suspension was 
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then fractionated by high pH reversed-phase chromatography using an Ultimate 

3000 liquid chromatography system (ThermoFisher Scientific, UK). The sample was 

loaded onto an XBridge BEH C18 Column (130Å, 3.5 µm, 2.1 mm x 150 mm, 

Waters, UK) in buffer A and peptides eluted with an increasing gradient of buffer B 

(20 mM ammonium hydroxide in acetonitrile, pH 10) over 60 minutes. Eluate was 

evaporated to dryness and resuspended in 1% formic acid, before nano-LC MSMS 

analysis.  

3.11.3.1 Nano-LC Mass Spectrometry 

High pH reverse-phased fractions for total proteome analysis, or phospho-enriched 

fractions for phospho-proteome analysis, were further fractionated using an Ultimate 

3000 nano-LC system in line with an Orbitrap Fusion Lumos mass spectrometer 

(ThermoFisher Scientific, UK). Briefly, peptides in 1% (v/v) formic acid were injected 

onto an Acclaim PepMap C18 nano-trap column and washed with 0.5% (v/v) 

acetonitrile and 0.1% (v/v) formic acid. Peptides were then resolved on a 250 mm x 

75 µm Acclaim PepMap C18 reverse phase analytical column, over a 150 min 

organic gradient using the following segments at a flow rate of 300 nl/min and in 

solvent B (aqueous 80% acetonitrile in 0.1% formic acid): 1-6% solvent B over 1 min, 

6-15% solvent B over 58 min, 15-32% solvent B over 58 min, 32-40% solvent B over 

5 min, 40-90% solvent B over 1 min, 90% solvent B for 6 min, and finally reduced to 

1% solvent B over 1 min. A stainless-steel emitter with internal diameter of 30 µm 

and capillary temperature of 300ºC was used to ionise peptides via nano-

electrospray ionisation at 2.0 kV. Spectra were acquired using an Orbitrap Fusion 

Lumos mass spectrometer, controlled by Xcalibur 3.0 software, operated in data-

dependent acquisition mode using an SPS-MS3 workflow. FTMS1 spectra were 

collected at a resolution of 120,000, with an automatic gain control (AGC) target of 

200,000, and 50 ms maximum injection time. ITMS2 spectra were collected with an 

AGC target of 10,000, maximum injection of time of 70 ms, and a collision-induced 

dissociation collision energy of 35%. FTMS3 spectra were collected at a resolution of 

50,000, with an AGC target of 50,000 and 105 ms maximum injection time.  

3.11.4 Phosphorylated proteins 

For phospho-proteome analysis, the remainder of TMT-labelled pooled sample was 

desalted via a SepPak cartridge, and eluate evaporated to dryness. Phosphopeptide 
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enrichment using titanium dioxide (TiO2) columns was completed, prior to FeNTA-

based phosphopeptide enrichment. These samples were then evaporated to dryness 

and resuspended in 1% formic acid and analysed using nano-LC MSMS as in 

section 3.10.3.1. 

3.11.5 Proteomics data analysis 

Proteome discoverer programme (version 2.1, ThermoFisher Scientific, UK) was 

used to process raw data files. The SEQUEST HT algorithm was used to search the 

UniProt Rat database (downloaded September 2020: 35823 entries). Search criteria 

included “oxidation of methionine (+15.995Da), acetylation of the protein N-terminus 

(+42.011Da), methionine loss plus acetylation of the protein N-terminus (-89.03Da)” 

as variable modifications, and “carbamidomethylation of cysteine (+57.0214) and the 

addition of the TMT mass tag (+229.163) to peptide N-termini and lysine” as fixed 

modifications. For phospho-proteome analysis, “phosphorylation of serine, threonine 

and tyrosine (+79.966)” was also included as a variable modification. All data was 

filtered to satisfy a false discovery rate of 5%.  

Relative protein levels in the samples were displayed as a ratio of protein expression 

in the individual sample to the protein level expressed in the total pooled sample. 

Phosphoprotein levels in samples were expressed relative to the total protein 

expression, which provided genuine phosphorylation changes, as opposed to 

changes in total protein expression with unaltered phosphorylation (Abdul-Ghani, 

Skeffington et al. 2022). Only proteins and phosphoproteins that were detected in all 

samples were included in the following analyses. Fold changes (SHR at 10 weeks 

old / WKY at 10 weeks old, SHR at 15 weeks old / WKY at 15 weeks old) were 

calculated. Fold change greater than or less than 1.3 times, and a p-value of P<0.05 

(independent samples t-test) were used to assess significance, as per previous 

studies (Bond, Iacobazzi et al. 2019, Abdul-Ghani, Skeffington et al. 2022). Volcano 

plots were created by plotting log2 (fold change) against -log10 (p-value).  

3.11.5.1 Ingenuity pathway analysis 

Proteins and phosphoproteins with significant differences in expression were 

subsequently analysed in Ingenuity Pathway Analysis software (QIAGEN Inc., 

https://digitalinsights.qiagen.com/products-overview/discovery-insights-
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portfolio/analysis-and-visualization/qiagen-ipa/), to determine the significantly 

enriched canonical pathways.  

3.12 Statistical analysis 

Statistical analyses were completed in SPSS statistics (v28, IBM, New York, USA) 

and InVivoStat version 4.1 (Bate and Clark 2014). Specific statistical analyses are 

provided in each chapter; although the analyses in the animal chapters were 

primarily assessing differences between strains, and/or with age. Data are presented 

as mean ± standard deviation or median [interquartile range].
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CHAPTER 4 General methods for human study 

4.1 Participants 

This study was conducted in accordance with the Declaration of Helsinki (2017). 

Ethical approval for this study was granted by Southwest-Bristol NHS Research 

Ethics Committee (20/SW/0006) and the Health Research Authority. 

Twelve healthy, normotensives, and 10 hypertensives were matched for age, sex 

and body mass index (BMI). Hypertensive participants were recruited from the 

tertiary care, specialist hypertension clinic at University Hospitals Bristol NHS 

Foundation Trust. Participants were also recruited from our existing database of 

individuals willing to take part in future research, local advertising and university 

email. Participants gave their written, informed consent to participate in the study in 

the first visit.  

4.1.1 Inclusion criteria 

The following definitions of normotension and hypertension were defined by 

European Society of Cardiology (ESC) / European Society of Hypertension (ESH) 

2018 (Williams, Mancia et al. 2018) and the National Institute for Health and Care 

Excellence (NICE) guidelines 2019 (Jones, McCormack et al. 2020). 

Normotension was defined as a clinic blood pressure (BP) of <140/90 mmHg and 

daytime ambulatory BP <135/85 mmHg, in the absence of antihypertensive 

medication. Hypertension was defined as a clinic BP of 140/90 mmHg and daytime 

ambulatory BP 135/85 mmHg. 

4.1.2 Exclusion criteria 

The following exclusion criteria were used for all participants: 

i. Secondary causes of hypertension 

ii. Body mass index 30 kg/m2 

iii. Pregnancy or breastfeeding women 

iv. Taking nitrate, steroid or immunosuppressant medication 

v. Major illness such as cancer, inflammatory disease (including vasculitis) or 

receiving palliative care 
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vi. Diagnosed cardiovascular (including stroke), respiratory (including chronic 

obstructive pulmonary disease), psychiatric, renal or ophthalmic disease 

vii. Congenital or acquired neurological conditions (including dementia), 

language disorders, repeated or chronic pain conditions (excluding menstrual 

pain and minor sporadic headaches) 

viii. Metabolic or endocrine disorders such as diabetes mellitus (type I and II) 

ix. Symptoms of febrile illness 2 weeks prior to experiments 

x. Excessive alcohol consumption (>28 units/week) or use of illicit drugs 

xi. Heart transplant 

xii. Coronary revascularisation 

xiii. Heart failure-related hospitalisation 

 

The following exclusion criteria were used for the healthy control participants: 

i. History of hypertension 

4.2 Experimental procedures 

Prior to each visit, participants were asked to refrain from caffeine and alcohol 

consumption and avoid strenuous exercise 12 hours before study visits. 

Hypertensive participants were asked to take their antihypertensive medication as 

normal. Study visit one was conducted at the Clinical Research Facility, Bristol, and 

study visit two was conducted at the Bristol Heart Institute. Flow charts for each 

study visit are shown in figures 4.1 and 4.2. Laboratory conditions for study visit one 

were constant for all participants.  

First, the study visits were discussed, and participants were given the opportunity to 

ask questions about the study and then provided their consent. Participants were 

then assessed using a screening questionnaire. Height and weight measurements 

were taken, and participants subsequently rested for 10 minutes before resting clinic 

BP was assessed (Omron, 705IT, Omron Healthcare, Kyoto, Japan). Resting clinic 

BP was measured in accordance with the ESC/ESH guidelines (O'Brien, Waeber et 

al. 2001, Mancia, Fagard et al. 2013). Briefly, the first BP reading was ignored, and 

then BP was recorded from the left and the right arm, twice each. Premenopausal, 

female participants were asked to complete a pregnancy test. A 12-lead 

electrocardiogram (ECG) was carried out by a Research Nurse or Doctor and 

subsequently assessed by the Doctor or Cardiologist to determine whether any 

abnormalities were evident. Up to 20 ml venous blood sample was collected by the 

Research Nurse or Doctor into two 4 ml EDTA vacutainers tubes (Becton, Dickinson, 
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Berkshire, UK) and two 4 ml serum-separation vacutainers and processed as 

described in section 4.2.9. One serum-separation vacutainer was sent to UH Bristol 

laboratory (Department of Clinical Biochemistry) and processed immediately for 

cholesterol levels and C-reactive protein. 

At the end of visit one, participants were fitted with an ambulatory blood pressure 

monitor (ABPM: Numed Healthcare, Sheffield, UK) for 24 hours to confirm 

participants BP status (O'Brien, Parati et al. 2013), enabling classification into the 

normotensive or hypertensive groups. Participants did not start the ABPM until 24 

hours after the first visit, to ensure BP readings were not affected by the exercise 

testing. In addition, participants were asked to keep a BP diary during the 24-hour 

ABPM, including what time they went to sleep / woke up and what, if any, medication 

was taken.  
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Figure 4.1 Visit one protocol flow chart 

ABPM; ambulatory blood pressure monitor, ECG, electrocardiogram, MSNA; 

muscle sympathetic nerve activity. 
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Figure 4.2 Visit two protocol flow chart 

MRI; magnetic resonance imaging. 

4.2.1 Physiological monitoring  

After blood sampling, participants were fitted with a 3-lead ECG to record heart rate 

(HR) throughout the study visit. BP was continuously measured (beat-to-beat) 

throughout the visit using a Finapres (Finometer Pro, FMS, Netherlands), which 

records BP trace from finger artery pulsations. A BP cuff around the upper arm is 

used to calibrate the waveform created by finger artery pulsations at the beginning of 

each visit. Participants were also fitted with a respiratory belt to measure respiratory 

rate. All data was collected using a data acquisition system (LabChart 7; AD 

Instruments).  

4.2.1.1 Heart rate variability 

Heart rate variability (HRV) was analysed using the HRV function in LabChart 

software (LabChart 8; AD Instruments), according to published guidelines and 

previous studies (Camm, Malik et al. 1996, Krafty, Zhao et al. 2014, Khaliulin, 

Fleishman et al. 2019). Briefly, the RR intervals were detected, and abnormal beats 

(ectopics) were automatically removed by the software for HRV analysis. In the time 

domain, the average RR interval and the standard deviation of the RR interval 

(SDRR) were measured. SDRR is a variable which reflects total autonomic activity 

(Park, Lee et al. 2018). The root mean square of successive differences in RR 

intervals (RMSSD) and the percentage of successive RR interval differences longer 

than 50 ms (pRR50) were time-domain variables measured, representing the high 

frequency component of HRV (Camm, Malik et al. 1996).  
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HRV was also assessed using power spectral density analysis. The two main 

spectral components of HRV: low frequency (0.04-0.15 Hz) and high frequency 

(0.15-0.4 Hz), were calculated. Both low frequency and high frequency were 

reported as absolute values of power (ms2) and normalised units (nu), which 

represent the relative value of power for each component as a proportion of total 

power, minus the very low frequency component (Camm, Malik et al. 1996).  

4.2.2 Microneurography 

The technique of microneurography was used to measure changes in multi-unit 

muscle sympathetic nerve activity (MSNA) in the peroneal nerve, during resting and 

stress conditions (cold pressor test). Microneurography measures efferent 

discharges in postganglionic unmyelinated C-fibres which innervate muscle, to 

assess the neural control of blood pressure regulation (Mano, Iwase et al. 2006). 

The most commonly recorded peripheral nerve to measure MSNA is the peroneal 

nerve, at or proximal to the fibular head, where the common peroneal nerve 

bifurcates into the superficial and deep branches (White, Shoemaker et al. 2015). 

Participants were positioned semi-supine on the bed with their right leg (MSNA leg) 

supported in a slightly elevated position to easily access below the knee. Cutaneous 

electrical stimulation was then used to identify the path of the peroneal nerve closest 

to the skins surface. The nerve was stimulated using a blunt-tipped stimulator probe, 

which applies an electrical current (1-3 mAs) intermittently for 1 ms, to the area of 

skin above where the peroneal nerve is expected to be. Dorsiflexion and lateral 

deflection of the foot occur when the deep and superficial peroneal branches are 

stimulated, respectively. This is caused by the innervation of the muscles by the 

deep and superficial portions of the peroneal nerve (Vallbo, Hagbarth et al. 1979). 

The stimulator probe was then moved vertically and laterally to locate where 

dorsiflexion of the foot was strongest. This position was marked on the participants 

leg, and the process of moving the probe and marking out positions where 

dorsiflexion occurred was continued to map out the path of the peroneal nerve.  

Before insertion of the microelectrodes, the skin was cleaned with an alcohol wipe. 

An un-insulated tungsten reference microelectrode (35 mm) was then inserted into 

the participants skin, within 2 cm of the expected site of the nerve. This electrode 

acts as an electrical reference to enable changes in electrical activity in the peroneal 
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nerve to be detected by the active electrode. An un-insulated tungsten active 

microelectrode, with a 5 µm tip, 200 µm shaft diameter and impedance of 2 MΩ at 1 

kHz, was then inserted through the participants skin and into the peroneal nerve 

(Figure 4.3). Both the active and reference electrodes were attached to a 

preamplifier which amplifies the signal before the signal is routed to a main amplifier, 

where it was further amplified (total gain: ~80,000) (White, Shoemaker et al. 2015, 

Hart, Head et al. 2017). The raw signal was then band-passed filtered between 700-

2000 kHz, full-wave rectified and integrated at a time constant of 0.1 s. The raw and 

integrated signal were acquired using LabChart acquisition software (LabChart Pro 

V7, AD Instruments).  

The position of the active electrode was manipulated until a suitable MSNA signal 

was acquired. To assess the suitability of this MSNA signal, multiple tests were 

used. Firstly, multi-unit MSNA is characterised by pulse-synchronicity, where the 

latency of a burst is approximately 1.3 s after an electrocardiogram R wave. 

Additionally, activating the toe extensors and tapping on the tibialis anterior muscle 

belly elicits increases in MSNA burst frequency (Delius, Hagbarth et al. 1972, Delius, 

Hongell et al. 1972, Hagbarth, Hallin et al. 1972, Mano, Iwase et al. 2006, Hart, Head 

et al. 2017). Furthermore, MSNA burst frequency increases when the subject 

performs an end-expiratory breath hold (Delius, Hagbarth et al. 1972, Delius, Hongell 

et al. 1972, Hagbarth, Hallin et al. 1972, Mano, Iwase et al. 2006, Hart, Head et al. 

2017). In contrast, MSNA does not increase in response to a yell or loud noise, 

whereas skin sympathetic nerve activity (SSNA) will increase. Additionally, SSNA 

increases with light stroking of the skin.  

MSNA was recorded (Figure 4.4) throughout the 5-10 min baseline (quiet rest) and 

during the cold pressor test protocol (2 min rest, 3 min cold pressor, 5 min recovery).  
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Figure 4.3 Microneurography set up for muscle sympathetic nerve activity 

Microelectrode placement to record MSNA. Reference electrode (blue flag) in 

skin close to the active electrode (white flag), which is in the peroneal nerve.  

 

 

 

 

 

 

 

Figure 4.4 Resting MSNA, ECG and BP recording 

Resting muscle sympathetic nerve activity (MSNA: blue), electrocardiogram 

(ECG: green) and blood pressure (red) recording in a healthy, normotensive 

participant. Scale shows 2 seconds.  



 

57 
 

4.2.2.1 MSNA burst identification and quantification 

To process the MSNA data for burst identification and quantification, the raw and 

integrated signal were exported from LabChart and imported into a data analysis 

program (Spike 8, Cambridge Electronic Design Limited, Cambridge). MSNA was 

quantified as both bursts per minute (burst frequency) and bursts per 100 heartbeats 

(burst incidence). To identify MSNA bursts, a script was written in Spike 8.  

The baseline of the signal and a minimum MSNA burst amplitude were set (burst 

detection amplitude set 2 standard deviations above noise (Hart, Head et al. 2017)). 

The script subsequently detects bursts above the level of the noise, which are 

manually marked. Every R wave is then marked in the ECG channel to calculate 

latency between R waves and subsequent MSNA bursts. The data was then 

manually assessed to check that MSNA bursts were correctly detected and marked. 

Bursts were checked for their latency from the previous R wave, which in multi-unit 

MSNA is ~1.3 s (Wallin, Burke et al. 1994, Hart, Head et al. 2017), and checked 

there was only one MSNA burst per cardiac cycle. Multi-unit burst latency is 

associated with its size, where smaller bursts have a slower latency, and a larger 

burst has a quicker latency (Fagius and Wallin 1980, Wallin, Burke et al. 1994, Hart, 

Head et al. 2017). Burst amplitude was then plotted against latency to confirm bursts 

were correctly identified, and outliers were checked. Burst frequency (bursts/min) 

and burst incidence (bursts/100 heartbeats) were calculated by the script.  

4.2.2.2 Sympathetic transduction analyses 

Sympathetic transduction was analysed as previously described (Briant, Burchell et 

al. 2016). Analysis was completed using a custom script (Spike 2, Cambridge 

Electronic Design, Cambridge, UK) written by Zoe Adams. Transduction analysis 

was completed after MSNA burst quantification analyses. First, the integrated 

neurogram was normalised to the tallest burst using a two-point calibration, where 

100% was the tallest burst and 0% was the baseline noise without bursts. Every 

DBP was then marked, and area under the curve of the normalised neurogram was 

measured between two cardiac cycles (R waves) at different lags from the marked 

DBP. The lags ranged from 1-3, 2-4, 3-5 and so on to 8-10 cardiac cycles behind the 

DBP. Transduction slope was calculated as the weighted linear regression between 
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DBP and preceding MSNA burst area, which was calculated for each lag. The 

highest transduction slope was used in the statistical analysis. 

4.2.3 Cold pressor test 

Once a good quality MSNA recording was achieved, participants were required to 

complete the CPT, to determine the MSNA and haemodynamic responses to a 

stressor. Participants rested during a 2-minute baseline, after which they placed their 

hands (up to the wrist) in 3-4C water for 3 minutes, followed by a 5-minute recovery. 

Participants were asked to stay as still as possible throughout the recording.  

4.2.3.1 Cold pressor test analysis 

To complete statistical analysis on the CPT data, baseline was averaged, peak of 

the CPT was averaged (occurred at 60-90 seconds) and the final minute of recovery 

was averaged.  

4.2.4 Cardiopulmonary exercise testing 

Cardiopulmonary exercise testing (CPET) remains the gold standard for assessing 

an individual’s exercise capacity (Mezzani, Agostoni et al. 2009). Exercise testing 

was used to determine whether cardiorespiratory fitness was matched between the 

hypertensive and normotensive groups, in addition to determining rise in blood 

pressures between groups. Finally, CPET was used to investigate the change in 

inflammatory markers from pre- to post-exercise. 

The maximum volume of oxygen an individual can consume and use, known as 

V̇O2max, is commonly used in healthy participants for assessing exercise tolerance 

using CPET. However, in clinical testing (for example hypertensive patients), a 

plateau in oxygen uptake (V̇O2) at near maximal exercise is not always achieved 

before exercise termination; therefore, V̇O2peak is used as an estimate for V̇O2max 

(Albouaini, Egred et al. 2007). V̇O2peak was assessed to determine differences in 

exercise capacity between groups using an incremental exercise test on an upright 

cycle ergometer (Ergoselect 100, Love Medical, Manchester, UK). Prior to each test, 

gas and volume calibrations of the CPET equipment (Ergostik CPET system, Love 

Medical, Manchester, UK) were completed. The flow sensor, which is used for 

respiratory analyses was connected to a 3-litre calibration syringe, and flow was 
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calibrated at three different flow rates. Gas was calibrated using BOC calibration gas 

(15.15% oxygen, 5.13% carbon dioxide, balance nitrogen).  

4.2.4.1 Physiological monitoring during CPET  

Baseline BP was recorded whilst the participant was sitting upright on the cycle 

ergometer for 3 minutes. Participants then started unloaded cycling (0 Watts (W)) for 

3 minutes. Cycle load increased gradually using a ramp protocol of 20-25 W per 

minute until volitional fatigue, whilst participants maintained a cadence of 60-80 

revolutions per minute (RPM). The following variables were used (in combination or 

if more than one were true) to assess when to terminate the exercise and begin the 

active recovery phase (unloaded cycling): participant ceasing exercise, participant 

unable to maintain ≥60 RPM, respiratory exchange ratio (RER) exceeding 1.2 or 

maximum HR reached (220 – age). The active recovery phase was completed for 3 

minutes. Following active recovery, a 3-minute resting recovery phase was started in 

which participants were monitored whilst sitting upright on the cycle ergometer.  

4.2.4.2 CPET data analysis 

Tidal volume, breathing frequency (breaths / minute) and minute ventilation (VE) 

were also measured during breath-by-breath analysis. V̇O2, V̇CO2 and RER were 

calculated using the following equations: 

V̇O2 = (Inspired volume x fraction of inspired O2) – (Expired volume x fraction of 

expired O2) 

V̇CO2 = (Expired volume x fraction of expired CO2) – (Inspired volume x fraction of 

inspired CO2) 

RER = V̇CO2 / V̇O2 

The last 30 seconds of exercise data was averaged to obtain peak exercise values 

for all variables, except cycle load and RER, which were taken as the highest 

wattage, and highest values attained, respectively. Ventilatory efficiency, defined as 

the slope of the relationship between VE and V̇CO2 (Habedank, Reindl et al. 1998), 

was assessed by plotting VE against V̇CO2 from exercise onset to peak exercise and 

performing a linear regression. A steeper VEV̇CO2 slope indicates excessive 

ventilation for a given V̇CO2 (Keller-Ross, Chantigian et al. 2018), thus a reduced 
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ventilatory efficiency, associated with increased morbidity and mortality in heart 

failure (Arena, Myers et al. 2004). A VE/VCO2 slope of >34 correlated with pulmonary 

hypertension (Reindl, Wernecke et al. 1998), in addition to being a predictor of heart 

failure events (Kleber, Vietzke et al. 2000). 

4.2.5 Cardiac MRI protocol and analysis 

Following the initial visit, participants underwent a cardiac MRI at the Bristol Heart 

Institute for their second visit. An NHS MRI radiographer performed the MRI scan, 

and an experienced cardiac MRI radiologist analysed the data. A venous blood 

sample was collected into a 4 ml EDTA vacutainer in this visit and was sent to UH 

Bristol laboratory to complete a full blood count. 

Cardiac MRI was performed as previously described (Rodrigues, Amadu et al. 2016, 

Rodrigues, Amadu et al. 2017) to determine cardiac function and morphology, thus 

assessing presence of LVH and cardiac fibrosis. Cardiac MRI was completed at 1.5T 

(Avanto, Siemens, Erlangen, Germany). Cine imaging of the left ventricle was 

performed using short-axis steady-state free precession (SSFP) (8 mm slice 

thickness, no inter-slice gap, 38.1 ms temporal resolution, 1.07 s echo time, 1.5 x 0.8 

mm in-plane pixel size) to calculate LV mass and volumes, indexed to body surface 

area. In accordance with the Society for cardiac MRI guidelines (Schulz-Menger, 

Bluemke et al. 2013), a validated threshold-detection software (CMR42, Circle 

Cardiovascular Imaging Inc., Canada) was used to include the LV trabeculae and 

papillary muscles in the LV mass estimation. LV hypertrophy was defined as indexed 

LV mass >95th percentile of age- and sex-specific cardiac MRI reference ranges 

(male <35 years: 47-87 g/m2, female <35 years: 35-71 g/m2, male ≥35 years: 42-78 

g/m2, female ≥35 years: 34-70 g/m2) (Hudsmith, Petersen et al. 2005). LV dilatation 

was defined as indexed LV end-diastolic volume (LVEDV). 

4.2.6 Cardiac MRI late gadolinium protocol and analysis 

Late gadolinium enhancement was used to assess presence of myocardial fibrosis, 

as previously described (Rodrigues, Amadu et al. 2016, Rodrigues, Amadu et al. 

2017). Gadobutrol (0.1 mmol/kg: Gadovist, Bayer Pharma AG, Germany) was 

administered intravenously, 10-15 minutes before performing inversion recovery 

sequences. Inversion time was optimised for myocardial nulling. 
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4.2.7 Cardiac MRI T1-mapping protocol and analysis 

The modified look-locker inversion-recovery (MOLLI) sequence (35 flip angle, 100 

ms minimum time to inversion, 80 ms time increment, 150 ms time delay, 5-(3)-3 

heartbeat acquisition scheme) was used to complete myocardial T1 mapping 

(Messroghli, Greiser et al. 2007). T1 mapping analysis was conducted using Argus 

software (Siemens, Germany). Extracellular volume (ECV) was calculated using the 

following established formula: ECV = (R1myocardium / R1blood-pool) x (1 – haematocrit), 

where: R1 = (1 / postcontrast T1 – 1 / native T1) (Rodrigues, Amadu et al. 2016, 

Rodrigues, Amadu et al. 2017).  

4.2.8 Cardiac MRI strain imaging protocol and analysis 

Strain imaging was completed using Tissue Tracking software (CMR42, Circle 

Cardiovascular Imaging Inc., Canada) as previously described (Rodrigues, Amadu et 

al. 2016, Rodrigues, Amadu et al. 2017). Two-chamber, four-chamber and short-axis 

stack SSFP cine images were used for strain imaging, where endocardial and 

epicardial borders were defined with the mitral valve annular plane at end-diastole. 

Global longitudinal strain was taken as the averaged strain from both four-chamber 

and two-chamber analysis (Rodrigues, Amadu et al. 2017). Left ventricular mass 

index (LVMI) and interventricular septum to end-diastolic diameter ratio (IVS/EDD) 

were used as markers of LVH. 

4.2.9 Blood sampling and processing  

In visit one, baseline and post-exercise blood samples were collected from 

participants. Using standard venepuncture, 20 ml blood sample was collected from 

the median cubital vein into two 4 ml EDTA and two 4 ml serum vacutainer tubes for 

plasma and serum, respectively. The EDTA tubes were kept on ice and centrifuged 

at 1000 x g, 2-8C for 10 minutes, within 30 minutes of collection to separate 

plasma. Plasma was aliquoted into Eppendorf tubes and frozen at -80C for 

inflammatory marker analysis (section 4.2.9.1). The serum tubes were kept at room 

temperature, to allow the blood to clot, before centrifuging at 1000 x g, 2-8C for 10 

minutes. Serum was aliquoted into Eppendorf tubes and frozen at -80C for fibrotic 

marker analysis (section 4.2.9.2). One of the serum vacutainers was transferred to 

the Bristol Royal Infirmary for immediate cholesterol analysis, completed at the 

University Hospitals Bristol laboratory (Department of Clinical Biochemistry). Full 



 

62 
 

blood count analysis was completed on the 4 ml EDTA blood sample collected in 

visit two at UH Bristol laboratory.  

4.2.9.1 Inflammatory marker analyses 

Inflammatory markers were analysed using the Milliplex® Multiplex assay, using 

Luminex® (Human cytokine/chemokine/growth factor panel A. Category number: 

HCYTA-60K-24, Merck Millipore, Massachusetts, USA), following the manufacturer’s 

instructions (as described in section 3.6). Eight standard curves were constructed 

(Appendix 2). All standards and samples were analysed in duplicate. 

4.2.9.2 Fibrotic marker analyses 

Fibrotic markers were measured for a secondary measure of cardiac fibrosis. Serum 

carboxy-terminal propeptide of procollagen type I (PICP) and matrix 

metalloproteinase-1 (MMP-1) concentrations were quantified using ELISAs following 

the manufacturer’s instructions (PICP: MicroVue CICP bone EIA, Quidel 

Corporation; MMP-1: Human total MMP-1 DuoSet ELISA, R&D systems 

(biotechne)). A standard curve of 0, 0.9, 2.1, 4.5, 19 and 75 ng/ml of PICP, and 0, 

62.5, 125, 250, 500, 1000, 2000 and 4000 pg/ml of MMP-1 were constructed. All 

samples and standards were analysed in duplicate. For PICP, serum samples were 

diluted 1:12 in assay buffer. Standards, controls and samples were added to the pre-

coated ELISA plate (100 µl per well) and incubated at room temperature for 2 hours. 

Wells were washed 3 times with wash buffer (300 µl per well), prior to adding 100 µl 

rabbit anti-PICP to each well and incubating for 50 minutes at room temperature. 

Wells were washed as above, and 100 µl enzyme conjugate was added to each well 

and incubated for 50 minutes at room temperature. Wells were washed and 100 µl 

working substrate solution was added to each well and incubated for 35 minutes at 

room temperature. Stop solution (50 µl per well) was added to all wells and the plate 

was read at 405 nm using a plate reader (GloMax Discover Microplate Reader, 

Promega, UK). 

For MMP-1, 100 µl capture antibody was added to each well and incubated 

overnight at room temperature. Wells were washed three times (400 µl per well) prior 

to blocking with reagent diluent for 1 hour. Serum samples were diluted 1:4 in 

reagent diluent. Wells were washed as above, and standards and samples (100 µl 

per well) added to the plate and incubated for 2 hours at room temperature. Wells 
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were washed and 100 µl detection antibody added to each well and incubated for 2 

hours at room temperature. After washing wells, 100 µl streptavidin-HRP was added 

to wells and incubated for 20 minutes at room temperature. Wells were washed 

before adding 100 µl substrate solution to each well and incubated for 20 minutes at 

room temperature. Stop solution (50 µl per well) was added to the plate, and plates 

read 450 nm using a plate reader.  

Serum carboxy-terminal telopeptide of collagen type I (CITP) and amino-terminal 

propeptide of procollagen type III (PIIINP) were quantified using radioimmunoassays 

(UniQ ICTP RIA Cat. 68601, UniQ PIIINP RIA Cat. 68570, Aidan, Oxford 

Biosystems, Oxford, UK) following the manufacturer’s instructions, with the help of 

Simon Scoltock. The principle of these RIAs is based on the competitive RIA 

technique, where a known amount of labelled CITP or PIIINP and unknown amount 

of unlabelled CITP or PIIINP in the sample compete for a limited number of high-

affinity binding sites on the antibody. The amount of labelled CITP or PIIINP left in 

the tube is inversely proportional to the amount of CITP or PIIINP in the sample. A 

calibration curve of 0, 1.0, 2.5, 5.0, 10.0, 25.0 and 50.0 µg/L for both CITP and 

PIIINP was constructed. Calibrator, quality controls and samples were added to 

individual tubes (100 µl for CITP, 200 µl for PIIINP), in duplicate. A random sample 

was added to the non-specific binding tube. Tracer (200 µl) was added to every tube, 

and antiserum (200 µl) then added to all tubes except the non-specific binding and 

totals tubes. Distilled water (200 µl) was added to the non-specific binding tube. 

Tubes were vortexed and incubated for 2 hours at 37ºC. Separation reagent was 

added to all tubes (500 µl) except totals, vortexed and subsequently incubated for 30 

minutes at room temperature. Tubes were centrifuged for 15 (PIIINP) and 30 (CITP) 

minutes at 2000 x g, at 4ºC. Supernatant was aspirated off, leaving only pellet in the 

tube. A gamma counter (2470 Automatic Gamma Counter, Perkin Elmer) was used 

to count each tube for one minute. Counts between duplicates were averaged and 

percentage bound radioactivity of the sample or calibrator (B) to bound radioactivity 

of the calibrator 0 (B0) (%B/B0) was calculated as: 

(Calibrator or sample count – non-specific binding / calibrator 0 count – non-specific 

binding) x 100 
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A calibration curve of calibrators (x-axis) against %B/B0 (y-axis) was plot, and 

unknown CITP and PIIINP concentrations were interpolated from the curve.  

4.3 Statistical analysis 

Statistical analyses were completed in SPSS (v28, IBM, New York, USA). Participant 

characteristics and baseline data were analysed using an independent samples t-

test, or the Mann Whitney U test if data was not normally distributed. Fisher’s exact 

test was used for categorical data. The time course of the CPT was analysed using a 

two-way repeated measures ANOVA, with rest, CPT and recovery as the 3 time 

points, and normotensive and hypertensive participants as 2 groups. All data was 

checked whether it met the following assumptions of the two-way ANOVA: 

studentised residuals were normally distributed (Shapiro-Wilk test), equality of 

variance (Levene’s test), any outliers >3SD, and sphericity of data (Mauchly’s test). If 

data violated the first 3 assumptions, data was transformed and used if violations 

were rectified. For any negative data, a constant (10 or 100) was added to it prior to 

transforming. If data failed Mauchly’s test of sphericity, the Greenhouse-Geisser 

correction was applied. If a significant interaction was found, significant main effects 

of group (at all time points) and time (for both groups separately) were then 

assessed using a one-way ANOVA. For linear regressions, data was plotted to 

check the assumption that the variables had a linear relationship, no outliers were 

present, data met the assumption of homoscedasticity, and residuals were normally 

distributed. Durbin-Watson statistic was used to check data had independence of 

observations. Data are reported as mean ± standard deviation or median 

[interquartile range]. Significance was accepted at P<0.05.  
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CHAPTER 5 Cardiac remodelling in early hypertension 

5.1 Introduction  

Cardiac structure and function change with hypertension, initially to adapt to the 

increasing pressure to normalise wall stress. Hypertrophic vascular remodelling is an 

adaptive response to elevated blood pressure, often associated with increased 

inflammation and oxidative stress (Fortuno, San Jose et al. 2005, Gao, Ren et al. 

2021), and has been shown to precede or occur simultaneously with hypertrophy. 

Left ventricular hypertrophy is a common occurrence in hypertension associated with 

poor prognosis (Greenwood, Scott et al. 2001, Schlaich, Kaye et al. 2003). Pressure 

overload from elevated blood pressure may also result in the development of 

myocardial fibrosis, which leads to myocardial stiffness and diastolic dysfunction, 

and increases the risk of cardiovascular morbidity and mortality (Cuspidi, Ciulla et al. 

2006).  

Spontaneously hypertensive rats (SHRs) have long been used as an experimental 

model of essential hypertension (Okamoto and Aoki 1963). SHRs develop 

hypertension early in the first 5 weeks of life, which is stable by 10 weeks of age. 

Wistar Kyoto rats (WKYs) were bred as normotensive controls for the SHRs. The 

literature investigating cardiac remodelling throughout the development of 

hypertensive heart disease (HHD) in SHRs is contradictory in areas. Some papers 

have observed significant cardiac hypertrophy developing at ages as young as 4-6 

weeks old (Kokubo, Uemura et al. 2005, Bednarski, Duda et al. 2022); whereas 

others have shown no cardiac hypertrophy at these ages (Alvarez, Caldiz et al. 

2008, Purushothaman, Nair et al. 2011). Some research suggests cardiac 

hypertrophy develops in SHRs around 8-10 weeks of age (Mukherjee and Sen 1990, 

Purushothaman, Nair et al. 2011), but some 10-week-old SHRs have been shown to 

have similar left ventricular mass index and heart weight to body weight ratio as age-

matched WKYs (Ito, Ohishi et al. 2007). Most of these studies used 

echocardiographic analysis and/or weight of the heart tissue itself, thus it is likely the 

differing results arise from using different suppliers of SHRs and WKYs. As such, a 

secondary aim in this study was to determine whether the SHRs would have 

significant cardiac hypertrophy at 10 weeks of age, prior to a temporal study for 

chapter 6.  
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Research examining myocardial fibrosis in SHRs has been more consistent, with 

studies showing SHRs between 10-12 weeks of age do not have significant 

interstitial or perivascular fibrosis compared to age-matched WKYs (Ito, Ohishi et al. 

2007, Chan, Fenning et al. 2011); however, left ventricular collagen content has 

been shown to be significantly greater in SHRs compared to WKYs at 10-weeks-old 

(Mukherjee and Sen 1990). Therefore, the primary aim of this study is to determine 

whether SHRs, have significant interstitial or perivascular fibrosis at 10 weeks of 

age, to inform the decision of what age to implant transmitters for lumbar 

sympathetic nerve activity (LSNA) in chapter 6.  

5.1.1 Aims and hypotheses 

The primary aim of this chapter was to determine whether 10-week-old SHRs had 

significantly greater interstitial and/or perivascular fibrosis compared to age-matched 

WKYs. It is hypothesised that 10-week-old SHRs will not have significant interstitial 

or perivascular fibrosis compared to WKYs. 

Secondary aims were: 

Aim 2: To determine the level of vascular remodelling and cardiac hypertrophy in 10-

week-old SHRs. It is hypothesised that SHRs will have begun to develop vascular 

remodelling and cardiac hypertrophy compared to WKYs. 

Aim 3: To identify whether 10-week-old SHRs have elevated circulating inflammatory 

markers compared to WKYs. It is hypothesised that circulating inflammatory markers 

will be similar between SHRs and WKYs at 10 weeks of age. 

Aim 4: Use metabolomics and proteomics analyses to generate hypotheses 

regarding signalling pathways for future work. 

5.2 Methods 

Study 1 timeline is shown in Figure 5.1. 
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Figure 5.1 Study one timeline 

SHR; Spontaneously Hypertensive Rat, WKY; Wistar Kyoto, ECG; 

electrocardiogram, BP; blood pressure 

5.2.1 Spontaneously hypertensive and Wistar Kyoto rats 

SHR (n=8) and WKY (n=8) (see power calculation in chapter 3) were 9 weeks old at 

the beginning of the experiment. They were given 6 days to adjust to the animal unit, 

during which time, they were habituated to having non-invasive ECG and tail-cuff BP 

measurements performed. All rats were 10 weeks old at termination. 

5.2.2 Physiological monitoring 

Baseline recordings of BP and ECG were collected on day 6. All rats were 10 weeks 

old at termination in study one.  Detailed methods for tail-cuff blood pressure 

monitoring are described in chapter 3. 

5.2.2.1 ECG monitoring and analysis 

ECG was monitored using the ECGenie (Mouse Specifics, Inc, Framingham, 

Massachusetts) only. ECG monitored using the ECGenie was recorded to ensure a 

minimum total of 5 minutes of signal was collected on experimental days. Cardiac 

electric signals were recorded at 2 kHz, using disposable footplate electrodes to 
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detect the signals through the paws of the rats and the raw signal was analysed 

(Figure 5.2).  

 

Figure 5.2 ECGenie setup 

The ECGenie was modified to provide an extra side to reduce stress on 

animal. 

5.2.2.2 Heart rate variability 

Heart rate and heart rate variability (HRV) were analysed using the HRV function in 

LabChart software (LabChart 8; AD Instruments), according to published guidelines 

and previous studies (Camm, Malik et al. 1996, Rowan, Campen et al. 2007, 

Konopelski and Ufnal 2016, Karey, Pan et al. 2019).  

RR intervals were detected by the HRV analysis function, and manually checked. As 

described in section 4.2.1.1, SDRR, pRR50 and RMSSD in the time domain. Power 

spectral analysis was also used for HRV analysis. The following spectral 
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components of HRV: very low frequency (≤0.2 Hz), low frequency (0.2-0.75 Hz) and 

high frequency (0.75-3.0 Hz), were calculated (Silva, Geraldini et al. 2017) 

(McBryde, Abdala et al. 2013). The LF/HF ratio was also quantified. Both low 

frequency and high frequency were reported as absolute values of power (ms2) and 

normalised units (nu).  

5.2.3 Tissue collection 

All experiments after tissue collection are described in chapter 3. 

5.2.4 Statistical analysis 

Statistical analyses were completed in InVivoStat version 4.1 (Bate and Clark 2014). 

Data were tested for normal distribution using the Shapiro-Wilk normality test. All 

normally distributed data was analysed using a one-way ANOVA, with block as a 

blocking factor (batch of animals, 2 SHRs and 2 WKYs per block), and strain as the 

treatment factor. If data was not normally distributed, a Kruskal-Wallis test was 

conducted. Significance was accepted at P<0.05. 

5.3 Results 

There were no differences in body weight at termination between WKYs (253.4 ± 9.4 

g) and SHRs (264.5 ± 18.1 g, P=0.114, η2=0.211). 

5.3.1 Heart rate variability 

Differences in average HR and RR interval did not reach a P value below 0.05, with 

SHRs having a slightly elevated HR (P=0.056) and reduced RR interval (P=0.067) 

compared to WKYs (Table 4.1). No differences were observed between groups in 

pRR50, SDRR or, RMSSD (Table 4.1). Furthermore, LF/HF ratio, LF (nu and ms2), 

HF (nu and ms2) and total power were all similar between SHRs and WKYs (Table 

5.1).  
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Table 5.1 Mean ± SD or median [IQR] heart rate variability parameters in 10-week-old WKYs and SHRs  

Time domain 

Parameter WKY (n=8) SHR (n=6) P value Effect size 

Partial η2 

Average HR (beats/min) 422 ± 31 457 ± 19 0.056 1.279 

Average RR (ms) 144 ± 11 132 ± 6 0.067 1.214 

SDRR (ms) 6 ± 2 5 ± 1 0.677 0.247 

RMSSD (ms) 8 ± 4 7 ± 2 0.757 0.184 

pRR50 (%) 0.0012 [0.00] 0.0039 [0.00] 0.149 0.920 

Spectral analysis 

LF/HF ratio 0.74 ± 0.57 1.28 ± 0.53 0.123 0.992 

LF (nu) 26.99 ± 15.52 39.68 ± 9.71 0.138 0.951 

HF (nu) 52.89 ± 7.78 47.72 ± 4.75 0.225 0.758 

Total (ms2) 37.8 [57.3] 30.8 [43.2] 0.827 0.130 

LF (ms2) 4.9 [9.6] 6.4 [8.3] 0.511 0.400 

HF (ms2) 19.8 [35.1] 15.6 [25.7] 0.607 0.309 

SD; standard deviation, IQR; interquartile range, WKY; Wistar Kyoto, SHR; Spontaneously Hypertensive Rat, HR; heart rate, 

SDRR, standard deviation of the RR interval, RMSSD; root mean square of successive differences, pRR50; percentage of 

successive RR intervals that differ by 50 ms or more, LF; low frequency, HF; high frequency, nu; normalised units. One-way 

ANOVA.
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5.3.2 Blood pressure analysis 

SBP, DBP and MAP were all significantly elevated in SHRs compared to WKYs 

(P<0.0001, Table 5.2). All SHRs were considered hypertensive (SBP ≥140 mmHg 

and/or DBP ≥90 mmHg) at 10 weeks of age. There were no differences observed in 

HR between SHRs and WKYs (P>0.05, Table 5.2).  

Table 5.2 Mean ± SD blood pressure parameters in 10-week-old WKYs and 

SHRs  

Parameter WKY (n=8) SHR (n=8) P value Effect size 

Partial η2 

SBP (mmHg) 119 ± 6 191 ± 24 <0.0001 6.481 

DBP (mmHg) 85 ± 15 148 ± 34 <0.0001 3.851 

MAP (mmHg) 96 ±15 162 ± 29 <0.0001 4.684 

HR (beats/min) 304 ±33 330 ± 76 0.556 0.325 

SD; standard deviation, WKY; Wistar Kyoto, SHR; Spontaneously Hypertensive Rat, 

SBP; systolic blood pressure, DBP; diastolic blood pressure, MAP; mean arterial 

blood pressure, HR; heart rate. SHR vs WKY. One-way ANOVA. 

5.3.3 Langendorff functional data 

All parameters were similar between SHRs and WKYs (P>0.05, Table 5.3). Due to 

some data missing in blocks 2 and 3, Langendorff data were analysed using an 

independent samples t-test, with Cohen’s D calculated for effect size.  
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Table 5.3 Mean ± SD or median [IQR] Langendorff functional parameters in 10-

week-old WKYs and SHRs 

Parameter WKY (n=5) SHR (n=6) P value Effect size 

Cohen’s D 

LVDP (mmHg) 114 ± 44 87 ± 26 0.233 0.774 

HR (beats/min) 295[179] 315[39] 0.537 0.730 

RPP 

(mmHg·bpm) 

25917 ± 7334 27007 ± 7635 0.816 0.145 

SP (mmHg) 115 ± 32 92 ± 27 0.219 0.801 

DP (mmHg) 5[16] 4[4] 0.429 0.913 

EDP (mmHg) 7[14] 5[4] 0.429 0.361 

Max dP/dt 

(mmHg/s) 

3357 ± 1178 2966 ± 875 0.542 0.384 

Min dP/dt 

(mmHg/s) 

-2111 ± 529 -1903 ± 562 0.545 0.381 

Contractility 

index (1/s) 

93.5 ± 22.1 104.7 ± 17.3 0.373 0.568 

Tau (s) 0.03 ± 0.01 0.03 ± 0.01 0.693 0.247 

SD; standard deviation, IQR; interquartile range, WKY; Wistar Kyoto, SHR; 

Spontaneously Hypertensive Rat, LVDP; left ventricular developed pressure, HR; 

heart rate, RPP; rate pressure product, SP; systolic pressure, DP; diastolic pressure, 

EDP; end-diastolic pressure. Independent samples t-test. 

5.3.4 Metabolomics analysis 

Thirty-two plasma metabolites from arterial blood plasma were compared between 

groups. Mobile (P<0.001) and unsaturated lipids (P<0.001) were reduced in arterial 

blood plasma of SHRs compared to WKYs (Table 5.4). All other metabolites were 

similar between hypertensive and normotensive hearts (P>0.05, Table 5.4).  
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Table 5.4 Mean ± SD or median [IQR] plasma metabolite AUC from arterial 

blood plasma in 10-week-old WKYs and SHRs 

Metabolite 

(AUC) 

WKY (n=7) SHR (n=8) P value Effect size 

Partial η2 

Acetate  22396 ± 5901 25872 ± 7396 0.409 0.478 

Acetone 14692 ± 6080 11400 ± 3765 0.295 0.614 

Alanine 13859 ± 3328 12691 ± 2840 0.612 0.289 

α-glucose 87204 ± 13584 79080 ± 9556 0.218 0.731 

Arginine 17732 ± 5132 20175 ± 4603 0.390 0.500 

Choline 331623 ± 344943 186857 ± 303961 0.126 0.927 

Citrate 193180 ± 24200 188054 ± 9924 0.577 0.319 

Creatine 5403 ± 1531 4102 ± 2256 0.290 0.622 

Creatinine 10880 [5003] 10254 [4113] 0.500 0.389 

Formate 1324 ± 416 1445 ± 215 0.592 0.310 

Fumarate 201[251] 209 [114] 0.719 0.208 

Glucose 180404 ± 19004 166857 ± 13196 0.186 0.790 

Glycine 41166 [11196] 33614 [37332] 0.365 0.527 

Glycerol 23514 [13998] 22815 [8085] 0.591 0.310 

Isobutyrate 1595 ± 299 1818 ± 388 0.272 0.646 

Kynurenate 726 ± 387 919 ± 271 0.210 0.746 

Lactate 284087 ± 58041 265686 ± 80796 0.814 0.136 

Leucine 12989 ± 2843 12943 ± 2518 0.979 0.000 

Lipids (mobile) 299406 [26622] 210993 [23433] <0.001 3.698 

Lipids (unsat) 141392 ± 9314 93753 ± 10817 <0.001 5.115 

Malonic acid 129658 ± 11545 123912 ± 5948 0.201 0.760 

Methionine 30662 ± 12005 34333 ± 11967 0.445 0.441 

Myo-inositol 1596 [568] 1299 [281] 0.656 0.255 

Phenylalanine 4268 ± 1183 3999 ± 1827 0.767 0.167 

Pyruvate 5178 ± 1489 5125 ± 1400 0.864 0.096 

Serine 64916 ± 10349 59103 ± 8833 0.289 0.624 

Succinate 3289 ± 854 3402 ± 1589 0.870 0.096 

Tyrosine 3490 ± 1141 4310 ± 1150 0.088 3.580 

Valine  7162 ± 1442 7566 ± 2656 0.616 0.289 

Vanillylmandelic acid 764 ± 327 959 ± 295 0.238 0.728 

3-hydroxybutyrate 2169 ± 550 2717 ± 855 0.245 0.683 
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SD; standard deviation, IQR; interquartile range, WKY; Wistar Kyoto, SHR; 

Spontaneously Hypertensive Rat, AUC; area under curve. One-way ANOVA. 

5.3.5 Arterial blood inflammatory marker analysis 

The following pro-inflammatory interleukins were similar in WKY and SHR arterial 

blood: IL-1α, IL-1β, IL-5, IL-6 and IL-12p70 (P>0.05, Figure 5.3). In contrast, 

concentrations of IL-2 were elevated (P=0.025), and IL-18 reduced (P=0.0007) in 

SHRs compared to WKY (Figure 5.3). Furthermore, anti-inflammatory interleukin, IL-

10 levels were similar between strains at 10 weeks of age (P>0.05, Figure 5.3). 

Levels of IFN-γ also similar between strains at 10 weeks of age (P>0.05, Figure 5,4). 

In contrast, levels of pro-inflammatory markers TNF-α (P=0.052) and MIP-2 

(P=0.0524) were lower in SHRs, which did not reach a P value below 0.05, despite 

the large effect size (Figure 5.4). Furthermore, MIP-1α, a pro-inflammatory 

chemokine, was significantly reduced in SHRs (P=0.023, Figure 5.4). Other markers 

measured using the multiplex were not significant (Appendix 3). 
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Figure 5.3 Interleukin levels in arterial blood plasma at 10 weeks old 

Mean ± SD or median [IQR] concentrations in (A) IL-1α, (B) IL-1β, (C) IL-2, (D) 

IL-5, (E) IL-6, (F) IL-10, (G) IL-12p70, and (H) IL-18 in WKYs (blue) and SHRs 

(red). One-way ANOVA.
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Figure 5.4 Pro-inflammatory cytokines and chemokines in arterial blood 

plasma at 10 weeks old 

Mean ± SD in (A) IFN-γ, (B) TNF-α, (C) MIP-2 and (D) median [interquartile 

range] MIP-1α in WKYs (blue) and SHRs (red). One-way ANOVA. 

5.3.6 Arterial blood fibrotic marker analysis 

Arterial blood serum levels of CITP, a marker of type I collagen degradation, were 

similar between SHRs and WKYs at 10 weeks of age (P>0.05, Figure 5.5). In 

contrast, arterial blood serum levels of PICP, a marker of type I collagen synthesis, 

were reduced in SHRs at 10 weeks of age, compared to WKYs (P=0.019, Figure 

5.5). The PICP:CITP ratio was similar between WKYs and SHRs (P>0.05, Figure 

5.5). Levels of PIIINP, a marker of type III collagen synthesis, were also reduced in 

SHRs compared to WKY controls (P=0.019, Figure 5.5). Serum MMP-1 

concentration and CITP:MMP-1 ratio were similar between WKYs and SHRs 

(P>0.05, Figure 5.5).  
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Figure 5.5 Type I and III collagen concentrations in arterial blood serum at 10 

weeks old 

Mean ± SD values of (A) collagen carboxy-terminal telopeptide (CITP), (B) 

collagen carboxy-terminal propeptide (PICP), (C) PICP:CITP ratio, (D) amino 

terminal peptide of type III procollagen (PIIINP), (E) matrix metalloproteinase 1 

(MMP-1) and (F) CITP:MMP-1 ratio in WKYs (blue) and SHRs (red) at 10 

weeks old. One-way ANOVA. 
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5.3.7 Light microscopy analyses 

5.3.7.1 LV dimensions from H&E staining 

Representative H&E images are shown in Figure 5.6. Thicknesses of the LV anterior 

wall (LVAW), LV posterior wall (LVPW), LV free wall (LVFW) and interventricular 

septum (IVS) were all similar between SHRs and WKYs (P>0.05, Figure 5.7). In 

addition, relative wall thicknesses (P>0.05, RWT: 2 x LVPW / LV diameter; Figure 

5.7E; IVS+LVPW/LV diameter, Figure 5.7F) were similar between SHRs and WKYs.  

There were also no differences in LV cavity diameter and CSA, and LV diameter 

between groups (P>0.05, Figure 5.8). SHRs had a higher LV CSA (SHR: 63.20 ± 

4.67 mm vs WKY: 54.37 ± 5.23 mm, P=0.007, Figure 5.8) and total LV wall CSA 

(SHR: 49.64 ± 3.93 mm vs WKY: 44.68 ± 4.96 mm, P=0.047, Figure 5.8) compared 

to WKYs. Differences in whole heart CSA did not reach a P value below 0.05, 

although the effect size was large (P=0.073, Figure 5.8).  

 

Figure 5.6 Representative H&E images of 10-week-old heart cross-sections 

Representative images of WKY (left) and SHR (right) hearts. Scale bar 

represents 2 mm.  
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Figure 5.7 LV wall thicknesses in WKY and SHR hearts at 10 weeks old 

Mean ± SD values of (A) LV anterior wall (LVAW), (B) LV posterior wall 

(LVPW), (C) LV free wall (LVFW), (D) inter-ventricular septum (IVS), (E) 

relative wall thickness calculated as 2 x (LVPW/LV diameter) and (F) relative 

wall thickness calculated as (IVS+LVPW)/LV diameter in WKY (blue, n=8) and 

SHR (red, n=8). One-way ANOVA. 
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Figure 5.8 LV dimensions of WKY and SHR hearts at 10 weeks old 

Mean ± SD values of (A) LV cavity diameter, (B) LV cavity cross-sectional area 

(CSA), (C) LV diameter, (D) LV CSA, (E) total LV wall CSA and (F) median 

[IQR] values of whole heart CSA in WKY (blue, n=8) and SHR (red, n=8). One-

way ANOVA. 

5.3.7.2 Elastin quantification with EVG staining 

Percentage of elastin in the large coronary vessels of the LV was significantly lower 

in SHR compared with WKY hearts (1.36 ± 0.51% vs 2.42 ± 1.24% respectively, 

P=0.038, partial η2=1.263). Elastin percentage was similar in the large coronary 
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vessels in the IVS (2.53 ± 1.33% vs 1.72 ± 0.61% respectively, P=0.096, partial 

η2=0.983) and RV (1.92 ± 0.79% vs 2.09 ± 0.40% respectively, P=0.864, partial 

η2=0.093) in WKY and SHR hearts. Section analyses of EVG staining in the smaller 

coronary vessels revealed elastin percentage was similar in the LV (WKY: 2.19 ± 

1.73%, SHR: 1.68 ± 0.31%, P=0.381, partial η2=0.487), IVS (WKY: 2.21 ± 1.07%, 

SHR: 1.69 ± 0.48%, P=0.221, partial η2=0.693) and RV (WKY: 1.81 ± 0.83%, SHR: 

2.17 ± 0.84%, P=0.458, partial η2=0.411) of SHR and WKY hearts. 

5.3.7.3 Masson’s Trichrome interstitial and perivascular fibrosis analyses 

Interstitial fibrosis was minimal in WKY and SHR hearts at 10 weeks of age (Figure 

5.9A-D and E-H respectively). There were no differences in the amount of interstitial 

fibrosis present in LV (P=0.126, partial η2=0.886), RV (P=0.624, partial η2=0.267), 

and whole heart (P=0.267, partial η2=0.626) in WKY and SHR hearts at 10 weeks 

old (Figure 5.10).  

As expected, perivascular fibrosis surrounding the coronary arteries, was present in 

both WKYs and SHRs (Figure 5.11A-D and E-H respectively). Perivascular fibrosis, 

expressed as a percentage of the total vessel area, was similar between WKY and 

SHR hearts at 10 weeks old, in the LV, RV and IVS, both in the large vessels and 

when analysed in 2 mm x 2 mm sections (P>0.05, Figure 5.12).  
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Figure 5.9 Representative images of interstitial fibrosis in 10-week-old WKY 

and SHR hearts  

WKY (left, A-D) and SHR (right, E-H) hearts. Scale bars in A and E, B and F, C 

and G, and D and H, represent 2 mm, 1 mm, 500 µm and 200 µm respectively. 

Yellow arrows indicate interstitial fibrosis.   
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Figure 5.10 LV, RV and whole heart fibrosis in 10-week-old WKY and SHR 

hearts  

Mean ± SD values of percentage of fibrosis in the left ventricle (LV), right 

ventricle (RV), and the whole heart in WKY (blue, n=8) and SHR (red, n=8). 

One-way ANOVA.  
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Figure 5.11 Representative images of perivascular fibrosis in 10-week-old WKY 

and SHR hearts 

WKY (left, A-D) and SHR (right, E-H) hearts. Scale bars in A and E, B and F, C 

and G, and D and H, represent 2 mm, 1 mm, 500 µm and 200 µm respectively. 

Yellow arrows indicate perivascular fibrosis.   
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Figure 5.12 Coronary artery (CA) perivascular fibrosis (PVF) in 10-week-old 

WKY and SHR hearts 

Mean ± SD values of perivascular fibrosis as a percentage of total vessel area 

in large coronary arteries in the (A) left ventricle, (B) interventricular septum, 

and (C) right ventricle, and in smaller coronary arteries in the (D) left ventricle, 

(E) interventricular septum, and (F) right ventricle in WKY (blue, n=8) and SHR 

(red, n=8) at 10 weeks old. One-way ANOVA. 
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5.3.7.4 Masson’s Trichrome coronary artery dimensions analysis 

Coronary artery analysis was first completed at the lowest magnification, to identify 

the largest arteries that were visible in the whole heart image as shown in figure 3.4 

(chapter 3). Using this method, all vessel parameters measured in the IVS were 

similar between WKY and SHR hearts (Table 5.5). Similarly, all vessel parameters in 

the LV, were not different between WKY and SHR hearts (Table 5.6), except for 

lumen width (P=0.036), which was greater in SHR hearts. The parameters of the 

large coronary arteries in the RV were similar between SHR and WKY hearts (Table 

5.7). 
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Table 5.5 Mean ± SD or median [IQR] large coronary artery parameters in the 

IVS 

Parameter WKY (n=6) SHR (n=8) P value Effect size 

Partial η2 

Vessel length (µm) 267.3 ± 88.2 246.6 ± 24.9 0.495 0.382 

Vessel width (µm) 133.4 ± 41.6 136.2 ± 36.8 0.964 0.000 

Vessel circumference 

(µm) 

686.4 ± 199.8 663.3 ± 69.3 0.655 0.245 

Vessel CSA (µm2) 27727.2 ± 14806.7 25838.9 ± 7821.2 0.683 0.227 

Lumen length (µm) 190.4 ± 59.6 173.6 ± 18.3 0.304 0.583 

Lumen width (µm) 91.4 ± 40.9 94.3 ± 35.3 0.983 0.000 

Lumen circumference 

(µm) 

478.3 ± 138.6 449.12± 64.8 0.462 0.411 

Lumen CSA (µm2) 13889.6 ± 9916.5 12626.5 ± 5960.0 0.674 0.233 

Wall thickness (µm) 27.0 ± 14.6 26.5 ± 3.6 0.987 0.000 

Wall CSA 

(µm2) 

13837.6 ± 7710.4 13212.4 ± 2435.6 0.801 0.141 

Wall/lumen ratio [CSAs] 1.0 [1.8] 1.1 [1.2] 0.868 0.093 

Wall/lumen ratio [Lengths] 0.4 ± 0.3 0.4 ± 0.1 0.753 0.169 

Media CSA (µm2) 3795.5 ± 1692.3 4200.8 ±  

854.9 

0.713 0.200 

Media/lumen ratio 0.4 ± 0.2 0.4 ± 0.2 0.641 0.256 

Media thickness (µm) 8.03 [5.09] 8.29 [1.65] 0.645 0.256 

SD; standard deviation, IQR; interquartile range, IVS; interventricular septum, WKY; 

Wistar Kyoto, SHR; Spontaneously Hypertensive Rat, CSA; cross-sectional area. 

One-way ANOVA. 
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Table 5.6 Mean ± SD or median [IQR] large coronary artery parameters in the 

LV 

Parameter WKY (n=8) SHR (n=8) P value Effect size 

Partial η2 

Vessel length (µm) 312.5 ± 58.7 329.8 ± 91.1 0.680 0.227 

Vessel width (µm) 156.9 [20.4] 163.3 [37.1] 0.644 0.256 

Vessel circumference 

(µm) 

821.4 ± 117.4 863.8 ± 209.9 0.629 0.267 

Vessel CSA (µm2) 40378.7 ± 9166.5 42638.2 ± 13029.7 0.668 0.233 

Lumen length (µm) 243.8 ± 58.4 257.3 ± 88.9 0.742 0.177 

Lumen width (µm) 96.8 ± 12.8 112.1 ± 19.8 0.036 1.275 

Lumen circumference 

(µm) 

600.6 ± 116.6 636.6 ± 188.7 0.673 0.233 

Lumen CSA (µm2) 19038.3 ± 5262.1 22188.4 ± 8820.7 0.370 0.499 

Wall thickness (µm) 32.2 ± 7.2 30.8 ± 5.2 0.681 0.227 

Wall CSA 

(µm2) 

20337.0 [8050.0] 21947.3 [6099.4] 0.737 0.185 

Wall/lumen ratio [CSAs] 1.7 ± 0.8 1.1 ± 0.4 0.100 0.959 

Wall/lumen ratio 

[Lengths] 

0.4 ± 0.2 0.3 ± 0.1 0.587 0.298 

Media CSA (µm2) 6010.8 ± 1273.7 6983.8 ± 1548.3 0.218 0.699 

Media/lumen ratio 0.5 ± 0.2   0.4 ± 0.1 0.141 0.849 

Media thickness (µm) 10.1 ± 1.9 11.3 ± 1.2 0.156 0.814 

SD; standard deviation, IQR; interquartile range, LV; left ventricle, WKY; Wistar 

Kyoto, SHR; Spontaneously Hypertensive Rat, CSA; cross-sectional area. One-way 

ANOVA. 
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Table 5.7 Mean ± SD or median [IQR] large coronary artery parameters in the 

RV 

Parameter WKY (n=8) SHR (n=4) P value Effect size 

Partial η2 

Vessel length (µm) 343.8 [168.9] 254.9 [182.6] 0.348 0.537 

Vessel width (µm) 129.8 ± 32.6 101.0 ± 21.9 0.152 0.859 

Vessel circumference 

(µm) 

847.7 ± 377.9 582.0 ± 185.8 0.234 0.695 

Vessel CSA (µm2) 32742.7 ± 18586.1 18233.1 ± 8172.4 0.178 0.800 

Lumen length (µm) 197.4 [130.0] 141.6 [124.7] 0.225 0.711 

Lumen width (µm) 74.8 ± 23.5 66.1 ± 23.1 0.331 0.558 

Lumen circumference 

(µm) 

443.2 [312.3] 351.3 [279.1] 0.189 0.778 

Lumen CSA (µm2) 12776.6 ± 8112.1 7361.1 ± 4563.1 0.139 0.891 

Wall thickness (µm) 33.8 ± 7.7 30.7 ± 13.2 0.966 0.000 

Wall CSA 

(µm2) 

19966.1 ± 10846.5 10872.0 ± 4892.3 0.222 0.717 

Wall/lumen ratio (CSAs) 1.7 ± 0.6 1.8 ± 1.0 0.265 0.648 

Wall/lumen ratio (lengths) 0.5 ± 0.3 0.7 ± 0.3 0.073 1.126 

Media CSA (µm2) 5375.7 ± 3371.9 4003.8 ± 1895.5 0.338 0.550 

Media/lumen ratio 0.4 ± 0.1 0.6 ± 0.3 0.086 1.065 

Media thickness (µm) 10.6 ± 3.6 11.3 ± 5.5 0.767 0.169 

SD; standard deviation, IQR; interquartile range, RV; right ventricle, WKY; Wistar 

Kyoto, SHR; Spontaneously Hypertensive Rat, CSA; cross-sectional area. One-way 

ANOVA. 

 

There were no differences in the number of large coronary arteries between groups 

at low magnification in the IVS (P=0.332, partial η2=0.542), LV (P=0.158, partial 

η2=0.809) or RV (P=0.231, partial η2= 0.678).  

Coronary arteries were also analysed at high magnifications in sections to analyse 

the smaller vessels (Figure 3.5 in chapter 3). All coronary artery parameters in the 
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IVS section were similar between SHR and WKY hearts, except vessel width 

(P=0.048), which was larger in SHR hearts (Table 5.8).  

 

Table 5.8 Mean ± SD or median [IQR] coronary artery parameters in the IVS 

section 

Parameter WKY (n=7) SHR (n=8) P value Effect size 

Partial η2 

Vessel length (µm) 166.0 [22.9] 223.3 [139.3] 0.571 0.312 

Vessel width (µm) 70.9 [32.6] 90.6 [28.1] 0.048 1.205 

Vessel circumference 

(µm) 

432.5 [61.8] 605.6 [297.5] 0.212 0.713 

Vessel CSA (µm2) 12302.9 ± 5554.9 18835.2 ± 11135.5 0.162 0.807 

Lumen length (µm) 112.6 ± 15.5 130.5 ± 47.4 0.282 0.607 

Lumen width (µm) 38.0 [30.5] 56.2 [36.9] 0.144 0.847 

Lumen circumference 

(µm) 

281.3 ± 32.9 343.6 ± 133.2 0.149 0.835 

Lumen CSA (µm2) 3592.0 [3704.8] 6894.9 [5371.7] 0.202 0.731 

Wall thickness (µm) 19.0 [7.4] 23.5 [10.3] 0.578 0.307 

Wall CSA 

(µm2) 

5699.0 [4013.0] 10671.8 [7262.7] 0.266 0.630 

Wall/lumen ratio [CSAs] 3.7 ± 2.9 2.348 ± 1.3 0.200 0.733 

Wall/lumen ratio 

[Lengths] 

0.9 [0.8] 0.5 [0.1] 0.266 0.630 

Media CSA (µm2) 2042.0 ± 397.2 3263.5 ± 1659.5 0.056 1.158 

Media/lumen ratio 1.0 ± 0.6 0.6 ± 0.2 0.160 0.811 

Media thickness (µm) 7.6 [3.5] 8.3 [4.4] 0.350 0.524 

SD; standard deviation, IQR; interquartile range, IVS; interventricular septum, WKY; 

Wistar Kyoto, SHR; Spontaneously Hypertensive Rat, CSA; cross-sectional area. 

One-way ANOVA. 

In contrast to the large coronary arteries in the LV, the section analysis revealed 

numerous differences in vessel parameters between the healthy and hypertensive 

hearts (Figure 5.13 and 5.14). Vessel length (P=0.046), width (P=0.032), 



 

91 
 

circumference (P=0.028) and CSA (P=0.020) were all larger in SHR compared to 

WKY hearts (Figure 5.13). In addition, lumen length (P=0.042), width (P=0.003), and 

CSA (P=0.007) were greater in SHR hearts in comparison to WKY (Figure 5.14). 

Media CSA was also increased in SHR hearts (P=0.014, Figure 5.14). All other 

coronary artery parameters were similar between groups (Table 5.9). All coronary 

artery parameters in the RV section were similar between SHR and WKY hearts 

(Table 5.10). There were no differences in the number of coronary arteries between 

groups in the section analysis in the IVS (P=1.000, partial η2=0.000), LV (P=0.377, 

partial η2=0.493) or RV (P=0.389, partial η2=0.478). 
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Figure 5.13 LV coronary artery vessel parameters in 10-week-old WKY and 

SHR hearts  

Mean ± SD values of (A) vessel length, (B) vessel width, (C) vessel 

circumference, (D) vessel CSA, and (E) vessel wall CSA in WKY (blue, n=8) 

and SHR (red, n=8) at 10 weeks old. One-way ANOVA. 
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Figure 5.14 LV coronary artery lumen and media parameters in 10-week-old 

WKY and SHR hearts  

Mean ± SD values of (A) lumen length, (B) lumen width, (C) lumen CSA, and 

(D) media CSA in WKY (blue, n=8) and SHR (red, n=8). One-way ANOVA.  
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Table 5.9 Mean ± SD or median [IQR] parameters of coronary arteries in the LV 

section 

Parameter WKY (n=8) SHR (n=8) P value Effect size 

Partial η2 

Lumen circumference 

(µm) 

258.6 ± 133.8 349.6 ± 63.5 0.113 0.920 

Wall thickness (µm) 18.5 ± 7.0 22.8 ± 4.6 0.179 0.767 

Wall/lumen ratio [CSAs] 3.092 ± 1.6 2.6 ± 1.7 0.599 0.288 

Wall/lumen ratio 

[Lengths] 

0.749 ± 0.2 0.7 ± 0.3 0.982 0.000 

Media/lumen ratio 0.9 [0.5] 0.8 [0.7] 0.524 0.351 

Media thickness (µm) 7.4 ± 2.6 9.7 ± 2.0 0.073 1.061 

SD; standard deviation, IQR; interquartile range, IVS; interventricular septum, WKY; 

Wistar Kyoto, SHR; Spontaneously Hypertensive Rat, CSA; cross-sectional area. 

One-way ANOVA. 
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Table 5.10 Mean ± SD parameters of coronary arteries in the RV section 

Parameter WKY (n=7) SHR (n=7) P value Effect size 

Partial η2 

Vessel length (µm) 201.5 ± 76.9 162.4 ± 60.8 0.403 0.469 

Vessel width (µm) 99.9 ± 36.4 72.6 ± 27.5 0.203 0.735 

Vessel circumference 

(µm) 

539.4 ± 170.1 406.4 ± 150.2 0.215 0.713 

Vessel CSA (µm2) 15719.7 ± 7733.1 9939.2 ± 7044.9 0.234 0.682 

Lumen length (µm) 120.5 ± 43.6 100.2 ± 38.7 0.538 0.342 

Lumen width (µm) 57.2 ± 23.0 43.9 ± 19.5 0.347 0.532 

Lumen circumference 

(µm) 

302.8 ± 89.2 245.8 ± 84.5 0.374 0.501 

Lumen CSA (µm2) 5609.3 ± 2734.0 3745.0 ± 2551.5 0.332 0.548 

Wall thickness (µm) 26.7 ± 9.2 21.8 ± 13.0 0.412 0.460 

Wall CSA 

(µm2) 

10110.4 ± 5456.0 6194.1 ± 5098.6 0.236 0.678 

Wall/lumen ratio [CSAs] 2.1 ± 0.8 1.8 ± 0.8 0.598 0.293 

Wall/lumen ratio 

[Lengths] 

0.7 ± 0.2 0.7 ± 0.3 0.845 0.107 

Media CSA (µm2) 2437.3 ± 1102.8 2110.6 ± 1476.2 0.704 0.207 

Media/lumen ratio 0.5 ± 0.2 0.6 ± 0.2 0.735 0.185 

Media thickness (µm) 7.9 ± 2.4 8.1 ± 3.8 0.932 0.053 

SD; standard deviation, IVS; interventricular septum, WKY; Wistar Kyoto, SHR; 

Spontaneously Hypertensive Rat, CSA; cross-sectional area. One-way ANOVA. 
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5.3.8 Electron microscopy analysis 

Sarcomere length was similar in WKY and SHR hearts (1.89 ± 0.23 µm and 1.87 ± 

0.07 µm respectively, P=0.483, partial η2=0.529). Representative images for 

sarcomere length are shown in Figure 5.15. Composition analysis also revealed no 

differences between WKY and SHR in the percentage of mitochondria (39.83 ± 

2.98% and 37.34 ± 3.27% respectively, P=0.315, partial η2=0.775) and myofibrils 

(55.03 ± 2.75% and 58.04 ± 5.17% respectively, P=0.273, partial η2=0.854) within 

the EM images. 

 

Figure 5.15 Representative images of sarcomere length in WKY and SHR 

hearts 

Sarcomere length in the LV free wall in WKY (left) and SHR (right) hearts at 10 

weeks old. Scale bar is 5 µm. 

 

In depth mitochondrial analyses revealed no differences in interfibrillar mitochondrial 

area, perimeter, length, and width between WKY and SHR hearts (Figure 5.16, A: 

P=0.458, partial η2=0.561, B: P=0.968, partial η2=0.000, C: P=0.522, partial 

η2=0.480 and D: P=0.149, partial η2=1.17). Interfibrillar aspect ratio was significantly 

higher in SHR hearts (Figure 5.16E, P=0.035, partial η2=1.912) compared to WKY 

hearts. Additionally, interfibrillar mitochondrial circularity and roundness were closer 
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to 1 in WKY hearts than SHR (Figure 5.16F, P=0.029, partial η2=2.016 and G: 

P=0.043, partial η2=1.807, respectively), indicating that interfibrillar mitochondria are 

rounder in WKY hearts. Contrastingly, no differences were observed between any 

parameters measured in perinuclear or subsarcolemmal mitochondria between SHR 

and WKY hearts (Figure 5.16). 
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Figure 5.16 EM mitochondrial analyses in 10-week-old WKY and SHR hearts 

Mean ± SD values of (A) mitochondrial area (B) mitochondrial perimeter, (C) 

mitochondrial length, (D) mitochondrial width, (E) mitochondrial aspect ratio, 

(F) mitochondrial circularity, and (G) mitochondrial roundness in interfibrillar 

(IF), perinuclear (PN) and subsarcolemmal (SS) mitochondria in WKY (blue, 

n=5) and SHR (red, n=5). One-way ANOVA. 
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5.3.9 Proteomics analysis 

5.3.9.1 Total protein analysis 

A total of 5570 protein accession numbers were detected, of which, 131 were 

significantly differentially expressed between SHRs and WKY rats at 10 weeks old 

(Figure 5.17). Eighty-two of these differentially expressed proteins (DEPs) were 

upregulated in SHRs, with a fold change greater than 1.3, and 49 were reduced in 

expression, with a fold change less than 0.769 in SHRs. Proteins of interest 

associated with different molecular functions and biological processes were identified 

from the DEPs.  
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Figure 5.17 Differential protein expression in 10-week-old WKYs and SHRs  

(A) Volcano plot of log2 fold change for all total proteins identified in SHRs 

compared to WKYs. Horizontal dotted lines show P=0.05. Vertical dotted lines 

show fold change <0.769 and >1.3. Dots in the shaded area are considered 

significantly differentially expressed proteins. (B) Heat map showing the top 20 

most significant DEPs in WKY (W) and SHR (S). Independent samples t-test. 

 



 

101 
 

5.3.9.1.1 Protein markers involved in cardiac hypertrophy  

Phospholipase C-δ-1 and cGMP-dependent protein kinase were reduced in SHRs 

compared to WKYs (Table 5.11). Other well-known proteins relating to cardiac 

hypertrophy were similar between SHRs and WKYs, including calcium/calmodulin-

dependent protein kinases, and mitogen-activated protein kinases (Table 5.11).  

5.3.9.1.2 Protein markers involved in cardiac fibrosis 

DEPs involved in cardiac fibrosis were evident in SHR apexes (Table 5.12). DEPs 

increased in SHRs included periostin, protein N-myc downstream-regulated gene-1 

protein, cysteine and glycine-rich protein 3, collagen type 1α, and fibronectin, 

whereas downregulated proteins were nucleolar protein-3 and galectin-3-binding 

protein.  

5.3.9.1.3 Proteins involved in inflammation 

Major histocompatibility complex (MHC) class I and II, and TAP binding protein were 

downregulated in SHR apexes compared to WKYs (Table 5.13). Upregulated DEPs 

associated with inflammation were Ig-κ chain C region and platelet endothelial cell 

adhesion molecule 1 (Table 5.13). 

5.3.9.1.4 Proteins involved in oxidative stress 

Several heat shock proteins (HSPs) were increased in SHRs compared to WKYs; 

although only HSP40 was considered a DEP, as the fold change for HSP90-α and 

HSP27 did not reach 1.3 (Table 5.14). Glutathione S-transferase µ-1 (GSTM1) was 

significantly upregulated in SHRs compared to WKYs; however, glutathione S-

transferase Ω-1 (GSTO1) was reduced in SHRs compared to WKYs. 

5.3.9.1.5 Proteins involved in metabolism 

Numerous enzymes involved in metabolic processes were different between SHRs 

and WKYs. Glycolysis enzymes enolase and phosphofructokinase were significantly 

elevated DEPs in SHRs (Table 5.15). Lysosomal acid lipase, fatty acid translocase, 

fatty acid-binding protein, apolipoprotein C-II and trimethyllsine dioxygenase were 

significantly increased DEPs in SHRs compared to WKYs (Table 5.15). In contrast, 

acetyl coenzyme A acyltransferase was significantly downregulated in SHRs 

compared to WKYs.  
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Table 5.11 Expression of proteins involved in cardiac hypertrophy at 10 weeks old 

Gene ID Description WKY Mean WKY SD SHR Mean SHR SD P-value Fold change 

Plcd1 Phospholipase C-δ-1 152.8 31.1 39.6 13.5 <0.001 0.248 

Pkg cGMP-dependent protein kinase 114.3 8.6 83.1 6.0 <0.0001 0.727 

Camk1 Calcium/calmodulin-dependent-

kinase 

105.5 11.3 100.8 4.0 0.423 0.959 

MAPK12 Mitogen-activated protein kinase-

12 

94.5 20.5 80.4 7.4 0.283 0.986 

MAPK14 Mitogen-activated protein kinase-

14 

100.9 17.6 97.5 6.1 0.816 0.979 

MAP2K2 Mitogen-activated protein kinase 

kinase-2 

97.0 6.9 102.6 4.0 0.117 1.057 

DEP; differentially expressed protein, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat. Independent samples t-test. 
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Table 5.12 Differentially expressed proteins involved in cardiac fibrosis at 10 weeks old 

Gene ID Description WKY Mean WKY SD SHR Mean SHR SD P-value Fold change 

Postn Periostin 80.8 7.4 112.4 8.6 <0.001 1.393 

Ndrg1 Protein N-myc downstream-

regulated gene-1 protein 

80.4 7.6 113.0 3.8 <0.001 1.411 

Csrp3 Cysteine and glycine-rich protein 

3 

80.1 4.9 104.8 12.8 0.002 1.301 

Col1a1 Collagen type 1α 92.3 18.0 152.9 70.4 0.038 1.567 

Fn1 Fibronectin 93.0 21.7 120.3 17.1 0.041 1.313 

Nol3 Nucleolar protein 3 144.9 40.8 56.9 5.0 <0.001 0.402 

Lgals3bp Galectin-3-binding protein 145.5 64.6 74.1 5.1 0.007 0.540 

WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat. Independent samples t-test. 
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Table 5.13 Differentially expressed proteins involved in inflammation at 10 weeks old 

Gene ID Description WKY Mean WKY SD SHR Mean SHR SD P-value Fold change 

- MHC class I 154.6 7.2 60.1 6.5 <0.0001 0.387 

- MHC class II 141.0 42.8 83.0 11.3 0.004 0.604 

Tapbp TAP binding protein 124.2 15.7 75.9 4.3 <0.001 0.615 

- Ig-κ chain C-region 34.2 11.4 135.1 83.3 0.001 3.586 

Pecam1 Platelet endothelial cell adhesion 

molecule 

83.9 10.6 110.0 5.1 0.004 1.320 

WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat, - gene ID not available. Independent samples t-test. 

 

Table 5.14 Expression of proteins involved in oxidative stress at 10 weeks old 

Gene ID Description WKY Mean WKY SD SHR Mean SHR SD P-value Fold change 

Gstm1 Glutathione S-transferase µ-1 83.6 11.9 118.8 7.9 0.001 1.430 

Gsto1 Glutathione S-transferase Ω-1 143.4 39.5 20.7 6.3 <0.0001 0.145 

Hsp90aa1 Heat shock protein 90-α 90.0 6.9 103.9 6.3 0.006 1.160 

Hspb7 Heat shock protein 27kD family 85.1 4.7 104.2 7.2 <0.001 1.223 

Dnajb5 Heat shock protein 40 77.6 3.5 115.4 9.8 <0.0001 1.483 

WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat. Independent samples t-test. 



 

105 
 

Table 5.15 DEPs involved in metabolism at 10 weeks old 

Gene ID Description WKY Mean WKY SD SHR Mean SHR SD P-value Fold change 

Pfkp Phosphofructokinase 87.9 4.5 117.8 19.1 0.004 1.329 

Eno1-ps1 Phosphopyruvate hydratase 57.8 4.9 140.9 4.7 <0.0001 2.443 

Acaa1a Acetyl-coenzyme A 

acetyltransferase 

126.9 11.1 75.0 5.8 <0.0001 0.592 

Lipa Lysosomal acid lipase 76.1 4.6 112.1 5.0 <0.0001 1.474 

Tmlhe Trimethyllsine dioxygenase 81.3 1.6 129.7 6.9 <0.0001 1.593 

Apoc2 Apolipoprotein C-II 74.1 40.8 137.2 29.0 0.015 2.030 

Fabp4 Fatty acid-binding protein 80.8 15.8 103.4 3.3 0.039 1.306 

CD36/FAT Fatty acid translocase 42.0 27.3 122.6 30.3 0.018 3.681 

DEP; differentially expressed protein, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat. Independent samples t-test.
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5.3.9.1.6 Ingenuity pathway analysis for total protein 

The most significantly enriched canonical pathway at 10 weeks old was the 

glutathione-mediated detoxification (z-score=1.34, P=0.003), showing increased 

activation of this pathway in SHRs, implicating oxidative stress is elevated in SHRs 

compared to WKYs. IPA revealed GSTO1 as the DEP driving the increased 

activation of this pathway, which was significantly reduced in SHRs compared to 

WKYs. Other proteins revealed by IPA including aminopeptidase N, GSTM5, GST π-

1 and GST ζ-1 were significantly upregulated in SHRs, but the fold change did not 

reach the 1.3 cut-off (Figure 5.18). There were no differences in fibrotic signalling 

pathways, for example TGF-β signalling between strains. 

Several significantly enriched canonical pathways and diseases and bio-functions 

were metabolic processes. Fatty acid metabolism and fatty acid α-oxidation were 

identified as significantly different between SHRs and WKYs, with fatty acid α-

oxidation shown to be significantly activated in SHRs. The key DEP involved in these 

processes was trimethyllsine dioxygenase, with a fold change of 1.59 (P<0.0001). 

Furthermore, gluconeogenesis was significantly reduced in SHRs (z-score=-1.00, 

P=0.040) compared to WKYs; however, the proteins involved in this process were 

not considered DEPs (FC>0.769). Another significantly enriched canonical pathway 

was the NAD+ salvage pathway, which was found to be significantly activated in 

SHRs (z-score=2.00, P=0.0182). Cytosolic purine 5’-nucleotidase (FC=1.37, 

P<0.0001) was the DEP promoting significant activation of this pathway. 

Finally, the noradrenaline and adrenaline degradation pathway was significantly 

enriched in SHRs compared to WKYs (z-score=1.34, P=0.019). DEPs driving the 

upregulation of this pathway were alcohol dehydrogenase iron containing 1 

(FC=1.33, P<0.001) and dehydrogenase/reductase SDR family (FC=0.727, 

P<0.001).  
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Figure 5.18 Heatmap of proteins driving upregulation in glutathione-mediated 

detoxification 

Heat map showing DEPs involved in the glutathione-mediated detoxification 

pathway in WKY (W) and SHR (S) apexes at 10 weeks old. 

 

5.3.9.2 Phosphoprotein analysis 

A total of 1337 phosphorylated proteins were identified in all samples, 46 of which 

were significantly different between SHRs and WKYs (Figure 5.19). Twenty-eight of 

these DEPs were significantly upregulated in SHRs compared to WKYs, and 18 

were downregulated in SHRs.  
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Figure 5.19 Differential protein expression of phosphoproteins in 10-week-old 

WKYs and SHRs 

(A) Volcano plot of log2 fold change for all phosphoproteins identified in SHRs 

compared to WKYs. Horizontal dotted lines show P=0.05. Vertical dotted lines 

show fold change <0.769 and >1.3. Dots in the shaded area are considered 

significantly differentially expressed proteins. (B) Heat map showing the top 20 

most significant differentially expressed phosphoproteins in WKY (W) and SHR 

(S). Independent samples t-test. 
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5.3.9.2.1 Phosphoproteins involved in cardiac hypertrophy  

Phosphorylation of DEPs involved in cardiac hypertrophy such as nexilin and 

mitogen-activated protein kinase kinase 4 (MAP2K4) was significantly upregulated in 

SHRs compared to WKYs (Table 4.16). Myosin regulatory light chain 2 was 

significantly reduced in SHRs compared to WKYs (Table 5.16). 

5.3.9.2.2 Phosphoproteins involved in cardiac fibrosis 

SHRs had significantly increased phosphorylation of nucleolar protein 3 and basigin, 

and decreased phosphorylation of plakophilin-2, filamin-c, and myosin regulatory 

light chain 2, compared to WKYs (Table 5.17).  

5.3.9.2.3 Ingenuity pathway analysis for phosphoproteins 

IPA identified MAP2K4 as a significant contributor to the top 10 significantly enriched 

canonical pathways. Renin-angiotensin signalling was trending towards activation in 

SHRs (z-score=1.00, P=0.018), as expected in hypertension. Driving this increase 

were DEPs MAP2K4 (FC=1.33, P=0.045), protein kinase C-β (PKC-β, FC=0.57, 

P=0.005) and p21-activated kinase 2 (FC=1.34, P=0.008). Furthermore, RhoA 

signalling was shown to be significantly enriched in SHRs (z-score=-1.00, P=0.019), 

with a trend towards a decrease in RhoA signalling in SHRs. DEPs implicated in 

driving this decrease include CDC42 effector protein 1 (FC=0.64, P=0.006) and 

myosin regulatory light chain kinase 3 (FC=1.34, P=0.025). SHRs also had a 

significant upregulation in the pathway role of nuclear factor of activated T cells 

(NFAT) in cardiac hypertrophy (z-score=1.34, P=0.028), compared to WKYs. 

MAP2K4 (FC=1.33, P=0.045), PKC-β (FC=0.57, P=0.005) and voltage-dependent L-

type calcium channel subunit β-2 (CACNB2, FC=1.31, P=0.006) were DEPs 

promoting the upregulation in this pathway.  
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Table 5.16 Phosphoprotein differentially expressed involved in cardiac hypertrophy at 10 weeks old 

Gene ID Description Phosphosite WKY 

Mean 

WKY  

SD 

SHR  

Mean 

SHR  

SD 

P-value Fold 

change 

Nexn Nexilin S345 0.5 0.2 1.5 0.3 0.011 3.411 

Map2k4 Mitogen-activated protein 

kinase kinase 4 

S392 0.9 0.2 1.2 0.1 0.045 1.329 

Myl2 Myosin regulatory light 

chain 2 

S14/S15 1.3 0.2 0.9 0.2 0.011 0.712 

WKY; Wistar Kyoto, SHR; Spontaneously Hypertensive Rat. Independent samples t-test. 

 

Table 5.17 Phosphoproteins differentially expressed involved in cardiac fibrosis at 10 weeks old 

Gene ID Description Phosphosite WKY 

Mean 

WKY  

SD 

SHR  

Mean 

SHR  

SD 

P-value Fold 

change 

Nol3 Nucleolar protein 3 T149 0.8 0.2 1.4 0.2 0.002 1.778 

Bsg Basigin S371 0.9 0.2 1.2 0.1 0.011 1.320 

Pkp2 Plakophilin-2 S102 1.3 0.1 0.9 0.2 0.001 0.660 

Flnc Filamin-C T2447 1.4 0.2 1.0 0.1 0.005 0.753 

Myl2 Myosin regulatory light 

chain 2 

S14/S15 1.3 0.2 0.9 0.2 0.011 0.712 

WKY; Wistar Kyoto, SHR; Spontaneously Hypertensive Rat. Independent samples t-test
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5.4 Discussion 

The key findings of this study are: 1) arterial blood plasma lipid levels are 

significantly reduced in SHRs compared to WKYs at 10 weeks old (P<0.001, 

Cohen’s D=3.698 and 5.115 for mobile and unsaturated lipids respectively). 2)  IL-2 

is significantly elevated (P=0.0254, η2=1.073), and IL-18 was significantly reduced 

(P=0.0007, η2=2.505), in arterial blood plasma of SHRs compared to age-matched 

WKYs. 3) Synthesis of type I (P=0.019, η2=1.469) and III (P=0.0194, η2=1.461) 

collagen are significantly reduced in SHRs at 10 weeks old compared to WKYs. 4) 

LV CSA (P=0.007, η2=1.769) and total LV wall CSA (P=0.0468, η2=1.196) are 

significantly greater in SHR hearts compared to WKYs at 10 weeks old. 5) SHRs 

have significant remodelling of the coronary arteries in the LV at 10 weeks old. 6) 

SHRs do not have significant cardiac fibrosis at 10 weeks old, compared to WKYs. 

7) Several proteins and phosphoproteins involved in cardiac hypertrophy, cardiac 

fibrosis, inflammation, oxidative stress and metabolism were differentially expressed 

in SHRs compared to WKYs, in addition to IPA identifying significant upregulation in 

signalling pathways in sympathetic nerve activity (SNA), LVH and inflammation in 

SHRs compared to WKYs.  

5.4.1 Compensatory hypertrophy and vascular remodelling in young SHRs 

Vascular remodelling and subsequent dysfunction have been suggested to precede 

hypertension to adapt to temporal elevations in blood pressure (Gao, Ren et al. 

2021); however, persistent elevations in blood pressure result in other pathological 

remodelling processes, including inflammation and oxidative stress. Vascular 

infiltration of inflammatory cells such as macrophages and monocytes, has been 

shown to initiate hypertrophic vascular remodelling in hypertension (Wenzel, Knorr et 

al. 2011, Gao, Ren et al. 2021).  

In the present study, there were minimal differences in large coronary artery 

dimensions between WKYs and SHRs, except for lumen width being greater in 

SHRs, indicating initial vascular remodelling. However, analysis of the smaller 

coronary arteries revealed significant vascular remodelling within the LV of SHR 

hearts. The vessels were significantly larger, with increased lumen dimensions and 

media CSA, suggesting hypertrophic remodelling of the smaller coronary arteries, 

caused by elevated blood pressure. Similar results were observed in 9-week-old 
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SHRs, in which histological analyses of the left descending coronary artery had a 

significantly increased tunica media CSA, wall thickness and wall CSA compared to 

Wistar rats (Koprdova, Cebova et al. 2009). More recently, media area and thickness 

of the thoracic aorta, and media area of a small resistance artery were found to be 

significantly greater, and elastin and type I and III collagen staining significantly 

worse in 10-week-old SHRs, compared to age-matched WKYs, indicating SHRs had 

greater perivascular fibrosis (Gao, Ren et al. 2021). Additionally, blood collected 

from the inferior vena cava showed a significant upregulation in natural killer T cells 

and monocytes, in addition to increased pro-inflammatory markers TNF-α and IL-1β, 

and significant reductions in anti-inflammatory markers IL-10 and IL-13, in SHRs in 

comparison to WKYs, demonstrating a role of inflammation in vascular remodelling 

(Gao, Ren et al. 2021).  

In contrast to Gao and colleagues, no differences in TNF-α, IL-1β or IL-10 were 

found in arterial blood plasma from the SHRs and WKYs in the present study. 

Interestingly, IL-18, a pro-inflammatory interleukin produced and secreted by 

macrophages, was significantly reduced in SHRs at 10 weeks old. Although the 

reductions in TNF-α levels in SHRs did not reach a P value below 0.05, the large 

effect size (P=0.0518, η2=1.166) infers a physiological relevance in these 

differences, with the reductions implicating fewer circulating macrophages in SHRs 

at this age. Reduced inflammatory markers in SHRs implies an absence of infiltration 

of immune cells such as monocytes and macrophages at this stage of hypertension. 

One limitation in this study is that arterial blood is reflective of the circulating 

inflammatory markers, and not necessarily tissue inflammation; however, Gao and 

colleagues did observe differences in the circulation. The differences in circulating 

biomarkers may arise from the previous study showing significantly worse 

perivascular fibrosis, that was not seen in the present study, in particular because 

inflammation plays a role in the development of fibrosis. Due to time limitations, 

staining for immune cells on heart tissue sections was not completed; therefore, it 

cannot be confirmed whether macrophage and monocyte infiltration in cardiac tissue 

differed between strains. Monocyte differentiation antigen CD14 however was not 

different between strains in the apex measured using proteomics (FC=1.028, 

P=0.834), implying monocyte infiltration was not different between SHRs and WKYs. 

On the contrary, IL-2 levels were significantly higher in SHR compared to WKYs, 
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implicating a potential increase in activated T cells which produce IL-2. In 

experimental hypertension, CD4+ T cells infiltrate the perivascular tissue of vessels 

and contribute to vascular remodelling (Schiffrin 2012, De Ciuceis, Rossini et al. 

2014). Along these lines, infiltration of immune cells did not occur in response to 

angiotensin II treatment, in the absence of T cells (Guzik, Hoch et al. 2007), 

highlighting a clear role of T cells in inflammatory cell infiltration in hypertension.  

It is possible that vascular remodelling at this age in SHRs has occurred as a result 

of increased circumferential stretch imposed by pressure overload, as opposed to 

inflammatory cell infiltration. Increased circumferential stretch has previously been 

shown to cause oxidative stress in the vascular endothelium and smooth muscle 

cells in vitro (Wung, Cheng et al. 1997, Inoue, Kawashima et al. 1998). Accordingly, 

IPA identified the glutathione-mediated detoxification pathway as the most 

significantly enriched canonical pathway in SHRs, showing a trend (z-score=1.34) 

towards activation in SHRs. The primary DEP driving the increase in this pathway 

was GSTO1, which was significantly reduced in SHRs compared to WKYs. GSTO1 

has been observed to play a crucial role in protection against H2O2-induced oxidative 

stress (Kim, Cha et al. 2017). Reduced expression of this antioxidant enzyme in 

SHRs may play a critical role in increased oxidative damage in the vasculature, 

further contributing to vascular remodelling (Fortuno, San Jose et al. 2005). 

Importantly, it is known that oxidative stress also contributes to the development of 

cardiac hypertrophy (Maulik and Kumar 2012). 

5.4.1.1 Calcineurin/NFAT pathway in cardiac hypertrophy in young SHRs 

Cardiomyocyte hypertrophy was proposed as an essential criterion for identifying 

cardiac hypertrophy (Dorn, Robbins et al. 2003); however, this is not always feasible, 

and other parameters such as increased LV mass, wall thicknesses and CSA are 

used. In the present study, H&E staining of the LV showed similar LV wall 

thicknesses and LV cavity diameter and CSA in WKY and SHR hearts; although LV 

CSA and total LV wall CSA were significantly increased in SHRs compared to WKY. 

These results indicate SHRs are undergoing initial cardiac remodelling at 10 weeks 

old, in which there is an overall increase in LV size, a compensatory response to 

pressure overload from elevated blood pressure, in the absence of LV cavity 

dilatation. Due to the time limitations for Langendorff, it was not possible to weigh the 
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hearts prior to tissue collection, therefore it is not known whether heart or LV weight 

was greater in SHRs than WKYs in the present study. Moreover, echocardiography 

was not available in this study thus LV mass and LV mass index were not quantified.  

In contrast to the present study, cardiac hypertrophy was not observed in SHRs 

between 2 and 3 months old, compared to age-matched WKYs, using 

echocardiography and heart weight (Li, Kemp et al. 2019). Similarly, LV mass and 

LV mass index in 10-week-old SHRs did not differ to that of age-matched WKYs 

assessed with echocardiography, in addition to similar cardiomyocyte CSA between 

strains (Ito, Ohishi et al. 2007). In agreement with the present study however, an 

echocardiographic evaluation of WKY and SHRs at 8 and 12 weeks old revealed 

increased LV weight and RWT in SHRs, with no increase in LV end-diastolic 

dimension, however, LV mass to body weight ratio was found to be significantly 

elevated in SHRs from 4 weeks old (Kokubo, Uemura et al. 2005). Although LV CSA 

was significantly increased in SHRs in the present study, wall thicknesses and RWT 

were not different between strains as found in the previous study, indicating that 

cardiac hypertrophy is still developing at 10 weeks old in SHRs. As the 

calcineurin/NFAT pathway has previously been shown to play a critical role in 

cardiac hypertrophy development (Molkentin, Lu et al. 1998), cardiac tissue levels of 

calcineurin were measured; however, calcineurin levels were found to be similar at 

all ages in WKYs and SHRs (Kokubo, Uemura et al. 2005). 

In contrast, phosphoproteomics IPA showed a significant upregulation in the role of 

NFAT in cardiac hypertrophy pathway in SHRs compared to WKYs in the present 

study. Calcineurin is activated by elevated intracellular calcium levels (Molkentin 

2004), which are common in hypertension and cardiac hypertrophy. Activated 

calcineurin subsequently dephosphorylates NFAT, resulting in NFAT nuclear 

localisation and regulation of gene expression (Molkentin 2004). Upregulation of the 

NFAT pathway suggests calcineurin levels are increased in SHRs in the present 

study. NFAT accumulation in the nucleus of memory CD4+ T cells has been shown 

to be critical for IL-2 expression (Chow, Rincon et al. 1999, Dienz, Eaton et al. 2007), 

consistent with the significant elevation in circulating IL-2 levels in SHRs.  

DEPs driving the significant enrichment of the NFAT pathway included MAP2K4, 

PKC-β and CACNB2. MAP2K4 is a member of the stress-activated mitogen-
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activated protein kinase (MAPK) family, which phosphorylates and activates 

downstream c-Jun NH2-terminal protein kinase. Cardiac specific knockout of 

MAP2K4 in mice results in significantly worse cardiac hypertrophy in response to 

pressure overload than control mice, implicating a potential cardioprotective role of 

MAP2K4 in pathological hypertrophy (Liu, Zi et al. 2009). On the contrary, increased 

PKC signalling has been shown to induce and maintain cardiac hypertrophy by 

acting on transcription factors involved in hypertrophic gene expression (De Windt, 

Lim et al. 2000). As MAP2K4 was upregulated, and PKC signalling downregulated in 

SHRs, the DEPs driving the activation of the NFAT pathway appear to be playing a 

cardioprotective role, potentially as a result of hypertrophy initially being a 

compensatory response to pressure overload. 

The increased LV wall CSA and vascular remodelling observed in 10-week-old 

SHRs, compared to age-matched WKYs in the present study may also be down to 

their breeding, and a characteristic of the SHR phenotype. Since the 1950s, SHRs 

have been selectively bred through brother-sister mating to ensure hypertension 

occurs (Doris 2017). With previous research observing cardiac hypertrophy in SHRs 

as young as 1 day old (Cutilletta, Benjamin et al. 1978), it is possible that increased 

LV wall CSA and vascular remodelling are part of the SHR phenotype. Studies 

assessing LVH and vascular remodelling from birth would be required to confirm this 

speculation, as different breeders or suppliers will have differing SHR and WKY 

phenotypes. 

Together the data indicates that at 10 weeks old, SHRs are developing cardiac 

hypertrophy as a compensatory response to elevated blood pressure, and the 

calcineurin/NFAT signalling pathway plays a critical role in this development.  

5.4.1.2 Cardiac fibrosis is absent in young SHRs 

Excess deposition of extracellular matrix proteins such as type I and III collagens 

results from an imbalance between collagen synthesis and degradation, in addition 

to collagen cross-linking (Borlaug and Paulus 2011). The resulting fibrosis 

contributes to myocardial stiffness and diastolic dysfunction; however, this tends to 

occur following myocardial hypertrophy development.  
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In agreement with previous research (Ito, Ohishi et al. 2007), the percentage of 

interstitial and perivascular fibrosis was similar between WKY and SHR groups at 10 

weeks old. LV mRNA expression of TGF-β and fibroblast growth factor-2 were also 

similar between SHRs and WKYs in the previous study, validating the histological 

analyses of fibrosis (Ito, Ohishi et al. 2007). TGF-β is a profibrotic cytokine with a 

critical role in mediating myocardial fibrosis. Consistent with the Masson’s staining, 

IPA showed that TGF-β signalling did not differ between SHRs and WKYs in the 

present study.  

Conversely, several differentially expressed proteins relating to fibrosis were found to 

be significantly upregulated in SHR apex at 10 weeks old, including periostin, 

collagen type 1a and fibronectin. Interestingly, periostin is commonly detected in the 

postnatal heart during cardiac development (Snider, Hinton et al. 2008), and not in 

adult hearts, and has also been shown to bind to fibronectin following myocardial 

injury (Stanton, Garrard et al. 2000). Potentially, the SHRs cardiac development is 

ongoing at 10 weeks old, as SHRs have previously been found to have slower 

growth; however, the SHRs in the present study were a similar body weight to age-

matched WKYs. Other research has also revealed a significant increase in periostin 

expression in hypertension (Pohjolainen, Rysa et al. 2012, Chen, Huang et al. 2019); 

therefore, it is also possible that periostin is increased as a result of increased blood 

pressure. The conflicting results between proteomics and Masson’s staining are 

most likely due to Masson’s staining being completed in the left ventricle, whereas 

the apex was used for proteomics. Furthermore, previous research concluded that 5-

month-old SHRs did not have fibrosis, demonstrated by similar collagen I/III ratios in 

WKYs and SHRs (Li, Kemp et al. 2019); however no histological staining was 

completed in this study, thus it cannot be confirmed whether myocardial fibrosis was 

absent in these SHRs. 

The present study revealed significant downregulation in circulating markers of type I 

and III collagen synthesis (PICP and PIIINP respectively). Although CITP 

concentration was not significantly lower in SHRs at 10 weeks old, the effect size 

was large (η2=0.83), suggesting a physiological relevance of downregulated type I 

collagen degradation in SHRs. However, type I collagen turnover (PICP:CITP ratio) 

and collagen cross-linking (CITP:MMP-1 ratio) were both similar between strains, 
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consistent with similar myocardial fibrosis between strains. Here, the type I collagen 

turnover and collagen-crosslinking are reflective of the myocardial Masson’s staining 

showing no differences in collagen volume fraction within the heart.  

No data exists showing the circulating levels of type I and III collagen markers in 

SHRs at a younger age; therefore, it is not known whether reduced synthesis of 

collagen is to be expected in SHRs at this age. Older SHRs with significant 

myocardial fibrosis have consistently been shown to have significantly increased 

PICP (Diez, Panizo et al. 1996, Varo, Etayo et al. 1999, Varo, Iraburu et al. 2000); 

however, in the presence of myocardial fibrosis, this is to be expected. Moreover, 

CITP levels were observed to be similar in SHRs with significant myocardial fibrosis 

(Diez, Panizo et al. 1996, Varo, Etayo et al. 1999, Varo, Iraburu et al. 2000), 

suggesting that type I collagen degradation is not a driver of collagen accumulation 

in SHRs.  

Reduced collagen synthesis in SHRs may be a result of insulin resistance, as SHRs 

are also a model of insulin resistance. However, one study showed the opposite 

effect of insulin resistance, where serum PIIINP was significantly positively 

correlated with a measure of insulin resistance (Quilliot, Alla et al. 2005). Arterial 

blood is reflective of the circulation, including all organs and tissues in the body, and 

not just the heart; thus, it is possible that other contributing factors exist for reduced 

collagen synthesis markers in the blood in SHRs. For example, SHRs have 

previously been shown to have bone disorders (Izawa, Sagara et al. 1985), including 

reduced cartilage (Chan, Yang et al. 2017), which would likely affect circulating 

collagen synthesis markers. Bone disorders were not investigated in this study, so it 

cannot be confirmed whether or not this caused reduced collagen synthesis in 

SHRs. 

Most importantly, the data from the present study demonstrates that measurements 

of LSNA at 10 weeks old (chapter 6) will precede the development of cardiac 

fibrosis, allowing the progression of HHD to be followed. 

5.4.2 Sympathetic nerve activity in early hypertension 

SNA has consistently been shown to be elevated in mild and moderate hypertension 

in humans (Grassi, Pisano et al. 2018). Similarly, SHRs as young as 5-10 weeks old 
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have been shown to have significantly higher renal SNA than age-matched WKYs 

using transmitters (Judy and Farrell 1979) and renal noradrenaline content 

(Winternitz, Katholi et al. 1980). Consistent with these data, IPA revealed a 

significant trend towards activation of the noradrenaline and adrenaline degradation 

pathway in SHRs, compared to WKYs, suggesting a possible increase in SNA in 

SHRs. However, catechol-O-methyl transferase, an enzyme involved in the initial 

step of noradrenaline degradation was not different between SHRs and WKYs at this 

age. Furthermore, metabolomics analysis showed levels of vanillylmandelic acid, the 

end-product of noradrenaline breakdown, were not different between strains. It is 

possible that noradrenaline and adrenaline reuptake by nerve endings is higher in 

SHRs, which would lead to vanillylmandelic acid being similar between strains, 

however, without measures of SNA using transmitters or measuring noradrenaline in 

the blood, it is not possible to conclude whether SNA levels differed between strains. 

5.4.3 Altered fatty acid metabolism in young SHRs 

Fatty acid oxidation is the primary source of ATP in the healthy heart (Lehman and 

Kelly 2002). Fatty acids can be generated via hydrolysis of cholesteryl esters and 

triglycerides catalysed by lysosomal acid lipase (Li and Zhang 2019), or via 

conversion of triglycerides to fatty acids and glycerol catalysed by lipoprotein lipase. 

Other proteins subsequently play a role in transporting fatty acids to the mitochondria 

for oxidation. Fatty acid binding proteins facilitate fatty acid transport to mitochondria 

(Rodriguez-Calvo, Girona et al. 2017), and fatty acid translocase plays a role in 

regulating the uptake of fatty acids across the plasma membrane in the heart 

(Brinkmann, Abumrad et al. 2002, Bonen, Campbell et al. 2004).  

In the present study, metabolomics analyses revealed a significant downregulation in 

mobile and unsaturated lipid levels in arterial blood plasma of SHRs compared to 

WKYs. Mobile lipids are composed of triglycerides and cholesterol esters. In 

agreement, one DEP observed to be upregulated in SHRs was lysosomal acid 

lipase. Lipoprotein lipase was not significantly altered but apolipoprotein C-II, which 

activates lipoprotein lipase, was significantly upregulated in SHRs. This data 

indicates that fatty acid synthesis from triglycerides is higher in SHRs versus WKYs 

at 10 weeks old. Fatty acid transport to the mitochondria and uptake across the 

plasma membrane were also increased in SHRs, as fatty acid binding protein-4 and 
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fatty acid translocase were significantly upregulated DEPs in SHRs, suggesting that 

SHRs may have an increased rate of fatty acid metabolism (Bonen, Campbell et al. 

2004). Accordingly, proteomics also showed alterations in fatty acid metabolism, with 

a significantly elevated fatty acid α-oxidation, driven by increased trimethyllsine 

dioxygenase.  

Interestingly, electron microscopy showed that interfibrillar mitochondria in SHR 

hearts had a significantly higher aspect ratio, in addition to having reduced circularity 

and roundness. The extent of mitochondrial networks is measured using 

mitochondrial aspect ratio (Luz, Rooney et al. 2015). A higher aspect ratio in 

hypertensive hearts, suggests that interfibrillar mitochondria are more highly fused, 

thus more metabolically active (Luz, Rooney et al. 2015). This subtype of 

mitochondria provides the energy for myocardial contraction (Kalkhoran, Munro et al. 

2017); therefore, the interfibrillar mitochondria in SHRs may require a higher energy 

for myocardial contraction to overcome the increased workload caused by elevated 

blood pressure. IPA identified the NAD+ salvage pathway as a significantly activated 

canonical pathway, implicating an increased need for energy, as NAD+ is 

subsequently required for glycolysis and fatty acid oxidation (Xu, Li et al. 2020). 

Together, this data indicates that 10-week-old SHRs may require increased fatty acid 

metabolism to meet the increased metabolic demand and maintain cardiac 

contractility. Sarcomere length was similar in WKY and SHR hearts, indicating at 10-

weeks-old, cardiac contractility is comparable between hypertensive and 

normotensive rats based on the Frank-Starling law.  

Previously, 2-month-old SHRs were found to have similar medium-chain acyl 

coenzyme A dehydrogenase and carnitine palmitoyltransferase 1β mRNA levels in 

cardiac tissue, compared to age-matched WKYs, indicating that fatty acid oxidation 

is unchanged at this age (Purushothaman, Nair et al. 2011). More recently, SHRs as 

young as 6 weeks old were observed to have significantly reduced free fatty acid 

levels in the LV, compared to age-matched WKYs (Bednarski, Duda et al. 2022), 

indicating increased fatty acid uptake. 

In diseased hearts, an energy substrate switch occurs, in which hypertrophied hearts 

have an increased reliance on glucose oxidation via glycolysis (Lehman and Kelly 

2002, Kolwicz and Tian 2011). The most important enzymes involved in glycolysis 
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are hexokinase, phosphofructokinase, and pyruvate kinase. In the present study, 

hexokinase and pyruvate kinase were similar between strains; however, 

phosphofructokinase was significantly increased in SHRs compared to WKYs. All 

other enzymes involved in glycolysis were similar between strains. Metabolomics 

showed circulating pyruvate and lactate levels were similar between strains, and IPA 

showed no differences in glycolysis between strains. Taken together, this data 

shows glycolysis is not significantly upregulated in 10-week-old SHRs compared to 

WKYs, indicating that there has not been an energy substrate switch yet; however as 

cardiac hypertrophy has begun to develop at this age, it is likely the energy substrate 

switch will occur from this age. 

In contrast, it was recently observed that glucose uptake rates in SHRs were 

significantly upregulated at 2 months old, analysed using positron emission 

tomography in vivo, in addition to cardiac tissue pyruvate and lactate levels being 

significantly increased in SHRs (Li, Kemp et al. 2019). It is possible that the 

differences in pyruvate and lactate levels arise from using arterial blood rather than 

tissue in the present study. 

The data in the present study indicates that SHRs potentially have increased fatty 

acid metabolism in the heart to cope with increased metabolic demand due to the 

need to maintain cardiac contractility, and glucose oxidation has not yet increased to 

help with this demand. However, a definitive conclusion on metabolism cannot be 

made based on proteomics alone, and further experiments including Western 

blotting and high-performance liquid chromatography would be required to validate 

the findings.  

5.4.4 Limitations  

Firstly, cardiomyocyte size was not measured in the present study as the 

cardiomyocytes were not easily seen using light microscopy, and due to the difficulty 

of getting electron myographs at a high enough magnification to visualise z-disks 

and low enough magnification to get numerous cardiomyocytes. As such, it was not 

possible to identify whether cardiomyocyte size was increased or if cardiac 

hypertrophy occurred as a result of increased cardiomyocyte number. Secondly, 

echocardiography was not available in this study, which meant in vivo 

measurements of cardiac function and LV dimensions were not available; however 
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echocardiographic and histological measurements have been shown to agree with 

each other (Baudouy, Michiels et al. 2017), in addition to them being used in chapter 

6 at the same age. Thirdly, proteomics analyses were conducted in apex tissue 

rather than left ventricle, which may result in missed proteins that would be up- or 

downregulated in left ventricle but not apex. Finally, proteomics was not validated 

using Western blotting due to time limitations with experiments and data collection, 

although histological parameters and previous literature helped with validation of 

certain data. 

5.4.5 Conclusion 

The primary aim of this chapter was to determine whether SHRs had significant 

cardiac fibrosis at 10-weeks-old, a timepoint chosen for stabilised hypertension. This 

study showed cardiac fibrosis was not present at this age in SHRs, and most 

inflammatory markers were not significantly elevated, despite initial vascular 

remodelling and the development of cardiac hypertrophy. Consequently, implanting 

transmitters at 9 weeks old in SHRs will enable the progression from hypertension to 

cardiac fibrosis to be followed in chapter 6.
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CHAPTER 6 Sympathetic activation and inflammation in the 

progression of hypertensive heart disease in rats 

6.1 Introduction  

It is well known that sympathetic overactivation and inflammation play key roles in 

the development and maintenance of hypertension (Marvar, Lob et al. 2011, Esler 

2015, Warnert, Rodrigues et al. 2016), and its progression to cardiac remodelling 

and heart failure (Grassi, Seravalle et al. 1995, Hein, Arnon et al. 2003). However, it 

is not currently known whether the sympathetic nervous system (SNS) plays a role in 

the development of cardiac fibrosis in hypertension in humans. Previous research in 

humans has shown a positive association between sympathetic nerve activity (SNA) 

and left ventricular mass index (LVMI) exists (Greenwood, Scott et al. 2001, 

Schlaich, Kaye et al. 2003, Burns, Sivananthan et al. 2007), in addition to SNA 

increasing with decreasing ejection fraction in heart failure patients (Seravalle, 

Quarti-Trevano et al. 2019). These studies indicate a clear link between SNA and 

cardiac remodelling; although cardiac fibrosis was not measured, so it is not known if 

the higher the SNA, the worse the cardiac fibrosis. 

As research has shown that the SNS plays a key role in regulation of inflammation 

(Levick, Murray et al. 2010), and that inflammation induces sympathetic 

overactivation (Zhang, Yu et al. 2010), it has been difficult to determine whether one 

precedes the other in HHD. This is important, as it would potentially provide a 

therapeutic target in hypertension to prevent the development of cardiac hypertrophy 

and cardiac fibrosis, which both increase cardiovascular morbidity and mortality 

(Cuspidi, Ciulla et al. 2006, Bombelli, Facchetti et al. 2009). One study showed that 

junctional adhesion molecule-1 (JAM-1) mRNA in the nucleus tractus solitarius of 

pre-hypertensive (3-week-old) and older (15-18-week-old) SHRs was significantly 

elevated compared to age-matched WKYs, in addition to increased leukocyte 

accumulation in the NTS microvasculature (Waki, Liu et al. 2007). JAMs play a role 

in leukocyte recruitment in inflammation (Weber, Fraemohs et al. 2007), therefore it 

is possible that inflammation has a role to play in the development of hypertension. 

Interestingly, adenoviral expression of JAM-1 in the NTS of 15-week-old WKY rats 

resulted in a significant increase in SBP 5-7 days after viral injection (Waki, Liu et al. 
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2007), confirming a role of inflammation in the brainstem resulting in elevated blood 

pressure. Subsequently, PCR analysis was used to assess gene expression of 

inflammatory cytokines and chemokines in the NTS of 10-week-old SHRs (Gouraud, 

Waki et al. 2011). Expression of chemokine (C-C motif) ligand 5 (CCL5) and its 

receptors CCR1 and CCR3 was significantly downregulated in SHR NTS compared 

to age-matched WKYs, and microinjection of CCL5 into the NTS of SHRs and WKYs 

resulted in a significant decrease in blood pressure, with a greater magnitude of 

effect observed in SHRs (Gouraud, Waki et al. 2011), showing that some 

inflammatory markers may be downregulated in SHRs as a protective mechanism. 

These studies have not shown the effects of inflammation on cardiac remodelling, 

and without simultaneous measurements of SNA and inflammatory markers, it has 

not been possible to determine whether inflammation causes the changes in SNA, or 

vice versa. 

SNA has not been directly measured in intact SHRs before 10 weeks of age, 

although both renal denervation and sympathectomy in young SHRs (7-8 weeks old) 

has been shown to prevent elevations in blood pressure and reduce renal 

noradrenaline content (Winternitz, Katholi et al. 1980, Levick, Murray et al. 2010). 

Sympathectomised 8-week-old spontaneously hypertensive rats (SHRs) were found 

to have significantly reduced blood pressure, left ventricular hypertrophy (LVH), and 

LV collagen volume fraction (CVF) in comparison to untreated age-matched SHRs 

(Levick, Murray et al. 2010). In addition, excision of the superior cervical ganglion in 

SHRs reduced myocardial IFN-γ and increased both IL-6 and IL-10 to normal (WKY) 

levels but had no effect on elevated IL-4 in SHRs (Levick, Murray et al. 2010). These 

observations highlight the abnormal myocardial cytokine profile observed in SHRs at 

a young age, and the contribution of the SNS in regulation of these cytokines. 

Furthermore, 10-week-old SHRs have been shown to have significantly elevated 

circulating levels of pro-inflammatory markers TNF-α and IL-1β, and significantly 

reduced circulating anti-inflammatory markers IL-10 and IL-13 compared to age-

matched WKYs (Gao, Ren et al. 2021) revealing a significant inflammatory state at 

10 weeks old in SHRs. However, as SNA was not measured in this study, it is not 

known whether this occurred prior to or following sympathetic overactivation.  
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Using an animal model of hypertension provides the ability to follow the progression 

of hypertensive heart disease (HHD) from early hypertension, through the 

development of cardiac hypertrophy and fibrosis, which would not be feasible in a 

clinical setting. The SHR develops hypertension around 5-6 weeks of age, and 

cardiac fibrosis by 13-15 weeks of age, making it possible to monitor SNA, changes 

in LV structure and function, and temporal changes in circulating inflammatory and 

fibrotic markers over the progression of the disease, to determine whether 

inflammation precedes sympathetic overactivation or vice versa. Little data exists 

regarding levels of inflammatory or fibrotic markers in the blood of young (<10 weeks 

old) SHRs. However, previous research has highlighted significant associations 

between markers of type I collagen synthesis and degradation, and CVF in older 

SHRs (Diez, Panizo et al. 1996, Varo, Etayo et al. 1999, Varo, Iraburu et al. 2000), 

so it is speculated that in the presence of fibrosis, collagen markers should predict 

CVF. With the circulating inflammatory and fibrotic markers data at an earlier stage 

of hypertension, it may also be possible to identify markers that can predict the 

occurrence of LVH and/or fibrosis, which could be used in clinic to identify at risk 

hypertensive patients.  

6.1.1 Aims and hypotheses 

The primary aim of this chapter was to determine whether SNA was associated with 

cardiac remodelling, using lumbar SNA (LSNA) as a measure of overall SNA. 

It is hypothesised that LSNA will be associated with left ventricular hypertrophy and 

cardiac fibrosis. 

Aim 2: To identify if increases in circulating inflammatory markers occur prior to 

elevations in LSNA in SHRs.  

It is hypothesised that inflammatory markers will increase before elevations in LSNA. 

Aim 3: To determine whether LSNA is associated with circulating inflammatory 

markers.  

It is hypothesised that an association between LSNA and circulating inflammatory 

markers will exist. 
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Aim 4: To identify circulating inflammatory and fibrotic markers associated with LVH 

and/or cardiac fibrosis in SHRs and WKYs. 

It is hypothesised that circulating inflammatory and fibrotic markers will be 

associated with LVH and/or cardiac fibrosis. 

Aim 5: Use metabolomics and proteomics analyses to generate hypotheses 

regarding signalling pathways for future work. 

6.2 Methods 

Study 2 timeline is shown in Figure 6.1.  
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Figure 6.1 Study two timeline 

SHR; Spontaneously Hypertensive Rat, WKY; Wistar Kyoto, BL; baseline, 

ECG; electrocardiogram, BP; blood pressure, LSNA; lumbar sympathetic nerve 

activity 
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6.2.1 Spontaneously hypertensive and Wistar Kyoto rats 

Due to difficulties with COVID-19, sample sizes of n=8 per group (power calculation 

in chapter 3) were not achievable. SHRs (n=4) and WKYs (n=4) were 8 weeks old. 

They were given 6 days to adjust to the animal unit, during which time, they were 

habituated to non-invasive tail-cuff BP measurements before surgery. SHRs (n=4) 

and WKY (n=4) rats underwent surgery at 9 weeks old to implant transmitters for 

ECG and LSNA and given one week for recovery. All rats were 15 weeks old at 

termination in the experiments.  

6.2.2 Physiological monitoring 

Detailed methods for tail-cuff blood pressure monitoring are written in chapter 3. 

Baseline recordings of BP were collected on day 6. Following surgery, ECG and 

lumbar sympathetic nerve activity (LSNA) were recorded for 24 hours, twice per 

week, and tail-cuff BP measured once per week. Tail bloods were collected prior to 

echocardiography, whilst the rat was under anaesthesia, to reduce stress for the 

animal. Echocardiography was used to assess LV size and function at baseline (pre-

surgery, 9 weeks old), 11.5 weeks old, and termination (15 weeks old), enabling 

cardiac hypertrophy and remodelling to be monitored over time.  

6.2.3 Surgical procedures 

All animals were operated on using sterile, aseptic technique. Echocardiography 

(section 6.2.7) was completed prior to surgery. Surgery was completed under the 

same anaesthesia as echocardiography, to minimise the number of times animals 

had to be anaesthetised. Rats were anaesthetised in an induction chamber with 5% 

isoflurane (v/v 100% oxygen) and maintained at 1.5-2.5% isoflurane throughout the 

procedure. Rats were placed in the dorsal recumbent position on a heat pad to 

maintain core temperature. Rats were then shaved, and the abdomen was surgically 

scrubbed using 4% Chlorhexidine (Vet-Hands). Transmitter sensing electrodes were 

cut to remove Teflon insulation and silicone tubing, and the grounding electrode was 

cut to remove the silicone tubing prior to surgery. Transmitters were purchased from 

Data Sciences International, using F50-W-F2 for measuring LSNA and HD-X11 for 

ECG recording. 
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6.2.3.1 Transmitter and ECG implantation 

A 4-5 cm mid-line abdominal incision was made, and the intestines gently retracted 

with sterile saline-soaked gauze. The abdominal aorta caudal to the renal vessels 

was separated from the vena cava using blunt dissection, to gently pull aside the 

aorta without occlusion using a 2-0 suture. The lumbar sympathetic nerve was 

carefully isolated from connective tissue. A 2 x 3 mm piece of Parafilm M was placed 

underneath the isolated nerve and transmitter electrodes were anchored in place 

using a loose suture to the muscle. Sensing electrodes were then placed under the 

lumbar nerve and the nerve hooked onto the non-insulated part of the electrodes, 

using a glass rod to manipulate the nerve (Figure 6.2). Electrode wires were 

positioned parallel to the aorta. The grounding electrode was placed within the 

peritoneal cavity. Sensing electrodes were subsequently secured in place using a 

two-component silicone elastomer (KWIK-SIL, WPI, Sarasota, Florida). Electrodes 

were secured to fat using tissue glue (Histoacryl, B. Braun, Hessen, Germany). The 

grounding electrode was sutured into place using 4-0 non-absorbable suture 

(Mersilk, Ethicon, Johnson & Johnson, New Jersey, USA). Gauze was removed, and 

the peritoneal cavity filled with pre-warmed sterile saline. The transmitter was placed 

on top of the intestines in the peritoneal cavity, with the suture rib on the transmitter 

directed ventrally. Abdominal muscle was closed using an interrupted 4-0 non-

absorbable suture.  
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Figure 6.2 LSNA electrode placement surgery 

LSNA sensing electrodes placed under lumbar nerve with parafilm underneath 

electrodes to protect from muscle. KWIK-SIL was subsequently used to encase 

lumbar nerve, sensing electrodes and parafilm prior to finishing surgery.  

 

Blunt dissection of the skin above the chest from the abdominal incision was 

performed, and the ECG transmitter was anchored subcutaneously using 4-0 or 5-0 

non-absorbable suture. Skin was then retracted, and the two lead wires cut to the 

appropriate length. Insulation was stripped off the lead wires approximately 10 mm 

from the end. The positive lead wire was anchored using 4-0 or 5-0 non-absorbable 

suture, to the left of the midline, at the level of the caudal rib. The exposed (positive) 

lead wire was then enveloped in muscle to cover the wire and tied with a square 

knot. Next, a trocar was tunnelled under the skin and exteriorised through a small 

incision, near the animal’s right pectoral muscle. The negative lead was thread 

through a straw and the straw removed. The negative lead wire was anchored to the 

chest wall using 4-0 or 5-0 non-absorbable sutures, and exposed wire was 
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enveloped in muscle as already described. Skin was closed using an interrupted 4-0 

non-absorbable suture and cleaned using 4% Chlorhexidine. Rats were placed in 

recovery cages for 1 week before returning to their home cages. Subcutaneous 

perioperative analgesia (5 mg/kg Metacam, Boehringer Ingelheim, Germany) was 

administered before removal of isoflurane. Post-operative pain was controlled with 

Metacam in peanut butter for 2 days post-surgery. 

6.2.4 ECG monitoring 

ECG was monitored using the implanted ECG transmitter and was recorded for 24 

hours, simultaneously with the LSNA measurements. ECG transmitter battery life did 

not last for all animals and as a result two blocks (n=2 SHR and n=2 WKY) were 

missing ECG data. 

6.2.4.1 ECG analysis 

Heart rate was analysed in Spike 8 (Cambridge Electronic Design Limited, 

Cambridge, UK). A custom script (created by H. Blythe) was written to mark R 

waves, every 30 minutes, for 5 minutes, from the 24-hour ECG waveform. 

6.2.5 LSNA equipment setup and acquisition 

LSNA was recorded over a 24-hour period, twice a week in the experimental rats. 

The LSNA signal transmitted to the receiver (RPC-3) at 455kHz or 18MHz. All 

equipment and software (except the laptop) were purchased from Data Science 

International (Minnesota, USA). The data was recorded using Ponemah acquisition 

software (Ponemah version 6.51).  

6.2.5.1 LSNA analyses  

To process the LSNA data for analyses, the raw signal was exported from Ponemah 

into a data analysis program (Spike 8). A custom script was written (created by H. 

Blythe) to analyse the LSNA data. Firstly, a publicly available script (CED website) 

was used to remove ECG interference from the LSNA channel. Next, LSNA signal 

was low-pass (1-5 kHz) and high-pass (50-5000Hz) filtered, full-wave rectified and 

integrated with a 20 ms time constant. Cursors were used to move through the data 

at 1-hour intervals, measuring area under LSNA curve every 1-minute, then 

averaged over 1 hour. Data was exported to excel, where the average daytime and 

night-time area under LSNA curve was calculated.  
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6.2.6 Tail bloods collection and processing  

On echocardiography days, rats were anaesthetised, and placed on a heat mat. The 

tail was slowly warmed using warm water, to bring the tail temperature to 30-35°C, to 

increase blood flow. Blood was collected from the tail vein using a 25G needle into 

EDTA and kept on ice until centrifugation for plasma, and into anti-coagulant free 

Eppendorfs and kept at room temperature for 30-45 minutes to allow the blood to 

clot for serum. Samples were then centrifuged at 2000 g at 4°C for 10 minutes. 

Plasma and serum were aliquoted into Eppendorf tubes and subsequently stored at -

80°C for metabolomics, and inflammatory and fibrotic marker analysis, as described 

in the main methods sections (chapter 3, sections 3.6, 3.7 and 3.8). 

6.2.7 Echocardiography 

All (WKY, n=4; SHR, n=4) animals underwent echocardiography. Cardiac images 

were taken using a 30MHz transducer probe (Vevo 3100, Fujifilm, Visualsonics, 

Netherlands), at baseline (9 weeks old, pre-surgery), 11.5 weeks old, and 

termination (15 weeks old) to assess LV size and function. Ultrasound data was 

acquired in three modes: brightness mode (B-mode), motion-mode (M-mode) and 

Doppler and images taken in the parasternal long-axis view (PLAX), parasternal 

short-axis view (PSAX) and apical four-chamber view (A4C).  

6.2.7.1 Animal preparation  

Rats were anaesthetised in an induction chamber using 5% isoflurane (v/v 100% 

oxygen) and maintained at 1.5-2% throughout the procedure (heart rate 345 ± 84 

bpm). Rats were placed supine on an adjustable homeothermic platform. Limbs were 

gently secured to the metal ECG plates to continuously monitor heart rate, using 

electrode gel (SignaGel, Parker Laboratories Inc, New Jersey, USA). To aid 

ultrasound transmission to the tissues and reduce interference, rats were shaved, 

and remaining hair removed with Veet, on the left side of the chest. Ultrasound 

transmission gel (Aquasonic gel, Parker Laboratories Inc, NJ, USA) was applied to 

the shaven area. 

6.2.7.2 Parasternal long-axis view 

The PLAX view was acquired by placing the ultrasound probe over the heart, 

oriented towards the right shoulder of the rat, and tilted at a 45° angle to the 
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platform. Image width, depth and depth offset were altered to improve the field of 

view in B-mode (Figure 6.3A). 2D measurements such as interventricular septum 

(IVSs, IVSd), LV internal diameter (LVIDs, LVIDd) and LV posterior wall (LVPWs, 

LVPWd) thicknesses were measured in systole and diastole, respectively, using the 

PLAX view m-mode (Figure 6.3B).  
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Figure 6.3 Echocardiography image of left ventricle in parasternal long axis 

Parasternal long axis of left ventricle (A) in B-mode, with the line at the level of 

the papillary muscle, and (B) M-mode, showing the interventricular septum, left 

ventricular internal diameter, and left ventricular posterior wall in systole 

(green) and diastole (red). ECG and respiratory rate (bottom panel) were 

monitored throughout. 
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6.2.7.3 Parasternal short-axis view 

The PSAX view was subsequently acquired by rotating the ultrasound probe 90° 

clockwise, with the probe oriented towards the left shoulder of the rat, showing a 

circular view of the LV (Figure 6.4A) (Kim 2013). To obtain images, the vertical M-

mode line was placed at the level of the papillary muscle. 2D measurements of the 

LV anterior wall (LVAWs, LVAWd), were measured in systole and diastole 

respectively, using the PSAX view in M-mode (Figure 6.4B). 

 

Figure 6.4 Echocardiography image of left ventricle in parasternal short axis 

Parasternal short axis of left ventricle in (A) B-mode, with the line at the level of 

the papillary muscle, and (B) M-mode, showing the left ventricular anterior wall, 

left ventricular internal diameter, and left ventricular posterior wall in systole 

(green) and diastole (red). ECG and respiratory rate (bottom panel) were 

monitored throughout. 
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6.2.7.4 Apical four-chamber  

Next, the A4C view was acquired by tilting the back left of the rat platform all the way 

and placing the ultrasound probe at the apex of the LV, with the probe oriented 

towards the right shoulder of the rat. In this view, all four chambers are visible 

(Figure 6.5A). Pulse wave (PW) doppler was used to assess passive (early wave: E) 

and active (later wave: A) ventricle filling. Peak E and A wave velocities and E wave 

deceleration time were measured (Figure 6.5B). PW doppler analysis was not 

achievable in all rats as a high heart rate can cause the E and A wave peaks to fuse 

(Liu and Rigel 2009), in addition to A4C being difficult to locate in some animals. 

 

Figure 6.5 Apical four chamber view of the heart 

Apical four chamber view of the heart in (A) B-mode and (B) pulse wave 

doppler mode showing the E and A waves, and E wave deceleration time. 

6.2.7.5 Functional parameters 

The following functional parameters were calculated using the measurements 

acquired in the PLAX, PSAX and A4C views (Table 6.1): end-systolic volume (ESV), 
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end-diastolic volume (EDV), ejection fraction (EF), fractional shortening (FS), cardiac 

output (CO), stroke volume (SV) and LV mass.  

Table 6.1 Echocardiography functional parameter calculations 

M-mode measurement Calculation 

ESV (µl) (7.0 / 2.4 + LVIDs) x LVIDs3 x 1000 

EDV (µl) (7.0 / 2.4 + LVIDd) x LVIDd3 x 1000 

EF (%) 100 x [(LVIDd3 – LVIDs3) / LVIDd3] 

FS (%) 100 x [LVIDd – LVIDs) / LVIDd] 

CO (ml·min-1) SV x heart rate 

SV (µl) EDV – ESV 

LV mass (mg) 1.05 x [(IVSd + LVIDd + LVAWd)3 – LVIDd3] x 0.8 

ESV; end-systolic volume, EDV; end-diastolic volume, EF; ejection fraction, FS; 

fractional shortening, CO; cardiac output, SV; stroke volume, LV; left ventricular, 

LVIDs; left ventricular internal diameter in systole, LVIDd; left ventricular internal 

diameter in diastole, IVSd; interventricular septum in diastole, LVAWd; left ventricular 

anterior wall in diastole.  

6.2.8 Tissue collection 

All experiments following tissue collection are detailed in chapter 3. 

6.2.9 Statistical analysis 

Statistical analyses were completed in SPSS statistics (v28, IBM, New York, USA) 

and InVivoStat version 4.1 (Bate and Clark 2014). Data collected at 9, 11.5 and 15 

weeks old was analysed using a two-way repeated measures ANOVA, with strain as 

the treatment factor, age as the repeated factor and blocking factor (batch of 

animals, 1 SHR and 1 WKY per block) included, unless otherwise stated. All data 

was checked whether it met the assumptions of the two-way ANOVA as described in 

section 4.3. If a significant interaction was found, significant main effects of group (at 

all time points) and time (for both groups separately) were then assessed using a 

one-way ANOVA. For linear regressions, assumptions were checked as described in 

section 4.3. To assess differences between 10-week and 15-week data, a two-way 

mixed model ANOVA was used, and assumptions were tested as described 

previously. To test differences between data collected after termination, a one-way 

ANOVA with block (n=1 SHR and n=1 WKY per block) as blocking factor was used if 
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data were normally distributed. A Kruskal-Wallis test was used if data were not 

normally distributed. Significance was accepted at P<0.05. 

6.3 Results 

6.3.1 Physiological monitoring  

Body weight increased with age and was similar between WKYs and SHRs at all 

ages (P>0.05, Figure 6.6). 
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Figure 6.6 Body weight with age 

Mean ± SD body weight in WKYs (blue, n=4) and SHRs (red, n=4). Two-way 

repeated measures ANOVA with Bonferroni correction. 

 

6.3.1.1 Heart rate analysis 

Heart rate at all ages was available in 4 out of the 8 animals (block 2 and 3), due to 

surgery in block 1 taking longer than planned, and batteries failing in block 4. Heart 

rate in block 4 was available for 10 weeks old only. As such, statistical analyses 

could not be completed on heart rate. Heart rate was similar between groups and 

was higher at night when rats were awake and active, than in the day, when rats 

were sleeping (Table 6.2).  
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Table 6.2 Median [IQR] heart rate over time in WKYs and SHRs 

Heart rate (BPM) WKY (n=2/3) SHR (n=2/3) 

10 weeks (day) 345 [20] 343 [32] 

10 weeks (night) 356 [14] 369 [14] 

11 weeks (day) 330 [12] 336 [23] 

11 weeks (night) 352 [9] 350 [7] 

12 weeks (day) 320 [10] 332 [23] 

12 weeks (night) 349 [4] 370 [14] 

13 weeks (day) 322 [12] 319 [9] 

13 weeks (night) 331 [13] 328 [11] 

14 weeks (day) 321 [10] 312 [8] 

14 weeks (night) 338 [7] 327 [8] 

15 weeks (day) 320 [5] 310 [6] 

15 weeks (night) 337 [6] 325 [7] 

IQR; interquartile range, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat, 

BPM; beats per minute 

6.3.1.2  Blood pressure analysis 

The blood pressure and heart rate data were collected using the tail-cuff blood 

pressure monitor. SBP, DBP and MAP were all elevated (P<0.01) in SHRs 

compared to WKYs, at all ages (Figure 6.7A, B and C respectively, Table 6.3). HR 

was similar at all ages between groups (Figure 6.7D). SBP increased in SHRs from 9 

weeks old to 10 and 15 weeks old, but no other differences were observed. HR was 

also elevated in SHRs at 10 weeks old compared to 9 weeks old. There were no 

differences over time in all parameters in WKYs.  
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Figure 6.7 Blood pressure and heart rate parameters with age 

Mean ± SD values of (A) systolic blood pressure (SBP), (B) diastolic blood 

pressure (DBP), (C) mean arterial pressure (MAP) and (D) heart rate (HR) in 

WKYs (blue, n=4) and SHRs (red, n=4). Two-way repeated measures ANOVA 

with Bonferroni correction and block as blocking factor.  
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Table 6.3 Statistical test data for blood pressure and heart rate 

Variable F value P value  Effect size  

Partial 2 

SBP 
Interaction 
Strain 
Age 

 
F(6,32)=0.47 
F(1,3)=43.18 
F(6,32)=1.47 
 

 
0.823 
0.007 
0.219 

 
0.560 
5.365 
0.990 

DBP 
Interaction 
Strain 
Age  

 
F(6,32)=0.73 
F(1,3)=39.28 
F(6,32)=1.07 

 
0.628 
0.008 
0.400 

 
0.698 
5.117 
0.845 

MAP 
Interaction 
Strain 
Age 

 
F(6,32)=0.61 
F(1,3)=45.62 
F(6,32)=1.19 

 
0.717 
0.007 
0.337 
 

 
0.638 
5.515 
0.891 

HR 
Interaction 
Strain 
Age 

 
F(6,32)=0.69 
F(1,3)=1.20 
F(6,32)=1.76 

 
0.658 
0.353 
0.140 

 
0.678 
0.894 
1.083 

SBP; systolic blood pressure, DBP; diastolic blood pressure, MAP; mean arterial 

pressure, HR; heart rate (measured with tail-cuff blood pressure monitor). Two-way 

repeated-measures ANOVA with Bonferroni correction. 

6.3.1.3 LSNA analysis 

Due to the difficulty of the surgery, not all rats had LSNA throughout the study 

period, thus statistics were not completed. There were no differences in LSNA in 

SHRs compared to WKYs, or with age in either strain, during the day, or night (Table 

6.4).  
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Table 6.4 Median [IQR] LSNA area under curve in WKY and SHR with age 

LSNA (AUC) WKY (n=2/3) SHR (n=2/3) 

10 weeks (day) 0.127 [0.018] 0.086 [0.032] 

10 weeks (night) 0.126 [0.020] 0.075 [0.037] 

11 weeks (day) 0.087 [0.039] 0.072 [0.001] 

11 weeks (night) 0.092 [0.041] 0.075 [0.006] 

12 weeks (day) 0.067 [0.009] 0.085 [0.007] 

12 weeks (night) 0.083 [0.014] 0.088 [0.022] 

13 weeks (day) 0.078 [0.027] 0.066 [0.010] 

13 weeks (night) 0.077 [0.024] 0.067 [0.010] 

14 weeks (day) 0.082 [0.029] 0.066 [0.020] 

14 weeks (night) 0.076 [0.021] 0.064 [0.017] 

15 weeks (day) 0.077 [0.019] 0.104 [0.036] 

15 weeks (night) 0.093 [0.006] 0.079 [0.006] 

LSNA; lumbar sympathetic nerve activity, AUC; area under curve, WKY; Wistar 

Kyoto, SHR; spontaneously hypertensive rat 

 

6.3.2 Langendorff functional data 

All Langendorff parameters were similar between SHRs and WKYs (Table 6.5). As a 

result of difficulty perfusing and RPP being <15,000 mmHg·bpm, one SHR and one 

WKY were removed from the analysis. 
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Table 6.5 Mean ± SD or median [IQR] Langendorff functional parameters 

Parameter WKY (n=3) SHR (n=3) P value Effect size 

Partial η2 

LVDP (mmHg) 102 ± 38 87 ± 13 0.531 0.748 

HR (beats/min) 279 ± 85 243 ± 79 0.377 1.127 

RPP 

(mmHg·bpm) 

26346 ± 933 20642 ± 4159 0.162 2.175 

SP (mmHg) 94[20] 101[79] 0.531 0.748 

DP (mmHg) 9 ± 6 7 ± 2 0.630 0.566 

EDP (mmHg) 10 ± 6 8 ± 1 0.645 0.539 

Max dP/dt 

(mmHg/s) 

2973 ± 395 2586 ± 356 0.452 0.927 

Min dP/dt 

(mmHg/s) 

-1710[785] -1770[270] 0.361 1.175 

Contractility 

index (1/s) 

83.7 ± 39.4 76.1 ± 21.2 0.572 0.671 

Tau (s) 0.03 ± 0.00 0.03 ± 0.00 0.584 0.648 

SD; standard deviation, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat, 

LVDP; left ventricular developed pressure, HR; heart rate, RPP; rate pressure 

product, SP; systolic pressure, DP; diastolic pressure, EDP; end-diastolic pressure. 

One-way ANOVA with block as blocking factor. 

 

6.3.3 Echocardiography  

Due to one missing timepoint in the SHR in block 4, blocking factor could not be 

included in the analyses. Two-way repeated measures ANOVAs were used to 

assess the differences between strains and ages. Statistical test data is in Table 6.6. 

All studentised residuals were normally distributed and within 3 SD. The following 

parameters violated the assumption of homogeneity of variance and transformation 

of the data did not rectify this, so raw data was analysed, as group sizes were equal: 

LVIDs, LVIDd, EDV, EF, FS and IVSd. LV mass and LVPWd failed Levene’s test for 

homogeneity of variance, which was rectified by reciprocal transformation. SV also 

failed Levene’s test, which was rectified by log transformation.  
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Table 6.6 Statistical test data for echocardiography parameters 

Echo parameter F value P value Effect size 

Partial η2 

LVID systole 

Interaction 

Strain 

Age 

Pairwise comparisons 

9 weeks vs. 11.5 weeks 

9 weeks vs. 15 weeks 

11.5 weeks vs. 15 weeks 

 

F(2,10)=3.252 

F(1,5)=3.126 

F(2,10)=12.853 

 

0.082 

0.137 

0.002 

 

0.075 

0.008 

0.362 

 

0.394 

0.385 

0.720 

LVID diastole 

Interaction 

Strain 

Age 

Pairwise comparisons 

9 weeks vs. 11.5 weeks 

9 weeks vs. 15 weeks 

11.5 weeks vs. 15 weeks 

 

F(2,10)=2.963 

F(1,5)=0.070 

F(2,10)=4.998 

 

0.098 

0.802 

0.031 

 

0.868 

0.024 

0.463 

 

0.372 

0.014 

0.500 

End-systolic volume 

Interaction 

Simple main effect strain: 

WKY vs. SHR 9 weeks 

WKY vs. SHR 11.5 weeks 

WKY vs. SHR 15 weeks 

Simple main effect age: 

WKY 9 vs. 11.5 weeks 

WKY 9 vs. 15 weeks 

WKY 11.5 vs. 15 weeks 

SHR 9 vs. 11.5 weeks 

SHR 9 vs. 15 weeks 

SHR 11.5 vs. 15 weeks 

 

F(2,10)=8.090 

 

F(1,5)=0.001 

F(1,6)=0.434 

F(1,6)=40.968 

 

 

 

 

 

 

 

 

0.008 

 

0.975 

0.534 

<0.001 

 

0.853 

0.015 

1.000 

0.030 

0.127 

0.571 

 

0.618 

 

0.000 

0.067 

0.872 

 

 

 

 

 

 

 

End-diastolic volume 

Interaction 

Strain 

Age 

Pairwise comparisons 

9 weeks vs. 11.5 weeks 

9 weeks vs. 15 weeks 

11.5 weeks vs. 15 weeks 

 

F(2,10)=2.504 

F(1,5)=0.103 

F(2,10)=5.910 

 

0.131 

0.761 

0.020 

 

0.571 

0.029 

0.436 

 

0.334 

0.020 

0.542 

Stroke volume 

Interaction 

Strain 

Age 

 

F(2,10)=2.778 

F(1,5)=0.359 

F(2,10)=1.926 

 

0.110 

0.575 

0.196 

 

0.357 

0.067 

0.278 

Ejection fraction 

Interaction 

Strain 

 

F(2,10)=4.001 

F(1,5)=36.679 

 

0.053 

0.002 

 

0.445 

0.880 
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Age 

Pairwise comparisons 

9 weeks vs. 11.5 weeks 

9 weeks vs. 15 weeks 

11.5 weeks vs. 15 weeks 

F(2,10)=8.369 0.007 

 

0.206 

0.031 

0.390 

0.626 

Fractional shortening 

Interaction 

Strain 

Age 

Pairwise comparisons 

9 weeks vs. 11.5 weeks 

9 weeks vs. 15 weeks 

11.5 weeks vs. 15 weeks 

 

F(2,10)=1.367 

F(1,5)=26.185 

F(2,10)=6.003 

 

0.299 

0.004 

0.019 

 

0.348 

0.046 

0.677 

 

0.215 

0.840 

0.546 

Cardiac output 

Interaction 

Strain 

Age 

 

F(2,10)=0.761 

F(1,5)=0.057 

F(2,10)=0.695 

 

0.493 

0.821 

0.521 

 

0.132 

0.011 

0.122 

LV mass 

Interaction 

Simple main effect strain: 

WKY vs. SHR 9 weeks 

WKY vs. SHR 11.5 weeks 

WKY vs. SHR 15 weeks 

Simple main effect age: 

WKY 9 vs. 11.5 weeks 

WKY 9 vs. 15 weeks 

WKY 11.5 vs. 15 weeks 

SHR 9 vs. 11.5 weeks 

SHR 9 vs. 15 weeks 

SHR 11.5 vs. 15 weeks 

 

F(2,10)=4.162 

 

F(1,5)=0.020 

F(1,6)=10.846 

F(1,6)=2.633 

 

 

 

 

 

 

 

 

0.048 

 

0.893 

0.017 

0.156 

 

0.224 

1.000 

0.020 

1.000 

0.039 

0.414 

 

0.454 

 

0.004 

0.644 

0.305 

 

 

 

 

 

 

 

LV mass:BW ratio 

Interaction 

Strain 

Age 

Pairwise comparisons 

9 weeks vs. 11.5 weeks 

9 weeks vs. 15 weeks 

11.5 weeks vs. 15 weeks 

 

F(2,10)=0.585 

F(1,5)=0.137 

F(2,10)=4.360 

 

0.575 

0.726 

0.044 

 

0.275 

0.031 

1.000 

 

0.105 

0.027 

0.466 

IVS systole 

Interaction 

Strain 

Age 

 

F(2,10)=0.023 

F(1,5)=0.148 

F(2,10)=2.257 

 

0.977 

0.716 

0.155 

 

0.005 

0.029 

0.311 

IVS diastole 

Interaction 

Strain 

Age 

 

F(2,10)=2.201 

F(1,5)=1.258 

F(2,10)=0.433 

 

0.161 

0.313 

0.660 

 

0.306 

0.201 

0.080 

LVPW systole    
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Interaction 

Strain 

Age 

F(2,10)=1.302 

F(1,5)=0.134 

F(2,10)=1.459 

0.314 

0.729 

0.278 

0.207 

0.026 

0.226 

LVPW diastole 

Interaction 

Strain 

Age 

 

F(2,10)=1.453 

F(1,5)=0.296 

F(2,10)=2.967 

 

0.282 

0.610 

0.143 

 

0.225 

0.056 

0.372 

LVAW systole 

Interaction 

Strain 

Age 

 

F(2,10)=2.454 

F(1,5)=0.639 

F(2,10)=0.787 

 

0.136 

0.461 

0.481 

 

0.329 

0.113 

0.136 

LVAW diastole 

Interaction 

Simple main effect strain: 

WKY vs. SHR 9 weeks 

WKY vs. SHR 11.5 weeks 

WKY vs. SHR 15 weeks 

Simple main effect age: 

WKY 9 vs. 11.5 weeks 

WKY 9 vs. 15 weeks 

WKY 11.5 vs. 15 weeks 

SHR 9 vs. 11.5 weeks 

SHR 9 vs. 15 weeks 

SHR 11.5 vs. 15 weeks 

 

F(2,10)=4.202 

 

F(1,5)=9.505 

F(1,6)=0.478 

F(1,6)=20.335 

 

 

 

 

 

 

 

0.047 

 

0.027 

0.515 

0.004 

 

1.000 

1.000 

0.488 

0.606 

1.000 

0.352 

 

0.457 

 

0.655 

0.074 

0.772 

 

 

 

 

 

 

 

LVID; left ventricular internal diameter, IVS; interventricular septum, LVPW; left 

ventricular posterior wall, LVAW; left ventricular anterior wall, WKY; Wistar Kyoto, 

SHR; spontaneously hypertensive rat. Two-way repeated measures ANOVA with 

Bonferroni correction. 

There was no significant age x strain interaction, or main effect of age or strain for 

IVS in systole (Figure 6.8A) and diastole (Figure 6.8B).  

For LVID in systole and diastole, no significant age x strain interactions or main 

effect of strain were observed (Figure 6.8C and D). A significant main effect of age 

was observed for both measures, with pairwise comparisons revealing an increase in 

LVIDs (P=0.008) and LVIDd (P=0.024) from 9 weeks old to 15 weeks old, with SHRs 

having a higher LVIDs at 15 weeks old.  

No significant age x strain interaction, or main effect of strain or age were observed 

in LVPW thickness in systole and diastole, and LVAW in systole (Figure 6.8E, F and 

G). A significant age x strain interaction was found for LVAW thickness in diastole 

(P=0.047, Figure 6.8H). Simple main effect of group revealed a thicker LVAWd in 
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SHRs at 9- (P=0.027) and 15 (P=0.004) weeks old compared to WKYs. Simple main 

effect of age showed there were no differences between all ages in WKYs or SHRs. 

The age x strain interaction did not reach a P value below 0.05 for EF (P=0.053, 

Figure 6.9A), however a main effect of age (P=0.007) and strain (P=0.002) were 

observed. Post-hoc analyses revealed no differences at 9 and 11.5 weeks old; 

however, SHRs had a lower EF at 15 weeks old (P=0.0103) compared to WKYs. EF 

decreased over time in SHRs similarly to WKYs between 9 and 11.5 weeks old. No 

age x strain interaction was shown with FS (Figure 6.9B); however, a main effect of 

strain and age was observed. Post-hoc analysis showed no differences between 9 

and 11.5 weeks old, but a significant reduction in FS at 15 weeks old for SHRs 

compared to WKYs.  

There was no significant age x strain interaction, main effect of age or strain 

observed for CO and SV (Figure 6.9C and D respectively). There was a significant 

age x strain interaction for ESV (P=0.008, Figure 6.9E). Simple main effect of strain 

revealed no differences at 9 and 11.5 weeks of age; however, SHRs had a higher 

ESV at 15 weeks old in comparison to WKYs (P<0.001). Simple main effect of age 

showed that ESV increased with age in SHRs (9 vs 11.5 weeks) and WKYs (9 vs 15 

weeks). For EDV, no age x strain interaction or main effect of strain was observed 

(Figure 6.9F). A main effect of age was found (P=0.044), with post-hoc analysis 

showing a significant increase in EDV from 9 to 15 weeks old.  

A significant age x strain interaction for LV mass was found (P=0.048, Figure 6.9G). 

Simple main effects analysis of strain showed a significantly higher LV mass at 11.5 

weeks old in SHRs compared to WKYs. LV mass was similar at 9 and 15 weeks old 

between strains. Simple main effect of age revealed no differences in LV mass 

between 9 and 11.5 weeks old, and 9 and 15 weeks old in WKYs, however LV mass 

was higher at 15 weeks old compared to 11.5 weeks old in WKYs (P=0.017). In 

SHRs, simple main effects of age showed no differences between 9 and 11.5 weeks 

old and between 11.5 and 15 weeks old; however, LV mass increased from 9- to 15 

weeks old in SHRs. There was no significant age x strain interaction or main effect of 

strain for LV mass:BW ratio (Figure 6.9H), although a main effect of age was found. 

Post-hoc analyses showed a significant decrease in LV mass:BW ratio from 9 to 15 

weeks old, but no differences between other ages. 
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Apical four chamber view of the heart was difficult to obtain and was not achieved in 

all rats. Due to the missing data, statistical tests were not completed. Figure 6.10 

shows E/A ratio and deceleration time. 
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Figure 6.8 LV wall parameters with age 

Mean ± SD values of interventricular septum in systole (A) and diastole (B), LV 

internal diameter in systole (C) and diastole (D) LV posterior wall in systole (E) 

and diastole (F), LV anterior wall in systole (G) and diastole (H) in WKYs (blue, 

n=4) and SHRs (red, n=4). Two-way repeated measures ANOVA. 
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Figure 6.9 LV function parameters with age 

Mean ± SD values of (A) ejection fraction, (B) fractional shortening, (C) cardiac 

output (D) stroke volume, (E) end-systolic volume, (F) end-diastolic volume, 

(G) LV mass and (H) LV mass to body weight ratio, in WKYs (blue, n=4) and 

SHRs (red, n=4). Two-way repeated measures ANOVA with Bonferroni 

correction. 
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Figure 6.10 Pulse wave doppler parameters with age 

Mean ± SD values of (A) E/A ratio and (B) deceleration time, in WKYs (blue, 

n=1-3) and SHRs (red, n=1-3).  

 

6.3.4 Metabolomics analysis 

Twenty-nine plasma metabolites from arterial blood were compared between SHRs 

and WKYs. Vanillymandelic acid was significantly elevated in SHRs compared to 

WKYs (P=0.038, Table 6.7). Despite the large effect size, elevations in kynurenine in 

SHRs did not reach a P value below 0.05 (Cohen’s D=2.369). Leucine (P=0.040) 

and lactate (P=0.050) levels were lower in 15-week-old SHRs compared to WKYs 

(Table 6.7). All other metabolites were similar between strains (Table 6.7). 
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Table 6.7 Mean ± SD or median [IQR] AUC of metabolites in plasma of WKYs 

and SHRs at 15 weeks old 

Metabolite 

(AUC) 

WKY (n=4) SHR (n=4) P value Effect size 

Partial η2 

Acetate  25964 ± 17818 23230 ± 10317 0.593 0.490 

Alanine 15860 ± 4238 14532 ± 4370 0.456 0.698 

α-glucose 104532 ± 27795 87586 ± 21519 0.090 2.018 

AMP 762 ± 140 710 ± 84 0.609 0.476 

Arginine 8528 ± 2231 6738 ± 1728 0.270 1.102 

Choline 1015446 ± 540144 1186042 ± 279118 0.672 0.383 

Citrate 171727 ± 26475 150562 ± 9828 0.218 1.270 

Creatine 3120 ± 308 2832 ± 357 0.295 1.033 

Creatinine 10279[1324]  12574[249411] 0.343 0.821 

Formate 1771[984] 1760[505] 0.886 0.205 

Fumarate 292 ± 336 207 ± 143 0.599 0.476 

Glucose 188796 ± 52859 150158 ± 39094  0.112 1.824 

Glycine 34038 ± 12951 27600 ± 9157 0.145 1.600 

Glycerol 32166 ± 14478 18673 ± 7428 0.164 1.497 

Isobutyrate 1405 ± 491  1588 ± 689 0.249 1.166 

Kynurenine 1043 ± 145 1586 ± 397 0.062 2.369 

Lactate 71605 ± 32700  49082 ± 26088  0.049 2.613 

Leucine 15871 ± 3353 11650 ± 2562  0.040 2.837 

Lipids (mobile) 147474 ± 59917 134457 ± 34393 0.756 0.283 

Lipids 

(unsaturated) 

77645 ± 9457  53249 ± 19707  0.135 1.661 

Malonic acid 82301 ± 11685  73731 ± 7611  0.356 0.887 

Methionine 17490 ± 3373  20840 ± 4556  0.101 1.911 

Phenylalanine 3896 ± 381  3669 ± 959  0.741 0.294 

Serine 71494 ± 24001  58465 ± 18285  0.124 1.732 

Tyrosine 4046 ± 710 3997 ± 1205  0.928 0.082 

Urea 6498 ± 4998 8656 ± 3271 0.487 0.643 

Valine  10121 ± 1957  7717 ± 1231  0.097 1.944 

Vanillylmandelic 

acid 

1035 ± 56  1185 ± 107  0.038 2.901 

3-hydroxybutyrate 2524 ± 823 2670 ± 1299  0.842 0.183 
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SD; standard deviation, IQR; interquartile range, AUC; area under curve, WKY; 

Wistar Kyoto, SHR; spontaneously hypertensive rat. One-way ANOVA with block as 

blocking factor. 

6.3.5 Inflammatory marker analysis 

6.3.5.1 Tail blood inflammatory markers 

Tail bloods were collected at 9, 11.5 and 15 weeks old. Due to the difficulty of 

collecting tail bloods, data is missing, therefore statistical analyses were not 

performed. For all analytes, at 9 weeks old, n=2 WKY and n=2 SHR, at 11.5 weeks 

old, n=3 WKY and n=2 SHR, and at 15 weeks old, n=3 WKY and n=2 SHR. Figures 

6.11 and 6.12 show the tail blood concentration data. Additional multiplex markers 

are shown in Appendix 4. 
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Figure 6.11 Tail blood interleukin levels 

Median [IQR] tail blood concentrations of (A) IL-1α, (B) IL-1β, (C) IL-2, (D) IL-5, 

(E) IL-6, (F) IL-10, (G) IL-12p70, and (H) IL-18 in WKYs (blue) and SHRs (red).  
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Figure 6.12 Tail blood pro-inflammatory cytokines and chemokines 

Median [IQR] tail blood concentrations of (A) IFN-γ, (B) TNF-α (C) MIP-2 and 

(D) MIP-1α in WKYs (blue) and SHRs (red). 

 

6.3.5.2 Arterial blood inflammatory markers 

Two-way ANOVAs were used to assess differences between strains and ages in 

concentrations of analytes in arterial blood plasma. Ten-week data was taken from 

the animals in chapter 5. IL-5 had one rat with studentised residuals > 3 SD, failed 

Levene’s test for homogeneity of variance and studentised residuals were not 

normally distributed, which was rectified with reciprocal transformation. The following 

analytes had one rat with studentised residuals > 3 SD and studentised residuals 

were not normally distributed: IL-1α, IL-6, IL-12p70 and IFN-γ. These violations were 

rectified with log transformation. IL-1β and IL-2 failed Levene’s test and studentised 

residuals were not normally distributed. Log transformation and the reciprocal 

function were used to rectify these violations for IL-1β and IL-2 respectively. MIP-1α 
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was transformed using the reciprocal function, as it violated the assumption of 

normally distributed studentised residuals. One rat had a studentised residual >3 SD 

for IL-18, in addition to failing Levene’s test. Log transformation rectified the 

studentised residuals; however, no transformation rectified the homogeneity of 

variances violation; therefore, log transformed data was used. The rest of the 

analytes passed all assumptions and raw data was analysed. Statistical test data for 

all analytes is in Table 6.8. Additional multiplex markers are shown in Appendix 4. 

 

Table 6.8 Statistical test data for multiplex analytes in arterial blood of WKYs 

and SHRs at 10- and 15-weeks old 

Analyte F value P value Effect size 

Partial η2 

IL-1α 

Interaction 

Strain 

Age 

 

F(1,17)=0.41 

F(1,17)=0.00 

F(1,17)=0.61 

 

0.532 

0.996 

0.443 

 

0.023 

0.000 

0.035 

IL-1β 

Interaction 

Strain 

Age  

 

F(1,17)=1.94 

F(1,17)=0.69 

F(1,17)=1.01 

 

0.182 

0.419 

0.328 

 

0.102 

0.039 

0.056 

IL-2 

Interaction 

Simple main effect strain: 

WKY vs. SHR 10 weeks 

WKY vs. SHR 15 weeks 

Simple main effect age: 

WKY 10 vs. 15 weeks 

SHR 10 vs. 15 weeks 

 

F(1,17)=4.63 

 

F(1,11)=7.27 

F(1,3)=1.00 

 

F(1,7)=1.75 

F(1,7)=3.01 

 

0.046 

 

0.021 

0.391 

 

0.227 

0.127 

 

0.214 

 

0.412 

0.000 

 

0.333 

0.300 

IL-6 

Interaction 

Strain 

Age 

 

F(1,17)=0.03 

F(1,17)=0.09 

F(1,17)=0.01 

 

0.867 

0.772 

0.681 

 

0.001 

0.005 

0.010 

IL-10 

Interaction 

Strain 

Age 

 

F(1,17)=0.12 

F(1,17)=0.06 

F(1,17)=0.19 

 

0.738 

0.802 

0.666 

 

0.007 

0.004 

0.011 

IL-12p70 

Interaction 

Strain 

Age 

 

F(1,17)=0.94 

F(1,17)=0.16 

F(1,17)=0.28 

 

0.345 

0.690 

0.606 

 

0.052 

0.009 

0.016 

IFN-γ 

Interaction 

 

F(1,17)=0.43 

 

0.521 

 

0.025 
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Strain 

Age 

F(1,17)=0.12 

F(1,17)=0.90 

0.729 

0.356 

0.007 

0.051 

IL-5 

Interaction 

Simple main effect strain: 

WKY vs. SHR 10 weeks 

WKY vs. SHR 15 weeks 

Simple main effect age: 

WKY 10 vs. 15 weeks 

SHR 10 vs. 15 weeks 

 

F(1,17)=5.47 

 

F(1,11)=0.19 

F(1,3)=8.44 

 

F(1,7)=0.12 

F(1,7)=14.87 

 

0.032 

 

0.668 

0.062 

 

0.737 

0.006 

 

0.333 

 

0.000 

1.000 

 

0.000 

1.000 

IL-18 

Interaction 

Strain 

Age 

 

F(1,17)=0.01 

F(1,17)=11.94 

F(1,17)=1.89 

 

0.942 

0.003 

0.187 

 

0.000 

0.413 

0.100 

MIP-1α 

Interaction 

Strain 

Age 

 

F(1,17)=1.14 

F(1,17)=5.33 

F(1,17)=0.01 

 

0.301 

0.034 

0.939 

 

0.062 

0.240 

0.000 

MIP-2 

Interaction 

Strain 

Age 

 

F(1,17)=0.47 

F(1,17)=2.58 

F(1,17)=0.00 

 

0.501 

0.127 

0.981 

 

0.027 

0.132 

0.000 

TNF-α 

Interaction 

Strain 

Age 

 

F(1,17)=0.51 

F(1,17)=2.34 

F(1,17)=0.35 

 

0.486 

0.144 

0.559 

 

0.029 

0.121 

0.020 

F; ANOVA statistic, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat, IL; 

interleukin, IFN; interferon. N=8 per group WKY and SHR at 10 weeks, N=4 per 

group WKY and SHR at 15 weeks. Two-way ANOVA with Bonferroni correction. 

 

Pro-inflammatory interleukins IL-1α and IL-1β were similar between SHRs and 

WKYs at both ages, with no differences seen over time within groups (Figure 6.13A 

and B respectively). A significant age x group interaction was observed with IL-2 

(P=0.046), with simple main effects analyses revealing an elevated IL-2 

concentration at 10 weeks old in SHRs compared to WKYs (P=0.021), whilst no 

differences were observed between strains at 15 weeks old (Figure 6.13C). Simple 

main effects of age showed no differences between timepoints in both WKY 

(P=0.227) and SHRs (P=0.127). For IL-5 (pro-inflammatory), a significant age x 

group interaction (P=0.032) was observed (Figure 6.13D). Simple main effects 

analyses revealed no differences between SHRs and WKYs at 10 weeks old. The 
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elevation in IL-5 levels at 15 weeks old in SHRs did not reach a P value below 0.05 

(P=0.062), despite SHRs having a 435.6% increase compared to WKYs. Simple 

main effects of age revealed IL-5 significantly increased in SHRs from 10 to 15 

weeks old (P=0.006), but this was not seen in WKYs (P=0.737). There were no main 

effects of strain, age, or interactions observed between groups for IL-6, IL-10 or IL-

12p70 (Figure 6.13E, F and G respectively). A significant main effect of strain was 

seen with IL-18 (P=0.003, Figure 6.13H), with post-hoc analyses revealing a reduced 

IL-18 concentration in SHRs at 10 weeks old compared to WKYs, but no differences 

at 15 weeks. Pro-inflammatory markers IFN-γ, TNF-α and MIP-2 were similar 

between SHRs and WKYs at both ages and did not change with age (Figure 6.14A, 

B and C respectively). No age x group interaction, but a significant main effect of 

strain was observed in MIP-1α concentration (P=0.034), with post-hoc analyses 

revealing a significantly reduced MIP-1α concentration at 10 weeks old in SHRs 

compared to WKYs, but no differences between groups at 15 weeks old (Figure 

6.14D). 
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Figure 6.13 Interleukin levels in cardiac plasma with age 

Mean ± SD values of (A) IL-1α, (B) IL-1β, (C) IL-2, (D) IL-5, (E) IL-6, (F) IL-10, 

(G) IL12p70, and (H) IL-18 in WKYs (blue) and SHRs (red) at 10 and 15 weeks 

old. Two-way ANOVA. 
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Figure 6.14 Pro-inflammatory cytokines in arterial blood plasma with age 

Mean ± SD values of (A) IFN-γ, (B) TNF-α, (C) MIP-2 and (D) MIP-1α in WKYs 

(blue) and SHRs (red) at 10 and 15 weeks old. Two-way ANOVA. 

6.3.6 Fibrotic marker analysis 

6.3.6.1 Tail blood fibrotic markers 

Tail bloods were collected at 9, 11.5 and 15 weeks old. Due to the difficulty of 

collecting tail bloods, some data is missing. For all fibrotic markers, n=1, n=2 and 

n=3 for WKYs at 9, 11.5 and 15-weeks old. For CITP and PICP, n=2 SHRs at 9 

weeks old, and n=0 for MMP-1 and PIIINP. At 11.5 weeks old, n=4, n=2, n=2 and 

n=3 SHRs for CITP, PICP, MMP-1 and PIIINP respectively. At 15 weeks old, n=2, 

n=1, n=1 and n=2 SHRs for CITP, PICP, MMP-1 and PIIINP respectively. Figure 

6.15 shows the tail blood fibrotic markers. 
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Figure 6.15 Tail blood concentration of fibrotic markers with age 

Mean ± SD values of (A) collagen carboxy-terminal telopeptide (CITP), (B) 

collagen carboxy-terminal propeptide (PICP), (C) PICP:CITP ratio, (D) amino 

terminal peptide of type III procollagen (PIIINP), (E) matrix metalloproteinase 1 

(MMP-1) and (F) CITP:MMP-1 ratio in WKYs (blue) and SHRs (red) at 9 ,11.5 

and 15 weeks old. 
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6.3.6.2 Arterial blood fibrotic markers 

To determine whether concentrations of fibrotic markers in arterial blood serum 

changed with age (from 10- to 15-weeks old), two-way ANOVAs were conducted, 

with Tukey post-hoc tests for multiple comparisons. Ten-week data was taken from 

the animals in chapter 5. Statistical test data is in Table 6.9. For CITP, there was no 

effect of interaction or strain observed. An effect of age was found, with SHRs having 

a 63.9% increase, and WKYs a 43.7% increase in CITP concentrations from 10- to 

15-weeks old (Figure 6.16A). For PICP, there was no interaction effect, or effect of 

age observed. An effect of strain was observed, with WKYs having a higher PICP 

concentration in arterial blood serum compared to SHRs (P=0.040, Figure 6.1B). 

Post-hoc analyses revealed WKY PICP concentration was higher than SHRs at 10 

weeks old but similar at 15 weeks old. For PICP:CITP ratio, studentised residuals 

were not normally distributed, thus data was log transformed and re-analysed. No 

interaction effect, or effect of strain were found. An effect of age was observed, with 

both SHRs and WKYs having lower PICP:CITP ratios in arterial blood serum at 15- 

compared to 10-weeks old (P=0.0003, Figure 6.16C). There was no interaction or 

effect of age observed for PIIINP concentration. An effect of strain did not reach a P 

value below 0.05 (P=0.085, Figure 6.16D). For MMP-1 concentration, no interaction 

effect, or effect of strain were observed (Figure 6.16E). An effect of age was found, 

with MMP-1 increasing from 10- to 15 weeks old in SHRs and WKYs. No interaction 

effect, or effect of strain or age were observed for CITP:MMP-1 ratio (Figure 6.16F). 
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Table 6.9 Statistical test data for fibrotic markers in arterial blood of WKYs and 

SHRs at 10- and 15-weeks old 

Biomarker F value P value Effect size 

Partial η2 

CITP 

Interaction 

Strain 

Age 

 

F(1, 17)=0.14 

F(1, 17)=2.04 

F(1, 17)=20.53 

 

0.709 

0.171 

<0.001 

 

0.008 

0.107 

0.547 

PICP 

Interaction 

Strain 

Age 

 

F(1, 17)=1.14 

F(1, 17)=4.95 

F(1, 17)=3.08 

 

0.301 

0.040 

0.098 

 

0.063 

0.225 

0.153 

PICP:CITP ratio 

Interaction 

Strain 

Age 

 

F(1, 17)=0.00 

F(1, 17)=0.04 

F(1, 17)=20.23 

 

0.993 

0.836 

<0.001 

 

0.000 

0.004 

0.544 

PIIINP 

Interaction 

Strain 

Age 

 

F(1, 17)=1.86 

F(1, 17)=3.35 

F(1, 17)=2.44 

 

0.190 

0.085 

0.137 

 

0.099 

0.165 

0.125 

MMP-1 

Interaction 

Strain 

Age 

 

F(1,17)=0.01 

F(1,17)=0.33 

F(1,17)=42.07 

 

0.934 

0.575 

<0.0001 

 

0.000 

0.019 

0.712 

CITP:MMP-1 ratio 

Interaction 

Strain 

Age 

 

F(1,17)=0.31 

F(1,17)=0.47 

F(1,17)=0.24 

 

0.585 

0.500 

0.627 

 

0.018 

0.027 

0.014 

CITP; carboxy-terminal telopeptide of collagen type I, PICP; carboxy-terminal 

propeptide of procollagen type I, PIIINP; amino-terminal propeptide of collagen type 

III, MMP-1; matrix metalloproteinase-1. Two-way ANOVA with Bonferroni correction 
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Figure 6.16 Arterial blood concentration of fibrotic markers 

Mean ± SD values of (A) collagen carboxy-terminal telopeptide (CITP), (B) 

collagen carboxy-terminal propeptide (PICP), (C) PICP:CITP ratio, (D) amino 

terminal peptide of type III procollagen (PIIINP), (E) matrix metalloproteinase 1 

(MMP-1) and (F) CITP:MMP-1 ratio in WKYs (blue) and SHRs (red) at 10 and 

15 weeks old. Two-way ANOVA with Bonferroni correction. 
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6.3.7 Light microscopy analyses 

As cardioplegia solution was used in the collection of tissue, hearts are assumed to 

be in diastole.  

6.3.7.1 LV dimensions from H&E staining 

At 15 weeks, LVAW was hypertrophied in the SHR hearts, compared to WKY 

(P=0.011, figure 6.17A); however, no differences between SHRs and WKYs were 

observed in the LVPW, LVFW and IVS (Figure 6.17B, C and D respectively).  

Relative wall thickness (RWT) measured as 2 x (LVPW/LV diameter) did not reach a 

P value below 0.05 (P=0.080, η2=2.124) although effect size was large, with SHRs 

having a slightly elevated RWT (Figure 6.17E). RWT measured as (IVS+LVPW)/LV 

diameter was higher in SHRs compared to WKYs (Figure 6.17F).  

Furthermore, there were no differences in LV cavity diameter and CSA, and LV 

diameter and CSA (Figure 6.18A, B, C, and D respectively). Total LV wall CSA was 

significantly greater in SHR hearts compared to WKYs (Figure 6.18E). Whole heart 

CSA was larger in SHRs, but this did not reach a P value below 0.05, despite the 

large effect size (P=0.066, η2=2.311, Figure 6.18F). 
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Figure 6.17 LV wall thicknesses of WKY and SHR hearts at 15 weeks old 

Mean ± SD values of (A) LV anterior wall (LVAW), (B) LV posterior wall 

(LVPW), (C) LV free wall (LVFW), (D) inter-ventricular septum (IVS), (E) 

relative wall thickness calculated as 2x(LVPW/LV diameter) and (F) relative 

wall thickness calculated as (IVS+LVPW)/LV diameter in WKY (n=4) and SHR 

(n=4). One-way ANOVA with block as blocking factor. 
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Figure 6.18 LV dimensions of WKY and SHR hearts at 15 weeks old 

Mean ± SD values of (A) LV cavity diameter, (B) LV cavity cross-sectional area 

(CSA), (C) LV diameter, (D) LV CSA, (E) total LV wall CSA and (F) whole heart 

CSA in WKY (n=4) and SHR (n=4). One-way ANOVA with block as blocking 

factor.  
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6.3.7.2 Elastin quantification with EVG staining 

SHRs had a higher percentage of elastin in the large coronary arteries of the LV 

(Figure 6.19A) and IVS (Figure 6.19B) compared to WKYs. Elastin percentage was 

similar between groups in the coronary arteries in the RV (Figure 6.19C). 
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Figure 6.19 Elastin percentage in coronary arteries in WKY and SHR hearts at 

15 weeks old 

Mean ± SD values (A and C) or median ± interquartile range (B) of elastin 

percentage in the (A) LV, (B) IVS and (C) RV in WKY (n=4) and SHR (n=4) 

hearts. One-way ANOVA with block as blocking factor. 

 

6.3.7.3 Masson’s Trichrome interstitial and perivascular fibrosis analyses 

Masson’s Trichrome staining revealed differences in interstitial fibrosis at 15 weeks 

old. Representative images for interstitial fibrosis are shown in figure 6.20. SHR 

hearts had a higher percentage of fibrosis (collagen volume fraction: CVF) in the 

IVS, LVFW and LVPW (Figure 6.21A, D and E respectively) compared to WKY 

hearts. CVF in the RV was similar between WKY and SHRs (Figure 6.21B). Although 
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the differences in CVF in the LVAW were not significant, the effect size was large 

(Figure 6.21C), suggesting SHRs had more interstitial fibrosis than WKYs.  

Perivascular fibrosis, measured as a percentage of vessel area was similar between 

WKYs and SHRs in the IVS (36.6 ± 9.4% vs 37.0 ± 7.7% respectively, P=0.954, 

η2=0.000), LV (41.3 ± 59.9 vs 25.2 ± 11.6% respectively, P=0.192, η2=1.371), RV 

(33.4 ± 9.0% vs 28.5 ± 9.7% respectively, P=0.373, η2=0.852). 

 

Figure 6.20 Representative images of interstitial fibrosis in WKY and SHR 

hearts 

Interstitial fibrosis in the LV free wall in WKY (top panel) and SHR (bottom 

panel) hearts at 15 weeks old. Blue staining shows fibrosis, red staining shows 

cardiomyocytes. Scale bar is 200 µm. 
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Figure 6.21 Interstitial fibrosis in WKY and SHR hearts at 15 weeks old 

Mean ± SD (A, B, D, and F) or median ± interquartile range (C and E) values of 

percentage fibrosis in (A) IVS, (B) RV, (C) LVAW, (D) LVFW, (E) LVPW and 

(F) whole heart in WKY (blue, n=4) and SHR (red, n=4). One-way ANOVA with 

block as blocking factor.  
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6.3.7.4 Masson’s Trichrome coronary artery dimensions analysis 

All vessel parameters measured in the IVS were similar between WKY and SHR 

hearts (Table 6.10). In the LV, all vessel parameters were similar between WKY and 

SHR hearts, except for the media CSA, which was larger in SHRs. Furthermore, 

lumen length, circumference and CSA were larger in SHRs, but did not reach a P 

value below 0.05 (Table 6.11). There were no differences in all vessel parameters 

measured in the RV between groups (Table 6.12). Vessel count was similar between 

WKY and SHRs in the IVS (4 ± 3 vs 6 ± 2 respectively, P=0.473, partial η2=0.668) 

and RV (4 ± 1 vs 5 ± 4 respectively, P=0.804, partial η2=0.216). WKY vessel count 

was higher in the LV compared to SHRs, however this did not reach a P value below 

0.05 (8 ± 2 vs 4 ± 3 respectively, P=0.051, partial η2=2.574). 
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Table 6.10 Mean ± SD coronary artery parameters in the IVS of WKY and SHR 

hearts at 15 weeks old 

Parameter WKY (n=4) SHR (n=4) P value Effect size 

Partial η2 

Vessel length (µm) 200.3 ± 44.7 295.4 ± 48.3 0.131 1.687 

Vessel width (µm) 84.7 ± 31.1 137.3 ± 43.4 0.247 1.172 

Vessel 

circumference (µm) 

13809.2 ± 4960.9 32805.5 ± 11796.2 0.102 1.908 

Vessel CSA (µm2) 514.9 ± 93.4 744.5 ± 111.1 0.108 1.849 

Lumen length (µm) 140.3 ± 32.7 210.7 ± 35.6 0.131 1.687 

Lumen width (µm) 52.2 ± 20.9 83.4 ± 32.0 0.314 0.987 

Lumen 

circumference (µm) 

5885.0 ± 2147.8 14852.9 ± 6605.7 0.132 1.679 

Lumen CSA (µm2) 347.7 ± 76.2 517.9 ± 85.7 0.126 1.720 

Wall thickness (µm) 21.8 ± 6.4 31.2 ± 4.7 0.177 1.433 

Wall CSA 

(µm2) 

13461.5 ± 4927.5 32287.6 ± 11750.8 0.102 1.901 

Wall/lumen ratio 

[CSAs] 

2.7 ± 0.5 2.6 ± 0.7 0.942 0.082 

Wall/lumen ratio 

[Lengths] 

0.5 ± 0.1 0.5 ± 0.2 0.798 0.231 

Media CSA (µm2) 2835.5 ± 767.0 6688.8 ± 2801.9 0.093 0.000 

Media/lumen ratio 0.7 ± 0.3 0.6 ± 0.1 0.636 0.271 

Media thickness 

(µm) 

7.6 ± 2.1 14.3 ± 4.0 0.108 

 

0.462 

SD; standard deviation, IVS; interventricular septum, WKY; Wistar Kyoto, SHR; 

Spontaneously Hypertensive Rat, CSA; cross-sectional area. One-way ANOVA with 

block as blocking factor. 
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Table 6.11 Mean ± SD coronary artery parameters in the LV of WKY and SHR 

hearts at 15 weeks old 

Parameter WKY (n=4) SHR (n=4) P value Effect size 

Partial η2 

Vessel length (µm) 254.7 ± 41.7 348.6 ± 105.3 0.123 1.740 

Vessel width (µm) 114.7 ± 17.5 139.3 ± 21.0 0.127 1.715 

Vessel 

circumference (µm) 

24673.9 ± 4979.9 41358.0 ± 16714.6 0.128 1.707 

Vessel CSA (µm2) 643.7 ± 101.7 916.2 ± 290.2 0.114 1.804 

Lumen length (µm) 183.4 ± 53.0 288.5 ± 95.5 0.088 2.036 

Lumen width (µm) 70.8 ± 16.2 94.5 ± 22.1 0.190 1.376 

Lumen 

circumference (µm) 

11198.0 ± 3198.3 21578.9 ± 6379.6 0.061 2.392 

Lumen CSA (µm2) 458.6 ± 134.8 747.5 ± 245.1 0.074 2.198 

Wall thickness (µm) 28.2 ± 3.9 25.7 ± 5.8 0.497 0.627 

Wall CSA 

(µm2) 

24215.3 ± 4853.0 40610.5 ± 16470.6 0.129 1.699 

Wall/lumen ratio 

[CSAs] 

3.3 ± 1.1 2.2 ± 1.0 0.356 0.935 

Wall/lumen ratio 

[Lengths] 

0.5 ± 0.3 0.3 ± 0.1 0.231 1.225 

Media CSA (µm2) 4437.2 ± 998.9 8277.3 ± 3088.6 0.042 2.777 

Media/lumen ratio 0.7 ± 0.3 0.6 ± 0.3 0.509 0.611 

Media thickness 

(µm) 

10.7 ± 1.5 11.3 ± 0.7 0.531 0.577 

SD; standard deviation, LV; left ventricle, WKY; Wistar Kyoto, SHR; Spontaneously 

Hypertensive Rat, CSA; cross-sectional area. One-way ANOVA with block as 

blocking factor. 
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Table 6.12 Mean ± SD coronary artery parameters in the RV of WKY and SHR 

hearts at 15 weeks old 

Parameter WKY (n=4) SHR (n=4) P value Effect size 

Partial η2 

Vessel length (µm) 299.6 ± 69.8 345.9 ± 123.7 0.638 0.424 

Vessel width (µm) 127.6 ± 22.0 108.8 ± 25.6 0.249 1.166 

Vessel 

circumference (µm) 

31993.1 ± 8091.3 29334.3 ± 16074.2 0.794 0.231 

Vessel CSA (µm2) 790.2 ± 136.0 793.6 ± 252.5 0.985 0.000 

Lumen length (µm) 238.1 ± 69.7 262.3 ± 116.7 0.798 0.231 

Lumen width (µm) 78.8 ± 13.4 70.2 ± 30.9 0.546 0.554 

Lumen 

circumference (µm) 

12808.3 [2142.6] 10429.7 [7063.9] 0.822 0.200 

Lumen CSA (µm2) 566.3 ± 144.0 598.3 ± 250.1 0.870 0.141 

Wall thickness (µm) 28.7 ± 4.6 28.3 ± 8.9 0.941 0.082 

Wall CSA 

(µm2) 

31426.8 ± 7969.2 28735.9 ± 15847.6 0.788 0.245 

Wall/lumen ratio 

(CSAs) 

2.3 ± 0.4 2.2 ± 0.7 0.965 0.000 

Wall/lumen ratio 

(lengths) 

0.3 ± 0.1 0.4 ± 0.2 0.552 0.548 

Media CSA (µm2) 6333.4 ± 1985.0 6253.1 ± 2917.3 0.963 0.000 

Media/lumen ratio 0.5 [0.1] 0.5 [0.2] 0.764 0.271 

Media thickness 

(µm) 

11.8 [1.7] 12.1 [3.7] 0.612 0.462 

SD; standard deviation, IQR; interquartile range, RV; right ventricle, WKY; Wistar 

Kyoto, SHR; Spontaneously Hypertensive Rat, CSA; cross-sectional area. One-way 

ANOVA with block as blocking factor. 
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6.3.8 Inflammatory markers as a predictor of cardiac remodelling 

Linear regressions were used to identify potential significant inflammatory marker 

predictors of LVH (LV wall CSA) and/or cardiac fibrosis (total and LV CVF), using 

data from 10- and 15-week-old SHRs and WKYs. 

IL-18 was significantly negatively associated with LV wall CSA (Figure 6.22, Table 

6.13). All other markers were not associated with LV wall CSA (Table 5.13). There 

were no significant associations found between inflammatory markers and LV or total 

CVF (Table 6.14 and 6.15). To determine whether LV wall CSA was predicted by IL-

18 when hypertension was added as a covariate, a multiple linear regression was 

conducted. LV wall CSA was predicted by the model (R=0.663, R2=0.439, 

F(2,20)=7.837, P=0.003). IL-18 significantly contributed to the model (B=0.068, 95% 

CI 0.018 to 0.118, P=0.010) indicating that for every 1 ng/ml increase in IL-18, LV 

wall CSA increased by 0.068 mm2, changing the direction of the relationship. 

Hypertension was also found to significantly contribute to the model (B=7.501, 95% 

CI 3.275 to 11.727, P=0.001) indicating that the presence of hypertension increases 

LV wall CSA increased by 7.501 mm2. 
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Figure 6.22 Linear regressions between IL-18 and LV wall CSA 

Significant negative association between IL-18 and LV wall CSA in WKYs 

(n=12, blue) and SHRs (n=12, red) and 10 (open circles) and 15 (closed 

circles) weeks old.  
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Table 6.13 Linear regression test data for inflammatory markers and LV wall 

CSA at 10 and 15 weeks 

Variable (pg/ml) R R2 B F value P value  

IL-1α 0.030 0.001 0.005 F(1,20)=0.018 0.896 

IL-1β 0.026 0.001 0.052 F(1,19)=0.013 0.911 

IL-5 0.203 0.041 0.036 F(1,20)=0.863 0.364 

IL-6 0.272 0.074 -0.011 F(1,19)=1.516 0.233 

IL-12p70 0.096 0.009 0.016 F(1,21)=0.197 0.661 

IL-18 0.489 0.239 -0.088 F(1,21)=6.609 0.018 

IL-10 0.068 0.005 0.010 F(1,20)=0.092 0.765 

IFN-γ 0.127 0.016 -0.010 F(1,21)=0.346 0.563 

TNF-α 0.225 0.050 -0.622 F(1,22)=1.168 0.291 

IL; interleukin, IFN; interferon, TNF; tumor necrosis factor  

 

Table 6.14 Linear regression test data for inflammatory markers and total CVF 

at 10 and 15 weeks 

Variable (pg/ml) R R2 B F value P value  

IL-1α 0.129 0.017 -0.014 F(1,20)=0.336 0.569 

IL-1β 0.263 0.069 0.272 F(1,20)=1.491 0.236 

IL-5 0.179 0.032 0.019 F(1,20)=0.659 0.426 

IL-6 0.053 0.003 0.001 F(1,21)=0.059 0.810 

IL-12p70 0.049 0.002 0.005 F(1,21)=0.050 0.826 

IL-18 0.006 0.000 -0.001 F(1,21)=0.001 0.978 

IL-10 0.365 0.133 -0.028 F(1,22)=3.389 0.079 

IFN-γ 0.027 0.001 -0.001 F(1,21)=0.016 0.901 

TNF-α 0.141 0.020 -0.238 F(1,22)=0.447 0.511 

IL; interleukin, IFN; interferon, TNF; tumor necrosis factor   
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Table 6.15 Linear regression test data for inflammatory markers and LV CVF at 

10 and 15 weeks 

Variable (pg/ml) R R2 B F value P value  

IL-1α 0.170 0.029 -0.015 F(1,20)=0.598 0.448 

IL-1β 0.078 0.006 0.082 F(1,19)=0.117 0.736 

IL-5 0.132 0.018 0.015 F(1,19)=0.339 0.567 

IL-6 0.005 0.000 -6.796E-5 F(1,21)=0.000 0.983 

IL-12p70 0.017 0.000 0.001 F(1,21)=0.006 0.938 

IL-18 0.051 0.003 -0.004 F(1,21)=0.056 0.816 

IL-10 0.056 0.003 0.005 F(1,20)=0.063 0.804 

IFN-γ 0.026 0.001 -0.001 F(1,21)=0.014 0.908 

TNF-α 0.135 0.018 -0.176 F(1,22)=0.409 0.529 

IL; interleukin, IFN; interferon, TNF; tumor necrosis factor 

6.3.9 Fibrotic markers as a predictor of cardiac remodelling 

Linear regressions were used to identify potential significant fibrotic marker 

predictors of LVH (LV wall CSA) and/or cardiac fibrosis (total and LV CVF), using 

data from 10- and 15-week-old SHRs and WKYs. 

PICP was significantly negatively associated with LV wall CSA (Figure 6.23A, Table 

6.16). No circulating fibrotic markers were found to be associated with total CVF 

(Table 6.17); however, MMP-1 was significantly negatively associated with LV CVF, 

showing that for every 1 ng/ml increase in MMP-1, LV CVF decreased by 1.703% 

(Figure 6.23B, Table 6.18). 

It was then assessed whether PICP was significantly associated with LV wall CSA 

when hypertension was included as a covariate. Using the 10- and 15-week data, LV 

wall CSA was predicted by the model (R=0.636, R2=0.404, F(2,21)=7.126, P=0.004). 

PICP significantly contributed to the model (B=-0.134, 95% CI -0.248 to -0.021, 

P=0.023), indicating that for every 1 ng/ml increase in PICP, LV wall CSA decreases 

by 0.134 mm2. Similarly, a model was used to test whether MMP-1 was significantly 

associated with LV CVF when hypertension was included as a covariate. LV CVF 
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was not predicted by the model when hypertension was added as a covariate 

(R=0.447, R2=0.199, F(2,20)=2.491, P=0.108), indicating that circulating MMP-1 

levels cannot predict LV CVF with covariates added to the mode, thus potentially the 

power of the multiple linear regression is low.  
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Figure 6.23 Significant linear regressions for fibrotic markers  

Linear regressions between (A) PICP and LV wall CSA, and (B) MMP-1 and LV 

CVF, in WKYs (n=12, blue) and SHRs (n=12, red) at 10 (open circles) and 15 

(closed circles) weeks old. 

Table 6.16 Linear regression test data for LV wall CSA and fibrotic markers at 

10 and 15 weeks old 

Variable R R2 B F value P value  

PICP (ng/ml) 0.596 0.355 -0.169 F(1,22)=12.127 0.002 

PIIINP (ng/ml) 0.104 0.011 -0.602 F(1,22)=0.241 0.628 

CITP (ng/ml) 0.065 0.004 0.007 F(1,22)=0.093 0.764 

MMP-1 (ng/ml) 0.132 0.018 1.119 F(1,22)=0.392 0.538 

PICP:CITP ratio 0.375 0.141 -5.271 F(1,22)=3.599 0.071 

CITP:MMP-1 ratio 0.015 0.000 0.006 F(1,22)=0.005 0.944 

PICP; carboxy-terminal propeptide of procollagen type I, PIIINP; amino-terminal 

propeptide of procollagen type III, CITP; carboxy-terminal telopeptide of collagen 

type I, MMP-1; matrix metalloproteinase.  
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Table 6.17 Linear regression test data for total CVF and fibrotic markers at 10 

and 15 weeks old 

Variable R R2 B F value P value  

PICP (ng/ml) 0.282 0.079 1.629 F(1,22)=1.897 0.182 

PIIINP (ng/ml) 0.188 0.036 -0.053 F(1,22)=0.810 0.378 

CITP (ng/ml) 0.119 0.014 -1.707 F(1,22)=0.316 0.579 

MMP-1 (ng/ml) 0.210 0.044 -1.081 F(1,22)=1.012 0.325 

PICP:CITP ratio 0.102 0.010 1.090 F(1,21)=0.220 0.644 

CITP:MMP-1 ratio 0.046 0.002 0.010 F(1,22)=0.046 0.833 

PICP; carboxy-terminal propeptide of procollagen type I, PIIINP; amino-terminal 

propeptide of procollagen type III, CITP; carboxy-terminal telopeptide of collagen 

type I, MMP-1; matrix metalloproteinase.  

 

Table 6.18 Linear regression test data for LV CVF and fibrotic markers at 10 

and 15 weeks old 

Variable R R2 B F value P value  

PICP (ng/ml) 0.343 0.118 0.046 F(1,22)=2.936 0.101 

PIIINP (ng/ml) 0.126 0.016 -0.342 F(1,22)=0.355 0.557 

CITP (ng/ml) 0.216 0.047 -0.012 F(1,22)=1.077 0.311 

MMP-1 (ng/ml) 0.429 0.184 -1.703 F(1,22)=4.952 0.037 

PICP:CITP ratio 0.202 0.041 1.632 F(1,21)=0.894 0.355 

CITP:MMP-1 ratio 0.096 0.009 0.017 F(1,22)=0.205 0.655 

PICP; carboxy-terminal propeptide of procollagen type I, PIIINP; amino-terminal 

propeptide of procollagen type III, CITP; carboxy-terminal telopeptide of collagen 

type I, MMP-1; matrix metalloproteinase.  
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6.3.10 Electron microscopy analysis 

There were no differences observed in sarcomere length between WKYs and SHRs 

(1.8 ± 0.1 µm vs 1.8 ± 0.2 µm respectively, P=0.320, η2=0.333). The percentage of 

fibroblasts was similar between WKYs and SHRs (9.1 ± 2.1% vs. 10.7 ± 1.1% 

respectively, P=0.214); however, the collagen surrounding the fibroblasts and within 

the extracellular space was significantly higher in SHRs compared to WKYs (5.7 ± 

2.8% vs. 1.7 ± 1.3% respectively, P=0.040, Figure 6.24A and B), in agreement with 

Masson’s staining revealing significantly worse interstitial fibrosis in SHRs.  
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Figure 6.24 Representative EM images of collagen in extracellular space 

Electron micrographs of (A) WKY and (B) SHR hearts. Collagen fibrils can be 

seen in extracellular space in SHR hearts but not in WKY hearts.  
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6.3.11 Proteomics analysis 

6.3.11.1 Total protein analysis 

A total of 5570 protein accession numbers were detected, 186 of which were 

significantly differentially expressed between SHR and WKY rats at 15 weeks old 

(Figure 6.25). There were 104 significantly differentially expressed proteins (DEPs) 

that had an increased expression in SHRs compared to WKYs, with fold change 

being greater than 1.3, and 82 proteins with a reduced expression in SHRs, with fold 

change being less than 0.769. Of these DEPs, proteins of interest were identified in 

association with different molecular functions and biological processes. 
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Figure 6.25 Differential protein expression in WKYs and SHRs at 15 weeks old 

(A) Volcano plot of log2 fold change for all total proteins identified in SHRs 

compared to WKYs. Horizontal dotted lines show P=0.05. Vertical dotted 

lines show fold change <0.769 and >1.3. Dots in the shaded area are 

considered significantly differentially expressed proteins (DEPs). (B) Heat 

map showing the top 20 most significant DEPs in WKY (W) and SHR (S). 

Independent samples t-test. 
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6.3.11.1.1 Protein markers involved in cardiac hypertrophy 

DEPs phospholipase C-δ-1 and mitogen-activated protein kinase kinase 6 were 

significantly reduced in expression, and solute carrier family 12 member 4, and 

protein kinase C-δ had a significantly higher expression in SHRs compared to WKYs 

(Table 6.19). 

6.3.11.1.2 Protein markers involved in cardiac fibrosis 

Several DEPs involved in cardiac fibrosis were significantly upregulated in the SHR 

apex compared to WKY. These included periostin, endoglin, signal-regulatory 

protein-α-1, homeodomain-only protein, cysteine and glycine-rich protein 3, matrix-

remodelling-associated 7 and calcium and integrin-binding protein-1 (Table 6.20). 

DEPs associated with cardiac fibrosis that were downregulated in SHRs compared 

to WKYs were nucleolar protein 3, galectin-3-binding protein and triadin (Table 6.20). 

6.3.11.1.3 Proteins involved in inflammation 

Mature MHC class Iα heavy chain, mature α chain of MHC complex I antigen, Ig-κ 

chain C region, platelet endothelial cell adhesion molecule 1 (PECAM-1) and ly6-C 

antigen were significantly upregulated in the apex of SHRs compared to WKYs 

(Table 6.21). TAP-binding protein, α-1-inhibitor 3, complement component 1 Q 

subcomponent-binding protein, and nicotinate phosphoribosyl-transferase were 

significantly reduced in SHRs compared to WKYs (Table 6.21). 

6.3.11.1.4 Proteins involved in oxidative stress 

Most DEPs involved in oxidative stress were significantly elevated in SHR apexes 

compared to WKY (Table 6.22), including heat shock proteins (HSPs) and 

glutathione S-transferase-µ-1. Glutathione S-transferase-Ω-1 was however 

significantly decreased in SHRs compared to WKYs. 

6.3.11.1.5 Proteins involved in metabolism 

Several enzymes involved in metabolic processes were significantly altered in SHRs 

compared to WKYs. Both enolase and phosphofructokinase were significantly 

upregulated DEPs in SHRs (Table 6.23). Acetyl coenzyme A acyltransferase was a 

significantly reduced DEP in SHRs, in comparison to WKYs. Trimethyllsine 

dioxygenase, lysosomal acid lipase, apolipoprotein C-II and fatty acid translocase 

were significantly upregulated DEPs in SHRs compared to WKYs (Table 6.23). 
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Table 6.19 Total proteins differentially expressed involved in cardiac hypertrophy in WKY and SHR apex at 15 weeks old 

Gene ID Description WKY 

Mean 

WKY  

SD 

SHR  

Mean 

SHR  

SD 

P-value Fold change 

Plcd1 Phospholipase C-δ-1 177.7 12.4 17.2 2.3 <0.001 0.096 

MAP2K6 Mitogen-activated protein 

kinase kinase 6 

119.4 14.1 72.9 10.0 0.002 0.610 

Slc23a4 Solute carrier family 12 

member 4 

89.3 5.0 119.1 13.9 0.011 1.327 

Prkcd Protein kinase C-δ 82.0 8.0 113.6 20.2 0.024 1.375 

DEPs; differentially expressed proteins, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat. Independent samples t-test. 
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Table 6.20 Total proteins differentially expressed involved in cardiac fibrosis in WKY and SHR apex at 15 weeks old 

Gene ID Description WKY 

Mean 

WKY  

SD 

SHR  

Mean 

SHR  

SD 

P-value Fold change 

Postn Periostin 68.2 9.1 151.4 56.2 0.035 2.100 

Eng Endoglin 83.5 8.0 113.3 19.5 0.027 1.347 

Sirpa Signal-regulatory protein-α-1 85.4 14.4 118.2 4.6 0.026 1.398 

Hopx Homeodomain-only protein 94.2 11.5 123.9 12.6 0.014 1.318 

Csrp3 Cysteine and glycine-rich 

protein 3 

90.5 8.2 127.5 17.5 0.008 1.403 

Mxra7 Matrix-remodelling-associated 

7 

78.2 5.3 122.5 15.4 0.003 1.558 

Cib1 Calcium and integrin-binding 

protein 1 

74.7 5.9 106.9 4.6 <0.001 1.434 

Nol3 Nucleolar protein 3 141.3 23.4 53.2 6.3 <0.001 0.378 

Lgals3bp Galectin-3-binding protein 125.1 17.0 64.8 3.3 0.001 0.522 

Trdn Triadin  107.9 17.6 72.0 13.9 0.018 0.665 

DEPs; differentially expressed proteins, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat. Independent samples t-test. 
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Table 6.21 Total proteins differentially expressed involved in inflammation in WKY and SHR apex at 15 weeks old 

Gene ID Description WKY 

Mean 

WKY  

SD 

SHR  

Mean 

SHR  

SD 

P-value Fold change 

RT1.Cg Mature MHC class Iα heavy 

chain 

52.4 5.0 124.0 7.7 <0.0001 2.370 

RT1.A1(0) Mature α chain of MHC 

complex I antigen 

72.5 7.5 117.1 6.4 <0.001 1.618 

- Ig κ chain C region 58.8 16.0 289.0 107.1 <0.001 4.786 

Pecam1 Platelet endothelial cell 

adhesion molecule 

97.3 5.9 128.8 20.9 0.030 1.314 

LOC100911104 Ly6-C antigen 95.8 8.2 132.4 26.6 0.037 1.366 

Naprt Nicotinate phosphoribosyl-

transferase 

117.4 5.7 66.8 4.6 <0.0001 0.568 

C1qbp Complement component 1 Q 

subcomponent binding protein 

112.1 5.8 78.4 3.8 <0.0001 0.699 

Tapbp TAP binding protein 115.1 11.1 72.1 5.4 <0.001 0.627 

α-1 inhibitor 3 α-1 inhibitor 3 129.2 46.4 67.2 12.7 0.023 0.537 

DEPs; differentially expressed proteins, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat, MHC; major histocompatibility 

complex. Independent samples t-test. 
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Table 6.22 Total proteins differentially expressed involved in oxidative stress in WKY and SHR apex at 15 weeks old 

Gene ID Description WKY 

Mean 

WKY  

SD 

SHR  

Mean 

SHR  

SD 

P-value Fold change 

Gstm1 Glutathione S-transferase µ-1 84.0 5.7 129.0 14.1 0.001 1.531 

Gsto1 Glutathione S-transferase Ω-1 84.0 5.7 129.0 14.1 0.001 1.531 

Mgst1 Microsomal glutathione S-

transferase 1 

90.6 7.6 119.1 13.1 0.008 1.313 

Hsp90aa1 Heat shock protein 90-α 91.4 3.8 119.4 12.6 0.009 1.302 

Hspb7 Heat shock protein 27kD family 85.0 4.9 114.5 18.0 0.025 1.338 

Dnajb5 Heat shock protein 40 83.0 11.9 109.0 14.2 0.031 1.315 

DEPs; differentially expressed proteins, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat. Independent samples t-test. 
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Table 6.23 Total DEPs involved in metabolism in WKY and SHR apex at 15 weeks old 

Gene ID Description WKY 

Mean 

WKY  

SD 

SHR  

Mean 

SHR  

SD 

P-value Fold change 

Pfkp Phosphofructokinase 71.5 4.6 110.6 25.9 0.025 1.516 

Eno1-ps1 Phosphopyruvate hydratase 59.6 3.3 148.5 3.0 <0.0001 2.497 

Acaa1a Acetyl-coenzyme A 

acyltransferase 

117.2 2.1 89.3 7.2 0.005 0.758 

Lipa Lysosomal acid lipase 77.5 5.1 118.8 9.7 <0.001 1.537 

Tmlhe Trimethyllsine dioxygenase 80.9 4.7 115.0 4.8 <0.001 1.424 

Apoc2 Apolipoprotein C-II 73.0 17.7 119.1 22.6 0.019 1.647 

CD36/FAT Fatty acid translocase 88.6 4.3 159.4 53.3 0.039 1.729 

DEPs; differentially expressed proteins, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat. Independent samples t-test. 
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6.3.11.1.6 Ingenuity pathway analysis for total protein 

The most significantly enriched canonical pathway between SHRs and WKYs at 15 

weeks old was noradrenaline and adrenaline degradation (z-score=0.33, P<0.001), 

indicating an elevation in SNA in SHRs. DEPs driving upregulation of this pathway 

included aldehyde dehydrogenases, alcohol dehydrogenase and 

dehydrogenase/reductase SDR family (Figure 6.26). 

W1 W2 W3 W4 S1 S2 S3 S4

Aldehyde dehydrogenase 3a1

Aldehyde dehydrogenase 3a2

Dehydrogenase/reductase SDR 4

Alcohol dehydrogenase iron-containing protein 1

Relative abundance

5.75 6.00 6.25 6.50 6.75

 

Figure 6.26 Heatmap of DEPs involved in the NA and A degradation pathway 

Heat map showing DEPs involved in the noradrenaline (NA) and adrenaline (A) 

pathway in WKY (W) and SHR (S) apexes at 15 weeks old.  

 

The tryptophan degradation pathway was another significantly enhanced canonical 

pathway (z-score=0.38, P=0.004), indicating increased tryptophan breakdown in 

SHRs compared to WKYs. DEPs involved in this pathway included a significant 

downregulation of kynurenine aminotransferase (KYAT, FC=0.335, P<0.0001), and a 

significant increase in Parkinson disease protein 7 (FC=1.360, P=0.002) and very-

long-chain 3-hydroxyacyl-coA dehydratase (FC=1.326, P=0.003).  

IPA also revealed NRF2-mediated oxidative stress response was significantly 

activated in SHRs compared to WKYs (z-score=3.05, P<0.01). Many of the DEPs 

identified as driving this pathways activation were similar to those mentioned above 

in section 6.3.11.1.4 (Figure 6.27). 
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Furthermore, fatty acid α-oxidation and fatty acid metabolism were significantly 

altered in SHRs compared to WKYs (P<0.0001). Two differentially expressed 

proteins driving this were acetyl CoA-acyltransferase A and succinate-semialdehyde 

dehydrogenase, which were reduced in SHRs.  

W1 W2 W3 W4 S1 S2 S3 S4

Heat shock protein 40

Heat shock protein 90α

Epoxide hydrolase 2

Glutathione S-transferase μ-1

Microsomal glutathione S-transferase

Glutathione S-transferase Ω-1

Mitogen-activated kinase kinase 6

Relative abundance

5.5 6.0 6.5 7.0 7.5

 

Figure 6.27 Heatmap of DEPs involved in the NRF-2-mediated oxidative stress 

pathway 

Heat map showing DEPs involved in the NRF-2-mediated oxidative stress 

pathway in WKY (W) and SHR (S) apexes at 15 weeks old. 

 

6.3.11.2 Phosphoprotein analysis 

A total of 1779 phosphorylated proteins were identified, of which the expression of 

78 phosphoproteins (97 phosphosites) were significantly different between SHRs 

and WKY rats (Figure 6.28), with 48 showing significant upregulation in 

phosphorylation, and 49 showing significant downregulation in phosphorylation in 

SHRs compared to WKYs.  
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Figure 6.28 Differential protein expression of phosphoproteins in WKYs and 

SHRs at 15 weeks old 

(A) Volcano plot of log2 fold change for all phosphoproteins identified in SHRs 

compared to WKYs. Horizontal dotted lines show P=0.05. Vertical dotted lines 

show fold change <0.769 and >1.3. Dots in the shaded area are considered 

significantly differentially expressed proteins (DEPs). (B) Heat map showing 

the top 20 most significant differentially expressed phosphoproteins in WKY 

(W) and SHR (S). Independent samples t-test. 
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6.3.11.2.1 Phosphoproteins involved in cardiac hypertrophy 

SHRs had significantly increased phosphorylation of syntrophin-α, serine/threonine-

protein kinase 3, induced myeloid leukemia cell differentiation protein (MCL-1), c-

AMP-dependent protein kinase type-I-α regulatory subunit (PRKAR1A), cyclin-

dependent kinase inhibitor-1B (CDK1B) and nexilin, in comparison to WKYs (Table 

6.24 and 6.26). Phosphorylation of plakophilin-2, reticulon-4, myosin regulatory light 

chain-2 (MYL2), junctophilin-2, torsin-1A-interacting protein-1 and cadherin-2 was 

significantly reduced in SHRs compared to WKYs (Table 6.24 and 6.26). 

6.3.11.2.2 Phosphoproteins involved in cardiac fibrosis 

Phosphorylation of DEPs CDK1B, sorbin and SH3 domain-containing protein-1, 

dysferlin, PRKAR1A, myomesin 2, and exopolyphosphatase PRUNE-1 was 

significantly increased in SHRs compared to WKYs (Table 6.25 and 6.26). In 

contrast, phosphorylation of DEPs vimentin, plakophilin-2, MYL2, reticulon-4 and 

myosin light chain kinase was significantly reduced in SHRs compared to WKYs 

(Table 6.25 and 6.26). 

6.3.11.2.3 Ingenuity pathway analysis for phosphoproteins 

Numerous canonical pathways were significantly enriched from the phosphoprotein 

data, including RhoA signalling (z-score=0.82, P<0.01), which controls multiple 

cellular processes. Both MYL2 and MYLK were DEPs implicated in driving the 

increase in RhoA signalling found in SHRs, compared to WKYs. Several other 

enriched pathways from the phosphoprotein data related to inflammation, including 

TNFR-1 signalling (P=0.023) and the role of nuclear factor of activated T cells 

(NFAT) in cardiac hypertrophy (z-score=1.34, P=0.030). Most of the DEPs grouped 

based on diseases and biological functions in IPA, were associated with 

cardiovascular specific diseases, including fibrogenesis (P<0.0001) and cardiac 

hypertrophy (P<0.0001). Apoptosis of fibroblasts and apoptosis of connective tissue 

cells were also identified as significantly inhibited in SHRs (z-score=-2.24, P<0.01) in 

diseases and biological functions in IPA. 
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Table 6.24 Phosphoproteins differentially expressed involved in cardiac hypertrophy in WKY and SHR apex at 15 weeks 

old 

Gene ID Description Phosphosite WKY 

Mean 

WKY  

SD 

SHR  

Mean 

SHR  

SD 

P-value Fold 

change 

Snta1 Syntrophin-α S95 0.32 0.19 0.95 0.19 0.003 1.543 

Stk3 Serine/threonine-protein 

kinase 3 

S316 -0.36 0.23 0.06 0.15 0.026 1.337 

Mcl1 Induced myeloid 

leukemia cell 

differentiation protein 

T143 -0.40 0.41 0.57 0.30 0.010 1.963 

Nexn Nexilin S345 -3.49 0.17 0.49 0.22 <0.0001 15.737 

Jph2 Junctophilin-2 S440 0.63 0.40 -0.08 0.22 0.029 0.612 

Tor1aip1 Torsin-1A-interacting 

protein-1 

 0.35 0.20 -0.97 0.10 0.0001 0.400 

Cdh2 Cadherin-2 S788 0.04 0.08 -0.34 0.10 0.001 0.767 

DEPs; differentially expressed proteins, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat, S; serine, T; threonine. Not all 

phosphosites were available. Independent samples t-test. 
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Table 6.25 Phosphoproteins differentially expressed involved in cardiac fibrosis in WKY and SHR apex at 15 weeks old 

Gene ID Description Phosphosite WKY 

Mean 

WKY  

SD 

SHR  

Mean 

SHR  

SD 

P-value Fold 

change 

Sorbs1 Sorbin and SH3 domain-

containing protein-1 

S516 -0.25 0.20 0.29 0.15 0.005 1.456 

Dysf Dysferlin T198 -0.67 0.16 -0.22 0.03 0.010 1.359 

Myom2 Myomesin 2 S1470 -0.30 0.22 0.19 0.23 0.020 1.403 

Prune1 Exopolyphosphatase 

PRUNE1 

S400 -0.07 0.24 0.36 0.22 0.040 1.347 

Vim Vimentin S56 0.25 0.03 -0.25 0.12 0.002 0.704 

Mylk Myosin reglatory light-

chain kinase 

 0.07 0.21 -0.37 0.13 0.018 0.740 

DEPs; differentially expressed proteins, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat, S; serine, T; threonine. Not all 

phosphosites were available. Independent samples t-test. 
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Table 6.26 Phosphoproteins differentially expressed involved in cardiac hypertrophy and fibrosis in WKY and SHR apex at 

15 weeks old 

Gene ID Description Phosphosite WKY 

Mean 

WKY  

SD 

SHR  

Mean 

SHR  

SD 

P-value Fold 

change 

Cdkn1b Cyclin-dependent kinase 

inhibitor-1B 

S106 -1.14 0.29 -0.03 0.19 0.001 2.154 

Prkar1a cAMP-dependent protein 

kinase type-I-α 

regulatory subunit 

S77 0.03 0.37 0.86 0.14 0.016 1.775 

Pkp2 Plakophilin-2 S102 0.39 0.13 -0.35 0.32 0.014 0.599 

Pkp2 Plakophilin-2  0.30 0.23 -0.35 0.31 0.017 0.639 

Myl2 Myosin regulatory light-

chain 2 

 -0.17 0.04 -0.79 0.25 0.015 0.655 

Myl2 Myosin regulatory light-

chain 2 

S14 0.09 0.20 -0.50 0.17 0.004 0.664 

Myl2 Myosin regulatory light-

chain 2 

S14 -0.15 0.25 -0.66 0.32 0.047 0.702 

Rtn4 Reticulon-4  0.05 0.25 -0.51 0.22 0.016 0.681 

Rtn4 Reticulon-4 S171 -2.15 0.29 1.22 0.14 <0.0001 10.336 

DEPs; differentially expressed proteins, WKY; Wistar Kyoto, SHR; spontaneously hypertensive rat, S; serine, T; threonine. Not all 

phosphosites were available. Independent samples t-test 
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6.4 Discussion 

The main findings in this study are: 1) SHRs have significant LVH and myocardial 

fibrosis at 15 weeks old compared to WKYs. 2) Levels of arterial blood IL-18 in, and 

PICP were independent predictors of LVH, and MMP-1 was an independent 

predictor of LV CVF. 3) IL-5 in arterial blood plasma significantly increases with age 

in SHRs but not WKYs and is slightly elevated in SHRs compared to WKYs. 4) Type 

I collagen degradation (CITP and MMP-1) significantly increases with age, and type I 

collagen turnover decreases with age, in both SHRs and WKYs. 5) Arterial blood 

plasma vanillylmandelic acid is significantly elevated, and leucine and lactate 

significantly reduced in SHRs at 15 weeks old compared to WKYs. 6) Several 

proteins and phosphoproteins associated with LVH, cardiac fibrosis, inflammation, 

oxidative stress and metabolism were differentially expressed in the apex tissue, in 

addition to IPA revealing significant upregulation in pathways involved in SNA, LVH, 

inflammation and oxidative stress in SHRs compared to WKYs. 

6.4.1 Sympathetic activation may be increased in older SHRs 

Due to difficulties with surgery in obtaining a consistent LSNA signal, it was not 

possible to determine the temporal changes in LSNA from 10 to 15 weeks old in the 

present study. Furthermore, the primary aim was not achieved, as it was not possible 

to determine whether resting LSNA was associated with LVH and/or cardiac fibrosis, 

in addition to not answering a secondary aim, determining whether resting LSNA 

was associated with basal inflammatory markers.  

However, SNA has been shown to be significantly elevated in 13–15-week-old 

SHRs, compared to age-matched WKYs (Judy and Farrell 1979, Hart, McBryde et al. 

2013), thus it is possible that the SHRs in the present study exhibited a significantly 

higher LSNA compared to WKYs. This is supported by the evidence from 

proteomics, which demonstrated that the most significantly enriched total protein 

canonical pathway, was the noradrenaline and adrenaline degradation pathway, 

which showed a trend towards activation in the SHRs. Upregulated degradation of 

noradrenaline and adrenaline in SHRs indicates an increase in noradrenaline levels, 

which suggests sympathetic overactivation in SHRs. The alterations in noradrenaline 

and adrenaline degradation were driven by significant upregulation in the abundance 

of proteins involved in this pathway, such as alcohol and aldehyde dehydrogenases, 
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which were all overexpressed in SHRs. The initial step of noradrenaline degradation 

involves catechol-O-methyl transferase (COMT), an enzyme that was significantly 

increased in SHRs at 15 weeks old in the present study, although the fold change 

did not reach the cut-off. Alternatively, monoamine oxidase breaks down 

noradrenaline. Subsequent breakdown of noradrenaline intermediates are catalysed 

by aldehyde dehydrogenase or aldehyde reductase, and the end-product 

vanillylmandelic acid is formed. In the present study, metabolomics performed on 

arterial blood showed a significantly elevated vanillylmandelic acid level in SHRs at 

15 weeks old, compared to WKYs, further supporting the proteomics and the 

speculation of increased SNA in the SHRs. Although the noradrenaline and 

adrenaline degradation pathway was upregulated in 10-week-old SHRs, COMT and 

vanillylmandelic acid were similar at that age, suggesting that the pathway has 

become more activated with age in SHRs. This is consistent with previous research 

showing noradrenaline spillover increases with age (Esler, Hastings et al. 2002), in 

addition to research showing that muscle SNA increases with age (Keir, Badrov et al. 

2020).  

Research has shown that noradrenaline levels are significantly elevated in SHRs at 

different ages (Pak 1981), in addition to patients with essential hypertension 

(Goldstein 1983). IL-1β and IL-6 mRNA expression was observed to be significantly 

upregulated within 4 hours of noradrenaline infusion in Sprague-Dawley rats which 

returned to control levels after 72 hours (Barth, Deten et al. 2000), implicating an 

acute pro-inflammatory response to noradrenaline, which was not maintained. 

Furthermore, 4 to 14 days of noradrenaline infusion in Sprague-Dawley rats induced 

significant LVH and increased type I and III collagen, MMP-2, and TIMP-2 mRNA in 

the left ventricle, which subsequently led to interstitial fibrosis, compared to controls 

(Briest, Holzl et al. 2001). Mean aortic pressure was measured under anaesthesia 

and was found to be similar between controls and noradrenaline treatment; however 

temporal changes in blood pressure were not performed in this study to determine 

whether LVH and fibrosis were a consequence of pressure overload. This study 

does however reveal a significant role of noradrenaline in cardiac remodelling.  

Together, these studies demonstrate that SHRs at 15 weeks old likely had increased 

LSNA compared to WKYs; however, it remains unknown whether this elevation 
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occurred prior to, simultaneously with, or after elevations in inflammatory markers. 

Interestingly, sympathectomy in 8-week-old SHRs significantly attenuated cardiac 

hypertrophy, myocardial fibrosis and normalised levels of IFN-γ, IL-6 and IL-10 in the 

myocardium, compared to untreated SHRs (Levick, Murray et al. 2010), showing a 

clear role of the contribution of the SNS in the development of cardiac hypertrophy 

and fibrosis, and inflammation.  

6.4.2 Calcineurin/NFAT pathway in cardiac hypertrophy in older SHRs 

Echocardiography in the present study revealed SHRs had a significantly worse LV 

function (EF and FS), indicating decreased contractility, validated by the increased 

ESV in SHRs at 15 weeks old. In addition, LVH was present, demonstrated by 

increased LVAW thickness at 15 weeks old. In agreement, histological analyses 

showed significantly thicker LVAW and increased relative wall thickness in SHRs. 

These differences were not present at 9 or 11.5 weeks old using echocardiography; 

however, histology at 10 weeks old (chapter 5) showed SHRs had a larger LV wall 

CSA, indicating that cardiac hypertrophy develops in SHRs from 10 weeks old. 

Echocardiography did however show LV mass to be significantly higher at 11.5 

weeks, but not LV mass:BW ratio. In contrast, previous research showed that SHRs 

had significant hypertrophy and reduced EF and FS at 8 weeks old, which was 

maintained up to 24 weeks old, in comparison to WKYs (Kokubo, Uemura et al. 

2005). The reduced EF at 8 weeks in the previous study is possibly due to the use of 

ketamine for anaesthesia, as ketamine has been shown to significantly reduce EF in 

an experimental swine model (Wessler, Madias et al. 2011) and in children (Eken, 

Serinken et al. 2017), whereas isoflurane does not (Wessler, Madias et al. 2011). In 

addition, the body weight was significantly reduced in the SHRs in the previous 

study, which may contribute to an increased LV mass:BW ratio compared to WKYs, 

whereas body weight in SHRs and WKYs was similar in the current study. 

Furthermore, research has shown genetic heterogeneity between SHRs from 

Charles River Laboratories and Shimane Institute of Health Science in Japan 

(Nabika, Nara et al. 1991), highlighting possible genetic differences between the 

present and previous studies, leading to differing results. Data at 16 weeks in the 

previous study confirmed the 15-week data in the current study, with EF in SHRs 

reaching similar levels between studies. LV mass:BW ratio in 3-month-old SHRs 

assessed using cardiac MRI was not significantly different from that of WKYs (Li, 
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Kemp et al. 2019), concurring with the current study; however, no measure of LV 

wall thicknesses for LVH were determined. Although 10-week-old SHRs had 

hypertrophy in the present study, EF and FS were found to be similar to that of 

WKYs at 9 and 11.5 weeks old, demonstrating that the LV function remains normal, 

but hypertrophy is developing as a compensatory response to pressure overload. 

Long-term elevations in blood pressure lead to increased LV wall thickness to 

maintain cardiac output, explained by the law of Laplace, where stress on the LV 

wall is inversely related to LV wall thickness, and directly related to LV pressure and 

radius (Nadruz 2015, Gonzalez, Ravassa et al. 2018). Although LV mass:BW ratio in 

SHRs was not significantly different from that of WKYs, echocardiography and 

histology showed significantly thicker LV walls and total LV wall CSA in SHRs. 

Cardiac output was also similar between strains at all ages, showing that the 

compensatory response to pressure overload was maintaining cardiac output in the 

SHRs. The primary response to pressure overload on the LV wall is cardiomyocyte 

hypertrophy. However, this was not measured in the present study due to the lack of 

longitudinal sections present in the electron micrographs and light microscopy 

images were not at a high enough magnification. Cardiomyocyte hypertrophy is 

accompanied by alterations in metabolism, protein expression and calcium handling 

(Tham, Bernardo et al. 2015), all of which were observed in the SHRs in the present 

study.  

One of the significantly enriched pathways from the phosphoproteomic data was the 

role of NFAT in cardiac hypertrophy, showing a trend towards activation in SHRs (z-

score=1.34, P=0.030), in accordance with the echocardiography and histology data. 

Elevated calcium in the cardiomyocytes activates calcineurin, which in turn 

dephosphorylates NFAT, resulting in nuclear translocation of NFAT (Crabtree and 

Olson 2002) and the subsequent expression of genes involved in hypertrophy 

(Shimizu and Minamino 2016). This pathway was similarly activated in SHRs at 10 

weeks old; however, different DEPs were found to be driving hypertrophy at this age. 

The only DEP identified by IPA as a contributor to this pathway was cAMP-

dependent protein kinase A type 1-α regulatory subunit (PRKAR1A). 

Phosphorylation of this protein had a fold change of 1.78 (P=0.016), indicating a 

significant upregulation in phosphorylation of PRKAR1A in SHRs. Catecholamines 
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trigger the cAMP-dependent PKA pathway, and subsequent binding of cAMP to the 

PKA regulatory subunit leads to release of the catalytic subunits of PKA, ultimately 

activating PKA signalling (Liu, Chen et al. 2022). PKA plays a key role in regulating 

cardiac contraction, structure and function (Saad, Elnakish et al. 2018, Liu, Chen et 

al. 2022). Alamandine pre-treatment in Ang II-treated cardiomyocytes resulted in 

significant inhibition of PKA signalling in vitro (Liu, Yang et al. 2018). Furthermore, 

SHRs treated with alamandine for 6 weeks displayed significantly less hypertrophy 

(reduced heart weight to tibia length ratio and histological parameters), with 

concomitant inhibition of PKA signalling, compared to SHRs treated with saline (Liu, 

Yang et al. 2018). These results demonstrate a key role of the renin-angiotensin 

system in PKA signalling. Another recent study showed that fibroblast-specific 

activation of PKA induced cardiac hypertrophy in mice (Imaeda, Tanaka et al. 2019). 

Together these studies highlight a key role of overactivation of PKA signalling in 

inducing cardiac hypertrophy, implicating a potential role of PKA overactivation in the 

older SHRs in the present study. The differing DEPs driving the NFAT pathway at 10 

weeks versus 15 weeks in SHRs suggests that activation of this pathway at 15 

weeks is no longer cardioprotective and appears more detrimental.  

6.4.2.1 Cardiac hypertrophy and oxidative stress 

Oxidative stress has also been implicated in the development of pressure overload-

induced cardiac hypertrophy (Alvarez, Caldiz et al. 2008, Purushothaman, Nair et al. 

2011). Similar to the present study, 4-month-old SHRs were found to have significant 

cardiac hypertrophy, measured as heart weight to tibia length (Alvarez, Caldiz et al. 

2008). Lipid peroxidation was not different at this age in SHRs compared to WKYs; 

however, catalase activity was significantly upregulated in SHRs compared to age-

matched WKYs, suggesting that oxidative stress is higher in SHRs (Alvarez, Caldiz 

et al. 2008). A subsequent study observed significant hypertrophy at an earlier age 

(2 months old) in SHRs, assessed as total ventricular weight to body weight ratio 

(Purushothaman, Nair et al. 2011). Possibly the different hypertrophic indexes used 

across these studies and the present ones may explain the different ages in which 

LVH was identified. Expression of markers of oxidative stress, NF-κB and 

malondialdehyde, were found to be significantly upregulated in myocardial tissue of 

SHRs at 1-month-old, compared to age-matched WKYs, prior to the development of 

hypertrophy (Purushothaman, Nair et al. 2011), implicating a role of oxidative stress 
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in the development of hypertrophy, particularly as metabolic changes were not 

evident at this age. NF-κB expression remained elevated at 2, 3, 4, 6 and 8 months 

old in SHRs, indicating a possible maintenance role of oxidative stress in cardiac 

hypertrophy. 

Consistent with previous research, the present study observed significant activation 

of oxidative stress pathways including NRF2-mediated oxidative stress response. 

Furthermore, the second most significant upstream regulator for total protein was 

Nrf2, which was predicted by IPA to be significantly activated (z-score=3.91, 

P<0.001). Activation of the Nrf2-mediated oxidative stress response was driven by 

significant upregulation in the abundance of Dnaj (also referred to as heat shock 

protein (HSP) 40), HSP90 and glutathione S-transferases, all of which were 

significantly increased in SHRs compared to WKYs. As glutathione S-transferases 

play an essential role in protecting against oxidative damage by scavenging reactive 

oxygen species (ROS) (Kim, Cha et al. 2017), their upregulation in SHRs at 15 

weeks old indicates a significant increase in ROS compared to WKYs. Angiotensin 

II-induced hypertrophy in rat cardiomyocytes was found to be suppressed by 

inhibition of HSP90, accompanied by a significant downregulation in NF-κB nuclear 

translocation (Lee, Jang et al. 2010), implicating a role of HSP90 in regulating 

cardiac hypertrophy in hypertension. Furthermore, HSP90 inhibition following 

coronary artery ligation prevented cardiac hypertrophy in rats via downregulation of 

MAPK signalling (Tamura, Marunouchi et al. 2019); however this model of cardiac 

remodelling is not necessarily comparable to that seen in HHD. Protein kinase C-β 

(PKC-β) was also identified as a protein involved in the upregulation of this pathway 

in SHRs, however the log fold change was just below the 1.3 cut-off (Log FC=1.28), 

despite being significantly higher in SHRs compared to WKYs. Activation of PKC-β 

via oxidative stress triggers downstream mechanisms leading to mitochondrial 

proapoptotic activity and culminating in cell death (Pinton and Rizzuto 2008).  

A possible mechanism of elevated oxidative stress in the SHRs in the present study 

is increased tryptophan degradation, which was one of the top 10 significantly 

enhanced canonical pathways identified by IPA. Tryptophan catabolism occurs 

primarily via the kynurenine pathway (Comai, Bertazzo et al. 2020). The most 

significant DEP was kynurenine aminotransferase (KYAT), a key enzyme involved in 



 

202 
 

the kynurenine pathway which catalyses kynurenic acid formation from kynurenine. 

KYAT abundance in SHRs was significantly reduced at 15 weeks old, likely leading 

to an increased accumulation of kynurenine, and reduced abundance of kynurenic 

acid. Metabolomics data from the SHRs in the present study revealed an elevation in 

kynurenine levels in arterial blood plasma compared to WKYs; although, this did not 

reach a P value below 0.05, despite the large effect size (P=0.0624, η2=2.369).  

With kynurenic acid being a strong antioxidant because of its ROS scavenging 

abilities (Mor, Tankiewicz-Kwedlo et al. 2021), and excess kynurenine causing 

oxidative stress via ROS generation (Wang, Liu et al. 2015, Mor, Tankiewicz-Kwedlo 

et al. 2021), it is possible that oxidative stress is increased in SHRs at 15 weeks old 

resulting from increased tryptophan degradation. It has been demonstrated that 

increased tryptophan degradation, and subsequent reduced tryptophan abundance, 

has been associated with coronary heart disease (Wirleitner, Rudzite et al. 2003) 

and increased immune activation and inflammation in coronary artery disease 

patients (Murr, Grammer et al. 2015). Pro-inflammatory stimuli, including IFN-γ, TNF-

α and IL-6, are potent triggers of tryptophan degradation (Wang, Liu et al. 2015, 

Sorgdrager, Naude et al. 2019), indicating that SHRs have elevated inflammation at 

15 weeks old. Although circulating IFN-γ, TNF-α and IL-6 were not significantly 

upregulated in SHRs at 15 weeks old, other pro-inflammatory markers were.  

IL-5 was found to significantly increase with age in the SHRs, but not WKYs. As 

such, IL-5 was greater in SHRs at 15 weeks old, although this did not reach a P 

value below 0.05, despite the large effect size. T helper-2 lymphocytes and mast 

cells produce and secrete IL-5, which in turn stimulates eosinophils and B cells 

maturation and activation (Takatsu 2011). The majority of research investigating IL-5 

has been conducted in asthma, which has shown IL-5 to play a central role in 

eosinophilic inflammation (Pelaia, Paoletti et al. 2019); however angiotensin II-

induced abdominal aortic aneurysms in mice had significantly elevated IL-5 levels, 

and inhibition of IL-5 prevented aneurysm formation (Xu, Ehrman et al. 2012). 

Furthermore, cardiac expression of IL-5 has been shown to be significantly elevated 

following myocardial infarction (MI) in mice, and the addition of recombinant IL-5 

post-MI significantly improved cardiac function and increased macrophages to 

facilitate post-MI remodelling (Xu, Xiong et al. 2022). It is possible that IL-5 is slightly 
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upregulated in the SHRs in the present study in response to pressure overload and 

contributes to cardiac remodelling through its actions on cardiac macrophages 

promoting cardiac fibrosis. As discussed in chapter 5, the SHR phenotype may 

contribute to the differences observed in LVH between the two strains at 15 weeks 

old; however, it is likely that the elevated blood pressure has also contributed to the 

LVH in 15-week-old SHRs in the present study. Studies to identify differences in LVH 

at birth in SHRs compared to WKYs would allow these differences to be assessed as 

confounders at 15 weeks old.  

6.4.2.2 IL-18 and PICP predict LVH, and MMP-1 predicts LV CVF in 

hypertensive and normotensive animals 

IL-18, a pro-inflammatory cytokine produced and secreted by macrophages, was 

found to be predict LVH, where a 1 ng/ml increase in IL-18 concentration resulted in 

a 0.068 mm2 increase in LV wall CSA. Hypertension also contributed to the model, 

with presence of hypertension (SHRs) increasing LV wall CSA by 7.501 mm2. IL-18 

was lower at 10 weeks old in SHRs, but similar at 15 weeks old, compared to WKYs, 

indicating that IL-18 increased with age in SHRs. Consistent with the present study, 

IL-18 has previously been shown to induce cardiac hypertrophy in cardiomyocytes 

(Chandrasekar, Mummidi et al. 2005) and wild-type mice (Woldbaek, Sande et al. 

2005). Furthermore, IL-18 has previously been shown to predict LVH in essential 

hypertension (Meani, Cesana et al. 2014, Ozbicer and Ulucam 2017, Li, Guo et al. 

2022), which may suggest a role of macrophages in the development and 

maintenance of LVH. For example, macrophage depletion in a transverse aortic 

constriction (TAC) mouse model of pressure overload significantly attenuated LVH 

and cardiac fibrosis (Kain, Amit et al. 2016), implicating a role of macrophages in 

cardiac remodelling.  

PICP, a type I collagen synthesis marker, was found to be significantly negatively 

associated with LV wall CSA. This association is difficult to explain, as much of the 

literature showing increased levels of PICP in hypertension is associated with 

significant cardiac fibrosis and hypertrophy, rather than reduced hypertrophy. 

However, in these studies, increased PICP is reflective of increased collagen 

accumulation, whereas in the present study, PICP was found to be higher in younger 
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WKYs and similar between older SHRs and WKYs; thus, was not an indicator of 

excess collagen deposition.  

Finally, MMP-1, marker of type I collagen degradation was found to be an 

independent predictor of LV CVF. MMPs have been suggested to be the rate limiting 

step of collagen degradation (Varo, Iraburu et al. 2000); therefore an increase in 

MMP-1 would decrease type I collagen accumulation in the myocardium (LV CVF), 

particularly if there are no differences in type I collagen synthesis. In contrast, SHRs 

have been shown to have significantly elevated type I collagen synthesis and normal 

(versus WKY) type I collagen degradation (Diez, Panizo et al. 1996); however these 

rats were 20 weeks older than those in the present study, indicating that circulating 

markers of type I collagen synthesis increase with age in SHRs. 

6.4.3 Altered cardiac metabolism in older SHRs 

The principal pathway for energy (ATP) production in the healthy heart is fatty acid 

oxidation (Lehman and Kelly 2002, Dodd, Ball et al. 2012). However, during the 

development of cardiac hypertrophy in response to pressure overload, a metabolic 

switch from fatty acid oxidation to glucose oxidation has been shown to occur 

(Lehman and Kelly 2002, Purushothaman, Nair et al. 2011, Dodd, Ball et al. 2012).  

In the present study, IPA identified fatty acid metabolism (P<0.0001) as significantly 

altered in SHRs at 15 weeks old, compared to WKYs, with enzymes involved in fatty 

acid metabolism, including acetyl coenzyme-A acyltransferase-A, which catalyses 

the final step of β-oxidation, being significantly reduced. Although, this enzyme was 

downregulated at 10 weeks old in SHRs too. Several other enzymes involved in fatty 

acid oxidation were also observed to be downregulated in SHRs but were not 

considered DEPs. Fatty acid translocase, which regulates fatty acid uptake across 

the plasma membrane in the heart (Bonen, Campbell et al. 2004), was significantly 

upregulated in SHRs, however compared to the data at 10 weeks old (chapter 5), the 

fold change of this enzyme has halved with age. This data shows that fatty acid 

metabolism is beginning to downregulate in SHRs compared to WKYs at 15 weeks 

old. This is in agreement with previous research revealing a significant decrease in 

fatty acid oxidation in 4-month-old SHRs, evidenced by a significant reduction in 

mRNA expression of peroxisome proliferator-activated receptor-α (PPARα), as a 

consequence of cardiac hypertrophy (Purushothaman, Nair et al. 2011). PPARα was 



 

205 
 

not measured in the present study, so it is not known whether this differed between 

strains. Furthermore, the current study found several enzymes involved in glucose 

metabolism to be significantly upregulated in SHRs compared to WKYs, including 

DEPs phosphofructokinase and phosphopyruvate hydratase. However, hexokinase, 

one of the rate-limiting enzymes in glycolysis, was similar between strains. IPA 

showed a trend towards activation of glycolysis in SHRs (z-score=1.00), but this was 

not significant. Overall, this data is supported by previous studies showing a 

metabolic switch from fatty acid oxidation to glucose oxidation in SHRs (Dodd, Ball et 

al. 2012, Li, Kemp et al. 2019). Metabolomics analysis also revealed a significant 

reduction in lactate levels in SHRs at 15 weeks old, which was validated by a 

significant decrease in lactate dehydrogenase found with proteomics. Injection of a 

hyperpolarised compound to determine pyruvate metabolism to lactate revealed no 

differences in SHRs and WKYs at 15 weeks old, showing anaerobic glycolysis is not 

responsible for the metabolic switch to glucose oxidation (Dodd, Ball et al. 2012), 

similar to the current study.  

Together, the data from proteomics and metabolomics indicates a progressing 

metabolic shift in the SHRs compared to WKYs at 15 weeks old, which will result in 

reduced ATP production and lower myocardial oxygen consumption in the SHRs, 

likely contributing to the reduced contractile function (EF) observed with 

echocardiography; however, some enzymes involved in fatty acid metabolism remain 

elevated in SHRs, indicating the metabolic switch is not yet complete. It is important 

to note that these changes are occurring in the apex of the heart, and not the LV, so 

it is possible that these results would differ if LV tissue was used. Furthermore, 

validation experiments are required to definitively conclude that alterations in 

proteins have occurred in the present study; however, due to time limitations, these 

were not completed.  

6.4.4 Older SHRs have significant interstitial fibrosis 

In accordance with previous research, SHRs at 15 weeks old have significant 

myocardial fibrosis, as measured by CVF with Masson’s staining. Significant fibrosis 

has been shown in SHRs at 14 (Brilla, Janicki et al. 1991a, Brilla, Janicki et al. 

1991b) and 16 weeks old (Panizo, Pardo et al. 1995) compared to WKYs. Despite 

significant myocardial fibrosis, levels of type I collagen synthesis and degradation, 
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and type III synthesis in arterial blood serum did not differ between SHRs and WKYs; 

although previous research showed no differences in type I and III collagen 

expression in the heart of SHRs compared to WKYs (Li, Kemp et al. 2019). It is 

possible that these SHRs did not have significant fibrosis in the whole heart 

compared to WKYs, but LV collagens were not measured separately, and 

histological staining was not completed in this study, so it is not known whether the 

lack of difference in collagens between strains is a result of the absence of 

myocardial fibrosis, or due to the LV alone not being assessed. Potentially, the 

myocardial fibrosis in the present study is not developed enough to result in changes 

in circulatory collagen markers, which have been shown previously in older SHRs at 

30 weeks old (Varo, Etayo et al. 1999, Varo, Iraburu et al. 2000) and 36 weeks old 

(Diez, Panizo et al. 1996). It is important to note that circulating collagens do not 

necessarily reflect cardiac collagens alone, however. 

Furthermore, collagen proteins were not identified as differentially expressed in 

SHRs in proteomics. The lack of collagen in proteomics is likely to be a result of 

using apex tissue instead of LV, however due to the low n number and the need for 

LV tissue for histology and EM, this was not possible. EM revealed significantly more 

collagen fibrils present in SHRs at 15 weeks old, validating the significant fibrosis in 

the LV found with Masson’s. Importantly, periostin, another protein known to be 

significantly upregulated in fibrosis was elevated in SHRs at 15 weeks old, compared 

to WKYs, consistent with previous studies showing hypertension increases 

myocardial periostin expression (Pohjolainen, Rysa et al. 2012, Wu, Chen et al. 

2016).  

Serum concentration of type I collagen degradation (CITP) increased with age in 

both SHRs and WKYs; however, the increase in CITP in SHRs was greater. No 

changes in type I collagen synthesis (PICP) were observed. This resulted in a 

reduced type I collagen turnover in both SHRs and WKYs (PICP:CITP ratio). CITP 

was increased as a direct result of significant upregulation in MMP-1 levels at 15 

weeks in both strains, as CITP is an index of MMP-1-dependent type I collagen 

breakdown (Lopez, Gonzalez et al. 2010). TIMPs have a key role in inhibiting MMPs, 

with increased TIMP-1 levels being elevated in hypertensive patients with diastolic 

dysfunction and elevated collagen type I degradation (Lindsay, Maxwell et al. 2002); 
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however this seems implausible, as an increase in TIMPs would lead to a decrease 

in MMP activity and a subsequent decrease in circulating CITP. As TIMPs were not 

measured in the present study, it is not known whether TIMP levels were different 

between SHRs and WKYs; however, as MMP-1 and CITP levels were similar, it is 

unlikely. Possibly, TIMP levels decreased with age in both strains, leading to 

elevated circulating MMP-1 levels at 15 weeks compared to 10 weeks. Literature 

regarding type I collagen degradation in HHD is conflicting, as CITP has been shown 

to be similar in SHRs and WKYs (Diez, Panizo et al. 1996), reduced in hypertensive 

compared to normotensive patients (Laviades, Mayor et al. 1994), and increased in 

hypertensive patients with NYHA stage IV heart failure. It is possible that the 

differences in CITP seen in the literature arise from heart failure patients having 

more developed cardiac fibrosis and dysfunction and different techniques used.  

Interestingly, MMP-1 was found to be a predictor of LV CVF, where an increase in 

circulating MMP-1 means a reduction in LV CVF; however, when hypertension was 

added as a covariate to the model, the significance was lost, indicating a need to 

increase the sample size. MMP-1 is the rate-limiting step in type I collagen 

degradation (Laviades, Varo et al. 1998), and increased MMP-1 with age in the 

present study resulted in increased collagen type I degradation (CITP). Furthermore, 

previous research showed a significant positive association with plasma MMP-1 

levels and arterial stiffness in normotensive and hypertensive individuals (McNulty, 

Mahmud et al. 2006), implicating a crucial role of the extracellular matrix in 

development of arterial stiffness.  

The quality of collagen (collagen cross-linking: CCL) also plays an important role in 

interstitial fibrosis, in addition to collagen quantity (Gonzalez, Lopez et al. 2019). 

Previous research has found that the CITP:MMP-1 ratio, a circulating marker of CCL, 

measured in serum from hypertensive heart failure patients is significantly decreased 

in patients compared to controls, showing significantly higher CCL (Lopez, Ravassa 

et al. 2016). Furthermore, CITP:MMP-1 ratio in heart failure patients considered to 

have excessive CCL, was significantly lower compared to those with normal CCL, 

despite no differences in CVF observed (Lopez, Ravassa et al. 2016). In the present 

study, the CITP:MMP-1 ratio in SHRs was similar to that of WKYs, despite CVF 

being significantly higher. CCL was not determined histologically in the present 
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study; however, it is possible that myocardial CCL differs to circulating CCL, which 

may explain the accumulation of interstitial fibrosis in the SHRs, particularly because 

the association between serum CCL and myocardial CCL in the previous study did 

not have a strong association (r=-0.460) (Lopez, Ravassa et al. 2016). Moreover, an 

increased CCL in SHRs would contribute to interstitial fibrosis and subsequent 

impaired LV function, without a need for increased circulating collagen type I and III 

markers in SHRs compared to WKYs.  

It is important to point out that although PICP and PIIINP levels were similar between 

SHRs and WKYs at 15 weeks old, they were both significantly reduced in SHRs at 

10 weeks old compared to WKYs, indicating that PICP and PIIINP have increased 

with age in SHRs more than WKYs. In accordance with the present study, PIIINP 

levels have been shown to be similar in hypertensive patients and healthy controls 

(Stakos, Tziakas et al. 2010). Type III collagen degradation has not been measured 

previously in hypertension; however, studies in lung and skin fibrosis have shown a 

significant upregulation of MMP-9 associated with increased type III collagen 

degradation (Cabrera, Gaxiola et al. 2007, Veidal, Vassiliadis et al. 2010), implicating 

a possible role for MMP-9 as a biomarker of type III collagen degradation. 

Unfortunately, MMP-9 or other type III collagen degradation markers were not 

measured in the present study; therefore, it is not known whether type III collagen 

degradation was reduced in SHRs in the present study, which would result in 

significant accumulation of type III collagen compared to WKYs. This is feasible, as 

myocardial fibrosis was present in SHRs at 15 weeks, despite similar PICP, CITP, 

MMP-1 and PIIINP concentrations between groups. Furthermore, IPA showed 

significant inhibition of fibroblast and connective tissue cell apoptosis in SHRs, which 

likely contributed to the significant cardiac fibrosis observed in SHRs, compared to 

WKYs. Apoptosis of fibroblasts is essential to prevent an accumulation of activated 

fibroblasts and consequent progressive fibrosis as a result of continued ECM and 

pro-fibrotic protein secretion (Piek, de Boer et al. 2016). One DEP identified by IPA 

as associated with inhibited fibroblast apoptosis was an antiapoptotic protein, MCL-

1, with a fold-change of 1.96. Although overexpression of MCL-1 has consistently 

been shown to play a critical role in cancer progression, as it protects cancer cells 

from apoptosis (Wang, Guo et al. 2021), little is known about its role in cardiac 

fibroblasts. Considering what is known about MCL-1 in cancer, it is possible that 
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overexpression of MCL-1 in SHRs in the present study may prevent cardiac 

fibroblast and myofibroblast apoptosis, which may result in prolonged activation of 

fibroblasts and myofibroblasts and concomitant cardiac fibrosis in SHRs (Hall, 

Gehmlich et al. 2021).  

The significant elevation in LV and total CVF observed in SHRs at 15 weeks old 

likely contributed to the reduced LV function (EF), as increased interstitial fibrosis is 

strongly associated with impaired EF (Boluyt and Bing 2000), and slightly reduced 

diastolic function. Diastolic dysfunction in SHRs was lower (E/A ratio, no statistics), 

indicating a larger sample size may lead to significance. Accordingly, it is known that 

interstitial fibrosis increases myocardial stiffness and consequently leads to diastolic 

dysfunction (Boluyt and Bing 2000). Fourteen-week-old SHRs have previously been 

shown to have increased CVF and significant diastolic dysfunction compared to age-

matched WKYs, both of which were reversed by treatment with an ACE inhibitor 

(Brilla, Janicki et al. 1991b), validating a significant role of myocardial fibrosis in 

diastolic dysfunction, in addition to highlighting a key role of angiotensin II in 

myocardial fibrosis development. Accordingly, previous research has shown 

angiotensin II treatment in adult cardiac fibroblasts resulted in significant 

upregulation of ECM proteins fibronectin, and collagen types I and III in vitro, and 

angiotensin receptor blockade suppressed these increases, confirming a pro-fibrotic 

effect of angiotensin II (Villarreal, Kim et al. 1993). Moreover, angiotensin receptor 

blockade in SHRs led to regression of cardiac fibrosis, likely as a result of inhibited 

TIMP-1 expression, which suggests that angiotensin II induces cardiac fibrosis by 

reducing collagen type I degradation (Varo, Iraburu et al. 2000). 

Angiotensin II has been shown to regulate cardiovascular function via PKC signalling 

(Chintalgattu and Katwa 2009). Specifically, inhibition of PKC-δ in angiotensin II-

treated rats significantly reduced angiotensin II-induced myocardial fibrosis 

(Chintalgattu and Katwa 2009). PKC-δ expression was significantly upregulated in 

SHR apexes in the present study compared to WKYs, which may have played a role 

in mediating interstitial fibrosis. Additionally, angiotensin II has been shown to induce 

cardiac fibrosis through RhoA signalling (Wu, Liu et al. 2019). Angiotensin II 

treatment in embryonic fibroblast cells induced a significant upregulation in ECM 

proteins via YAP/TAZ signalling, an effect which was suppressed with 
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pharmacological inhibition of RhoA signalling (Wu, Liu et al. 2019). Subsequently, 

statin treatment in mice was found to significantly reduce expression of angiotensin 

II-induced YAP/TAZ target genes and collagen type I and III genes in the heart and 

aorta, compared to control mice (Wu, Liu et al. 2019), implicating a role of RhoA-

dependent YAP/TAZ signalling in angiotensin II-induced myocardial fibrosis. 

Similarly, RhoA signalling was a significantly enriched canonical pathway in SHRs, 

showing a trend towards activation, demonstrating another possible mechanism via 

which fibrosis developed in SHRs. IPA identified MYLK and MYL2 as significant 

contributors to RhoA signalling upregulation. Pharmacological inhibition of RhoA 

signalling in experimental and clinical hypertension, has highlighted a key role for 

RhoA signalling in increasing vasoconstriction and ultimately elevating peripheral 

vascular resistance (Lee, Webb et al. 2004, Ito, Okamoto et al. 2022). MYLK 

expression is essential for MYL2 phosphorylation, which in turn regulates muscle 

contraction and function (Ding, Huang et al. 2010, Sheikh, Lyon et al. 2015). The 

SHRs in the present study displayed a significant downregulation in both MYLK and 

MYL2 phosphorylation. Previous studies in cardiac-specific MYLK-knockout mice 

demonstrated that the significant reduction in MYLK phosphorylation resulted in a 

phenotype displaying LVH, cardiac fibrosis, and increased EDV and ESV (Ding, 

Huang et al. 2010, Warren, Briggs et al. 2012), characteristics also seen in SHRs in 

this study, implicating cardiac dysfunction in SHRs compared to WKYs. 

Oxidative stress has also been shown to play a role in cardiac fibrosis development. 

NRF2-mediated oxidative stress response was significantly activated in SHRs, with 

upregulation in DEP HSP90, driving the activation of this pathway. Similarly, HSP90 

mRNA and protein expression was previously found to be significantly upregulated in 

the left ventricle of mice following TAC to induce pressure overload (Garcia, Merino 

et al. 2016). Interestingly, HSP90 was found to be co-localised with TGFβ-receptor 1 

in cardiac fibroblasts, implicating a role for HSP90 in the development of cardiac 

remodelling, specifically in myocardial fibrosis (Garcia, Merino et al. 2016). 

Moreover, HSP90-knockout mice were found to have significantly reduced fibrosis 2 

weeks after TAC compared to wild-type mice, revealing a significant role of HSP90 in 

cardiac remodelling (Garcia, Merino et al. 2016). 
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Immune cell infiltration has also been implicated in fibrotic remodelling, as fibroblasts 

facilitate macrophage recruitment (Smolgovsky, Ibeh et al. 2021). In addition, 8-

week-old SHRs were observed to have lymphocyte infiltration colocalised with 

interstitial and perivascular fibrosis (Hinglais, Heudes et al. 1994). Proteomics 

revealed SHRs had a significantly higher Ly6-C abundance in their hearts compared 

to WKYs. Ly6-C is a marker of macrophages and monocytes, which produce 

inflammatory cytokines (Kurose and Mangmool 2016). Elevated expression of Ly6-C 

antigen in SHR hearts compared to WKYs indicates immune cell infiltration in the 

heart tissue, possibly contributing to the development of myocardial fibrosis. In 

addition, major histocompatibility complex molecules were significantly increased in 

SHRs compared to WKYs, which play a key role in antigen processing and 

presentation, further indicating the presence of a pro-inflammatory state in the SHR 

hearts. As a result of time limitations, immune cell staining in cardiac tissue was not 

completed, thus it cannot be definitively concluded that immune cell infiltration was 

present in the SHRs in the present study. 

6.4.5 Limitations 

One major limitation to the current study was the small sample size. Power 

calculations for this study suggested that 8 SHRs and 8 WKYs were required; 

however only 4 SHRs and 4 WKYs were used, as a result of lack of time and funds. 

Furthermore, only male rats were used in the present study, despite there being 

known sex differences in hypertension and the development of HHD. Only male rats 

in this study were used to reduce variation in results; thus, reducing the sample size 

needed to obtain significant differences. In addition, male SHRs have been shown to 

be more representative of human hypertension and its progression to heart failure, 

compared to female SHRs (Chan, Fenning et al. 2011).  

Collecting tail bloods in rats is a difficult technique, and as a result it was not possible 

in all animals, at all timepoints. Consequently, there were missing samples at each 

timepoint for both inflammatory and fibrotic markers, making it impossible to 

determine temporal changes in circulating markers throughout the progression of 

HHD, which was one of the key aims of this thesis. Similarly, although recording 

LSNA was achieved in most rats, it was not consistently present during the 

recordings, making it difficult to analyse LSNA. Again, this meant it was not possible 
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to identify whether LSNA changed over time in SHRs or WKYs, and whether levels 

of inflammatory markers changed prior to, simultaneously with, or after changes in 

LSNA, in addition to determining whether LSNA was associated with LVH and 

cardiac fibrosis. However, it has been consistently shown that SHRs have elevated 

SNA compared to age-matched WKYs (Judy and Farrell 1979, Hart, McBryde et al. 

2013). In addition, due to the need to use mouse ECG transmitters for the safety of 

the rats, battery life of the ECG transmitters was not long enough to last the entire 

study. Transmitters could be refurbished however this required sending them to the 

USA, which took 2+ months, and resulted in the study not being able to complete 

more than 4 animals per group in the time available. Furthermore, although the ECG 

transmitters could also measure blood pressure, this would require additional 

surgery to implant the blood pressure catheter in the aorta or femoral artery of the 

rats, which significantly increases mortality from surgery. It was decided to not 

complete this surgery because of the small sample size, and the need to collect all 

other data from these animals. Consequently, it made it harder to analyse LSNA.  

Another limitation to the study was with the use of apex tissue instead of LV for 

proteomics. As such, collagens and other extracellular matrix proteins were not 

present in SHRs (or WKYs) despite significant fibrosis being evident. It is possible 

that other important proteins involved in cardiac remodelling were not identified as a 

result. Unfortunately, due to the need to complete histological analyses and electron 

microscopy, the LV could not be used for proteomics. However, there were still 

significant proteins involved in cardiac remodelling identified using apex tissue.  

6.4.6 Future directions 

To answer the question of whether elevations in LSNA or inflammatory markers 

occur first in the progression of HHD, more animals are needed to add to the current 

groups for statistical power. In addition, analysing LSNA over 1-hour periods when 

the animals are quiet and resting would remove any issues with noise in the signal, 

making it easier to identify changes in LSNA between strains and with age. A larger 

sample size would also make it possible to identify temporal changes in circulating 

inflammatory and fibrotic markers in tail bloods, which unfortunately was not possible 

in the present study due to failure to achieve venepuncture in all tail veins. Using left 

ventricular tissue instead of apex would also provide additional validations for 
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extracellular matrix proteins such as collagens in the tissue. Future research could 

use physiological stressors such as loud noise to determine whether the LSNA 

reactivity in response to stress is associated with cardiac remodelling, and whether 

stress induces a pro-inflammatory response in SHRs compared to WKYs.  

6.4.7 Conclusion  

The primary aim of this study remains unanswered. The data collected in this 

chapter showed that 15-week-old SHRs have significant hypertrophy and fibrosis 

compared to age-matched WKYs, likely with increased SNA and immune cell 

infiltration. Alterations in cardiac metabolism are evident, with a possibility of reduced 

fatty acid oxidation and an increase in glucose oxidation, although these changes 

are not definitive. Circulating IL-18 may be used as a predictor of LV wall CSA, 

although this should be validated in a diverse cohort of hypertensive and 

normotensive subjects. 
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CHAPTER 7 Sympathetic nerve activity and cardiac remodelling 

in humans with and without hypertension 

7.1 Introduction  

Hypertension currently affects more than 10 million individuals in the UK (British 

Heart Foundation 2022), costing the NHS approximately £2 billion annually (Public 

Health England 2017). LVH and cardiac fibrosis are clinical manifestations of 

hypertension, with approximately 36-41% of people with hypertension developing left 

ventricular hypertrophy (LVH) (Cuspidi, Sala et al. 2012). Presence of LVH and 

cardiac fibrosis in hypertension lead to poorer prognosis (Cuspidi, Ciulla et al. 2006, 

Katholi and Couri 2011), as a result of alterations in myocardial structure and 

contractility (Cuspidi, Ciulla et al. 2006), and may be a precursor of HFpEF. Initially, 

wall thickening occurs in response to pressure overload to reduce wall stress in 

hypertension, and LV mass subsequently increases (Drazner 2011). Alterations in 

the ECM caused by increased collagen synthesis and reduced collagen degradation 

in the hypertensive heart result in excessive collagen accumulation and subsequent 

cardiac fibrosis (Weber 2001, Cuspidi, Ciulla et al. 2006, Drazner 2011). Identifying 

mechanisms driving cardiac remodelling and excessive collagen formation might 

help with more effective therapeutic targeting.  

High resting sympathetic nerve activity (SNA) is considered a hallmark of essential 

hypertension and is thought to play an important role in triggering and sustaining 

elevated BP in hypertension (Grassi, Pisano et al. 2018). In addition, hypertensive 

individuals have exhibited exaggerated sympathetic, and therefore BP responses to 

stressors, such as exercise (Delaney, Greaney et al. 2010), mental arithmetic 

(Kaushik, Mahajan et al. 2004), hypoxia (Somers, Mark et al. 1988), and cold stress 

(Hines and Brown 1933). Strong evidence exists showing that the SNS contributes to 

LVH and myocardial fibrosis development in animal models of hypertension, via the 

promotion of inflammation (Levick, Murray et al. 2010). Surgical removal of the 

superior cervical ganglion in SHRs with steady-state hypertension, significantly 

reduced IFN-γ and increased IL-10 levels in the myocardium, in addition to 

regressing LVH and myocardial fibrosis, compared to age-matched untreated SHRs 

(Levick, Murray et al. 2010), highlighting a clear link between SNS activation, 
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inflammation and cardiac remodelling in hypertensive animal models. Additionally, 

central inhibition of sympathetic outflow with moxonidine treatment in 

postmenopausal hypertensive women significantly reduced circulating TNF-α levels, 

an effect not seen when using a peripherally-acting β-blocker (Poyhonen-Alho, 

Manhem et al. 2008), showing an association between SNA and inflammation in 

human hypertension, however no measures of cardiac remodelling were investigated 

in this study. 

It is not known whether the association between SNA and cardiac remodelling, 

specifically, cardiac fibrosis, exists in humans. Previous research has shown a 

positive relationship between resting levels of SNA and LV mass index (LVMI) 

(Greenwood, Scott et al. 2001, Schlaich, Kaye et al. 2003, Burns, Sivananthan et al. 

2007), indicating that SNA may have an important role in the development of LVH. 

No measures of cardiac fibrosis were completed in these studies, so it is not known 

whether an association between SNA and cardiac fibrosis exist. Moreover, only 

resting SNA has been investigated previously. Humans do not spend all day in quiet 

rest; we are exposed to multiple physiological stressors throughout the day. It is 

possible that surges in SNA during a physiological stressor are likely to promote 

cardiac remodelling, particularly as hypertensive individuals have been shown to 

have an exaggerated SNA response to stressors. Therefore, it is possible that 

repeated bouts of sympathetic overactivation during stress could contribute to 

cardiac remodelling, especially if resting SNA is found to be associated with cardiac 

fibrosis. As such, the primary aim of this chapter was to determine whether resting 

SNA and/or SNA reactivity is associated with cardiac remodelling in people with and 

without hypertension. Furthermore, as SNA has previously been associated with 

inflammation and cardiac remodelling in an animal model, validating whether this link 

exists in human hypertension is important, thus a secondary aim of this chapter is to 

determine whether resting SNA is associated with basal inflammation.   

Identifying circulating inflammatory markers associated with cardiac remodelling, in 

particular cardiac fibrosis, may be useful in establishing the link between SNA and 

cardiac fibrosis, and if inflammatory markers are elevated in hypertension, does this 

promote cardiac fibrosis in humans. Flow cytometric analyses revealed that the 

percentage of T helper 17 (Th17) cells was a strong predictor of LVH, with 
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hypertensive patients with LVH having a higher Th17 cell population than that of 

hypertensive patients without LVH, and healthy controls (Xu, Chen et al. 2021), 

implicating a role of inflammation in cardiac remodelling. More recently, serum IL-6, 

IL-10 and IL-18 were found to be independent predictors of LVH in people with 

hypertension, with IL-6 and IL-18 concentration higher, and IL-10 concentration 

lower, in hypertensive patients with LVH compared to hypertensive patients without 

LVH, and healthy controls (Li, Guo et al. 2022). No measures of cardiac fibrosis were 

completed in this study however; thus it remains unknown if circulating inflammatory 

markers are associated with cardiac fibrosis in humans. 

Finally, as a potential link between basal inflammation and cardiac remodelling 

exists, it is possible that stress-induced changes in inflammatory markers, for 

example after exercise, may be associated with cardiac remodelling. This is of 

interest, as acute bouts of exercise induce a pro-inflammatory response in healthy 

normotensive individuals. Illustrating this, lymphocytes and monocytes were 

significantly upregulated immediately following incremental cycling exercise, in 

healthy athletes (Gabriel, Urhausen et al. 1992), and following high-intensity cycling 

for 1 minute in healthy males (Steppich, Dayyani et al. 2000). It is not known whether 

the effect of exhaustive exercise induces a greater pro-inflammatory response in 

hypertension, and whether the magnitude of the change in inflammatory markers 

from pre- to post-exercise is associated with cardiac remodelling. Therefore, this 

chapter will also determine whether changes in inflammatory cytokines from pre- to 

post-exercise are associated with cardiac MRI-based measures of LVH and/or 

cardiac fibrosis. 

7.1.1 Aims and hypotheses 

The primary aim of this chapter is: 

1: To identify whether SNA at rest and/or SNA reactivity to stressors is associated 

with LVH and/or cardiac fibrosis in people with and without hypertension.  

The primary hypothesis is that both resting SNA and SNA reactivity to a 

physiological stressor is associated with LVH and/or cardiac fibrosis. 

The secondary aims and hypotheses of this chapter are: 
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2: To determine whether resting SNA is associated with baseline inflammatory 

markers in people with and without hypertension. It is hypothesised that resting SNA 

will be associated with baseline inflammatory markers. 

3: To identify circulating inflammatory markers associated with LVH and/or cardiac 

fibrosis, measured using cardiac MRI in people with and without hypertension. It is 

hypothesised that resting markers of inflammation will be associated with cardiac 

remodelling. 

4: To determine whether a stressor (exercise) alters circulating inflammatory 

biomarkers, and if the change in these markers from pre- to post-exercise is 

associated with LVH and/or cardiac fibrosis. It is hypothesised that the change in 

inflammatory markers from pre- to post-exercise will be associated with LVH and/or 

cardiac fibrosis. 

7.2 Methods 

Methods are as described in chapter 4. 

7.3 Results 

7.3.1 Participant characteristics 

A CONSORT diagram in Figure 6.1 shows participant recruitment. The participant 

information sheet was sent to 106 individuals, and of these, 54 replied and were 

screened for this study. However, 28 were excluded as a result of screening failure. 

Two participants did not complete the study and are not included in the analysis.  
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Figure.7.1 Participant recruitment diagram 

CONSORT diagram showing numbers of participants screened, recruited and 

completed for the study. 

 

Participant characteristics are shown in Table 7.1. There was no difference in age, 

height, weight, BMI, body surface area, VO2peak and sex-matched between the 

normotensive control group (n=12) versus the hypertensive group (n=10, P>0.05 for 

all variables). Daytime ambulatory SBP (P=0.022), DBP (P<0.001), and MAP 

(P<0.001) were significantly higher in the hypertensive group compared to the 

healthy controls. No differences in daytime ambulatory heart rate were found. Night-

time blood pressure and heart rate were similar between hypertensive and 

normotensive groups. Clinic BPs were significantly higher in the hypertensive 

participants compared to the normotensive controls. Peak SBP and DBP achieved 

during exercise were similar between groups. 
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Table 7.1 Mean ± SD or median [IQR] participant characteristics data 

 NTN (n=12) HTN (n=10) P value Effect size 
Cohen’s D 

Age (years) 46 ± 15 49 ± 12 0.449 0.348 

Sex (M/F) 7/5 6/4   

Height (cm) 170.0 [10.0] 178.8 [15.3] 0.674 0.184 

Weight (kg) 75.0 ± 14.2 82.7 ± 11.2 0.183 0.590 

BMI (kg/m2) 25.1 ± 3.5 26.8 ± 2.5 0.233 0.554 

BSA (m2) 1.89 ± 0.22 2.00 ± 0.19 0.106 0.764 

Clinic SBP (mmHg) 125 ± 8 143 ± 18 0.004 1.396 

Clinic DBP (mmHg) 78 ± 6 90 ± 7 <0.001 1.859 

Clinic HR (bpm) 70 ± 13 75 ± 11 0.336 0.422 

Daytime SBP (mmHg) 119 ± 7 133 ± 13 0.022 1.338 

Daytime DBP (mmHg) 76 ± 6 89 ± 9 <0.001 1.925 

Daytime HR (bpm) 72 ± 11 72 ± 9 0.488 0.014 

Night-time SBP (mmHg) 106 ± 6 110 ± 7 0.093 0.605 

Night-time DBP (mmHg) 67 ± 7 70 ± 7 0.180 0.413 

Night-time HR (bpm) 61 ± 10 66 ± 8 0.108 0.563 

VO2peak (ml/min/kg) 22.7 [2.9] 22.6 [6.8] 0.666 0.230 

Peak SBP (mmHg) 193  20 204  27 0.349 0.455 

Peak DBP (mmHg) 103  18 104  12 0.892 0.065 

VE/VCO2 slope 27.48  4.07 30.90  3.66 0.078 0.886 

Antihypertensive 
medications 

ACE inhibitor 
ARB 
CCB 
β-blocker  

 
 
0 
0 
0 
0 

 
 
6 
1 
3 
1 

  

SD; standard deviation, IQR; interquartile range, NTN; normotension, HTN; 

hypertension, M; male, F; female, BMI; body mass index, BSA; body surface area, 

SBP; systolic blood pressure, DBP; diastolic blood pressure, HR; heart rate, bpm; 

beats per minute. SSRI; selective serotonin reuptake inhibitor. Independent samples 

t-test or Mann Whitney U test. 
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7.3.1.1 Total cholesterol  

There were no differences between total cholesterol levels in normotensive (4.78 ± 

1.16 mmol/L) and hypertensive (5.38 ± 1.10 mmol/L) participants (P=0.226, Cohen’s 

D=0.534).  

7.3.1.2 Full blood count 

Lymphocyte count was elevated in hypertensive subjects compared to normotensive 

controls (P=0.025, Table 7.2). White blood cell (WBC) count (Cohen’s D=0.815) was 

slightly elevated in the hypertensive group, but this did not reach a P value below 

0.05, despite the large effect size. All other variables were similar between groups 

(Table 7.2).  

Table 7.2 Mean ± SD or median [IQR] full blood count 

 NTN (n=12) HTN (n=10) P value Effect size 

Cohen’s D 

Cholesterol (mmol/L) 4.8 ± 1.2 5.4 ± 1.1 0.226 0.534 

WBC (109/L) 5.86 ± 1.47 7.00 ± 1.33 0.072 0.815 

RBC (1012/L) 4.46 ± 0.55 4.77 ± 0.43 0.167 0.615 

Haemoglobin (g/L) 137 ± 17 145 ± 12 0.206 0.560 

Haematocrit (L/L) 0.409 ± 0.048 0.437 ± 0.059 0.237 0.523 

MCV (fL) 91.7 ± 3.0 91.3 ± 6.2 0.854 0.080 

MCH (pg) 30.7 ± 1.1 30.4 ± 1.2 0.630 0.210 

MCHC (g/L) 334 ± 9 334 ± 24 0.955 0.024 

Platelets (109/L) 237 ± 44 270 ± 58 0.144 0.650 

RDW (%) 12.5 ± 0.5 12.4 ± 0.4 0.620 0.222 

Neutrophils (109/L) 3.30 ± 1.04 4.02 ± 1.06 0.123 0.690 

Lymphocytes (109/L) 1.69 [0.33] 2.18 [0.67] 0.025 1.088 

Monocytes (109/L) 0.53 ± 0.16 0.54 ± 0.14 0.924 0.041 

Eosinophils (109/L) 0.16 [0.31] 0.16 [0.11] 1.000 0.000 

Basophils (109/L) 0.04 ± 0.02 0.04 ± 0.02 0.562 0.252 

NLR 1.95 ± 0.58 1.94 ± 0.65 0.977 0.012 

SD; standard deviation, IQR; interquartile range, NTN; normotensive, HTN; 

hypertensive, WBC; white blood cells, RBC; red blood cells, MCV; mean cell volume, 
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MCH; mean cell haemoglobin, MCHC; mean cell haemoglobin concentration, RDW; 

red cell distribution width, NLR; neutrophil to lymphocyte ratio. Independent samples 

t-test or Mann Whitney U test. 

7.3.2 Resting neuro-haemodynamic data 

Resting beat-to-beat data measured during quiet rest was analysed from the 5-10 

minute baseline period. 

7.3.2.1 Haemodynamics and blood pressure at rest 

During baseline, there were no differences observed between groups in beat-to-beat 

blood pressure, heart rate, stroke volume or cardiac output measured using the 

finapres (Figure 7.2).  
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Figure 7.2 Resting beat-to-beat blood pressure and haemodynamic data 

Mean ± SD (A) systolic blood pressure, (B) diastolic blood pressure, (C) mean 

arterial pressure, (D) pulse pressure, (E) heart rate, (F) stroke volume and (G) 

cardiac output in normotensive (NTN: n=12) and hypertensive (HTN: n=10) 

participants. Independent samples t-test.  

  



 

223 
 

7.3.2.1.1 Heart rate variability at rest 

Time domain analysis of baseline heart rate variability (HRV) are shown in Table 7.3. 

Average RR interval was similar between groups (P>0.05); however, SDRR 

(P=0.009), RMSSD (P=0.011), and pRR50 (P=0.030) were all lower in the 

hypertensive compared to normotensive group, indicating a lower HRV and 

potentially reduced parasympathetic tone in the hypertensive group. Frequency 

domain of HRV is shown in Appendix 5.  

 

Table 7.3 Mean ± SD or median [IQR] baseline HRV time domain data 

 
 

NTN HTN P value 
Effect size 
Cohen’s D 

Average RR 
(ms) 

1025.88 ± 139.59 928.07 ± 173.45 0.158 0.628 

SDRR (ms) 57.18 [26.94] 34.02 [7.31] 0.009 1.311 

RMSSD (ms) 49.66 [24.73] 23.41 [16.59] 0.011 1.264 

pRR50 (%) 15.44 [34.71] 2.71 [3.50] 0.030 1.047 

SD; standard deviation, IQR; interquartile range, NTN; normotension, HTN; 

hypertension, SDRR; standard deviation of RR intervals, RMSSD; root mean square 

of successive RR intervals, pRR50; percentage of RR intervals >50 ms. Independent 

samples t-test, or Mann Whitney U test.  

 

7.3.2.2 Sympathetic nerve activity at rest 

Resting MSNA burst frequency was elevated in the hypertensive group (45 ± 9 

bursts/min) compared to normotensive controls (35 ± 9 bursts/min, P=0.023, Figure 

7.3), however when normalised to heart rate, there was no difference (NTN: 58 ± 12 

vs. HTN: 67 ± 10 bursts/100 heartbeats, P=0.080, Cohen’s D=0.791, Figure 7.3), 

possibly due to the slightly higher heart rate in the hypertensive group. Overall 

sympathetic baroreflex sensitivity slope was also similar between normotensive and 

hypertensive participants (-2.82 [1.74] vs. -2.87 [1.32] %/mmHg, P>0.05).  
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Figure 7.3 Baseline sympathetic nerve activity 

Mean ± SD (A) burst frequency, (B) burst incidence, and (C) burst area in 

normotensive (NTN: n=12) and hypertensive (HTN: n=10) participants. 

Independent samples t-test.  

 

7.3.2.2.1 Sympathetic transduction at rest 

Baseline sympathetic transduction, a measure of how the sympathetic nerves 

communicate with the vasculature, was similar groups (NTN: 0.093 [0.076] vs. HTN: 

0.076 [0.035] mmHg/%/s, P=0.941). Thus, for a given increase in MSNA, there was 

a similar increase in the magnitude of blood pressure between the groups. 

7.3.2.3 Cardiac MRI parameters 

LV function assessed as global longitudinal strain and LV ejection fraction (EF) were 

similar between normotensive and hypertensive participants (Figure 7.4). There was 

a trend of increased basal anterior IVS in hypertensive compared to normotensive 

participants (P=0.061), with a large effect size (Cohen’s D=0.848, Figure 7.5). Basal 
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inferolateral LV wall thickness was similar between groups (Figure 7.5). LV end-

systolic diameter was lower (P=0.014) in the hypertensive compared to 

normotensive cohort and LV end-diastolic diameter was slightly lower but did not 

reach a P value below 0.05 (Cohen’s D=0.703, Figure 7.5). LV mass and LV mass 

index were similar between groups (Figure 7.5). Hypertensive individuals had a 

greater IVS to LV EDD ratio than normotensive controls (P=0.023, Cohen’s D=1.175, 

Figure 7.5). 

LV ESV and EDV, and indexed LV ESV and EDV were similar between 

normotensive and hypertensive participants (Figure 7.6). Similarly, LV stroke 

volume, cardiac output and cardiac index were also similar between groups (Figure 

7.6). ECV and native T1 were similar between groups (Figure 7.7). 
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Figure 7.4 Cardiac MRI-based left ventricular function  

Mean ± SD (A) mean global longitudinal strain (GLS) and (B) LV ejection 

fraction (EF) in normotensive (blue, n=12) and hypertensive (red, n=9/10) 

participants. Independent samples t-test.  
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Figure 7.5 Cardiac MRI-based left ventricular size 

Mean ± SD (A) Basal anterior interventricular septum (IVS), (B) basal 

inferolateral LV wall, (C) LV end-systolic diameter (ESD), (D) LV end-diastolic 

diameter (EDD), (E) LV mass, (F) LV mass index in normotensive and (G) 

IVS/EDD ratio (blue, n=12) and hypertensive (red, n=10) participants. 

Independent samples t-test.  
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Figure 7.6 Cardiac MRI-based left ventricular volumes 

Mean ± SD (A) LV end-diastolic volume (EDV), (B) indexed LV EDV, (C) LV 

end-systolic volume (ESV), (D) indexed LV ESV, (E) LV stroke volume (SV), 

(F) LV cardiac output (CO) and (G) LV cardiac index, in normotensive (blue, 

n=12) and hypertensive (red, n=10) participants. Independent samples t-test.   
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Figure 7.7 Cardiac MRI-based left ventricular fibrosis parameters 

Mean ± SD (A) extracellular volume (ECV) and (B) native T1 in normotensive 

(blue, n=11) and hypertensive (red, n=10) participants. Independent samples t-

test.  

 

7.3.2.4 Resting MSNA associations with LVH and cardiac fibrosis 

Resting burst incidence and frequency were not associated with LVMI or ECV in all 

participants (Table 7.4, Figure 7.8), however, burst frequency was significantly 

associated with IVS/EDD ratio. This data indicates that resting MSNA is not 

associated with LVH when using LVMI but is significantly positively associated with 

LVH when using IVS/EDD ratio. To determine whether resting burst frequency could 

predict IVS/EDD ratio, a multiple linear regression was conducted, with hypertension 

added as a covariate. Resting MSNA burst frequency significantly predicted 

IVS/EDD ratio, where an increase of 1 burst/min would increase IVS/EDD ratio by 

0.004 units (Table 7.5).  
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 Table 7.4 Linear regressions between resting MSNA, and CMR parameters of 

cardiac remodelling 

BI; burst incidence, BF; burst frequency, ECV; extracellular volume (n=21), LVMI; left 

ventricular mass index (n=22) 

 

Table 7.5 Multiple linear regression between resting burst frequency and 

IVS/EDD ratio 
 

B β Lower 

95% CI 

Upper 

95% CI 

P value  

Constant 0.012  -0.127 0.152 0.854 

BF 0.004 0.002 0.001 0.008 0.027 

Hypertension 0.054 0.035 -0.021 0.128 0.147 

IVS/EDD; interventricular septum to left ventricular end-diastolic diameter, BF; burst 

frequency 

 

Variables R R2 B F value P value  

BI vs ECV 0.298 0.089 -0.092 F(1,19)=1.849 0.190 

BI vs LVMI 0.029 0.001 -0.029 F(1,19)=0.017 0.896 

BI vs IVS/EDD 0.343 0.117 0.003 F(1,20)=2.663 0.118 

BF vs ECV 0.242 0.058 -0.083 F(1,19)=1.179 0.291 

BF vs LVMI 0.295 0.087 -0.332 F(1,19)=1.905 0.183 

BF vs IVS/EDD 0.612 0.375 0.006 F(1,20)=11.990 0.002 
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Figure 7.8 Associations between resting SNA and cardiac remodelling 

parameters in people with and without hypertension 

No associations were found between (A) resting burst frequency and ECV, (B) 

resting burst incidence and ECV, (C) resting burst frequency and LVMI, (D) 

resting burst incidence and LVMI and (F) resting burst incidence and IVS/EDD 

ratio. A significant association was found between (E) resting burst frequency 

and IVS/EDD ratio. For ECV, n=19, for LVMI and IVS/EDD ratio, n=20. 
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7.3.3 Cold pressor test (CPT) 

The time course of all variables throughout the CPT protocol is shown in Figures 7.9, 

7.10 and 7.11.  
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Figure 7.9 Time course of blood pressure response to the CPT 

Mean ± SD (A) systolic blood pressure, (B) diastolic blood pressure, (C) mean 

arterial pressure and (D) pulse pressure in normotensive (NTN: n=10, blue) 

and hypertensive (HTN: n=11, red) participants. Data are averaged over 30 s 

intervals. Grey box indicates the cold pressor test period.  
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Figure 7.10 Time course of haemodynamic responses to the CPT 

Mean ± SD (A) heart rate, (B) stroke volume and, (C) cardiac output in 

normotensive (NTN: n=11, blue) and hypertensive (HTN: n=10, red) 

participants. Data are averaged over 30 s intervals. Grey box indicates the cold 

pressor test period.  
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Figure 7.11 Time course of the sympathetic response to the CPT 

Mean ± SD (A) burst frequency, (B) burst incidence and, (C) burst area in 

normotensive (NTN: n=11, blue) and hypertensive (HTN: n=10, red) 

participants. Data are averaged over 30 s intervals. Grey box indicates the cold 

pressor test period.  
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7.3.3.1 Blood pressure response to the CPT 

Studentised residuals for SBP and MAP were not normally distributed, and no 

transformation rectified this, therefore raw data was used. PP studentised residuals 

were not normally distributed, however a square root transformation corrected this, 

and analyses were repeated with transformed data. All statistical test data is in Table 

7.6. There was no group x interaction or main effect of group for all blood pressure 

parameters (Figure 7.12, Table 7.6). There was a significant main effect of time for 

all blood pressure parameters, with post-hoc analyses showing significant 

differences between rest and CPT, and CPT and recovery (Table 7.6). No 

differences were seen between rest and recovery (P=1.000 for all blood pressure 

parameters).  

There were no differences between groups, in absolute or percentage change in 

SBP, MAP or PP, from rest to peak CPT (Figure 7.13). In contrast, the percentage 

change in DBP was higher in the normotensive group (31 ± 16%) compared to the 

hypertensive group (17 ± 13%, Figure 7.13), showing that the normotensive group 

had a greater DBP response to the CPT than the hypertensive group. The difference 

did not reach a P value below 0.05 for absolute change in DBP (NTN: 23 ± 12 vs 

HTN: 14 ± 10 mmHg, P=0.059, Figure 7.13). 

Absolute and percentage change in SBP from rest to recovery was not different 

between groups (Figure 7.14); however, the percentage change from rest to 

recovery in DBP was significantly higher in the normotensive group (3 [10]%) 

compared to the hypertensive group (-2 [5]%), indicating that the DBP in the 

normotensive group did not fully return to rest levels, but it did in the hypertensive 

group (Figure 7.14). Absolute and percentage change from rest to recovery in MAP 

and PP were also significantly higher in the normotensive group compared to the 

hypertensive group, showing that blood pressure in the hypertensive group returned 

to rest levels quicker than the normotensive group (Figure 7.14). Absolute change in 

DBP from rest to recovery did not reach a P value below 0.05 (P=0.051, Figure 

7.14).  
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Table 7.6 Statistical test data for blood pressure responses to the CPT 

Variable F value P value  Effect size  

Partial 2 

SBP 
Interaction 
Group 
Time 
Pairwise comparisons 
Rest vs. CPT 
Rest vs. REC 
CPT vs. REC 

 
F(2,38)=0.757 (GG) 
F(1,19)=0.004 
F(2,38)=19.291 

 
0.476 
0.950 
<0.001 
 
<0.001 
1.000 
0.001 

 
0.038 
0.000 
0.504 

DBP 
Interaction 
Group 
Time 
Pairwise comparisons 
Rest vs. CPT 
Rest vs. REC 
CPT vs. REC 

 
F(2,38)=1.543 
F(1,19)=0.068 
F(2,38)=35.177 

 
0.227 
0.797 
<0.001 
 
<0.001 
1.000 
<0.001 

 
0.075 
0.004 
0.649 

MAP 
Interaction 
Group 
Time 
Pairwise comparisons 
Rest vs. CPT 
Rest vs. REC 
CPT vs. REC 

 
F(2,38)=1.120 
F(1,19)=0.098 
F(2,38)=26.956 

 
0.324 
0.757 
<0.001 
 
<0.001 
1.000 
<0.001 

 
0.056 
0.005 
0.587 

√PP 
Interaction 
Group 
Time 
Pairwise comparisons 
Rest vs. CPT 
Rest vs. REC 
CPT vs. REC 

 
F(2,38)=0.519 
F(1,19)=0.003 
F(2,38)=12.026 

 
0.531 
0.958 
<0.001 
 
0.001 
1.000 
0.007 

 
0.027 
0.000 
0.388 

CPT; cold pressor test, REC; recovery, SBP; systolic blood pressure, DBP; diastolic 

blood pressure, MAP; mean arterial pressure, PP; pulse pressure. Two-way 

repeated-measures ANOVA, Bonferroni post-hoc 
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Figure 7.12 Average blood pressure response to CPT 

Mean ± SD (A) systolic blood pressure, (B) diastolic blood pressure, (C) mean 

arterial pressure and (D) pulse pressure in normotensive (NTN: n=11, blue) 

and hypertensive (HTN: n=10, red) participants. Two-way repeated-measures 

ANOVA, Bonferroni post-hoc. Data are averaged 2 min rest vs. second 30 s of 

cold pressor test vs. final 30 s recovery. 
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Figure 7.13 Absolute and percentage change in blood pressure from rest to 

CPT 

Mean ± SD or median [IQR] (A) absolute and (B) percentage change in systolic 

blood pressure, (C) absolute and percentage (D) change in diastolic blood 

pressure, (E) absolute and (F) percentage change in mean arterial pressure, 

and (G) absolute and (H) percentage change in pulse pressure in 

normotensive (NTN: n=11, blue) and hypertensive (HTN: n=10, red) 
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participants. Independent samples t-test or Mann Whitney U test, rest to peak 

CPT.  
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Figure 7.14 Absolute and percentage change in blood pressure from rest to 

recovery 
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Mean ± SD or median [IQR] (A) absolute and (B) percentage change in systolic 

blood pressure, (C) absolute and percentage (D) change in diastolic blood 

pressure, (E) absolute and (F) percentage change in mean arterial pressure, 

and (G) absolute and (H) percentage change in pulse pressure in 

normotensive (NTN: n=11, blue) and hypertensive (HTN: n=10, red) 

participants. Independent samples t-test or Mann Whitney U test, rest to 

recovery. 

 

7.3.3.2 Haemodynamic response to the CPT 

7.3.3.2.1 Heart rate  

A significant group x time interaction for heart rate was observed (Figure 7.15, Table 

7.7). Post-hoc analyses revealed no simple main effect of group at rest (P=0.084), 

during the CPT (P=0.824) and in recovery (P=0.200). The CPT caused a significant 

increase in heart rate for the normotensive group (P<0.001), but this increase did not 

reach a P value below 0.05 in the hypertensive group (P=0.054). Heart rate returned 

to rest levels in recovery for the normotensive group (P=0.321), and significantly 

decreased in the hypertensive group to below rest levels (P=0.028). Both the 

normotensive and hypertensive groups had a significantly higher heart rate during 

the CPT compared to during recovery (P<0.001 and P=0.016 respectively, Figure 

6.14). In agreement, absolute and percentage change in heart rate during the CPT 

from rest, was significantly higher in the normotensive group compared to the 

hypertensive group (Figure 7.16). There were no between group differences in 

absolute and percentage change in heart rate from rest to recovery, showing both 

groups heart rate returned to rest levels during recovery (Figure 7.17).  
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Table 7.7 Statistical test data for haemodynamic responses to the CPT 

Variable F value P value  Effect size  

Partial 2 

HR 
Interaction 
Simple main effect group 
NTN vs. HTN rest 
NTN vs. HTN CPT 
NTN vs. HTN REC 
Simple main effect time 
NTN rest vs. CPT 
NTN rest vs. REC 
NTN CPT vs. REC 
HTN rest vs. CPT 
HTN rest vs. REC 
HTN CPT vs. REC 

 
F(2,38)=7.580 (GG) 
 
F(1,19)=3.326  
F(1,19)=0.051 
F(1,19)=1.766 
 

 
0.007 
 
0.084 
0.824 
0.200 
 
<0.001 
0.321 
<0.001 
0.054 
0.028 
0.016 

 
0.285 
 
0.149 
0.003 
0.085 

CPT; cold pressor test, REC; recovery, NTN; normotension, HTN; hypertension, HR; 

heart rate. Two-way repeated-measures ANOVA, Bonferroni post-hoc 
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Figure 7.15 Average haemodynamic responses to CPT 

Mean ± SD heart rate in normotensive (NTN: n=11, blue) and hypertensive 

(HTN: n=10, red) participants. Two-way repeated-measures ANOVA, 

Bonferroni post-hoc. Data are averaged 2 min rest vs. second 30 s of cold 

pressor test vs. final 30 s recovery.  
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Figure 7.16 Absolute and percentage change in haemodynamic responses 

from rest to peak CPT 

Mean ± SD (A) absolute and (B) percentage change in heart rate in 

normotensive (NTN: n=11, blue) and hypertensive (HTN: n=10, red) 

participants. Independent samples t-test, rest to peak CPT.  
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Figure 7.17 Absolute and percentage change in haemodynamic responses 

from rest to recovery 

Median [IQR] (A) absolute and mean ± SD (B) percentage change in heart rate 

in normotensive (NTN: n=11, blue) and hypertensive (HTN: n=10, red) 

participants. Independent samples t-test or Mann Whitney U test, rest to 

recovery.  
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7.3.3.3 Sympathetic nerve activity response to the CPT 

Studentised residuals for burst incidence violated the assumption of normality; 

however, transformation of the data did not fix this, and raw data was used. There 

was a significant group x time interaction for burst incidence (Figure 7.18, Table 7.8). 

Simple main effects of group showed no significant differences in burst incidence 

between normotensive and hypertensive groups at rest (P=0.332) and during the 

CPT (P=0.146); however, during recovery, the hypertensive group had a significantly 

greater burst incidence compared to the normotensive group (NTN: 56 ± 19 vs. HTN: 

73 ± 14 bursts/100 heartbeats, P=0.035). Simple main effects of time revealed a 

significant increase in burst incidence from rest during the CPT for both 

normotensive (P=0.002) and hypertensive (P=0.004) groups. For the normotensive 

group, burst incidence returned to rest levels, with no difference observed between 

rest and recovery (P=0.284), but a significantly elevated burst incidence during the 

CPT compared to recovery (P<0.001). For the hypertensive group, burst incidence 

did not return to rest levels in recovery, and remained significantly elevated in 

recovery compared to during rest (rest: 66 ± 13 bursts/100 heartbeats vs recovery: 

73 ± 14 bursts/100 heartbeats, P=0.048). In addition, there was no difference in 

burst incidence between CPT and recovery (P=0.246). In agreement, there were no 

significant differences between groups in absolute and percentage change in burst 

incidence from rest to CPT (P=0.054 and P=0.123 respectively, Figure 7.19), 

whereas the hypertensive group had a significantly higher absolute (NTN: -3 ± 8 vs 

HTN: 7 ± 10 bursts/100 heartbeats) and percentage change in burst incidence (NTN: 

-4 ± 17 vs HTN: 11 ± 15%) from rest to recovery, compared to normotensive controls 

(Figure 7.20). This indicates that the hypertensive group have an elevated burst 

incidence in recovery than at rest. 

Similarly, there was a group x time interaction for burst frequency (Figure 7.18, Table 

7.8). Simple main effects of group showed no differences in burst frequency at rest 

(P=0.100) and during the CPT (P=0.443); however, the hypertensive group had a 

significantly higher burst frequency during recovery compared to the normotensive 

controls (P=0.003). Simple main effects of time revealed both the normotensive and 

hypertensive groups had a significantly increased burst frequency during the CPT, 

compared to rest (P<0.001 for both groups) and recovery (P<0.001 for both groups). 

Burst frequency was similar during rest and recovery for normotensive controls 
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(P=0.146) and remained slightly elevated in the hypertensive group in recovery 

compared to rest, although this did not reach a P value below 0.05 (P=0.054). 

Furthermore, absolute and percentage change in burst frequency, from rest to CPT 

was significantly greater in the normotensive group compared to the hypertensive 

group (P=0.005 and P=0.002 respectively, Figure 7.19). The difference in absolute 

(NTN: -3 ± 8 vs. HTN: 7 ± 10 bursts/min) and percentage change (NTN: -8 ± 19 vs 

HTN: 11 ± 5%) in burst frequency from rest to recovery between groups, did not 

reach a P value below 0.05 (P=0.054 and P=0.133 respectively, Figure 7.20), 

despite the effect size being large (Cohen’s D=0.920 and 0.703 respectively). 

There was no interaction effect or main effect of group or time for burst area, 

indicating that burst area did not change with the CPT, and was similar between 

groups (Figure 7.18, Table 7.8). There were no differences between groups in the 

absolute and percentage change in burst area from rest to CPT (P=0.360 and 

P=0.529 respectively, Figure 7.19), and rest to recovery (P=0.579 and P=0.631, 

respectively Figure 7.20).  
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Table 7.8 Statistical test data for sympathetic responses to the CPT 

Variable F value P value  Effect size  

Partial 2 

Burst incidence 
Interaction 
Simple main effect group 
NTN vs. HTN rest 
NTN vs. HTN CPT 
NTN vs. HTN REC 
Simple main effect time 
NTN rest vs. CPT 
NTN rest vs. REC 
NTN CPT vs. REC 
HTN rest vs. CPT 
HTN rest vs. REC 
HTN CPT vs. REC 

 
F(2,36)=7.880 (GG) 
 
F(1,19)=0.994 
F(1,19)=2.308 
F(1,19)=5.190 

 
0.004 
 
0.332 
0.146 
0.035 
 
0.002 
0.284 
<0.001 
0.004 
0.048 
0.246 

 
0.304 
 
0.052 
0.114 
0.224 
 

Burst frequency 
Interaction 
Simple main effect group 
NTN vs. HTN rest 
NTN vs. HTN CPT 
NTN vs. HTN REC 
Simple main effect time 
NTN rest vs. CPT 
NTN rest vs. REC 
NTN CPT vs. REC 
HTN rest vs. CPT 
HTN rest vs. REC 
HTN CPT vs. REC 

 
F(2,36)=15.487 
 
F(1,19)=3.012 
F(1,19)=0.615 
F(1,19)=11.344 
 

 
<0.001 
 
0.100 
0.443 
0.003 
 
<0.001 
0.146 
<0.001 
<0.001 
0.054 
<0.001 

 
0.462 
 
0.143 
0.033 
0.387 

Burst area 
Interaction 
Group 
Time 

 
F(2,36)=1.050 
F(1,18)=1.118 
F(2,36)=0.562 

 
0.360 
0.463 
0.338 

 
0.055 
0.030 
0.058 

CPT; cold pressor test, REC; recovery, NTN; normotension, HTN; hypertension. 

Two-way repeated-measures ANOVA, Bonferroni post-hoc. GG; Greenhouse-

Geisser   
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Figure 7.18 Average sympathetic responses to CPT 

Mean ± SD (A) burst incidence, (B) burst frequency, and (C) burst area in 

normotensive (NTN: n=11, blue) and hypertensive (HTN: n=10, red) 

participants. Two-way repeated-measures ANOVA, Bonferroni post-hoc. Data 

are averaged 2 min rest vs. second 30 s of cold pressor test vs. final 30 s 

recovery. 
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Figure 7.19 Absolute and percentage change in sympathetic responses from 

rest to peak CPT 

Mean ± SD or median [IQR] (A) absolute and (B) percentage change in burst 

incidence, (C) absolute and (D) percentage change in burst frequency, and (E) 

absolute and (F) percentage change in burst area in normotensive (NTN: n=11, 

blue) and hypertensive (HTN: n=10, red) participants. Independent samples t-

test or Mann Whitney U test, rest to peak CPT.  
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Figure 7.20 Absolute and percentage change in sympathetic responses from 

rest to recovery 

Mean ± SD or median [IQR] (A) absolute and (B) percentage change in burst 

incidence, (C) absolute and (D) percentage change in burst frequency, and (E) 

absolute and (F) percentage change in burst area in normotensive (NTN: n=11, 

blue) and hypertensive (HTN: n=10, red) participants. Independent samples t-

test or Mann Whitney U test rest to recovery.  
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7.3.3.3.1 Sympathetic baroreflex sensitivity during the CPT 

Sympathetic baroreflex sensitivity was assessed during the CPT and recovery to 

determine whether elevated recovery SNA in the hypertensive group was caused by 

a change in the overall sensitivity of the sympathetic baroreflex loop. There was no 

significant group x time interaction (F(2,36)=1.584, partial η2=0.081), in addition to no 

main effect of group (F(1,18)=0.008, partial η2=0.000) or time (F(2,36)=1.166, partial 

η2=0.061), observed for baroreflex sensitivity slope (Figure 7.21). No group x time 

interaction (F(2,36)=0.512, P=0.603, partial η2=0.028) or effect of group 

(F(1,18)=0.434, P=0.518, partial η2=0.024, Figure 7.21) was observed for the 

operating point of DBP. An effect of time was observed (F(2,36)=33.675, P<0.001, 

partial η2=0.652) where the CPT increased the operating point of DBP from rest 

(P<0.001) and recovery (P<0.001). No differences between rest and recovery were 

observed (P=1.000). A significant group x time interaction was observed for the 

operating point of MSNA (F(2,36)=4.041, P=0.040, partial η2=0.183). Simple main 

effects of group revealed no differences in operating point in MSNA at rest 

(F(1,18)=1.355, P=0.260, partial η2=0.070), during the CPT (F(1,18)=0.795, 

P=0.385, partial η2=0.042) or during recovery (F(1,18)=3.040, P=0.098, partial 

η2=0.144), although the effect size was large for differences in recovery. Simple 

main effects of time revealed a significantly higher MSNA operating point during the 

CPT compared to rest (P=0.005) and recovery (P=0.007), but not between rest and 

recovery (P=0.763) in the normotensive group. Similarly, MSNA operating point was 

higher in the hypertensive group during the CPT compared to rest (P=0.030) but was 

similar between the CPT and recovery (P=0.400) and rest and recovery (P=0.102), 

showing the MSNA operating point did not decrease from CPT to rest levels during 

recovery. 



 

249 
 

Rest CPT Recovery

-8

-6

-4

-2

0

2
O

v
e
ra

ll
 c

o
u

n
t 

s
lo

p
e

NTN

HTN

Interaction (P=0.219)
Group  (P=0.930)
Time (P=0.323)

30 60 90 120

0

20

40

60

80

100

DBP (mmHg)

M
S

N
A

 (
b

u
rs

ts
/1

0
0
 h

e
a
rt

 b
e

a
ts

)

NTN rest

NTN recovery

HTN rest

HTN recovery

A B

 

Figure 7.21 Baroreflex sensitivity and operating point during rest, CPT and 

recovery 

(A) Mean ± SD baroreflex sensitivity slope during rest, CPT and recovery and 

(B) baroreflex slope and operating point during rest and recovery in 

normotensive (blue) and hypertensive (red) participants. Two-way repeated-

measures ANOVA, Bonferroni post-hoc test. 

 

7.3.3.3.2 Sympathetic transduction in recovery from the CPT 

Sympathetic transduction during the CPT was also analysed to determine whether 

the normal DBP despite a high MSNA during recovery in the hypertensive group was 

a result of a reduction in the communication between the sympathetic nerves and 

blood vessels, meaning vasoconstrictor response is reduced for a given change in 

DBP.  

No group x time interaction (F(1,18)=0.291, P=0.596, partial η2=0.016) or effect of 

group (F(1,18)=0.869, P=0.364, partial η2=0.046) were observed. The effect of time 

did not reach a P value below 0.05 (F(1,18)=3.495, P=0.078, partial η2=0.163); 

however the large effect size indicates that the reduction in transduction slope 

observed between rest (NTN: 0.211 ± 0.197, HTN: 0.201 ± 0.156 mmHg/%/s) and 

recovery (NTN: 0.108 ± 0.098, HTN: 0.014 ± 0.330 mmHg/%/s) may be of 

physiological relevance.  

No differences in absolute and percentage change from rest to recovery were 

observed between normotensive and hypertensive individuals (Δ NTN: -0.067 
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[0.236] versus HTN: -0.025 [0.027] mmHg/%/s, P=0.684, Cohen’s D=0.187; %Δ 

NTN: -57.4 [96.9] versus HTN: -21.1 [37.6]%, P=0.380, Cohen’s D=0.524).  

7.3.3.4 SNA reactivity to stress associations with LVH and cardiac fibrosis 

Absolute change in burst incidence and burst frequency from rest to CPT were 

significantly associated with ECV but not LVMI or IVS/EDD ratio (Table 7.9), 

indicating that SNA reactivity to a stressor may be associated with cardiac fibrosis. 

No associations were observed between percentage change in MSNA from rest to 

CPT, and LVMI, IVS/EDD ratio or ECV (Table 7.9). To determine whether absolute 

change (from rest to CPT) in burst incidence and frequency could predict ECV with 

hypertension added as a covariate, multiple linear regressions were used. Absolute 

change in burst incidence from rest to CPT was found to significantly predict ECV 

(Table 7.10), where an increase of 1 burst/100 heartbeats would result in a 0.133% 

increase in ECV. On average, absolute change in burst incidence during the CPT 

was 20 bursts/100 heartbeats, meaning an increase in ECV of 2.66%. Hypertension 

diagnosis did not contribute to the model. Sex and age were added as covariates to 

the model separately, as ECV is greater in women than men, and burst incidence 

increases with age. Neither sex nor age contributed to the model. Absolute change 

in burst frequency (from rest to CPT) was shown to not predict ECV with 

hypertension added as a covariate. There were no associations between absolute or 

percentage change in MSNA from rest to recovery and LVMI, IVS/EDD ratio or ECV 

(Table 7.11). 

  



 

251 
 

Table 7.9 Linear regression test data between change in MSNA from rest to 

CPT, and CMR parameters of cardiac remodelling 

Δ; absolute change, %Δ; percentage change, BI; burst incidence, BF; burst 

frequency, ECV; extracellular volume (n=19), LVMI; left ventricular mass index 

(n=20), IVS/EDD; interventricular septum to end-diastolic diameter ratio (n=20) 

 

Table 7.10 Multiple linear regression between absolute change in burst 

incidence from rest to CPT and ECV 
 

B β Lower 

95% CI 

Upper 

95% CI 

P value  

Constant 20.943  15.807 26.079 <0.001 

Δ Burst incidence 0.133 0.037 0.054 0.211 0.002 

Hypertension 0.925 1.250 -1.725 3.575 0.470 

Δ; absolute change, CPT; cold pressor test, ECV; extracellular volume 

Variables R R2 B F value P value  

Δ BI vs ECV 0.672 0.452 0.120 F(1,17)=14.034 0.002 

%Δ BI vs ECV 0.365 0.133 0.038 F(1,15)=2.305 0.150 

Δ BI vs LVMI 0.282 0.080 -0.188 F(1,18)=1.555 0.228 

%Δ BI vs LVMI 0.181 0.033 -0.035 F(1,18)=0.613 0.444 

Δ BI vs IVS/EDD  0.113 0.013 -0.001 F(1,18)=0.231 0.636 

%Δ BI vs IVS/EDD 0.094 0.009 0.000 F(1,18)=0.161 0.693 

Δ BF vs ECV 0.486 0.236 0.128 F(1,17)=5.261 0.035 

%Δ BF vs ECV 0.139 0.019 0.013 F(1,15)=0.295 0.595 

Δ BF vs LVMI 0.190 0.036 -0.188 F(1,18)=0.675 0.422 

%Δ BF vs LVMI 0.091 0.008 -0.013 F(1,18)=0.149 0.704 

Δ BF vs IVS/EDD 0.152 0.023 -0.001 F(1,18)=0.426 0.522 

%Δ BF vs IVS/EDD 0.149 0.022 0.000 F(1,18)=0.406 0.532 
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Table 7.11 Linear regression test data between change in MSNA from rest to 

recovery, and CMR parameters of cardiac remodelling 

Δ; absolute change, %Δ; percentage change, BI; burst incidence, BF; burst 

frequency, ECV; extracellular volume (n=19), LVMI; left ventricular mass index 

(n=20), IVS/EDD; interventricular septum to end-diastolic diameter ratio (n=20) 

7.3.4 Circulating fibrotic markers 

Circulating type I collagen synthesis marker, PICP, was significantly reduced in the 

hypertensive (87.18 [29.17] ng/ml) compared to normotensive participants (137.75 

[59.31] µg/L, Figure 7.22A). No differences between normotensive and hypertensive 

participants were found for type I collagen degradation marker CITP concentration 

(3.3 ± 0.7 µg/L vs. 3.4 ± 0.8 µg/L, Figure 7.22B) or type III collagen synthesis marker 

PIIINP (4.3 ± 0.8 µg/L vs. 4.0 ± 0.9 µg/L, Figure 7.22C). Serum levels of MMP-1, the 

main MMP responsible for breaking down type I collagen, were similar between 

normotensive and hypertensive participants (9.44 ± 7.25 vs. 9.89 ± 7.72 µg/L, Figure 

7.22D). PICP:CITP ratio, an indicator of type I collagen turnover, was significantly 

lower in the hypertensive group (24.78 ± 4.35) compared to normotensive controls 

Variables R R2 B F value P value  

Δ BI vs ECV 0.137 0.019 -0.046 F(1,17)=0.325 0.576 

%Δ BI vs ECV 0.021 0.000 0.004 F(1,17)=0.007 0.933 

Δ BI vs IVS/EDD  0.237 0.056 0.002 F(1,18)=1.075 0.313 

%Δ BI vs IVS/EDD 0.256 0.066 0.001 F(1,18)=1.266 0.275 

Δ BI vs LVMI 0.118 0.014 -0.129 F(1,18)=0.254 0.621 

%Δ BI vs LVMI 0.126 0.016 -0.082 F(1,18)=0.291 0.596 

Δ BF vs ECV 0.170 0.029 -0.099 F(1,17)=0.508 0.486 

%Δ BF vs ECV 0.022 0.001 0.005 F(1,17)=0.009 0.927 

Δ BF vs LVMI 0.172 0.030 -0.340 F(1,18)=0.550 0.468 

%Δ BF vs LVMI 0.214 0.046 -0.149 F(1,18)=0.868 0.364 

Δ BF vs IVS/EDD  0.192 0.037 0.003 F(1,18)=0.687 0.418 

%Δ BF vs IVS/EDD 0.237 0.056 0.001 F(1,18)=1.070 0.315 
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(45.89 ± 18.91, Figure 7.22E). CITP:MMP-1 ratio, an indicator of collagen cross-

linking (CCL) was also similar between groups (NTN: 0.45 [0.60] vs. HTN: 0.41 

[0.87], Figure 7.22F). This data indicates that type I collagen degradation is not 

altered in people with hypertension, but type I collagen synthesis is reduced, 

resulting in reduced collagen turnover (PICP:CITP ratio) in hypertension. 
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Figure 7.22 Circulating collagen marker concentrations 

Mean ± SD or median [IQR] concentrations of (A) PICP, (B) CITP, (C) PIIINP, 

(D) MMP-1, (E) PICP:CITP ratio and (F) CITP:MMP-1 ratio in normotensive 

(blue, n=12) and hypertensive (red, n=10) participants. Independent samples t-

test or Mann Whitney U test.  
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7.3.4.1 Associations between resting MSNA and fibrotic markers 

PICP:CITP ratio was the only fibrotic marker to be associated with resting burst 

incidence (Table 7.12). To determine whether PICP:CITP ratio could be predicted by 

burst incidence when hypertension was added as a covariate, a multiple linear 

regression was performed. Burst incidence was found to significantly contribute to 

the model (Table 7.13) showing that for every 1 burst/100 heartbeats increase in 

burst incidence, PICP:CITP ratio decreased by 0.725 (P=0.011). Hypertension 

contributed to the model significantly, with the presence of hypertension causing a 

decrease in PICP:CITP ratio by 14.97 (P=0.017).  

Table 7.12 Linear regression between resting MSNA and fibrotic markers 

BI; burst incidence, BF; burst frequency, PICP; carboxy-terminal propeptide of 

procollagen type I, CITP; carboxy-terminal telopeptide of collagen type I, MMP-1; 

matrix metalloproteinase-1, PIIINP; amino-terminal propeptide of collagen type III. 

  

Variable R R2 B F value P value  

BI vs PICP 0.245 0.060 -1.069 F(1,19)=1.212 0.285 

BF vs PICP 0.249 0.062 -1.208 F(1,19)=1.253 0.277 

BI vs CITP 0.059 0.003 0.004 F(1,20)=0.069 0.795 

BF vs CITP 0.029 0.001 0.002 F(1,20)=0.017 0.899 

BI vs PICP:CITP 0.630 0.396 -0.983 F(1,20)=13.130 0.002 

BF vs PICP:CITP 0.380 0.145 -0.593 F(1,19)=3.215 0.089 

BI vs MMP-1 0.010 0.000 -0.007 F(1, 20)=0.002 0.964 

BF vs MMP-1 0.044 0.002 0.032 F(1,20)=0.038 0.847 

BI vs CITP:MMP-1 0.121 0.015 0.031 F(1,20)=0.295 0.593 

BF vs CITP:MMP-1 0.003 0.000 0.001 F(1,20)=0.000 0.991 

BI vs PIIINP 0.059 0.004 -0.004 F(1,20)=0.070 0.794 

BF vs PIIINP 0.003 0.000 0.000 F(1,20)=0.000 0.988 
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Table 7.13 Multiple linear regression between burst incidence and PICP:CITP 

ratio 
 

B β Lower 

95% CI 

Upper 

95% CI 

P value  

Constant 103.225  71.309 135.140 <0.001 

Burst incidence -0.725 -0.464 -1.266 -0.185 0.011 

Hypertension -14.970 -0.433 -26.946 -2.995 0.017 

 

7.3.5 Circulating inflammatory markers pre-exercise 

C-reactive protein was only measured before exercise, and not post-exercise due to 

the cost. Fisher’s exact test showed no differences in distribution of CRP between 

groups. All normotensive participants had a normal CRP level, and only 2 out of 10 

hypertensive participants had an elevated (≥6 mg/L) CRP.  

There were no differences observed in resting plasma IL-1α or IL-6 concentration 

between groups (Figure 7.23). Furthermore, the difference in IL-18 (NTN: 130.08 ± 

51.03 vs HTN: 191.82 ± 91.37 pg/ml) concentration did not reach a P value below 

0.05, despite a large effect size (P=0.079, Cohen’s D= 0.834) indicating a slightly 

increased IL-18 at baseline in hypertension (Figure 7.23). In contrast, IL-1β (NTN: 

4.38 [2.62], HTN: 2.90 [2.05] pg/ml, P=0.028) and IL-12p70 (NTN: 3.19 [1.00], HTN: 

1.68 [1.21] pg/ml, P=0.008) concentration were significantly reduced in the 

hypertensive group compared to the normotensive group (Figure 7.23). Levels of 

anti-inflammatory IL-10 were similar between groups before exercise (Figure 7.24). 

Both IFN-γ and TNF-α concentrations were not different between normotensive and 

hypertensive participants pre-exercise (Figure 7.25). Together these results show 

some resting pro-inflammatory markers are reduced in hypertension, and others are 

similar between groups. 
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Figure 7.23 Pro-inflammatory interleukin concentrations pre-exercise 

Mean ± SD or median [IQR] concentrations in (A) IL-1α (NTN: n=10, HTN: 

n=8), (B) IL-1β (NTN: n=9, HTN: n=10), (C) IL-6 (NTN: n=8, HTN: n=9), (D) IL-

12p70 (NTN: n=9, HTN: n=10), and (E) IL-18 (NTN: n=10, HTN: n=10) pre-

exercise, in normotensive (blue) and hypertensive (red) participants. 

Independent samples t-test or Mann Whitney U test. 
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Figure 7.24 Anti-inflammatory interleukin concentration pre-exercise 

Mean ± SD concentrations in IL-10 pre-exercise, in normotensive (blue, n=10) 

and hypertensive (red, n=10) participants. Independent samples t-test or Mann 

Whitney U test. 
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Figure 7.25 Pro-inflammatory cytokine concentrations pre-exercise 

Median [IQR] concentrations in (A) IFN-γ (NTN: n=9, HTN: n=8) and (B) TNF-α 

(NTN: n=10, HTN: n=10) pre-exercise, in normotensive (blue) and hypertensive 

(red) participants. Mann Whitney U test. 
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7.3.5.1 Associations between resting MSNA and inflammatory markers 

IL-18 was the only inflammatory marker associated with resting burst incidence 

(P=0.018, Table 7.14), but the association with resting burst frequency did not reach 

a P value below 0.05 (P=0.084, Table 7.15). The positive association between 

lymphocyte count and burst frequency did not reach a P value below 0.05 (Table 

7.15). To determine whether IL-18 could be predicted by burst incidence when 

hypertension was added as a covariate, a multiple linear regression was performed. 

Burst incidence was found to significantly contribute to the model (Table 7.16) 

showing that for every 1 burst/100 heartbeats increase in burst incidence, IL-18 

concentration increased by 2.44 pg/ml. Hypertension diagnosis (P=0.441) did not 

contribute to the model.  

Table 7.14 Linear regression test data between baseline burst incidence and 

inflammatory markers 

Variable R R2 B F value P value  

IL-1α (n=18) 0.102 0.010 0.248 F(1,16)=0.169 0.686 

IL-1β (n=19) 0.019 0.000 -0.008 F(1,17)=0.006 0.938 

IL-6 (n=17) 0.053 0.003 -0.006 F(1,15)=0.042 0.840 

IL-12p70 (n=19) 0.094 0.009 -0.016 F(1,17)=0.152 0.701 

IL-18 (n=20) 0.536 0.287 2.760 F(1,17)=6.841 0.018 

IL-10 (n=20) 0.233 0.054 -0.055 F(1,18)=1.034 0.323 

IFN-γ (n=17) 0.176 0.031 0.056 F(1,15)=0.480 0.499 

TNF-α (n=20) 0.034 0.001 -0.028 F(1,18)=0.021 0.887 

Lymphocytes (n=22) 0.249 0.062 0.011 F(1,20)=1.320 0.264 

IL; interleukin, IFN; interferon, TNF; tumor necrosis factor. 
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Table 7.15 Linear regression test data between baseline burst frequency and 

inflammatory markers 

Variable R R2 B F value P value  

IL-1α (n=18) 0.134 0.018 0.380 F(1,16)=0.295 0.595 

IL-1β (n=19) 0.031 0.001 -0.014 F(1,17)=0.017 0.898 

IL-6 (n=17) 0.236 0.056 0.026 F(1,15)=0.884 0.362 

IL-12p70 (n=19) 0.158 0.025 -0.030 F(1,17)=0.435 0.518 

IL-18 (n=20) 0.407 0.166 3.632 F(1,17)=3.375 0.084 

IL-10 (n=20) 0.061 0.004 -0.016 F(1,18)=0.068 0.797 

IFN-γ (n=17) 0.083 0.007 0.029 F(1,15)=0.105 0.751 

TNF-α (n=20) 0.153 0.023 0.142 F(1,18)=0.431 0.520 

Lymphocytes (n=22) 0.391 0.153 0.01 F(1,20)=3.599 0.072 

IL; interleukin, IFN; interferon, TNF; tumor necrosis factor. 

 

Table 7.16 Multiple linear regression between burst incidence and IL-18  
 

B β Lower 

95% CI 

Upper 

95% CI 

P value  

Constant -34.958  -182.549 112.633 0.622 

Burst incidence 2.440 0.474 0.021 4.859 0.048 

Hypertension 20.863 0.175 -35.118 76.844 0.441 

 

7.3.5.2 Associations between circulating markers and CMR parameters 

There were no associations between any fibrotic markers and ECV (Table 7.17). A 

significant positive relationship was found between PIIINP and LVMI (Table 7.18). To 

determine whether LVMI could be predicted by PIIINP when hypertension was 

added as a covariate, a multiple linear regression was performed. PIIINP was found 

to significantly contribute to the model (Table 7.19) showing that for every 1 µg/L 

increase in PIIINP, LVMI increased by 8 g/m2. No associations between fibrotic 

markers and IVS/EDD ratio were found (Table 7.20). There were no associations 
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between any inflammatory markers and ECV (Table 7.21, Appendix 5), LVMI (Table 

7.22, Appendix 5) or IVS/EDD ratio (Table 7.23), although the association between 

IL-18 and IVS/EDD ratio was close to significance (P=0.054).  

 

Table 7.17 Linear regression between fibrotic markers and ECV 

PICP; carboxy-terminal propeptide of procollagen type I, PIIINP; amino-terminal 

propeptide of procollagen type III, CITP; carboxy-terminal telopeptide of collagen 

type I, MMP-1; matrix metalloproteinase. Linear regression with n=21 

 

 

Table 7.18 Linear regression between fibrotic markers and LVMI 

Variable R R2 B F value P value  

PICP 0.324 0.105 0.050 F(1,20)=2.351 0.141 

CITP 0.328 0.107 4.945 F(1,20)=2.407 0.136 

PICP:CITP 0.197 0.039 0.127 F(1,20)=0.811 0.378 

MMP-1 0.085 0.007 -0.131 F(1,20)=0.144 0.708 

CITP:MMP-1 0.118 0.014 0.460 F(1,20)=0.281 0.602 

PIIINP 0.615 0.378 7.714 F(1,19)=11.557 0.003 

PICP; carboxy-terminal propeptide of procollagen type I, PIIINP; amino-terminal 

propeptide of procollagen type III, CITP; carboxy-terminal telopeptide of collagen 

type I, MMP-1; matrix metalloproteinase. Linear regression with n=22 

Variable R R2 B F value P value  

PICP 0.053 0.003 -0.004 F(1,19)=0.054 0.818 

CITP 0.030 0.001 0.122 F(1,19)=0.017 0.899 

PICP:CITP 0.000 0.000 4.754E-5 F(1,19)=0.000 0.999 

MMP-1 0.266 0.071 0.109 F(1,19)=1.445 0.244 

CITP:MMP-1 0.114 0.013 -0.117 F(1,19)=0.251 0.622 

PIIINP 0.089 0.008 0.310 F(1,19)=0.151 0.702 
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Table 7.19 Multiple linear regression for LVMI 
 

B β Lower 

95% CI 

Upper 

95% CI 

P value  

Constant 21.419  -0.381 43.220 0.054 

PIIINP 7.662 0.611 2.741 12.584 0.004 

Hypertension -0.759 -0.038 -8.614 7.095 0.841 

B; unstandardised coefficient, β; standardised coefficient, CI; confidence intervals, 

PIIINP; amino terminal peptide of type III procollagen, n=21. 

 

Table 7.20 Linear regression between fibrotic markers and IVS/EDD ratio 

IVS EDD; interventricular septum to left ventricular end-diastolic diameter, PICP; 

carboxy-terminal propeptide of procollagen type I, PIIINP; amino-terminal propeptide 

of procollagen type III, CITP; carboxy-terminal telopeptide of collagen type I, MMP-1; 

matrix metalloproteinase. 

 

 

  

Variable R R2 B F value P value  

PICP 0.370 0.137 0.000 F(1,20)=3.169 0.090 

CITP 0.020 0.000 0.002 F(1,20)=0.008 0.930 

PICP:CITP 0.367 0.135 -0.002 F(1,20)=3.111 0.093 

MMP-1 0.075 0.006 0.001 F(1,20)=0.115 0.739 

CITP:MMP-1 0.127 0.016 0.004 F(1,20)=0.330 0.572 

PIIINP 0.042 0.002 0.005 F(1,20)=0.036 0.851 
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Table 7.21 Linear regression between inflammatory markers and ECV 

Variable R R2 B F value P value  

WBC (n=22) 0.125 0.016 -0.269 F(1,19)=0.301 0.589 

Lymphocytes (n=22) 0.072 0.005 -0.442 F(1,19)=0.100 0.755 

IL-1α (n=18) 0.346 0.120 0.030 F(1,15)=2.043 0.173 

IL-1β (n=19) 0.172 0.030 0.094 F(1,16)=0.489 0.495 

IL-6 (n=17) 0.167 0.028 0.468 F(1,15)=0.429 0.522 

IL-12p70 (n=19) 0.197 0.039 0.258 F(1,16)=0.646 0.433 

IL-18 (n=20) 0.154 0.024 -0.005 F(1,17)=0.416 0.528 

IL-10 (n=20) 0.136 0.018 0.121 F(1,17)=0.319 0.579 

IFN-γ (n=17) 0.188 0.036 -0.126 F(1,14)=0.515 0.485 

TNF-α (n=20) 0.133 0.018 0.035 F(1,17)=0.306 0.587 

ECV; extracellular volume, WBC; white blood cells, IL; interleukin, IFN; interferon, 

TNF; tumor necrosis factor. N=21 for ECV. 

 

Table 7.22 Linear regression between inflammatory markers and LVMI 

Variable R R2 B F value P value  

WBC (n=22) 0.028 0.001 -0.211 F(1,20)=0.016 0.902 

Lymphocytes (n=22) 0.150 0.023 -3.400 F(1,20)=0.463 0.504 

IL-1α (n=18) 0.222 0.049 -0.078 F(1,16)=0.827 0.377 

IL-1β (n=19) 0.214 0.046 -0.511 F(1,17)=0.819 0.378 

IL-6 (n=17) 0.187 0.035 2.172 F(1,15)=0.546 0.471 

IL-12p70 (n=19) 0.074 0.005 -0.425 F(1,17)=0.093 0.764 

IL-18 (n=20) 0.340 0.116 0.047 F(1,18)=2.354 0.142 

IL-10 (n=20) 0.021 0.000 0.084 F(1,18)=0.008 0.931 

IFN-γ (n=17) 0.197 0.039 0.513 F(1,15)=0.603 0.450 

TNF-α (n=20) 0.017 0.000 -0.020 F(1,18)=0.005 0.943 

WBC; white blood cells, IL; interleukin, IFN; interferon, TNF; tumor necrosis factor. 

LVMI; left ventricular mass index n=22. 
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Table 7.23 Linear regression between inflammatory markers and IVS/EDD ratio 

Variable R R2 B F value P value  

IL-1α (n=18) 0.048 0.002 0.000 F(1,16)=0.037 0.849 

IL-1β (n=19) 0.042 0.002 -0.001 F(1,17)=0.030 0.865 

IL-6 (n=17) 0.251 0.063 0.026 F(1,15)=1.005 0.332 

IL-12p70 (n=19) 0.085 0.007 -0.004 F(1,17)=0.124 0.730 

IL-18 (n=20) 0.437 0.191 0.001 F(1,18)=4.254 0.054 

IL-10 (n=20) 0.064 0.004 0.002 F(1,18)=0.075 0.787 

IFN-γ (n=17) 0.072 0.005 0.002 F(1,15)=0.078 0.784 

TNF-α (n=20) 0.261 0.068 0.003 F(1,18)=1.319 0.266 

IVS/EDD; interventricular septum to left ventricular end-diastolic diameter, IL; 

interleukin, IFN; interferon, TNF; tumor necrosis factor. n=22. 

 

7.3.6 Circulating inflammatory markers post-exercise 

There were no differences observed between groups in the concentration of any 

multiplex markers post-exercise (Figures 7.26, 7.27 and 7.28).  



 

264 
 

NTN HTN

0

5

10

15

20

25
IL

-1
α

 c
o

n
c

e
n

tr
a
ti

o
n

 (
p

g
/m

l)

P=0.426, Cohen's D=0.413

NTN HTN

0

5

10

15

IL
-1

β
 c

o
n

c
e
n

tr
a
ti

o
n

 (
p

g
/m

l)

P=0.700, Cohen's D=0.198

NTN HTN

0.0

0.5

1.0

1.5

2.0

IL
-6

 c
o

n
c
e

n
tr

a
ti

o
n

 (
p

g
/m

l)

P=0.120, Cohen's D=0.695

NTN HTN

0

2

4

6

8

10

IL
-1

2
p

7
0
 c

o
n

c
e
n

tr
a
ti

o
n

 (
p

g
/m

l) P=0.743, Cohen's D=0.164

NTN HTN

0

100

200

300

400

IL
-1

8
 c

o
n

c
e

n
tr

a
ti

o
n

 (
p

g
/m

l)

P=0.101, Cohen's D=0.826

A B

C D

E

 

Figure 7.26 Pro-inflammatory interleukin concentrations post-exercise 

Mean ± SD or median [IQR] concentrations in (A) IL-1α (NTN: n=7, HTN: n=9), 

(B) IL-1β (NTN: n=7, HTN: n=9), (C) IL-6 (NTN: n=6, HTN: n=10), (D) IL-12p70 

(NTN: n=8, HTN: n=9), and (E) IL-18 (NTN: n=8, HTN: n=10) post-exercise, in 

normotensive (blue) and hypertensive (red) participants. Independent samples 

t-test or Mann Whitney U test. 
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Figure 7.27 Anti-inflammatory interleukin concentration post-exercise 

Median [IQR] concentrations in IL-10 post-exercise, in normotensive (blue, 

n=8) and hypertensive (red, n=10) participants. Independent samples t-test or 

Mann Whitney U test. 
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Figure 7.28 Pro-inflammatory cytokine concentrations post-exercise 

Median [IQR] concentrations in (A) IFN-γ (NTN: n=5, HTN: n=4) and (B) TNF-α 

(NTN: n=8, HTN: n=10) post-exercise, in normotensive (blue) and hypertensive 

(red) participants. Mann Whitney U test. 
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7.3.7 Change in circulating inflammatory markers from pre- to post-exercise 

The absolute and percentage change from pre- to post-exercise in IL-1α, IL-6 and IL-

18 concentrations were similar between the hypertensive and normotensive 

participants (Figures 7.29 and 7.30). In contrast, the absolute and percentage 

change from pre- to post-exercise in IL-1β (Δ NTN: -1.91 [1.42] pg/ml vs HTN: 0.32 

[1.26] pg/ml; %Δ NTN: -49.87 [43.62]% vs HTN: 26.64 [66.61]%) and IL-12p70 (Δ 

NTN: -1.40 ± 1.93 pg/ml vs HTN: 0.56 ± 1.07 pg/ml; %Δ NTN: -33.85 ± 49.12% vs 

HTN: 65.69 ± 98.21%) concentrations were significantly greater in the hypertensive 

group compared to the normotensive controls (Figures 7.29 and 7.30), indicating that 

exhaustive exercise resulted in an increase in pro-inflammatory markers in 

hypertension.  

Absolute and percentage change from pre- to post-exercise in IL-10 concentration 

was significantly higher (Δ NTN: -1.54 ± 1.40 vs HTN: -0.25 ± 0.93 pg/ml, %Δ NTN: -

33.58 ± 21.63 vs HTN: -8.23 ± 29.51%) in the hypertensive group compared to the 

normotensive group (Figure 7.31). Both absolute and percentage change from pre- 

to post-exercise in IFN-γ and TNF-α concentrations were similar between 

normotensive and hypertensive participants (Figure 7.32).  
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Figure 7.29 Absolute change in pro-inflammatory interleukin concentrations 

from pre- to post-exercise 

Mean ± SD or median [IQR] change in concentrations in (A) IL-1α (NTN: n=7, 

HTN: n=8), (B) IL-1β (NTN: n=7, HTN: n=9), (C) IL-6 (NTN: n=6, HTN: n=9), 

(D) IL-12p70 (NTN: n=7, HTN: n=9), and (E) IL-18 (NTN: n=8, HTN: n=10) from 

pre- to post-exercise, in normotensive (blue) and hypertensive (red) 

participants. Independent samples t-test or Mann Whitney U test. 
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Figure 7.30 Percentage change in pro-inflammatory interleukin concentrations 

from pre- to post-exercise 

Mean ± SD or median [IQR] change in concentrations in (A) IL-1α (NTN: n=7, 

HTN: n=8), (B) IL-1β (NTN: n=7, HTN: n=9), (C) IL-6 (NTN: n=6, HTN: n=9), 

(D) IL-12p70 (NTN: n=7, HTN: n=9), and (E) IL-18 (NTN: n=8, HTN: n=10) from 

pre- to post-exercise, in normotensive (blue) and hypertensive (red) 

participants. Independent samples t-test or Mann Whitney U test. 
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Figure 7.31 Absolute and percentage change in anti-inflammatory interleukin 

concentrations from pre- to post-exercise 

Mean ± SD absolute (A) and percentage (B) change in IL-10 concentration 

from pre- to post-exercise, in normotensive (blue, n=8) and hypertensive (red, 

n=10) participants. Independent samples t-test or Mann Whitney U test. 
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Figure 7.32 Absolute and percentage change in pro-inflammatory cytokine 

concentrations from pre- to post-exercise 

Mean ± SD or median [IQR] changes in (A) IFN-γ (NTN: n=5, HTN: n=3) and 

(B) TNF-α (NTN: n=8, HTN: n=10) from pre- to post-exercise, in normotensive 

(blue) and hypertensive (red) participants. Mann Whitney U test. 

 

7.3.7.1 Change in inflammatory markers associations with LVH and cardiac 

fibrosis 

There were no associations between absolute or percentage change in inflammatory 

markers (from pre- to post-exercise) and LVMI observed (Table 7.24). Absolute 

change in IL-10 concentration from pre- to post-exercise was significantly negatively 

associated with ECV (Table 7.25), where an increase in IL-10 by 1 pg/ml from pre-to 

post-exercise reduced ECV by 1.352%. No other associations were found with ECV. 

To determine whether ECV could be predicted by this change in IL-10 with 
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hypertension added as a covariate, a multiple linear regression was performed. The 

model showed that absolute change in IL-10 from pre- to post-exercise did not 

predict ECV significantly, and hypertension did not contribute to the model (Table 

7.26). No associations were found between change in inflammatory markers from 

pre- to post-exercise and IVS/EDD (Table 7.27). These results indicate that changes 

in IL-10 can predict ECV in a simple linear regression, but there is not enough power 

to add covariates to the model.  

 

Table 7.24 Linear regression test data for absolute and percentage change in 

inflammatory markers from pre- to post-exercise and LVMI 

Variable R R2 B F value P value  

Δ IL-1α (n=15) 0.098 0.010 0.061 F(1,13)=0.127 0.727 

%Δ IL-1α (n=15) 0.321 0.103 0.043 F(1,13)=1.493 0.243 

Δ IL-1β (n=16) 0.150 0.023 0.444 F(1,14)=0.324 0.578 

%Δ IL-1β (n=16) 0.161 0.026 0.034 F(1,14)=0.374 0.551 

Δ IL-6 (n=15) 0.306 0.094 -4.589 F(1,13)=1.344 0.267 

%Δ IL-6 (n=15) 0.341 0.116 -0.047 F(1,13)=1.713 0.213 

Δ IL-12p70 (n=16) 0.282 0.079 1.716 F(1,14)=1.208 0.290 

%Δ IL-12p70 (n=16) 0.208 0.043 0.031 F(1,12)=0.541 0.476 

Δ IL-18 (n=18) 0.060 0.004 -0.011 F(1,16)=0.058 0.812 

%Δ IL-18 (n=18) 0.070 0.005 0.026 F(1,16)=0.080 0.781 

Δ IL-10 (n=18) 0.139 0.019 -1.150 F(1,16)=0.314 0.583 

%Δ IL-10 (n=18) 0.102 0.010 -0.038 F(1,16)=0.167 0.688 

Δ IFN-γ (n=8) 0.125 0.016 0.183 F(1,6)=0.095 0.768 

%Δ IFN-γ (n=8) 0.054 0.003 -0.001 F(1,6)=0.018 0.898 

Δ TNF-α (n=18) 0.081 0.006 -0.112 F(1,16)=0.105 0.751 

%Δ TNF-α (n=18) 0.052 0.003 0.019 F(1,16)=0.044 0.837 

LVMI; left ventricular mass index, Δ; absolute change, %Δ; percentage change, IL; 

interleukin, IFN; interferon, TNF; tumor necrosis factor. 
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Table 7.25 Linear regression test data for absolute and percentage change in 

inflammatory markers from pre- to post-exercise and ECV 

ECV; extracellular volume, Δ; absolute change, %Δ; percentage change, IL; 

interleukin, IFN; interferon, TNF; tumor necrosis factor. 

  

Variable R R2 B F value P value  

Δ IL-1α (n=15) 0.266 0.070 -0.044 F(1,13)=0.986 0.339 

%Δ IL-1α (n=15) 0.107 0.011 -0.004 F(1,13)=0.150 0.705 

Δ IL-1β (n=16) 0.142 0.020 -0.101 F(1,14)=0.288 0.600 

%Δ IL-1β (n=16) 0.364 0.133 -0.019 F(1,14)=2.144 0.165 

Δ IL-6 (n=15) 0.111 0.012 -0.395 F(1,13)=0.162 0.694 

%Δ IL-6 (n=15) 0.368 0.135 0.012 F(1,13)=2.037 0.177 

Δ IL-12p70 (n=16) 0.086 0.007 -0.128 F(1,14)=0.106 0.750 

%Δ IL-12p70 (n=16) 0.129 0.017 -0.004 F(1,14)=0.237 0.634 

Δ IL-18 (n=18) 0.073 0.005 0.003 F(1,16)=0.087 0.772 

%Δ IL-18 (n=18) 0.420 0.177 0.035 F(1,16)=3.430 0.083 

Δ IL-10 (n=18) 0.512 0.262 -1.352 F(1,15)=5.325 0.036 

%Δ IL-10 (n=18) 0.319 0.102 -0.027 F(1,16)=1.814 0.197 

Δ IFN-γ (n=8) 0.135 0.018 0.072 F(1,6)=0.111 0.751 

%Δ IFN-γ (n=8) 0.264 0.070 0.002 F(1,6)=0.451 0.527 

Δ TNF-α (n=18) 0.146 0.021 -0.147 F(1,14)=0.305 0.589 

%Δ TNF-α (n=18) 0.224 0.050 -0.018 F(1,16)=0.843 0.372 
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Table 7.26 Multiple linear regression between absolute change in IL-10 from 

pre- to post-exercise and ECV 
 

B β Lower 

95% CI 

Upper 

95% CI 

P value  

Constant 26.234  21.342 31.125 <0.001 

Δ IL-10 -1.099 -0.416 -2.532 0.334 0.122 

Hypertension -1.033 -0.208 -3.730 1.665 0.425 

ECV; extracellular volume, Δ; absolute change 
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Table 7.27 Linear regression test data for absolute and percentage change in 

inflammatory markers from pre- to post-exercise and IVS/EDD ratio 

Variable R R2 B F value P value  

Δ IL-1α (n=15) 0.115 0.013 -0.001 F(1,13)=0.173 0.684 

%Δ IL-1α (n=15) 0.287 0.082 0.000 F(1,13)=1.165 0.300 

Δ IL-1β (n=16) 0.271 0.073 0.007 F(1,14)=1.106 0.311 

%Δ IL-1β (n=16) 0.263 0.069 0.001 F(1,14)=1.044 0.324 

Δ IL-6 (n=15) 0.176 0.031 -0.024 F(1,13)=0.413 0.531 

%Δ IL-6 (n=15) 0.124 0.015 0.000 F(1,13)=0.203 0.660 

Δ IL-12p70 (n=16) 0.189 0.036 0.011 F(1,14)=0.517 0.484 

%Δ IL-12p70 (n=16) 0.051 0.003 5.511E-5 F(1,12)=0.037 0.851 

Δ IL-18 (n=18) 0.333 0.111 -0.001 F(1,16)=1.989 0.178 

%Δ IL-18 (n=18) 0.295 0.087 -0.001 F(1,16)=1.528 0.234 

Δ IL-10 (n=18) 0.023 0.001 0.002 F(1,16)=0.008 0.929 

%Δ IL-10 (n=18) 0.094 0.009 0.000 F(1,16)=0.142 0.711 

Δ IFN-γ (n=8) 0.180 0.032 0.003 F(1,6)=0.201 0.669 

%Δ IFN-γ (n=8) 0.035 0.001 5.44E-6 F(1,6)=0.007 0.934 

Δ TNF-α (n=18) 0.223 0.050 -0.003 F(1,16)=0.841 0.373 

%Δ TNF-α (n=18) 0.323 0.104 -0.001 F(1,16)=1.863 0.191 

IVS/EDD; interventricular septum to left ventricular end-diastolic diameter ratio, Δ; 

absolute change, %Δ; percentage change, IL; interleukin, IFN; interferon, TNF; 

tumor necrosis factor. 
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7.4 Discussion 

The key findings in people with and without hypertension in this study are: 1) Resting 

MSNA was not associated with LVMI as an index of LVH or ECV as an index of 

cardiac fibrosis but was associated with a different index of concentric hypertrophy, 

the IVS/EDD ratio, with resting burst frequency being a strong predictor of IVS/EDD 

ratio. 2) SNA reactivity to a stressor was a predictor of ECV. 3) Resting burst 

incidence was a predictor of baseline IL-18 concentration. 4) Circulating PIIINP 

levels were a predictor of LVMI. 5) Absolute change in IL-10 from pre- to post-

exercise was associated with, and an independent predictor of, ECV. 

The key findings in this study identifying differences between groups are: 1) Basal 

anterior IVS wall thickness and IVS/EDD ratio were greater and LV ESD shorter in 

people with hypertension, but LVMI and ECV were similar. 2) Cold pressor-induced 

elevations in SNA are greater in normotensive people but persistently elevated in 

recovery in people with hypertension. 3) Circulating type I collagen synthesis and 

thus, collagen turnover, is reduced in people with hypertension. 4) Lymphocyte count 

is elevated in hypertensive participants. 5) Exercise stress caused a greater rise in 

IL-1β, IL-12p70 and IL-10 in people with hypertension.  

7.4.1 Resting sympathetic nerve activity and sympathetic blood pressure 

control in hypertension 

Resting blood pressure (ABPM) and MSNA burst frequency (bursts/min) were 

elevated in people with hypertension, versus the normotensive controls, despite 

antihypertensive medication in 80% of the hypertensive group, supporting other 

studies showing increased MSNA in hypertensive individuals (Grassi, Pisano et al. 

2018). Elevated MSNA has previously been suggested to contribute to the 

maintenance of hypertension in humans (Mancia and Grassi 2014). 

Sympathetic transduction, a measure of the ability of the sympathetic nerves to 

increase blood pressure via vasoconstriction, was measured in this study. Baseline 

sympathetic transduction was similar between groups in the present study, in 

contrast to recent research demonstrating a significantly reduced sympathetic 

transduction in untreated hypertensive males (Kobetic, Burchell et al. 2022). Several 

reasons explain the differences between the previous and present studies. The 

hypertensive cohort in the present study was a mixture of treated controlled, treated 
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uncontrolled and untreated, whereas the previous study used only untreated 

hypertensives. It is possible that treatment helped to improve increased sympathetic 

transduction in the hypertensive group in the present study. This is supported by 

previous research showing treated hypertensive individuals exhibited a similar 

vasoconstrictor response to noradrenaline as normotensive controls (Calver, Collier 

et al. 1994). Additionally, the groups in the present study were mixed sex groups, 

and the previous study was completed in males only. It has been demonstrated that 

younger women have reduced sympathetic transduction compared to younger men, 

in addition to increasing with age in women, but decreasing with age in men (Briant, 

Burchell et al. 2016).  

7.4.2 Increased wall thickness but not LV mass and fibrosis in hypertension 

The hypertensive cohort had a thicker basal anterior IVS than normotensive 

participants, although this did not reach a P value below 0.05, despite the large 

effect size. Furthermore, the end-systolic diameter was shorter in the hypertensive 

group compared to normotensive group, but LVMI was similar. Additionally, IVS/EDD 

ratio was significantly greater in the hypertensive cohort, with their average ratio 

>0.26, which has previously been used as a cut-off for diagnosing hypertrophic 

cardiomyopathy (Devlin and Ostman-Smith 2000). Together, these results indicate 

that a compensatory increase in wall thickness has occurred in hypertension, to 

reduce wall stress in response to increased pressure within the LV, with the thicker 

walls and reduced LV cavity diameter indicative of concentric cardiac hypertrophy. 

LVH was not observed as LV mass and LVMI were similar between groups, in 

addition to LV end-systolic and diastolic volumes; however, concentric cardiac 

remodelling is evident in the hypertensive cohort. It is important to note that despite 

the end-systolic diameter being significantly shorter in the hypertensive group, it was 

still within the normal reference range previously reported (Kawel-Boehm, Hetzel et 

al. 2020). Furthermore, LV mass and LVMI were all within the normal reference 

ranges for age and sex (Hudsmith, Petersen et al. 2005). ECV was also considered 

normal for both normotensive and hypertensive participants, compared to previous 

reports (Kawel-Boehm, Hetzel et al. 2020) and in reference to what is considered 

normal for the scanner.  
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Although the hypertensive group exhibited wall thickening and increased IVS/EDD 

ratio in the present study, LVMI being similar between groups indicates LVH is 

absent in the hypertensive cohort, in contrast to previous research. LVH is present in 

36-41% of hypertensive patients (Cuspidi, Sala et al. 2012); although approximately 

30% of the hypertensive patients in this review had never received antihypertensive 

treatment or were not treated at the time of the study. It is possible that the absence 

of LVH in all hypertensive subjects in the present study is a result of antihypertensive 

medication causing LVH regression, in addition to the small sample size. Eight out of 

10 hypertensive subjects in the present study were taking a CCB, ARB or ACE 

inhibitor, all of which have been shown to significantly regress LVH in hypertensive 

patients (Gosse, Roudaut et al. 1990, Lievre, Gueret et al. 1995, Mathew, Sleight et 

al. 2001, Koracevic, Perisic et al. 2022).  

Moreover, LV fibrosis regression has been observed with antihypertensive 

medications in particular ACE inhibitors. Fourteen-week-old SHRs were treated with 

lisinopril for 12 weeks to determine the effect of ACE inhibition on LVH and fibrosis 

regression (Brilla, Janicki et al. 1991a). Untreated 26-week-old SHRs had 

significantly elevated blood pressure, LVH and interstitial myocardial fibrosis; 

however, lisinopril treatment normalised blood pressure to WKY levels, in addition to 

regressing LVH, and perivascular and interstitial fibrosis to WKY levels (Brilla, 

Janicki et al. 1991a) showing ACE inhibition has a significant reparative effect on the 

myocardium. Similar results were observed in aged (78-110 weeks old) SHRs with 

long-term (8 month) lisinopril treatment (Brilla, Matsubara et al. 1996). The same 

group subsequently investigated the effects of lisinopril on myocardial fibrosis in 

hypertensive patients with significant LVH (Brilla, Funck et al. 2000). Six months of 

lisinopril treatment significantly reduced hydroxyproline content and CVF in 

endomyocardial biopsies of the inferior wall of hypertensive patients, compared to 

pre-treatment (Brilla, Funck et al. 2000). Although histological assessment of fibrosis 

is considered the gold standard, it is invasive, is subject to sampling errors, and may 

not reflect fibrosis in the entire myocardium. Furthermore, this study used an all-

white population, and it is well-known that ACE inhibitors are contraindicated in black 

people with hypertension (Helmer, Slater et al. 2018), thus, individual treatment may 

be important when considering fibrosis and LVH regression in hypertension.  
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Altogether, these studies show that antihypertensive medication significantly reduce 

LVH and interstitial fibrosis, which may explain the absence of LVH and fibrosis in 

the present study. Equally, due to the small population of hypertensive participants in 

the current study, it is possible that these participants were among those who do not 

exhibit hypertrophy and fibrosis. It is not possible to determine the effects of 

antihypertensive medication in the present study as measures of LVH and 

myocardial fibrosis were not taken pre- and post-treatment. 

7.4.2.1 Associations between resting MSNA and cardiac remodelling 

Resting MSNA was not associated with cardiac fibrosis (ECV) or LVH when using 

LVMI in the current study. However, IVS/EDD ratio, an alternative marker of 

hypertrophy (Ostman-Smith and Devlin 2001) was found to be associated with, and 

predicted by, resting burst frequency (bursts/min). This suggests that resting SNA 

plays a role in concentric cardiac remodelling in hypertension, as the hypertensive 

group exhibited characteristics of concentric cardiac remodelling, but not necessarily 

LVH. It is likely that resting SNA was not associated with LVMI and ECV due to the 

absence of LVH and cardiac fibrosis in the hypertensive group. As previous research 

has shown significant relationships between MSNA and LVMI, with hypertensive 

individuals with increased LVMI (LVH) having significantly greater MSNA than 

hypertensive individuals without LVH (Greenwood, Scott et al. 2001, Schlaich, Kaye 

et al. 2003, Burns, Sivananthan et al. 2007), it appears that resting SNA is only 

associated with LVH in the presence of LVH or increased LVMI. This is confirmed by 

the association found between resting SNA and concentric cardiac remodelling in the 

present study.   

7.4.3 Sympathetic activation in physiological stress 

Interestingly, the normotensive controls had a greater sympathetic response to the 

CPT compared to the hypertensive group. It is possible that this is due to the 

hypertensive group starting at a higher level of MSNA, and there is a limit to which 

MSNA can increase; however, the hypertensive group did not reach the maximum 

burst incidence (100 bursts per 100 heartbeats), implicating other mechanisms 

involved. Evidence exists showing antihypertensive therapy (an ACE inhibitor) 

attenuates exercise-induced elevations in MSNA in healthy individuals but did not 

affect resting MSNA (Moralez, Jouett et al. 2018). Along these lines, the 
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hypertensive individuals in the present study may have benefitted from 

antihypertensive therapy mitigating the stress-induced MSNA elevations that 

occurred in the normotensive controls during the CPT, despite resting MSNA being 

greater in the hypertensive cohort. However, previous research has shown that 

treated hypertensive individuals exhibit exaggerated sympathetic and blood pressure 

responses to exercise (Delaney, Greaney et al. 2010, Chant, Bakali et al. 2018); 

therefore, treatment may not explain the results in the present study. 

Another possible explanation for the lower sympathetic response in hypertension is 

that hypertensive individuals have been shown to have a heightened tolerance to 

pain (Zamir and Shuber 1980, Ghione, Rosa et al. 1988, Sheps, Bragdon et al. 1992, 

Sacco, Meschi et al. 2013). The CPT is a well-established model of pain, which 

activates peripheral nociceptors and the SNS (Modir and Wallace 2010). A 

significant change in brain regions showing processing of nociceptive input as a 

result of stress and pain activation was found from rest to CPT (Chang, Arendt-

Nielsen et al. 2002). CPT-induced noradrenaline release activates the SNS, via 

binding to α-adrenergic receptors (Schlereth and Birklein 2008), resulting in 

increased blood pressure. A greater stimulus would be required to achieve the same 

level of sympathetic activation in the hypertensive cohort if their pain threshold is 

higher. This is speculative however, as pain perception was not measured in the 

current study. Although, it has been shown that activation of the SNS during the CPT 

is not completely a pain response, and the operating point of the baroreflex plays a 

role too (Fagius, Karhuvaara et al. 1989).  

In the present study, the sensitivity of the baroreflex did not differ between rest, CPT 

and recovery, or between groups; however, the operating point of the baroreflex 

changed. In recovery, the large effect size indicated that the operating point of 

MSNA in the hypertensive group was higher than that of the normotensive group. 

The CPT induced an upward shift in the baroreflex operating point compared to rest, 

such that for a given change in DBP, the responsiveness of the SNA is greater in 

both normotensive and hypertensive groups. For normotensive controls, the 

operating point of MSNA was similar in rest and recovery, meaning the CPT-induced 

upward shift had reversed in recovery. In the hypertensive group however, there was 

no difference in the operating point of MSNA in CPT and recovery, indicating that the 
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responsiveness of the SNA to a given change in DBP remains elevated in recovery. 

However, there was no difference in MSNA operating point between rest and 

recovery in the hypertensive cohort, likely a result of higher variability in the data in 

recovery. 

7.4.3.1 Associations between SNA reactivity and cardiac fibrosis 

Interestingly, the present study observed a significant positive relationship between 

change in MSNA from rest to peak during a stressor (CPT) and ECV in all 

participants, where the greater the MSNA response to a stressor, the higher the 

ECV. Furthermore, absolute change in burst incidence (from rest to CPT) was found 

to be a predictor of ECV, with an increase of 1 burst/100 heartbeats resulting in an 

increase in ECV of 0.133%. Sex, age, and hypertension did not contribute to the 

models, indicating that other mechanisms were driving this association.  

Potentially, an acute inflammatory response to the CPT may play a role in this 

association, as inflammation has a pivotal role in cardiac fibrosis development. 

Previous research identified circulating IL-6 levels as a predictor of ECV in men but 

not women, free of cardiovascular disease (Marques, Nauffal et al. 2018), in addition 

to immune cells such as macrophages, neutrophils and lymphocytes contributing to 

circulating cytokine production and cardiac fibrosis development (Suthahar, Meijers 

et al. 2017). Interestingly, levels of inflammatory regulators intracellular adhesion 

molecule (ICAM-1), vascular cell adhesion molecule (VCAM-1) and E-selectin were 

significantly increased immediately after the CPT compared to rest levels, in 

normotensive and hypertensive subjects (Buemi, Allegra et al. 1997, Coppolino, 

Bolignano et al. 2008). Elevated ICAM-1 and VCAM-1 levels are known to be 

associated with inflammation; thus, it is possible that the CPT induces an acute local 

inflammatory response, which contributes to the development of cardiac fibrosis. 

Specifically, noradrenaline released during the CPT may bind to α-adrenergic 

receptors expressed on immune cells such as macrophages, resulting in increased 

macrophage activity (Kenney and Ganta 2014). Animal models of pressure overload 

have observed a significant attenuation in pressure overload-induced cardiac fibrosis 

with macrophage depletion (Kain, Amit et al. 2016) and chronic monocyte 

chemoattractant protein-1 (MCP-1) treatment (which regulates macrophage 

recruitment) (Kuwahara, Kai et al. 2004), demonstrating a clear role of macrophages 
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in cardiac fibrosis development. Repeated bouts of sympathetic overactivation may 

persistently activate macrophages, which long-term may contribute to increased 

cardiac fibrosis. Furthermore, in the present study, resting SNA was found to predict 

basal circulating IL-18, a cytokine primarily produced and secreted by macrophages, 

therefore it is possible that the change in IL-18 from pre- to post-CPT may also be 

predicted by the SNA reactivity. 

Accordingly, a meta-analysis investigating the effect of acute psychological stress on 

circulating inflammatory markers revealed a significant elevation in IL-6 and IL-1β 

(Steptoe, Hamer et al. 2007). The present study did not measure inflammatory 

markers immediately after the CPT; therefore, it is purely speculative that the CPT 

induced an acute inflammatory response relative to SNA reactivity, which would 

contribute to the association between SNA reactivity and ECV.  

Another explanation may be the involvement of noradrenaline and TGF-β-mediated 

cardiac fibrosis. Noradrenaline levels are significantly increased immediately after 

the CPT but return to resting levels within 60 minutes (Buemi, Allegra et al. 1997, 

Coppolino, Bolignano et al. 2008). Evidence exists showing noradrenaline treatment 

significantly increases TGF-β signalling in cardiac fibroblasts (Akiyama-Uchida, 

Ashizawa et al. 2002), with TGF-β being a pro-fibrotic cytokine that promotes 

collagen synthesis and is pivotal for pressure overload-induced fibrosis (Creemers 

and Pinto 2011, Paulus and Tschope 2013). As such, it is feasible that acute stress, 

including the CPT, may contribute to cardiac fibrosis via increased noradrenaline 

levels and its association with TGF-β signalling. 

It is possible that individuals with a higher SNA reactivity to the CPT in the present 

study, may also display similar exaggerated SNA responses to other stressors in life, 

which may contribute to cardiac fibrosis long-term via increased pro-inflammatory 

responses, noradrenaline-induced TGF-β signalling or other unknown mechanisms.  

7.4.3.2 Recovery to physiological stress 

The current study showed that even though blood pressure and heart rate returned 

to resting values in recovery, increased sympathetic activation was sustained in the 

hypertensive cohort in the recovery to the CPT, compared to rest levels, despite the 

removal of the stimuli for 4-5 minutes.  
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Most of the literature regarding the CPT in hypertension, focuses on MSNA and 

blood pressure responses during the stressor, and not recovery (Benetos and Safar 

1991, Lafleche, Pannier et al. 1998), with contradictory results. An early study 

investigating the effect of the CPT on MSNA revealed a significant increase in MSNA 

during the CPT, however MSNA returned to baseline levels in the 2 minute recovery 

(Victor, Leimbach et al. 1987). Interestingly, plasma noradrenaline in this study 

peaked in recovery, and not during the CPT. Similar results were found in healthy 

controls, where MSNA returned to baseline levels within 1-5 minutes of recovery 

(Yamamoto, Iwase et al. 1992). However, these studies were conducted in healthy 

subjects, who showed similar responses to the normotensive controls in the present 

study. One study recorded blood pressure response in hypertensive individuals for 

15 minutes following the CPT, and measured plasma noradrenaline levels, however 

these were only reported up to 2 minutes recovery, at which point plasma 

noradrenaline was significantly elevated from baseline in the normotensive and 

hypertensive groups, but not mentioned in later recovery (Rodrıǵuez-Garcı́a 1999). 

7.4.3.3 Why is MSNA elevated in recovery from physiological stress in 

hypertension? 

Sustained sympathetic overactivation without elevations in blood pressure may occur 

as a result of acute α-adrenergic receptor desensitisation in hypertension. 

Noradrenaline release during the CPT will lead to an increase in blood pressure via 

vasoconstriction, known as sympathetic transduction (Briant, Burchell et al. 2016). 

However, it has been previously shown that noradrenaline levels peak in recovery 

following the CPT (Victor, Leimbach et al. 1987), meaning the α-adrenergic 

receptors may be overstimulated during recovery in hypertensive patients, 

contributing to α-adrenergic receptor desensitisation.  

Accordingly, sympathetic vascular transduction may be worse in hypertension in 

recovery to the CPT, as SNA is remaining high, but transfer to vascular tone is 

reduced, demonstrated by resting blood pressure levels in recovery. Untreated 

hypertensive individuals were previously observed to have a significantly lower 

resting sympathetic transduction compared to normotensive individuals (Kobetic, 

Burchell et al. 2022). Sympathetic transduction analysis in the present study 

revealed no differences between normotensive and hypertensive groups, and the 
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effect of time (rest versus recovery) did not reach a P value below 0.05 (P=0.078). 

The large effect size however indicated a potential relevance for the decrease in 

sympathetic transduction observed from rest to recovery. It is important to note that 

although an effect of group was not observed, this is most likely due to the mixture of 

sexes within the two groups as sympathetic transduction has previously been shown 

to differ between sexes (Briant, Burchell et al. 2016). The method used in the current 

study to measure sympathetic transduction does not directly measure 

vasoconstrictor tone, and an accurate measure of cardiac output was not available in 

this study to provide a value for total peripheral resistance; thus, it is possible that 

there are differences in sympathetic transduction between rest and recovery in the 

hypertensive group, but the method used cannot detect this.  

Another mechanism may be that the baroreflex operating point in hypertension is not 

resetting back to rest levels, such that for a given DBP, the magnitude of the SNA 

response is greater. This means that during recovery, a lower DBP can trigger an 

increase in SNA greater than that same DBP at rest would trigger. This is partially 

supported by the data in that the operating point of MSNA during the CPT is similar 

to that in recovery; however, the data also shows the MSNA operating point is similar 

between rest and recovery. The latter is most likely due to the variability in the data 

and with a larger group, would show significance. 

7.4.3.4 Implications of sustained sympathetic overactivation 

It is not known how long the MSNA remained elevated for in the hypertensive group 

following the CPT; however, if sympathetic overactivation is sustained for longer 

periods, or is consistently transiently elevated in response to other physiological 

stressors, there could be implications for their future cardiovascular risk. 

LVH has been shown to be significantly associated with increased sympathetic drive 

(Greenwood, Scott et al. 2001, Schlaich, Kaye et al. 2003), and the presence of LVH 

in hypertension is associated with significantly increased risk for cardiovascular 

morbidity and mortality (Levy, Garrison et al. 1990, Koren, Devereux et al. 1991, 

Gueyffier, Boissel et al. 1999). Incidentally, MSNA has been found to be a significant 

predictor of mortality in heart failure patients, such that the higher the baseline 

MSNA, the greater the risk of cardiac death (Barretto, Santos et al. 2009). 

Furthermore, MSNA was significantly associated with estimated glomerular filtration 



 

284 
 

rate (eGFR), where declining renal function (eGFR) was related to increasing MSNA 

(Grassi, Quarti-Trevano et al. 2011), implicating a role of heightened sympathetic 

drive, in target end-organ damage.  

With the detrimental consequences of elevated sympathetic nerve activation, it is 

important to identify the mechanism via which MSNA remains elevated in 

hypertension in recovery from physiological stress.  

7.4.4 Circulating collagen markers in hypertension  

The present study showed no differences in type I collagen degradation markers 

CITP or MMP-1 between groups. Accordingly, CITP:MMP-1 ratio, which is 

representative of collagen cross-linking, was similar between groups. In addition, 

circulating PICP, a marker of type I collagen synthesis, was reduced in the 

hypertensive group resulting in a reduced PICP:CITP ratio, an indicator of type I 

collagen turnover in hypertension. This differs from the cardiac MRI-based fibrotic 

parameter, ECV, which was found to be similar between normotensive and 

hypertensive participants, although circulating collagen levels do not necessarily 

reflect myocardial collagen levels. As a result, no fibrotic markers were associated 

with ECV in the present study. However, PIIINP was identified as a predictor of 

LVMI, showing that for every 1 µg/L increase in circulating PIIINP, LVMI increased 

by 8 g/m2. This indicates a potential role of type III collagen synthesis in contributing 

to LVH development. 

In contrast to the present study, a significant positive correlation between CVF in 

endomyocardial biopsies and serum PICP concentration in hypertensive patients 

(Querejeta, Varo et al. 2000). Absolute PICP values in the present study were higher 

than those reported by Querejeta and colleagues, possibly due to different 

radioimmunoassay methods used. It is important to note, that although 61% of the 

hypertensive patients in the previous study were treated, none were treated using 

ACE inhibitors or ARBs, which have been previously shown to ameliorate myocardial 

fibrosis (discussed in section 7.4.4.1). In agreement with the present study, no 

correlation was found in hypertensive patients, between both serum PICP or PIIINP 

and myocardial fibrosis, measured using ECV (Pichler, Redon et al. 2020). The 

hypertensive individuals in this study had LVH, and ECV was 31 ± 9%, which would 

be considered as out of the normal range (20-29%) (Kawel-Boehm, Hetzel et al. 
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2020). However, Pichler and colleagues used a multiple linear regression approach 

with 7 independent variables, despite only having 29 subjects with ECV. As a result, 

this would greatly underpower the model.  

In summary, research investigating type I collagen degradation (CITP and MMP-1) 

has been conflicting, with studies showing similar levels in untreated hypertensive 

and normotensive individuals (McNulty, Mahmud et al. 2006, Stakos, Tziakas et al. 

2010), and increased CITP but decreased MMP-1 levels in treated hypertensive 

patients compared to normotensive controls (Laviades, Varo et al. 1998). Recent 

research showed no relationship between CITP or MMP-1 and ECV in hypertensive 

patients with LVH (Pichler, Redon et al. 2020), therefore could not be used to predict 

cardiac fibrosis, similar to the present study. 

7.4.4.1 Antihypertensive therapy and circulating fibrotic markers  

A plethora of research exists revealing a significant anti-fibrotic effect of 

antihypertensive medications, in particular, ACE inhibitors and ARBs on circulating 

fibrotic markers (Brilla, Janicki et al. 1991a, Laviades, Mayor et al. 1994, Diez, 

Laviades et al. 1995, Diez, Panizo et al. 1996, Brooks, Bing et al. 1997, Laviades, 

Varo et al. 1998, Varo, Etayo et al. 1999, Lopez, Querejeta et al. 2001, Diez, 

Querejeta et al. 2002).  

Twelve months ARB treatment significantly reduced blood pressure and LVMI in 

white hypertensive patients with LVH (Lopez, Querejeta et al. 2001). Furthermore, 

losartan treatment significantly reduced CVF and serum PICP, but had no effect on 

CITP. As these studies were completed in a white only population, it is not known 

whether these results will be mirrored in other ethnic backgrounds. For example, it 

has been shown that ARB monotherapy has reduced efficacy in black hypertensive 

patients (Helmer, Slater et al. 2018).  

ACE inhibitors have also been shown to exhibit anti-fibrotic effects. Lisinopril 

treatment in hypertensive individuals caused LVH regression, and reduced serum 

PIIINP and PICP (Laviades, Mayor et al. 1994, Diez, Laviades et al. 1995), and 

increased MMP-1 levels (Laviades, Varo et al. 1998), compared to pre-treatment. 

However, no measure of myocardial fibrosis was taken, thus it is not known whether 

myocardial fibrosis was present pre-treatment and reduced post-treatment, or 
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whether the circulating collagen markers reflected myocardial collagen levels, 

although hypertensive animal models have shown an anti-fibrotic effect of ACE 

inhibitors on circulating fibrotic markers and CVF (Diez, Panizo et al. 1996). 

To summarise, antihypertensive medication may have contributed to the reduced 

circulating PICP, and absence of LVH and cardiac fibrosis in the present study; 

however, as measures of collagen markers, LVMI and ECV were not completed pre- 

and post-treatment in the present study, this is only speculative. 

7.4.5 Basal inflammation in hypertension 

Lymphocyte count was elevated in hypertensive compared to normotensive 

participants in the present study. Similarly, previous literature identified a significant 

positive causal relationship between lymphocyte count and SBP and DBP 

(Siedlinski, Jozefczuk et al. 2020). It has been suggested that increased lymphocyte 

count may have a causal role in hypertension development (Sidhu, Weavil et al. 

2019). No associations were observed between immune cells and markers of 

cardiac remodelling in the present study, indicating that resting basal levels of 

immune cells do not have a role in LVH or cardiac fibrosis. It is possible that if LVH 

or cardiac fibrosis were present in the hypertensive cohort, associations would exist. 

Although circulating lymphocyte count was elevated in hypertension, other circulating 

inflammatory markers were significantly reduced in hypertension.  

7.4.5.1 Circulating pro-inflammatory interleukins in cardiovascular disease 

The present study showed significantly reduced basal levels of pro-inflammatory 

interleukins, IL-1β and IL-12p70 in the hypertensive compared to normotensive 

participants. In addition, IL-18 was slightly elevated in hypertension compared to 

normotension (large effect size but P>0.05). Interestingly, resting burst incidence 

was found to predict basal IL-18 concentration, where an increase of 1 burst/100 

heartbeats increases IL-18 concentration by 2.44 pg/ml, revealing a link between 

resting SNA and inflammation. This may be due to elevated SNA increasing 

noradrenaline binding to β1-adrenergic receptors, which has been shown to drive 

cardiac inflammation via activation of IL-18 (Xiao, Li et al. 2018). 

No other associations were found between MSNA and inflammatory markers, 

however. Furthermore, no associations between resting inflammatory cytokine levels 
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and cardiac remodelling parameters were observed, indicating that resting 

inflammatory cytokine levels do not contribute to LVH or cardiac fibrosis in this 

cohort. Like with immune cells, associations between resting levels of inflammatory 

cytokines and LVH or cardiac fibrosis may exist in the presence of cardiac 

remodelling.  

7.4.5.1.1 Interleukin-1β in cardiovascular disease 

In contrast to the present study, previous research showed a significant elevation in 

IL-1β concentration in essential hypertension, when compared to healthy controls 

(Dalekos, Elisaf et al. 1997). Absolute values of IL-1β reported in Dalekos’ study 

were almost 57-fold higher in the hypertensive group in the present study, which may 

have been a result of different assays, the use of serum instead of plasma, the 

removal of antihypertensive therapy prior to IL-1β levels being measured, or a 

culmination of all these factors. Furthermore, 42.9% of hypertensive patients were 

found to have IL-1β concentrations below the cut-off point considered to be greater 

than that of the normotensive controls, highlighting that elevated IL-1β 

concentrations in hypertension is not ubiquitous for all untreated hypertensive adults.  

Subsequently, studies using isolated peripheral blood mononuclear cells (PBMCs) 

from untreated hypertensive patients demonstrated a significantly increased 

secretion of IL-1β when treated with angiotensin II compared to PBMCs from healthy 

normotensive controls (Zhao, Li et al. 2004), or treated with lipopolysaccharide (LPS) 

compared to without stimulation (Li, Deng et al. 2005). Hypertensive patients in both 

studies were then acutely (1-2 weeks) treated with an ARB alone (valsartan) or 

valsartan in combination with a statin. The results showed that statin treatment 

reduced the angiotensin II-induced elevations in IL-1β secretion from PBMCs, but 

valsartan treatment alone had no effect (Zhao, Li et al. 2004). However, valsartan 

treatment significantly reduced LPS-induced elevations in IL-1β compared to pre-

treatment (Li, Deng et al. 2005). Together, the results of these studies revealed a 

possible anti-inflammatory effect of ARBs, despite the acute treatment period, which 

may explain the present study results.  

Most of the more recent research focusing on IL-1β and hypertension involves 

patients with previous myocardial infarction (MI), such as in the CANTOS trial 

(Ridker, Everett et al. 2017, Everett, Cornel et al. 2018, Rothman, MacFadyen et al. 
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2020). To summarise, these studies revealed that therapeutic inhibition of IL-1β 

significantly reduced heart failure-related hospitalisations and recurrent 

cardiovascular events in patients with history of MI, alongside reductions in IL-6 and 

high-sensitivity CRP, without reductions in incident hypertension or blood pressure, 

implicating a key role of IL-1β in worsening prognosis, irrespective of blood pressure. 

This data is not directly comparable to the present study as cardiac remodelling 

following MI involves a different inflammatory response to that seen in hypertension.  

7.4.5.1.2 Interleukin-12p70 in cardiovascular disease 

IL-12p70 is primarily produced by dendritic cells and macrophages and plays a key 

role in Th1 lymphocyte development (Berthier, Rizzitelli et al. 2003, Benveniste. 

2014).  

Ye and colleagues (Ye, Wang et al. 2020) recently showed that plasma IL-12p70 

levels were significantly increased in hypertensive patients, compared to 

normotensive controls. Absolute values of IL-12p70 in hypertensives and controls 

were much higher (10-20 times) in the previous study compared to the present 

study, despite using the same multiplex methods. Spearman’s correlations revealed 

a significant positive relationship with IL-12p70 concentration and increasing ABPM 

SBP and vascular stiffness. This data greatly contradicts the present study; however, 

there are several differences that likely explain this. Type II diabetes was an 

exclusion criterion for the present study, that was not used in the previous study, 

despite stating secondary causes of hypertension were excluded for. Research has 

shown that plasma IL-12p70 levels are significantly higher in individuals with type II 

diabetes compared to healthy controls (Randeria, Thomson et al. 2019). 

Furthermore, the present study excluded individuals with sleep apnoea; however, 

sleep apnoea hypopnoea syndrome was present in more than 12%, and hypoxaemia 

in more than 11% of the hypertensive patients included by Ye et al. Sleep apnoea 

has been shown to increase IL-12p70 production in tonsils of children (Anderson, 

Buchwald et al. 2014), in addition to increasing other pro-inflammatory cytokines 

such as IL-1β and TNF-α (Alberti, Sarchielli et al. 2003). Finally, the average uric 

acid level in the hypertensive groups exceeded the normal ranges and were deemed 

significantly higher than that of the control group. It is well-documented that gout is 

an inflammatory form of arthritis (Busso and So 2010, So and Martinon 2017), and 
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animal models of gout have significantly increased serum IL-12p70 levels compared 

to control mice (Lin, Shao et al. 2020). Although uric acid level was not measured in 

the present study, participants were asked if they had any other conditions that had 

not been discussed, in addition to asking about chronic fatigue. It is feasible 

therefore to consider that these conditions will contribute to the pro-inflammatory 

milieu observed in the hypertensive patients in Ye and colleagues’ study, that was 

not found at baseline in the current study, and that hypertension alone is not what 

resulted in elevated circulating IL-12p70 levels, particularly when treated. 

7.4.5.2 Discrepancies in the literature 

Most of the literature investigating inflammatory markers in hypertensive cohorts has 

shown that compared to healthy normotensive controls, hypertensive adults have a 

significantly elevated inflammatory state. Increased lymphocyte count was observed 

in hypertension in the present study, but other inflammatory cytokines were reduced. 

Several differences in participant characteristics may cause the discrepancy in 

results of the present study and previous research. Specifically, as mentioned above, 

many of the hypertensive patients in the studies had other pro-inflammatory 

comorbidities, in addition to hypertension; thus, hypertension cannot be confirmed as 

the main cause of the increase in inflammatory markers found in these studies. 

Furthermore, many of the healthy normotensive controls in the study had 

significantly lower BMI than the hypertensive groups, another possible source of 

inflammation. The present study excluded any comorbidities, in particular, any 

secondary causes of hypertension such as MI or type II diabetes, and the BMI in the 

normotensive controls matched that of the hypertensive group. Finally, most of the 

studies had different medications for antihypertensive therapy, with β-blockers and 

diuretics used in addition to angiotensin converting enzyme (ACE) inhibitors and 

ARBs. Incidentally, there have been several studies looking at the effect of 

antihypertensive medications on inflammation, which may account for the reduced 

inflammatory state observed at baseline in the hypertensive cohort. 

7.4.6 Do ACE inhibitors, ARBs or CCBs reduce inflammation? 

A plethora of studies exists looking at the anti-inflammatory effects of 

antihypertensive medication, in particular ACE inhibitors and ARBs. The EUTOPIA 

study (Fliser, Buchholz et al. 2004) showed a significant decrease in high sensitivity 
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CRP (hsCRP), hsTNF-α and MCP-1 after 6 weeks of olmesartan treatment 

compared to placebo in hypertensive patients, some of whom had atherosclerosis 

and type II diabetes. This study highlights the effectiveness of ARB treatment in 

reducing inflammatory markers in hypertension; however, it is important to note that 

atherosclerosis and type II diabetes are inflammatory diseases which will largely 

benefit from anti-inflammatory effects, and this may skew the data in terms of 

increasing the effect of the treatment.  

Subsequent research in SHRs looked at the effect of two ACE inhibitors or an ARB 

on circulating cytokine concentration following LPS-stimulation (Andrzejczak, Gorska 

et al. 2007). SHRs were treated with enalapril, quinapril, losartan or methylcellulose 

(control) for 3 weeks, and then received a single dose of LPS 2 hours prior to arterial 

blood and termination (Andrzejczak, Gorska et al. 2007). All three antihypertensive 

medications resulted in a significant decline in blood pressure and reduction in TNF-

α and IL-1β concentration compared to the control SHR group. IL-1β concentrations 

were also found to be significantly reduced in the supernatant from cultured 

polymorphonuclear leukocytes isolated from blood samples from hypertensive 

subjects that had been stimulated with LPS in the presence of an ACE inhibitor, ARB 

or a calcium channel blocker (CCB), compared to control (Nemati, Rahbar-

Roshandel et al. 2011). It is important to note that spontaneous secretion of IL-1β in 

this study was not different between hypertensives and controls, and the effects of 

antihypertensive therapy were not assessed. Similarly, IL-6 but not hsCRP or TNF-α 

was observed to be significantly reduced by telmisartan treatment for 24 weeks in 

hypertensive patients (Chujo, Yagi et al. 2007); however, there was no placebo or 

other control group for this study. The results of these studies demonstrate that 

inhibiting the effects of angiotensin II, either via reduction in angiotensin II levels or 

blocking its receptors, can provide anti-inflammatory effects associated with 

hypertension. 

A large randomised control trial investigating the effects of valsartan or valsartan in 

combination with a diuretic, on hsCRP was completed in 1668 people with stage 2 

hypertension (SBP ≥160 mmHg or DBP≥100 mmHg) (Ridker, Danielson et al. 2006). 

The combination treatment significantly reduced blood pressure better than valsartan 

alone; however hsCRP was significantly higher in the valsartan/diuretic group 
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compared to valsartan monotherapy (Ridker, Danielson et al. 2006). The anti-

inflammatory effect of valsartan was still seen after 12 weeks of treatment. Similar 

results were observed with ramipril (ACE inhibitor) but not nebivolol (β-blocker) 

treatment in young men with stage I hypertension (SBP 140-159 mmHg or DBP 90-

99 mmHg) (Walczak-Galezewska, Szulinska et al. 2018), that is both treatments 

significantly reduced blood pressure; however only ramipril resulted in a significant 

decrease in hsCRP levels. Together, these results indicate that antihypertensive 

therapy with ACE inhibitors and ARBs can reduce the inflammatory effects of 

angiotensin II, via a mechanism not linked to blood pressure lowering. Accordingly, 

the CRP distribution did not differ between normotensive and hypertensive groups in 

the present study. Antihypertensive medication may have reduced CRP levels in the 

hypertensive cohort, irrespective of blood pressure control in the present study.  

Little research has been conducted on the effect of calcium channel blockers on 

inflammatory markers; however, several studies have hypothesised an anti-oxidative 

effect of CCBs on improving endothelial dysfunction (Taddei, Virdis et al. 2001, 

Taddei, Virdis et al. 2002, Thuillez and Richard 2005). In agreement, one study in 

newly diagnosed hypertensive patients found a significant reduction in hsCRP with 

amlodipine (CCB), accompanied by significant decreases in circulating endocan, a 

novel biomarker of endothelial dysfunction (Celik, Balta et al. 2015).  

It is possible that the hypertensive participants in the present study had reduced 

basal IL-1β and IL-12p70 as a result of reduced pro-inflammatory effects of 

angiotensin II via ACE inhibition or blocking of the angiotensin receptor. As the 

normotensive controls in the present study were overweight, in addition to a third of 

them having hypercholesterolaemia (incidental findings), the potential for a slightly 

increased inflammatory environment in these subjects is likely. Importantly however, 

the normotensive participants in the present study are reflective of the general 

population, more so than healthy controls with a BMI of <24.9 kg/m2 and normal 

cholesterol levels. 

Antihypertensive therapy such as ACE inhibitors and ARBs interact with the SNS 

and reduce SNA via reduced release of catecholamines noradrenaline and 

adrenaline (Del Colle, Morello et al. 2007). As noradrenaline binding to cardiac β1-

adrenergic receptors leads to activation of the inflammasome and increased pro-
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inflammatory cytokine expression in the myocardium (Xiao, Li et al. 2018), reduced 

catecholamine release will have an anti-inflammatory effect.  

7.4.7 Elevated post-exercise inflammatory markers in hypertension 

In this study, an acute bout of exercise caused a significant increase in circulating IL-

1β, IL-12p70, and IL-10. There is no research looking at the effect of an acute bout 

of exercise on circulating inflammatory markers in essential hypertension. One study 

found that an exaggerated blood pressure response (SBP ≥210 mmHg) to exercise 

in normotensive subjects, was significantly associated with an elevated WBC (Jae, 

Fernhall et al. 2006). The subjects in this study were deemed normotensive using 

the lowest of two office blood pressure readings, and not using 24-hour ABPM; 

therefore, it is likely that some of these subjects were hypertensive. Accordingly, 

previous research demonstrated that treated-controlled hypertensive patients exhibit 

a similar exaggerated increase in SBP during incremental exercise as untreated 

hypertensive subjects, compared to normotensive controls (Chant, Bakali et al. 

2018).  

Several inflammatory markers (CRP, monokine-induced by IFN-γ and VCAM-1) were 

significantly elevated in plasma samples from coronary artery disease (CAD) 

patients immediately after an acute bout of exercise at moderate-high intensity, 

compared to pre-exercise (Lara Fernandes, Serrano et al. 2011). As VCAM-1 is 

activated by pro-inflammatory cytokines such as IL-1β and TNF-α (Cook-Mills, 

Marchese et al. 2011), it is possible that both IL-1β and TNF-α were elevated in 

these subjects post-exercise, however, they were not measured. This data highlights 

that one bout of exercise elicits an increase in pro-inflammatory cytokines in CAD 

patients, that was similarly seen in the hypertensive but not normotensive group in 

the present study.  

A lot of the research looking at acute inflammatory responses to exercise have been 

conducted in healthy, trained athletes. A systematic review examining the effects of 

physical activity on CRP levels concluded that strenuous exercise causes a transient 

increase in CRP, primarily mediated by elevations in IL-6 in healthy individuals 

(Kasapis and Thompson 2005). The healthy controls in the present study did not 

experience an increase in inflammatory markers with acute exercise, likely due to the 

exercise intensity and duration not being enough to elicit an inflammatory response. 
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Accordingly, a more recent systematic review in healthy untrained adults, determined 

that an exercise bout of 30-60 minutes at moderate to high intensity was needed to 

observe a significant increase in inflammatory markers such as IL-6 and CRP 

(Brown, Davison et al. 2015). 

Levels of the anti-inflammatory cytokine, IL-10 were significantly increased in the 

hypertensive cohort post-exercise, compared to normotensive controls. Acute 

moderate to high intensity exercise has been stated to increase muscle-derived IL-6, 

which in turn induces an increase in IL-10 (Islam, Neudorf et al. 2021). The absence 

of IL-10 elevations post-exercise in the normotensive controls, may be due to there 

being no exercise-induced increases in pro-inflammatory cytokines. Absolute change 

in IL-10 concentration from pre- to post-exercise was found to predict ECV, where 

the greater the increase in IL-10 concentration with exercise, the lower the ECV. As 

IL-10 is a potent anti-inflammatory cytokine, it is possible that the significant increase 

in this cytokine occurred to counteract the increases in pro-inflammatory IL-1β and 

IL-12p70, and increased IL-10 post-exercise is a protective mechanism. 

7.4.7.1 Mechanisms of an acute inflammatory response to exercise in 

hypertension 

Several possible mechanisms exist that may explain why hypertensive, but not 

normotensive adults exhibit increased inflammatory markers following exercise. 

Firstly, the hypertensive subjects may have found the maximal exercise test more 

strenuous than the normotensive group, leading to an increased inflammatory 

response; however, a similar VO2peak and exercise duration to peak deem this 

unlikely. Secondly, skeletal muscle oxidative capacity in hypertension has been 

shown to be reduced during exercise, which contributes to their exaggerated blood 

pressure response to exercise (Dipla, Triantafyllou et al. 2017). This impaired muscle 

oxygenation is suggestive of mitochondrial dysfunction in skeletal muscle in 

hypertension (Dipla, Triantafyllou et al. 2017) which may lead to increased oxidative 

stress and subsequent elevations in circulating inflammatory cytokines. In line with 

this, exercise increases oxidative stress and NF-κB signalling (Kramer and Goodyear 

2007), which in turn may induce secretion of pro-inflammatory cytokines. As 

oxidative stress is a well-known characteristic of hypertension, it can be speculated 

that levels of reactive oxygen species produced were higher in hypertension, in 
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response to exercise resulting in increased inflammatory markers, that was not seen 

in the normotensive controls in the present study. Reactive oxygen species were not 

measured in the present study, however.  

Another possible mechanism of increased exercise-induced inflammation in 

hypertension, is that as treated-controlled hypertensive patients still exhibit an 

exaggerated blood pressure response, similar to that of untreated hypertensives 

(Chant, Bakali et al. 2018), there is a possibility that the antihypertensive medication 

that lowers blood pressure at rest, and may contribute to the reduced baseline 

inflammation, does not work as effectively during exercise. The authors postulated a 

role of the purinergic receptors in the exaggerated blood pressure response, 

activation of which, have been shown to amplify the inflammatory response (Chiao, 

Tostes et al. 2008, Bautista-Perez, Perez-Mendez et al. 2020, Zhou, Zhou et al. 

2021), including an increased IL-1β secretion (Chiao, Tostes et al. 2008), as found in 

the present study.  

7.4.8 Implications for increased inflammation post-exercise 

The data in the present study suggest that hypertensive patients have a greater 

inflammatory response to an acute bout of exercise, compared to normotensive 

controls. A large cross-sectional study following women over a median of 8.1 years 

revealed that CRP levels were a strong independent predictor of future 

cardiovascular events (Ridker, Rifai et al. 2002, Blake, Rifai et al. 2003) implicating a 

role of inflammation in poor prognosis. Furthermore, research has shown that there 

is an increased inflammatory profile in HFpEF patients compared to hypertensive 

patients at risk of developing HFpEF (Collier, Watson et al. 2011), suggesting 

inflammation plays a role in the progression of HHD. Moreover, it is well-documented 

that inflammation is key in the development of cardiac fibrosis and remodelling 

(Kong, Christia et al. 2014, Suthahar, Meijers et al. 2017, Wu, Xiao et al. 2017, 

Maruyama and Imanaka-Yoshida 2022). Consequently, it may be important to 

consider treating exercise-induced inflammation in hypertension. 

7.4.9 Study limitations 

Study limitations have been discussed in the individual sections. Briefly, in this study, 

12 normotensive controls, and 10 hypertensive participants were recruited, which is 
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a limited sample size. As a result, the power for multiple linear regressions may not 

be sufficient, and these would need to be repeated in a larger cohort. Furthermore, 

levels of blood markers may not reach significance without larger sample sizes, due 

to the large variation observed in the population. The data collected in this study 

represents one point in time, therefore cannot provide a definite cause-and-effect 

relationship for any of the measured variables, in addition to the fact that 

associations do not prove cause and effect. Furthermore, circulating inflammatory 

markers vary day to day, and having only one timepoint for basal inflammation 

makes it harder to determine differences in variables. Although, exclusion criteria 

included the absence of infection within 2 weeks of the study visit to try to mitigate 

the effects of infection on inflammatory markers and MSNA. 

The hypertensive cohort was a mixture of untreated, treated-controlled and treated-

uncontrolled, with hypertension having been diagnosed for differing lengths of time, 

making it likely that expected differences in results did not reach a P value below 

0.05. Furthermore, both men and women were included in groups, which may have 

led to some results not being significant. For example, hypertension prevalence is 

much lower in young women than young men, but higher in older women than older 

men (Benjamin, Blaha et al. 2017). Consequently, this may affect any blood pressure 

responses in this study. 

A limitation of microneurography in the present study is that it assesses the 

sympathetic outflow to skeletal muscle vasculature and is not cardiac specific. 

There are some limitations associated with cardiac MRI. Obtaining good quality 

images relies on the participants holding their breath, and respiratory motion can 

result in some spurious results. Additionally, the tracking software used to assess 

global longitudinal strain makes assumptions regarding conservation of myocardial 

mass throughout the cardiac cycle (Rodrigues, Amadu et al. 2016).  

7.4.10  Study implications 

This study shows that although LVH is not present when using LVMI as a marker of 

LVH, concentric cardiac remodelling is evident in the hypertensive cohort, indicating 

that potentially, antihypertensive therapy is not attenuating concentric cardiac 

remodelling. As resting burst frequency was found to predict IVS/EDD ratio, which 
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implicates a role of the SNS in concentric cardiac remodelling, potentially treatment 

to reduce sympathetic outflow (not including β-blockers) would be beneficial to 

reduce or prevent concentric cardiac remodelling. Furthermore, SNA reactivity was 

shown to predict ECV, irrespective of hypertension status, implicating a potentially 

important role of SNA reactivity in determining cardiovascular risk in addition to 

resting SNA. Future research determining the mechanisms driving the association 

between SNA reactivity and ECV may prove beneficial for therapeutic targeting, as 

humans experience physiological stressors regularly. For example, determining if 

repeated bouts of sympathetic overactivation is increasing inflammatory markers via 

β-adrenergic overstimulation, and subsequently promoting cardiac fibrosis, as 

demonstrated in animal models (Xiao, Li et al. 2018). Additionally, hypertensive 

individuals have sustained sympathetic overactivation following physiological stress, 

despite removal of the stimuli. It is possible that daily stress in the lives of 

hypertensive individuals causes an increased activation of the SNS and contributes 

further to hypertension, which may lead to cardiac remodelling, if the stress is not 

removed or controlled. As previously mentioned, clinical implications for elevated 

SNA include end-organ damage (LVH and renal function decline) and increased 

mortality, although the associations with recovery and cardiac remodelling in the 

present study were not significant.  

Additionally, increased inflammatory markers from pre- to post-exercise in 

hypertension may play a role in cardiac remodelling, as a result of inflammation 

contributing to myocardial fibrosis development. Absolute change in IL-10 

concentration from pre- to post-exercise was an independent predictor of ECV. It is 

possible that antihypertensive therapy diminishes basal inflammation but does not 

completely attenuate stress-induced inflammatory responses. Future research 

should investigate the impact of increased post-exercise inflammation in 

hypertension and its role in cardiac fibrosis development in a larger cohort. 

Moreover, PIIINP was the only circulating marker that could be used to predict LVMI, 

however, this needs to be confirmed in a larger sample size, with other covariates 

added to the model, to ensure the robustness of this prediction. Finally, the current 

data indicates that circulating fibrotic and inflammatory markers cannot be used to 

predict ECV; however, increasing the sample size or including untreated 

hypertensive individuals in the model, may change these results. 
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CHAPTER 8 General discussion 

The primary aims of this thesis were to determine whether resting SNA and/or SNA 

reactivity was associated with cardiac remodelling, in addition to determining 

whether changes in SNA or inflammation occurred first in the progression of HHD, 

from hypertension to LVH and cardiac fibrosis. Secondary aims were to identify 

whether resting SNA was associated with basal inflammatory markers, and whether 

circulating inflammatory or fibrotic markers could predict LVH and/or cardiac fibrosis, 

using an animal model and human hypertension. Evidence exists showing that 

sympathetic overactivation can induce inflammation (Katayama, Battista et al. 2006, 

Levick, Murray et al. 2010), and inflammation can lead to increased activation of the 

SNS (Zhang, Yu et al. 2010, Zubcevic, Waki et al. 2011); however, it remains 

unknown whether one occurs first. 

The literature investigating cardiac remodelling in SHRs has been contradictory 

regarding the age in which cardiac hypertrophy begins developing. This may be 

partly due to different suppliers or breeders of SHRs, widening the heterogeneity of 

the SHR strain, and affecting results. As such, the first animal study in this thesis 

aimed to determine whether SHRs had significant cardiac remodelling, specifically 

myocardial fibrosis at 10-weeks-old, an age chosen due to the hypertension being 

considered stable, in addition to fibrosis not being observed previously at this age 

(Ito, Ohishi et al. 2007). Importantly, due to the logistical difficulties of implanting two 

transmitters into younger rats, surgery was not feasible before 9 weeks old. The data 

from the experiment completed in chapter 5 showed that there were no differences in 

interstitial or perivascular fibrosis between WKYs and SHRs (from Envigo, UK), with 

SHRs having stable hypertension, thus, the baseline timepoint of 10-weeks-old could 

be used for animal study two.  

At present, no studies have followed the development of cardiac remodelling in 

SHRs using echocardiography, LSNA and blood sampling to identify the structural 

and functional changes occurring in the heart, with simultaneous measures of 

inflammatory and fibrotic markers and SNA in hypertension. Therefore, the second 

animal study aimed to determine whether LSNA was associated with cardiac 

remodelling and/or inflammation, and to identify temporal changes in circulating 

fibrotic and inflammatory markers, LV size and function, and SNA, as SHRs 
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developed cardiac hypertrophy and myocardial fibrosis, to provide critical information 

about what was driving the development of cardiac remodelling.  

Resting SNA may not necessarily be important for determining cardiac remodelling 

in essential hypertension; therefore, SNA reactivity during, and in recovery to, a 

stressor was also assessed in this thesis, in humans. Furthermore, currently, 

myocardial fibrosis in essential hypertension is determined using cardiac MRI, which 

costs the NHS a minimum of £389 per scan, not including the labour costs to run the 

scanner and analyse the images (NIHR 2020) or invasively using an endomyocardial 

biopsy, which costs approximately £1110 to the NHS (NIHR 2020); although the 

latter is not used often. As such, the use of a circulating biomarker to predict or 

identify cardiac fibrosis (and hypertrophy) may provide a more cost-effective, quicker 

tool for identifying at risk patients for developing myocardial fibrosis. Thus, one aim 

of the studies conducted in this thesis was to determine whether circulating 

inflammatory and fibrotic markers were associated with LVH and/or myocardial 

fibrosis in hypertensive and normotensive animals and/or humans (chapter 6 and 7).  

Finally, although it is known that individuals with treated-controlled hypertension 

have an exaggerated blood pressure response to exercise compared to 

normotensive controls (Chant, Bakali et al. 2018), it is not known whether exercise 

induces a pro-inflammatory state in hypertensive individuals, which may contribute to 

cardiac remodelling. Inflammatory markers were thus assessed pre- and post-

exercise in normotensive and hypertensive participants in chapter 7, to determine 

whether the change in inflammatory markers were associated with cardiac 

remodelling parameters. 

8.1 Summary of results 

The primary aim of chapter 5 was to determine whether 10-week-old SHRs had 

significant interstitial or perivascular fibrosis, compared to age-matched WKYs. Ten-

week-old SHRs exhibited significant vascular remodelling and initial development of 

cardiac hypertrophy, caused by pressure overload; however, myocardial and 

perivascular fibrosis was absent, compared to normotensive WKY controls. This data 

provided the information essential for chapter 6, to determine whether implanting 

transmitters to record LSNA at 10 weeks old was an early enough timepoint to be 
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able to follow the temporal changes in circulating inflammatory and fibrotic markers, 

and LV function and size, as myocardial fibrosis developed.  

Chapter 6 aimed to identify whether LSNA was associated with cardiac remodelling, 

and if inflammation occurred prior to elevations in LSNA in SHRs, as cardiac 

hypertrophy and fibrosis developed. Unfortunately, these aims were not achieved in 

this study, due to the missing LSNA data. This chapter showed that SHRs have 

significant hypertrophy and fibrosis at 15-weeks-old, and as such, if this study were 

to be repeated, the timeline of the study used could be followed to achieve the 

original aim. Circulating IL-18 was shown to be a significant predictor of LVH (LV wall 

CSA) when included in a model with hypertension as a covariate, in line with 

previous studies showing IL-18 induces cardiac hypertrophy in vitro (Chandrasekar, 

Mummidi et al. 2005) and in vivo (Woldbaek, Sande et al. 2005). Interestingly, 

hypertension contributed to this model, such that the presence of hypertension 

increased LV wall CSA by 7.501 mm2. Unfortunately, these results were not 

replicated in human hypertension, as the association between IL-18 and IVS/EDD 

ratio did not reach a P value below 0.05 (P=0.054, R2=0.191), and no association 

was found with LVMI, likely due to the absence of LVH and statistical power. 

Regarding fibrotic markers, existing evidence in older hypertensive rats (Diez, 

Panizo et al. 1996) and hypertensive patients (Querejeta, Varo et al. 2000) suggests 

that circulating collagen markers such as PICP, are significantly associated with CVF 

measured using histology. MMP-1, a marker of type I collagen degradation, was 

found to predict LV CVF, with an increase of 1 ng/ml in MMP-1 resulting in a 

decrease in LV CVF by 1.703%, as increased type I collagen degradation would 

likely lead to reduced type I collagen accumulation, particularly if type I collagen 

synthesis is not elevated.  

There were several aims addressed in chapter 7. Firstly, to determine whether 

resting MSNA and/or SNA reactivity was associated with cardiac remodelling in 

humans. Resting MSNA was not associated with LVH or cardiac fibrosis; however, 

resting burst frequency was associated with, and was a predictor of, concentric 

cardiac remodelling. Previous studies found significant positive associations between 

resting MSNA and LVH in people with and without hypertension (Greenwood, Scott 

et al. 2001, Schlaich, Kaye et al. 2003, Burns, Sivananthan et al. 2007); however 
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LVMI was significantly greater in these hypertensive cohorts, indicating that the 

association only exists in the presence of increased LVMI. Furthermore, SNA 

reactivity, the absolute change from rest to peak CPT in burst incidence was found to 

predict ECV but not LVMI. This result demonstrated that the greater the SNA 

response to a stressor, the greater the ECV, revealing a significant association 

between sympathetic overactivation and cardiac remodelling. Secondly, this thesis 

showed that in people with and without hypertension, resting burst incidence could 

predict circulating IL-18 levels, such that an increase in burst incidence by 1 

burst/100 heartbeats, IL-18 concentration increased by 2.44 pg/ml, revealing a link 

between SNA and inflammation, previously found in hypertensive animal models 

(Levick, Murray et al. 2010). Accordingly, it was previously shown that 

overstimulation of β-adrenergic receptors increased pro-inflammatory cytokine 

expression and cardiac fibrosis, through the activation of IL-18 in the myocardium 

(Xiao, Li et al. 2018); thus potentially this is the same mechanism via which SNA 

reactivity and cardiac fibrosis are linked. This is speculative, and future work would 

need to validate this. 

The data in chapter 7 also demonstrated that the blood pressure response to the 

CPT did not differ between hypertensive and normotensive controls, but 

normotensive individuals had an exaggerated sympathetic response to the CPT, in 

comparison to hypertensive individuals, in addition to CPT-induced SNA elevations 

being persistently elevated in hypertensive individuals in recovery. The exaggerated 

sympathetic response to CPT in normotensive individuals compared to hypertensive 

individuals is in agreement with a study that investigated normotensive individuals 

with and without family history of hypertension, and hypertensive individuals. This 

study showed that normotensive individuals with a family history of hypertension had 

a significantly greater sympathetic response to the CPT than normotensive 

individuals with a family history of hypertension, and hypertensive individuals 

(Lambert and Schlaich 2004). 

It is possible reduced sympathetic transduction from rest to recovery contributed to 

the sustained elevations in SNA, in addition to the baroreflex operating point not 

resetting back to resting levels in hypertensive individuals. Untreated hypertensive 

males have been shown to have significantly reduced sympathetic transduction 
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(Kobetic, Burchell et al. 2022), where the transfer of sympathetic activity to 

vasoconstriction is dampened, resulting in a lower blood pressure for a given level of 

MSNA; however, the hypertensive cohort in the present study was mixed sex and 

the majority were treated. Importantly, the MSNA operating point increased from rest 

during the CPT in both groups but did not differ between CPT and recovery in the 

hypertensive group, showing that for a given DBP, the responsiveness of MSNA is 

elevated in hypertension.  

Additionally, chapter 7 aimed to identify circulating biomarkers that could predict the 

presence of LVH and cardiac fibrosis. Circulating PIIINP was found to predict LVMI, 

but all other circulating markers were not associated with fibrosis or hypertrophy. 

Previously it was shown that PICP was significantly associated with CVF from 

endomyocardial biopsies in hypertensive patients (Querejeta, Varo et al. 2000), but 

PIIINP did not when using cardiac MRI (Pichler, Redon et al. 2020). This may be due 

to PICP being more of a direct marker of collagen synthesis than PIIINP, as PICP is 

released into the bloodstream as a result of complete cleavage of the carboxy-

terminal propeptides during the synthesis type I collagen, whereas there is not 

complete cleavage of the amino-terminal propeptides during the formation of type III 

collagen (Chalikias and Tziakas 2015). Increased PIIINP indicates increased cardiac 

remodelling, although without information regarding type III collagen degradation, it 

is not known whether type III collagen turnover and/or accumulation is increased, 

however this study implicates a role of type III collagen accumulation in the 

development of LVH.  

Finally, chapter 7 wanted to determine whether individuals with hypertension had an 

altered inflammatory response to exercise. In the hypertensive cohort, exercise 

induced a significant change in pro-inflammatory markers IL-1 and IL-12p70, and 

anti-inflammatory marker IL-10 in hypertension. Interestingly, the absolute change in 

IL-10 from pre-to post-exercise was a predictor of ECV, where a greater increase in 

IL-10 meant a greater ECV. This implicates a significant role of stress-induced 

inflammation in cardiac remodelling. 

8.2 Overall summary 

This thesis has shown that both systemic and local inflammation and elevated 

sympathetic nerve activation are associated with cardiac remodelling in HHD; 
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however, resting SNA was not associated with LVH or cardiac fibrosis, but was a 

predictor of concentric cardiac remodelling. In addition, SNA reactivity can predict 

ECV, irrespective of hypertension status. Resting burst incidence can be used to 

predict basal IL-18 levels, confirming the link between SNA and inflammation exists. 

Furthermore, circulating IL-18 was found to predict LVH in an experimental 

hypertension model, but the association did not reach a P value below 0.05 in 

hypertensive patients (P=0.054, R2=0.191). As burst incidence is associated with 

circulating IL-18, and SNA reactivity is associated with cardiac fibrosis, it is possible 

that SNA reactivity during physiological stressors promotes cardiac fibrosis via 

increased noradrenaline binding to cardiac β-adrenergic receptors and subsequent 

IL-18 activation and macrophage infiltration in the myocardium (Xiao, Li et al. 2018), 

although this would need to be validated in future studies. A working hypothesis is 

shown in Figure 8.1. 

Circulating MMP-1 was found to predict LV CVF (cardiac fibrosis) in an experimental 

hypertension model, but this was not replicated in human hypertension. Circulating 

PIIINP was shown to predict LVMI in humans, but not in experimental hypertension. 

In both human and animal models of hypertension, circulating biomarkers at rest 

cannot predict cardiac fibrosis, but the change in IL-10 from pre- to post-exercise is a 

predictor of ECV. Therefore, cardiac MRI or histological analyses remain the gold 

standard for non-invasive and invasive measures of cardiac fibrosis respectively at 

rest; however, stress-induced changes in inflammatory markers are important for 

cardiac remodelling.  

8.3 Implications 

This thesis has shown that although resting SNA is not associated with LVH and 

ECV in this cohort, it can predict concentric cardiac remodelling. Importantly, SNA 

reactivity to physiological stress was a predictor of ECV, indicating that intermittent 

surges in SNA might be more important for promoting cardiac fibrosis in human than 

just the overall level of resting SNA. This finding was similar to Xiao and colleagues 

showing rapid overactivation of β-adrenergic receptors caused cardiac fibrosis (Xiao, 

Li et al. 2018). Furthermore, sustained sympathetic overactivation following a 

stressor in hypertension may lead to increased cardiovascular morbidity and 

mortality, as a result of the effects of elevated SNA, for example increased end-
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organ damage. It is important to determine whether similar results are observed with 

other stressors. Moreover, understanding the mechanisms via which exercise 

augments the pro-inflammatory response in hypertension may help determine 

whether additional treatment is necessary to mitigate these. Currently, the evidence 

surrounding circulating biomarkers is not strong enough to replace imaging or 

histological analyses of hypertrophy and/or fibrosis; however, the identification of 

significant associations between IL-18 and concentric cardiac remodelling, PIIINP 

and LVH, and change in IL-10 from pre- to post-exercise and ECV, may become 

useful for screening for cardiac remodelling in clinic.  

8.4 Future directions 

Future work should aim to determine whether increased inflammation drives the 

sympathetic overactivation and fibrosis seen in hypertension (or vice versa), using 

an experimental model of hypertension. Additionally, completing the study set out in 

chapter 6 with sufficient sample size to gather LSNA and inflammatory marker data 

may answer the question of whether increased SNA drives inflammation or 

inflammation drives sympathetic overactivation in the progression of HHD. 

Increasing the sample size of the present human study will increase the power for 

the multiple linear regressions, to potential identify different mechanisms driving the 

associations.  

Studies should determine whether the association between SNA reactivity and ECV 

is a result of SNA driving inflammation through β1-adrenergic receptors, particularly 

as intermittent β-adrenergic stimulation has been shown to cause more severe 

cardiac fibrosis in mice (Ma, Song et al. 2011). Using cardioselective β1- and/or β2-

adrenergic blockade during a CPT would help identify whether the cardiac β-

adrenergic receptors are driving the association between SNA reactivity and ECV, or 

whether other mechanisms are responsible. 

A longitudinal study with untreated hypertensive individuals with a follow-up post-

treatment may provide clarification as to whether some of the results found in the 

hypertensive cohort were caused by antihypertensive therapy (normal LVMI and 

ECV, reduced PICP). Furthermore, with hypertensive individuals exhibiting sustained 

sympathetic overactivation in response to a stressor, it should be determined 1) how 

long this occurs for, and 2) whether other stressors such as mental arithmetic, or 
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other tasks relating to daily stressors result in similar responses. Additionally, as the 

hypertensive cohort had significantly greater increases in some pro-inflammatory 

cytokines with exercise, it may be beneficial to determine how long it takes for these 

markers to return to resting levels, in addition to determining whether it contributes to 

the exaggerated blood pressure response to exercise in hypertension. Finally, to 

establish whether circulating inflammatory markers can predict cardiac remodelling, 

a larger, more diverse cohort is needed, including both treated and untreated 

hypertensive individuals. 

8.5 Conclusion  

Both inflammation and sympathetic overactivation have a key role to play in the 

progression of HHD. Resting SNA can predict concentric cardiac remodelling and 

circulating IL-18, and SNA reactivity and changes in IL-10 from pre- to post-exercise, 

are independent predictors of cardiac fibrosis, in people with and without 

hypertension. Stress-induced sympathetic overactivation is persistently elevated in 

hypertension, which may increase cardiovascular risk. Based on the data in this 

thesis, circulating IL-18 and PIIINP may be promising biomarkers for predicting 

cardiac remodelling in people with hypertension; however, this should be confirmed 

in a larger, more diverse cohort. It remains unknown whether inflammation occurs 

prior to and induces sympathetic overactivation in the development of cardiac 

hypertrophy and fibrosis caused by hypertension.  
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Figure 8.1 Working hypothesis 

During stress, SNA reactivity is increased, leading to increased release of 

noradrenaline (and co-transmitter neuropeptide Y). This leads to 

overstimulation of the β1-adrenergic receptors and potentially increased IL-18 

activation, which concomitantly increases pro-inflammatory cytokine and 

chemokine cascade in the myocardium. Myocardial macrophage infiltration is 

triggers, contributing to the promotion of cardiac fibrosis, as seen in the study 

by Xiao and colleagues (Xiao, Li et al. 2018). Figure was created in BioRender.  
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(1999). "Comparison of the effects of four ACE inhibitors on sympathetic 
reactivity to cold pressor test in essential hypertensive patients." 
European Journal of Internal Medicine 10(2): 106-111. 

Rosello-Lleti, E., M. Rivera, L. Martinez-Dolz, J. R. G. Juanatey, R. Cortes, A. 
Jordan, P. Morillas, C. Lauwers, J. R. Calabuig, I. Antorrena, B. de 
Rivas, M. Portoles and V. Bertomeu (2009). "Inflammatory Activation 
and Left Ventricular Mass in Essential Hypertension." American Journal 
of Hypertension 22(4): 444-450. 



 

336 
 

Rothman, A. M. K., J. MacFadyen, T. Thuren, A. Webb, D. G. Harrison, T. J. 
Guzik, P. Libby, R. J. Glynn and P. M. Ridker (2020). "Effects of 
Interleukin-1 beta Inhibition on Blood Pressure, Incident Hypertension, 
and Residual Inflammatory Risk A Secondary Analysis of CANTOS." 
Hypertension 75(2): 477-482. 

Rowan, W. H., M. J. Campen, L. B. Wichers and W. P. Watkinson (2007). 
"Heart rate variability in rodents: uses and caveats in toxicological 
studies." Cardiovascular Toxicology 7(1): 28-51. 

Saad, N. S., M. T. Elnakish, A. A. E. Ahmed and P. M. L. Janssen (2018). 
"Protein Kinase A as a Promising Target for Heart Failure Drug 
Development." Archives of Medical Research 49(8): 530-537. 

Sacco, M., M. Meschi, G. Regolisti, S. Detrenis, L. Bianchi, M. Bertorelli, S. 
Pioli, A. Magnano, F. Spagnoli, P. G. Giuri, E. Fiaccadori and A. Caiazza 
(2013). "The Relationship Between Blood Pressure and Pain." Journal of 
Clinical Hypertension 15(8): 600-605. 

Sado, D. M., A. S. Flett, S. M. Banypersad, S. K. White, V. Maestrini, G. 
Quarta, R. H. Lachmann, E. Murphy, A. Mehta, D. A. Hughes, W. J. 
McKenna, A. M. Taylor, D. J. Hausenloy, P. N. Hawkins, P. M. Elliott and 
J. C. Moon (2012). "Cardiovascular magnetic resonance measurement 
of myocardial extracellular volume in health and disease." Heart 98(19): 
1436-1441. 

Saito, M., R. Sone, M. Ikeda and T. Mano (1997). "Sympathetic outflow to the 
skeletal muscle in humans increases during prolonged light exercise." J 
Appl Physiol (1985) 82(4): 1237-1243. 

Saito, M., A. Tsukanaka, D. Yanagihara and T. Mano (1993). "Muscle 
sympathetic nerve responses to graded leg cycling." J Appl Physiol 
(1985) 75(2): 663-667. 

Salerno, M., B. Sharif, H. Arheden, A. Kumar, L. Axel, D. B. Li and S. 
Neubauer (2017). "Recent Advances in Cardiovascular Magnetic 
Resonance Techniques and Applications." Circulation-Cardiovascular 
Imaging 10(6). 

Sanz-Rosa, D., M. P. Oubina, E. Cediel, N. de Las Heras, O. Vegazo, J. 
Jimenez, V. Lahera and V. Cachofeiro (2005). "Effect of AT1 receptor 
antagonism on vascular and circulating inflammatory mediators in SHR: 
role of NF-kappaB/IkappaB system." Am J Physiol Heart Circ Physiol 
288(1): H111-115. 

Saucerman, J. J., P. M. Tan, K. S. Buchholz, A. D. McCulloch and J. H. 
Omens (2019). "Mechanical regulation of gene expression in cardiac 
myocytes and fibroblasts." Nat Rev Cardiol 16(6): 361-378. 

Sausen, M. T., E. P. Delaney, M. E. Stillabower and W. B. Farquhar (2009). 
"Enhanced metaboreflex sensitivity in hypertensive humans." Eur J Appl 
Physiol 105(3): 351-356. 



 

337 
 

Schelbert, E. B., K. M. Piehler, K. M. Zareba, J. C. Moon, M. Ugander, D. R. 
Messroghli, U. S. Valeti, C. C. H. Chang, S. G. Shroff, J. Diez, C. A. 
Miller, M. Schmitt, P. Kellman, J. Butler, M. Gheorghiade and T. C. 
Wong (2015). "Myocardial Fibrosis Quantified by Extracellular Volume Is 
Associated With Subsequent Hospitalization for Heart Failure, Death, or 
Both Across the Spectrum of Ejection Fraction and Heart Failure Stage." 
Journal of the American Heart Association 4(12). 

Schiffrin, E. L. (2012). "Immune Modulation of Resistance Artery 
Remodelling." Basic & Clinical Pharmacology & Toxicology 110(1): 70-
72. 

Schlaich, M. P., D. M. Kaye, E. Lambert, M. Sommerville, F. Socratous and M. 
D. Esler (2003). "Relation between cardiac sympathetic activity and 
hypertensive left ventricular hypertrophy." Circulation 108(5): 560-565. 

Schlaich, M. P., P. A. Sobotka, H. Krum, E. Lambert and M. D. Esler (2009). 
"Renal Sympathetic-Nerve Ablation for Uncontrolled Hypertension." New 
England Journal of Medicine 361(9): 932-934. 

Schlereth, T. and F. Birklein (2008). "The sympathetic nervous system and 
pain." Neuromolecular Med 10(3): 141-147. 

Schulz-Menger, J., D. A. Bluemke, J. Bremerich, S. D. Flamm, M. A. Fogel, M. 
G. Friedrich, R. J. Kim, F. von Knobelsdorff-Brenkenhoff, C. M. Kramer, 
D. J. Pennell, S. Plein and E. Nagel (2013). "Standardized image 
interpretation and post processing in cardiovascular magnetic 
resonance: Society for Cardiovascular Magnetic Resonance (SCMR) 
Board of Trustees Task Force on Standardized Post Processing." 
Journal of Cardiovascular Magnetic Resonance 15. 

Seravalle, G., F. Quarti-Trevano, R. Dell'Oro, E. Gronda, D. Spaziani, R. 
Facchetti, C. Cuspidi, G. Mancia and G. Grassi (2019). "Sympathetic 
and baroreflex alterations in congestive heart failure with preserved, 
midrange and reduced ejection fraction." J Hypertens 37(2): 443-448. 

Sheikh, F., R. C. Lyon and J. Chen (2015). "Functions of myosin light chain-2 
(MYL2) in cardiac muscle and disease." Gene 569(1): 14-20. 

Sheps, D. S., E. E. Bragdon, T. F. Gray, M. Ballenger, J. E. Usedom and W. 
Maixner (1992). "Relation between Systemic Hypertension and Pain 
Perception." American Journal of Cardiology 70(16): F3-F4. 

Shimizu, I. and T. Minamino (2016). "Physiological and pathological cardiac 
hypertrophy." J Mol Cell Cardiol 97: 245-262. 

Sidhu, S. K., J. C. Weavil, M. J. Rossman, J. E. Jessop, A. D. Bledsoe, M. J. 
Buys, M. S. Supiano, R. S. Richardson and M. Amann (2019). "Exercise 
Pressor Reflex Contributes to the Cardiovascular Abnormalities 
Characterizing: Hypertensive Humans During Exercise." Hypertension 
74(6): 1468-1475. 

Siedlinski, M., E. Jozefczuk, X. G. Xu, A. Teumer, E. Evangelou, R. B. 
Schnabel, P. Welsh, P. Maffia, J. Erdmann, M. Tomaszewski, M. J. 



 

338 
 

Caulfield, N. Sattar, M. V. Holmes and T. J. Guzik (2020). "White Blood 
Cells and Blood Pressure A Mendelian Randomization Study." 
Circulation 141(16): 1307-1317. 

Silva, L. E. V., V. R. Geraldini, B. P. de Oliveira, C. A. A. Silva, A. Porta and R. 
Fazan (2017). "Comparison between spectral analysis and symbolic 
dynamics for heart rate variability analysis in the rat." Scientific Reports 
7. 

Smolgovsky, S., U. Ibeh, T. P. Tamayo and P. Alcaide (2021). "Adding insult 
to injury - Inflammation at the heart of cardiac fibrosis." Cellular 
Signalling 77. 

Snider, P., R. B. Hinton, R. A. Moreno-Rodriguez, J. Wang, R. Rogers, A. 
Lindsley, F. Li, D. A. Ingram, D. Menick, L. Field, A. B. Firulli, J. D. 
Molkentin, R. Markwald and S. J. Conway (2008). "Periostin is required 
for maturation and extracellular matrix stabilization of noncardiomyocyte 
lineages of the heart." Circulation Research 102(7): 752-760. 

So, A. K. and F. Martinon (2017). "Inflammation in gout: mechanisms and 
therapeutic targets." Nature Reviews Rheumatology 13(11): 639-647. 

Soininen, P., A. J. Kangas, P. Wurtz, T. Suna and M. Ala-Korpela (2015). 
"Quantitative Serum Nuclear Magnetic Resonance Metabolomics in 
Cardiovascular Epidemiology and Genetics." Circulation-Cardiovascular 
Genetics 8(1): 192-206. 

Somers, V. K., A. L. Mark and F. M. Abboud (1988). "Potentiation of 
Sympathetic-Nerve Responses to Hypoxia in Borderline Hypertensive 
Subjects." Hypertension 11(6): 608-612. 

Song, M., B. I. Graubard, C. S. Rabkin and E. A. Engels (2021). "Neutrophil-
to-lymphocyte ratio and mortality in the United States general 
population." Sci Rep 11(1): 464. 

Sorgdrager, F. J. H., P. J. W. Naude, I. P. Kema, E. A. Nollen and P. P. De 
Deyn (2019). "Tryptophan Metabolism in Inflammaging: From Biomarker 
to Therapeutic Target." Frontiers in Immunology 10. 

Souders, C. A., S. L. Bowers and T. A. Baudino (2009). "Cardiac fibroblast: 
the renaissance cell." Circ Res 105(12): 1164-1176. 

SPRINT (2017). "A Randomized Trial of Intensive versus Standard Blood-
Pressure Control (vol 373, pg 2103, 2015)." New England Journal of 
Medicine 377(25): 2506-2506. 

Stakos, D. A., D. N. Tziakas, G. K. Chalikias, K. Mitrousi, C. Tsigalou and H. 
Boudoulas (2010). "Associations Between Collagen Synthesis and 
Degradation and Aortic Function in Arterial Hypertension." American 
Journal of Hypertension 23(5): 488-494. 

Stanton, L. W., L. J. Garrard, D. Damm, B. L. Garrick, A. Lam, A. M. Kapoun, 
Q. Zheng, A. A. Protter, G. F. Schreiner and R. T. White (2000). "Altered 
patterns of gene expression in response to myocardial infarction." 
Circulation Research 86(9): 939-945. 



 

339 
 

Steppich, B., F. Dayyani, R. Gruber, R. Lorenz, M. Mack and H. W. L. Ziegler-
Heitbrock (2000). "Selective mobilization of CD14(+) CD16(+) 
monocytes by exercise." American Journal of Physiology-Cell 
Physiology 279(3): C578-C586. 

Steptoe, A., M. Hamer and Y. Chida (2007). "The effects of acute 
psychological stress on circulating inflammatory factors in humans: A 
review and meta-analysis." Brain Behavior and Immunity 21(7): 901-912. 

Stoylen, A., H. E. Molmen and H. Dalen (2016). "Importance of length and 
external diameter in left ventricular geometry. Normal values from the 
HUNT Study." Open Heart 3(2). 

Su, M. Y. M., L. Y. Lin, Y. H. E. Tseng, C. C. Chang, C. K. Wu, J. L. Lin and 
W. Y. I. Tseng (2014). "CMR-Verified Diffuse Myocardial Fibrosis Is 
Associated With Diastolic Dysfunction in HFpEF." Jacc-Cardiovascular 
Imaging 7(10): 991-997. 

Suthahar, N., W. C. Meijers, H. H. W. Sillje and R. A. de Boer (2017). "From 
Inflammation to Fibrosis-Molecular and Cellular Mechanisms of 
Myocardial Tissue Remodelling and Perspectives on Differential 
Treatment Opportunities." Curr Heart Fail Rep 14(4): 235-250. 

Tackling, G. and M. B. Borhade (2019). Hypertensive Heart Disease. 
StatPearls. Treasure Island (FL). 

Taddei, S., A. Virdis, L. Ghiadoni, A. Magagna, S. Favilla, A. Pompella and A. 
Salvetti (2001). "Restoration of nitric oxide availability after calcium 
antagonist treatment in essential hypertension." Hypertension 37(3): 
943-948. 

Taddei, S., A. Virdis, L. Ghiadoni, I. Sudano and A. Salvetti (2002). "Effects of 
antihypertensive drugs on endothelial dysfunction: clinical implications." 
Drugs 62(2): 265-284. 

Takatsu, K. (2011). "Interleukin-5 and IL-5 receptor in health and diseases." 
Proceedings of the Japan Academy Series B-Physical and Biological 
Sciences 87(8): 463-485. 

Tamura, S., T. Marunouchi and K. Tanonaka (2019). "Heat-shock protein 90 
modulates cardiac ventricular hypertrophy via activation of MAPK 
pathway." Journal of Molecular and Cellular Cardiology 127: 134-142. 

Tarbit, E., I. Singh, J. N. Peart and R. B. Rose'Meyer (2019). "Biomarkers for 
the identification of cardiac fibroblast and myofibroblast cells." Heart 
Failure Reviews 24(1): 1-15. 

Tham, Y. K., B. C. Bernardo, J. Y. Y. Ooi, K. L. Weeks and J. R. McMullen 
(2015). "Pathophysiology of cardiac hypertrophy and heart failure: 
signaling pathways and novel therapeutic targets." Archives of 
Toxicology 89(9): 1401-1438. 

Thuillez, C. and V. Richard (2005). "Targeting endothelial dysfunction in 
hypertensive subjects." J Hum Hypertens 19 Suppl 1: S21-25. 



 

340 
 

Tomek, J. and G. Bub (2017). "Hypertension-induced remodelling: on the 
interactions of cardiac risk factors." J Physiol 595(12): 4027-4036. 

Tomiyama, H., K. Shiina, C. Matsumoto-Nakano, T. Ninomiya, S. Komatsu, K. 
Kimura, T. Chikamori and A. Yamashina (2017). "The Contribution of 
Inflammation to the Development of Hypertension Mediated by 
Increased Arterial Stiffness." Journal of the American Heart Association 
6(7). 

Tousoulis, D., G. Davies, C. Tentolouris, T. Crake and P. Toutouzas (1997). 
"Inhibition of nitric oxide synthesis during the cold pressor test in patients 
with coronary artery disease." Am J Cardiol 79(12): 1676-1679. 

Travers, J. G., F. A. Kamal, J. Robbins, K. E. Yutzey and B. C. Blaxall (2016). 
"Cardiac Fibrosis The Fibroblast Awakens." Circulation Research 
118(6): 1021-1040. 

Vakili, B. A., P. M. Okin and R. B. Devereux (2001). "Prognostic implications of 
left ventricular hypertrophy." American Heart Journal 141(3): 334-341. 

Vallbo, A. B. and K. E. Hagbarth (1968). "Activity from Skin Mechanoreceptors 
Recorded Percutaneously in Awake Human Subjects." Experimental 
Neurology 21(3): 270-+. 

Vallbo, A. B., K. E. Hagbarth, H. E. Torebjork and B. G. Wallin (1979). 
"Somatosensory, Proprioceptive, and Sympathetic Activity in Human 
Peripheral-Nerves." Physiological Reviews 59(4): 919-957. 

van Empel, V. and H. P. Brunner-La Rocca (2015). "Inflammation in HFpEF: 
Key or circumstantial?" Int J Cardiol 189: 259-263. 

Varo, N., J. C. Etayo, G. Zalba, J. Beaumont, M. J. Iraburu, C. Montiel, M. J. 
Gil, I. Monreal and J. Diez (1999). "Losartan inhibits the post-
transcriptional synthesis of collagen type I and reverses left ventricular 
fibrosis in spontaneously hypertensive rats." Journal of Hypertension 
17(1): 107-114. 

Varo, N., M. J. Iraburu, M. Varela, B. Lopez, J. C. Etayo and J. Diez (2000). 
"Chronic AT(1) blockade stimulates extracellular collagen type I 
degradation and reverses myocardial fibrosis in spontaneously 
hypertensive rats." Hypertension 35(6): 1197-1202. 

Vasquez, C., N. Benamer and G. E. Morley (2011). "The cardiac fibroblast: 
functional and electrophysiological considerations in healthy and 
diseased hearts." J Cardiovasc Pharmacol 57(4): 380-388. 

Veidal, S. S., E. Vassiliadis, N. Barascuk, C. Zhang, T. Segovia-Silvestre, L. 
Klickstein, M. R. Larsen, P. Qvist, C. Christiansen, B. Vainer and M. A. 
Karsdal (2010). "Matrix metalloproteinase-9-mediated type III collagen 
degradation as a novel serological biochemical marker for liver 
fibrogenesis." Liver International 30(9): 1293-1304. 

Verloop, W. L., M. M. A. Beeftink, B. T. Santema, M. L. Bots, P. J. Blankestijn, 
M. J. Cramer, P. A. Doevendans and M. Voskuil (2015). "A Systematic 
Review Concerning the Relation between the Sympathetic Nervous 



 

341 
 

System and Heart Failure with Preserved Left Ventricular Ejection 
Fraction." Plos One 10(2). 

Victor, R. G., W. N. Leimbach, Jr., D. R. Seals, B. G. Wallin and A. L. Mark 
(1987). "Effects of the cold pressor test on muscle sympathetic nerve 
activity in humans." Hypertension 9(5): 429-436. 

Villarreal, F. J., N. N. Kim, G. D. Ungab, M. P. Printz and W. H. Dillmann 
(1993). "Identification of Functional Angiotensin-Ii Receptors on Rat 
Cardiac Fibroblasts." Circulation 88(6): 2849-2861. 

Waki, H., B. H. Liu, M. Miyake, K. Katahira, D. Murphy, S. Kasparov and J. F. 
R. Paton (2007). "Junctional adhesion molecule-1 is upregulated in 
spontaneously hypertensive rats - Evidence for a prohypertensive role 
within the brain stem." Hypertension 49(6): 1321-1327. 

Waki, H., D. Murphy, S. T. Yao, S. Kasparov and J. F. R. Paton (2006). 
"Endothelial NO synthase activity in nucleus tractus solitarii contributes 
to hypertension in spontaneously hypertensive rats." Hypertension 48(4): 
644-650. 

Walczak-Galezewska, M., M. Szulinska, E. Miller-Kasprzak, D. Pupek-Musialik 
and P. Bogdanski (2018). "The effect of nebivolol and ramipril on 
selected biochemical parameters, arterial stiffness, and circadian profile 
of blood pressure in young men with primary hypertension: A 12-week 
prospective randomized, open-label study trial." Medicine 97(30). 

Wallin, B. G., D. Burke and S. Gandevia (1994). "Coupling between Variations 
in Strength and Baroreflex Latency of Sympathetic Discharges in Human 
Muscle Nerves." Journal of Physiology-London 474(2): 331-338. 

Wang, H., M. Guo, H. Wei and Y. Chen (2021). "Targeting MCL-1 in cancer: 
current status and perspectives." J Hematol Oncol 14(1): 67. 

Wang, Q., D. Liu, P. Song and M. H. Zou (2015). "Tryptophan-kynurenine 
pathway is dysregulated in inflammation, and immune activation." Front 
Biosci (Landmark Ed) 20(7): 1116-1143. 

Warnert, E. A. H., J. C. L. Rodrigues, A. E. Burchell, S. Neumann, L. E. K. 
Ratcliffe, N. E. Manghat, A. D. Harris, Z. Adams, A. K. Nightingale, R. G. 
Wise, J. F. R. Paton and E. C. Hart (2016). "Is High Blood Pressure Self-
Protection for the Brain?" Circulation Research 119(12): E140-E151. 

Warren, S. A., L. E. Briggs, H. Zeng, J. Chuang, E. I. Chang, R. Terada, M. Li, 
M. S. Swanson, S. H. Lecker, M. S. Willis, F. G. Spinale, J. Maupin-
Furlowe, J. R. McMullen, R. L. Moss and H. Kasahara (2012). "Myosin 
light chain phosphorylation is critical for adaptation to cardiac stress." 
Circulation 126(22): 2575-2588. 

Weber, C., L. Fraemohs and E. Dejana (2007). "The role of junctional 
adhesion molecules in vascular inflammation." Nat Rev Immunol 7(6): 
467-477. 

Weber, K. T. (2001). "Cardioreparation in hypertensive heart disease." 
Hypertension 38(3 Pt 2): 588-591. 



 

342 
 

Wehrwein, E. A. and M. J. Joyner (2013). "Regulation of blood pressure by the 
arterial baroreflex and autonomic nervous system." Handb Clin Neurol 
117: 89-102. 

Wenzel, P., M. Knorr, S. Kossmann, J. Stratmann, M. Hausding, S. 
Schuhmacher, S. H. Karbach, M. Schwenk, N. Yogev, E. Schulz, M. 
Oelze, S. Grabbe, H. Jonuleit, C. Becker, A. Daiber, A. Waisman and T. 
Munzel (2011). "Lysozyme M-Positive Monocytes Mediate Angiotensin 
II-Induced Arterial Hypertension and Vascular Dysfunction." Circulation 
124(12): 1370-U1177. 

Wessler, B., C. Madias, N. Pandian and M. S. Link (2011). "Short-term effects 
of ketamine and isoflurane on left ventricular ejection fraction in an 
experimental Swine model." ISRN Cardiol 2011: 582658. 

Westaby, J. D., C. Miles, I. C. Ster, S. T. E. Cooper, T. F. Antonios, D. Meijles, 
E. R. Behr and M. N. Sheppard (2022). "Characterisation of 
hypertensive heart disease: pathological insights from a sudden cardiac 
death cohort to inform clinical practice." Journal of Human Hypertension 
36(3): 246-253. 

White, D. W., J. K. Shoemaker and P. B. Raven (2015). "Methods and 
considerations for the analysis and standardization of assessing muscle 
sympathetic nerve activity in humans." Auton Neurosci 193: 12-21. 

Williams, B., G. Mancia, W. Spiering, E. Agabiti Rosei, M. Azizi, M. Burnier, D. 
L. Clement, A. Coca, G. de Simone, A. Dominiczak, T. Kahan, F. 
Mahfoud, J. Redon, L. Ruilope, A. Zanchetti, M. Kerins, S. E. Kjeldsen, 
R. Kreutz, S. Laurent, G. Y. H. Lip, R. McManus, K. Narkiewicz, F. 
Ruschitzka, R. E. Schmieder, E. Shlyakhto, C. Tsioufis, V. Aboyans, I. 
Desormais and E. S. C. S. D. Group (2018). "2018 ESC/ESH Guidelines 
for the management of arterial hypertension." Eur Heart J 39(33): 3021-
3104. 

Winternitz, S. R., R. E. Katholi and S. Oparil (1980). "Role of the Renal 
Sympathetic-Nerves in the Development and Maintenance of 
Hypertension in the Spontaneously Hypertensive Rat." Journal of 
Clinical Investigation 66(5): 971-978. 

Wirleitner, B., V. Rudzite, G. Neurauter, C. Murr, U. Kalnins, A. Erglis, K. 
Trusinskis and D. Fuchs (2003). "Immune activation and degradation of 
tryptophan in coronary heart disease." European Journal of Clinical 
Investigation 33(7): 550-554. 

Woldbaek, P. R., J. B. Sande, T. A. Stromme, P. K. Lunde, S. Djurovic, T. 
Lyberg, G. Christensen and T. Tonnessen (2005). "Daily administration 
of interleukin-18 causes myocardial dysfunction in healthy mice." 
American Journal of Physiology-Heart and Circulatory Physiology 
289(2): H708-H714. 



 

343 
 

Wood, D. L., S. G. Sheps, L. R. Elveback and A. Schirger (1984). "Cold 
Pressor Test as a Predictor of Hypertension." Hypertension 6(3): 301-
306. 

Wu, H., L. Chen, J. Xie, R. Li, G. N. Li, Q. H. Chen, X. L. Zhang, L. N. Kang 
and B. Xu (2016). "Periostin expression induced by oxidative stress 
contributes to myocardial fibrosis in a rat model of high salt-induced 
hypertension." Molecular Medicine Reports 14(1): 776-782. 

Wu, P., Z. Z. Liu, T. T. Zhao, F. Xia, L. Gong, Z. Q. Zheng, Z. H. Chen, T. L. 
Yang and Q. Duan (2019). "Lovastatin attenuates angiotensin II induced 
cardiovascular fibrosis through the suppression of YAP/TAZ signaling." 
Biochemical and Biophysical Research Communications 512(4): 736-
741. 

Wu, Q. Q., Y. Xiao, Y. Yuan, Z. G. Ma, H. H. Liao, C. Liu, J. X. Zhu, Z. Yang, 
W. Deng and Q. Z. Tang (2017). "Mechanisms contributing to cardiac 
remodelling." Clin Sci (Lond) 131(18): 2319-2345. 

Wung, B. S., J. J. Cheng, H. J. Hsieh, Y. J. Shyy and D. L. Wang (1997). 
"Cyclic strain-induced monocyte chemotactic protein-1 gene expression 
in endothelial cells involves reactive oxygen species activation of 
activator protein 1." Circulation Research 81(1): 1-7. 

Wurtz, P., A. J. Kangas, P. Soininen, D. A. Lawlor, G. Davey Smith and M. 
Ala-Korpela (2017). "Quantitative Serum Nuclear Magnetic Resonance 
Metabolomics in Large-Scale Epidemiology: A Primer on -Omic 
Technologies." Am J Epidemiol 186(9): 1084-1096. 

Xiao, H., H. Li, J. J. Wang, J. S. Zhang, J. Shen, X. B. An, C. C. Zhang, J. M. 
Wu, Y. Song, X. Y. Wang, H. Y. Yu, X. N. Deng, Z. J. Li, M. Xu, Z. Z. Lu, 
J. Du, W. Gao, A. H. Zhang, Y. Feng and Y. Y. Zhang (2018). "IL-18 
cleavage triggers cardiac inflammation and fibrosis upon beta-
adrenergic insult." European Heart Journal 39(1): 60-69. 

Xu, J., B. Ehrman, L. M. Graham and M. J. Eagleton (2012). "Interleukin-5 is a 
potential mediator of angiotensin II-induced aneurysm formation in 
apolipoprotein E knockout mice." Journal of Surgical Research 178(1): 
512-518. 

Xu, J. Y., Y. Y. Xiong, R. J. Tang, W. Y. Jiang, Y. Ning, Z. T. Gong, P. S. 
Huang, G. H. Chen, J. Xu, C. X. Wu, M. J. Hu, J. Xu, Y. Xu, C. R. 
Huang, C. Jin, X. T. Lu, H. Y. Qian, X. D. Li and Y. J. Yang (2022). 
"Interleukin-5-induced eosinophil population improves cardiac function 
after myocardial infarction." Cardiovascular Research 118(9): 2165-
2178. 

Xu, L., G. Chen, Y. Liang, C. Zhou, F. Zhang, T. Fan, X. Chen, H. Zhou and 
W. Yuan (2021). "T helper 17 cell responses induce cardiac hypertrophy 
and remodeling in essential hypertension." Pol Arch Intern Med 131(3): 
257-265. 



 

344 
 

Xu, W. Y., L. Li and L. L. Zhang (2020). "NAD(+)Metabolism as an Emerging 
Therapeutic Target for Cardiovascular Diseases Associated With 
Sudden Cardiac Death." Frontiers in Physiology 11. 

Yamamoto, K., S. Iwase and T. Mano (1992). "Responses of muscle 
sympathetic nerve activity and cardiac output to the cold pressor test." 
Jpn J Physiol 42(2): 239-252. 

Yancy, C. W., M. Jessup, B. Bozkurt, J. Butler, D. E. Casey, M. H. Drazner, G. 
C. Fonarow, S. A. Geraci, T. Horwich, J. L. Januzzi, M. R. Johnson, E. 
K. Kasper, W. C. Levy, F. A. Masoudi, P. E. McBride, J. J. V. McMurray, 
J. E. Mitchell, P. N. Peterson, B. Riegel, F. Sam, L. W. Stevenson, W. H. 
W. Tang, E. J. Tsai, B. L. Wilkoff, J. L. Anderson, A. K. Jacobs, J. L. 
Halperin, N. M. Albert, B. Bozkurt, R. G. Brindis, M. A. Creager, L. H. 
Curtis, D. DeMets, R. A. Guyton, J. S. Hochman, R. J. Kovacs, F. G. 
Kushner, E. M. Ohman, S. J. Pressler, F. W. Sellke, W. K. Shen, W. G. 
Stevenson and C. W. Yancy (2013). "2013 ACCF/AHA Guideline for the 
Management of Heart Failure: Executive Summary A Report of the 
American College of Cardiology Foundation/American Heart Association 
Task Force on Practice Guidelines." Circulation 128(16): 1810-1852. 

Ye, J., Y. Wang, Z. Wang, L. Liu, Z. C. Yang, M. L. Wang, Y. Xu, D. Ye, J. S. 
Zhang, Q. Zhou, Y. Z. Lin, Q. W. Ji and J. Wan (2020). "The Expression 
of IL-12 Family Members in Patients with Hypertension and Its 
Association with the Occurrence of Carotid Atherosclerosis." Mediators 
of Inflammation 2020. 

Zamir, N. and E. Shuber (1980). "Altered Pain Perception in Hypertensive 
Humans." Brain Research 201(2): 471-474. 

Zhang, Z. H., Y. Yu, S. G. Wei and R. B. Felder (2010). "Centrally 
administered lipopolysaccharide elicits sympathetic excitation via 
NAD(P)H oxidase-dependent mitogen-activated protein kinase 
signaling." Journal of Hypertension 28(4): 806-816. 

Zhao, S. P., Q. Z. Li, L. Liu, Z. M. Xu and J. Z. Xiao (2004). "Simvastatin 
reduces interleukin-1 beta secretion by peripheral blood mononuclear 
cells in patients with essential hypertension." Clinica Chimica Acta 
344(1-2): 195-200. 

Zhao, W. Y., T. Q. Zhao, Y. J. Chen, R. A. Ahokas and Y. Sun (2008). 
"Oxidative stress mediates cardiac fibrosis by enhancing transforming 
growth factor-beta1 in hypertensive rats." Molecular and Cellular 
Biochemistry 317(1-2): 43-50. 

Zhou, J., Z. Zhou, X. Liu, H. Y. Yin, Y. Tang and X. Cao (2021). "P2X7 
Receptor-Mediated Inflammation in Cardiovascular Disease." Front 
Pharmacol 12: 654425. 

Zubcevic, J., H. Waki, M. K. Raizada and J. F. R. Paton (2011). "Autonomic-
Immune-Vascular Interaction An Emerging Concept for Neurogenic 
Hypertension." Hypertension 57(6): 1026-1033. 



 

345 
 

APPENDICES 

Appendix 1: Supplementary methods for multiplex in rats 

For rat multiplex, for epidermal growth factor (EGF), a standard curve of 0, 0.2, 1.0, 

3.9, 15.6, 62.5, 250.0 and 1000.0 pg/ml was constructed. For macrophage 

inflammatory protein (MIP)-1α, interleukin (IL)-1β, interferon gamma-induced protein 

(IP)-10, fractalkine and tumour necrosis factor (TNF)-α, a standard curve of 0, 2.4, 

9.8, 39.1, 156.3, 625.0, 2500.0 and 10,000 pg/ml was constructed. For granulocyte 

colony-stimulating factor (G-CSF), IL-4, IL-13, IL-5, and vascular endothelial growth 

factor (VEGF), a standard curve of 0, 4.9, 19.5, 78.1, 312.5, 1250.0, 5000.0 and 

20,000.0 pg/ml was constructed. For IL-10 and IL-17A, a standard curve of 0, 7.3, 

29.3, 117.2, 468.8, 1875.0, 7500.0 and 30,000.0 pg/ml was constructed. For 

granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1α, IL-2, IL-12p70 

and IL-18, a standard curve of 0, 12.2, 48.8, 195.3, 781.3, 3125.0, 12,500.0 and 

50,000.0 pg/ml was constructed. For leptin, interferon (IFN)-γ and cytokine-induced 

neutrophil chemoattractant type-1 (CINC-1), a standard curve of 0, 14.6, 58.6, 234.4, 

937.5, 3750.0, 15,000.0 and 60,000 pg/ml was constructed. For lipopolysaccharide-

inducible CXC chemokine (LIX) and MIP-2, a standard curve of 0, 24.4, 97.7, 390.6, 

1562.5, 6250.0, 25,000 and 300,000.0 pg/ml was constructed. For IL-6, a standard 

curve of 0, 73.2, 293.0, 1171.9, 4687.5, 18,750.0, 75,000.0 and 300,000.0 pg/ml was 

constructed. For monocyte chemoattractant protein-1 (MCP-1), a standard curve of 

0, 29.3, 117.2, 468.8, 1875.0, 7500.0, 30,000.0 and 120,000.0 pg/ml was 

constructed. 
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Appendix 2: Supplementary methods for multiplex in humans 

For human multiplex, for EGF, eotaxin, IL-12p70, MCP-1 and MIP-1α, a standard 

curve of 0, 3, 16, 80, 400, 2000, 10,000 and 50,000 pg/ml was constructed. For 

Fractalkine, a standard curve of 0, 32, 160, 800, 4000, 20,000, 100,000 and 500,000 

pg/ml was constructed. For G-CSF and IL-1α, a standard curve of 0, 4.8, 24, 120, 

600, 3000, 15,000 and 75,000 pg/ml was constructed. For IL-10, IP-10, and VEGF-

A, a standard curve of 0, 2.6, 12.8, 64, 320, 1600, 8000 and 40,000 pg/ml was 

constructed. For GROα, IFN-γ and IL-17A, a standard curve of 0, 1.3, 6.4, 32, 160, 

800, 4000 and 20,000 pg/ml was constructed. For IL-1β, a standard curve of 0, 1.6, 

8, 40, 200, 1000, 5000 and 25,000 pg/ml was constructed. For IL-2, IL-4, IL-5, IL-6 

and IL-18, a standard curve of 0, 0.64, 3.2, 16, 80, 400, 2000 and 10,000 pg/ml was 

constructed. For IL-13 and TNF-α, a standard curve of 0, 6.4, 32, 160, 800, 4000, 

20,000 and 100,000 pg/ml was constructed.  
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Appendix 3. Supplementary data for chapter 5 
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Supplementary Figure 1 Hormones and growth factors in arterial blood plasma 

at 10 weeks old 

Mean ± SD or median [IQR] concentrations in (A) G-CSF, (B) GM-CSF, (C) 

leptin and (D) VEGF in WKYs (blue) and SHRs (red). One-way ANOVA with 

block as blocking factor. 
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Supplementary Figure 2 Chemokines in arterial blood plasma at 10 weeks old  

Mean ± SD or median [IQR] concentrations in (A) IP-10, (B) CINC-1, (C) LIX, 

(D) fractalkine and (E) MCP-1 in WKYs (blue) and SHRs (red). One-way 

ANOVA with block as blocking factor. 
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Supplementary Figure 3 Anti- and pro-inflammatory interleukins in arterial 

blood plasma at 10 weeks old 

Median [IQR] concentrations in (A) IL-4, (B) IL-13, and (C) IL-17A in WKYs 

(blue) and SHRs (red). One-way ANOVA with block as blocking factor. 
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Appendix 4. Supplementary data for chapter 6 
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Supplementary Figure 4 Hormones and growth factors in tail blood plasma at 

15 weeks old 

Median [IQR] concentrations in (A) G-CSF, (B) GM-CSF, (C) leptin and (D) 

VEGF in WKYs (blue) and SHRs (red).  

  



 

351 
 

9 11.5 15

0

100

200

300

400

Age (weeks)

IP
-1

0
 c

o
n

c
e

n
tr

a
ti

o
n

 (
p

g
/m

l)

9 11.5 15

0

500

1000

1500

2000

Age (weeks)

C
IN

C
-1

 c
o

n
c
e

n
tr

a
ti

o
n

 (
p

g
/m

l)

WKY

SHR

9 11.5 15

0

2000

4000

6000

Age (weeks)

L
IX

 c
o

n
c

e
n

tr
a
ti

o
n

 (
p

g
/m

l)

9 11.5 15

0

50

100

150

Age (weeks)

F
ra

c
ta

lk
in

e
 c

o
n

c
e
n

tr
a
ti

o
n

 (
p

g
/m

l)

A B

C D

E

9 11.5 15

0

250

500

750

1000

1250

Age (weeks)

M
C

P
-1

 c
o

n
c
e

n
tr

a
ti

o
n

 (
p

g
/m

l)

 

Supplementary Figure 5 Chemokines in arterial tail plasma at 15 weeks old 

Median [IQR] concentrations in (A) IP-10, (B) CINC-1, (C) LIX, (D) fractalkine 

and (E) MCP-1 in WKYs (blue) and SHRs (red).  
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Supplementary Figure 6 Anti- and pro-inflammatory interleukins in tail blood 

plasma at 15 weeks old 

Median [IQR] concentrations in (A) IL-4, (B) IL-13, and (C) IL-17A in WKYs 

(blue) and SHRs (red). 
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Supplementary Figure 7 Hormones and growth factors in arterial blood plasma 

with age 

Mean ± SD values of (A) granulocyte stimulating factor (G-CSF), (B) 

granulocyte-macrophage stimulating factor (GM-CSF), (C) leptin and (D) 

vascular endothelial growth factor (VEG-F) in WKYs (blue) and SHRs (red) at 

10 and 15 weeks old. Two-way ANOVA.  
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Supplementary Figure 8 Chemokines in arterial blood plasma with age 

Mean ± SD values of (A) interferon gamma-induced protein (IP-10), (B) 

cytokine-induced neutrophil chemoattractant (CINC-1), (C) liposaccharide-

inducible CXC chemokine (LIX), (D) fractalkine and (E) MCP-1 in WKYs (blue) 

and SHRs (red) at 10 and 15 weeks old. Two-way ANOVA.  
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Supplementary Figure 9 Anti- and pro-inflammatory interleukins in tail blood 

plasma with age 

Mean ± SD values of (A) IL-4, (B) IL-13, and (C) IL-17A in WKYs (blue) and 

SHRs (red). Two-way ANOVA.   



 

356 
 

Appendix 5. Supplementary data for chapter 7 

Supplementary Table 1 Mean ± SD or median [IQR] baseline heart rate 

variability frequency domain data  

 
 

NTN HTN P value 
Effect size 
Cohen’s D 

LF (nu) 51.89 ± 15.93 57.35 ± 20.66 0.492 0.299 

HF (nu) 47.04 ± 14.41 41.01 ± 19.80 0.419 0.354 

LF (ms2) 787.85 [449.80] 322.10 [355.03] 0.009 1.311 

HF (ms2) 783.00 [927.20] 240.85 [261.48] 0.043 0.968 

Total power 
(ms2) 

2975.00 [2135.00] 747.10 [850.63] 0.006 1.411 

LF/HF ratio 0.99 [0.94] 1.55 [0.88] 0.381 0.401 

SD; standard deviation, IQR; interquartile range, NTN; normotension, HTN; 

hypertension, LF; low frequency, nu; normalised units, HF; high frequency. 

Independent samples t-test, or Mann Whitney U test.  
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Supplementary Table 2 Linear regression between other inflammatory markers 

and ECV 

Variable R R2 B F value P value  

IL-2 (n=18) 0.092 0.008 0.577 F(1,13)=0.111 0.744 

IL-5 (n=20) 0.296 0.088 0.049 F(1,16)=1.538 0.233 

IL-17A (n=18) 0.156 0.024 0.155 F(1.14)=0.350 0.563 

IL-4 (n=20) 0.042 0.002 -0.051 F(1,16)=0.028 0.869 

IL-13 (n=14) 0.187 0.035 -0.010 F(1,11)=0.397 0.541 

Eotaxin (n=20) 0.097 0.009 0.002 F(1,16)=0.153 0.701 

MCP-1 (n=20) 0.443 0.196 -0.022 F(1,14)=3.410 0.086 

MIP-1α (n=20) 0.247 0.061 0.065 F(1,16)=1.036 0.324 

IP-10 (n=20) 0.190 0.036 0.003 F(1,16)=0.599 0.450 

GROa (n=20) 0.227 0.052 0.036 F(1,16)=0.872 0.364 

Fractalkine (n=20) 0.205 0.042 0.016 F(1,16)=0.704 0.414 

EGF (n=20) 0.141 0.020 -0.033 F(1,17)=0.327 0.576 

G-CSF (n=18) 0.015 0.000 -0.002 F(1,14)=0.003 0.955 

VEGF-A (n=20) 0.237 0.056 0.010 F(1,16)=0.955 0.343 

ECV; extracellular volume, IL; interleukin, MCP; monocyte chemoattractant protein, 

MIP; macrophage inflammatory protein, IP; interferon-induced protein, GROa; 

growth-regulated alpha protein, EGF; epidermal growth factor, VEGF; vascular 

endothelial growth factor.  

  



 

358 
 

Supplementary Table 3 Linear regression between other inflammatory markers 

and LVMI 

Variable R R2 B F value P value  

IL-2 (n=18) 0.272 0.074 -5.018 F(1,15)=1.201 0.290 

IL-5 (n=20) 0.218 0.048 0.161 F(1,17)=0.852 0.369 

IL-17A (n=18) 0.106 0.011 -0.404 F(1,15)=0.170 0.686 

IL-4 (n=20) 0.061 0.004 -0.329 F(1,17)=0.064 0.803 

IL-13 (n=14) 0.010 0.000 -0.002 F(1,12)=0.001 0.973 

Eotaxin (n=20) 0.009 0.000 0.001 F(1,17)=0.002 0.969 

MCP-1 (n=20) 0.192 0.037 0.003 F(1,17)=0.649 0.432 

MIP-1α (n=20) 0.024 0.001 0.028 F(1,17)=0.010 0.921 

IP-10 (n=20) 0.189 0.036 0.015 F(1,17)=0.630 0.438 

GROa (n=20) 0.165 0.027 -0.118 F(1,17)=0.474 0.501 

Fractalkine (n=20) 0.160 0.026 -0.056 F(1,17)=0.446 0.513 

EGF (n=20) 0.331 0.109 -0.343 F(1,17)=2.089 0.167 

G-CSF (n=18) 0.429 0.184 -0.249 F(1,15)=3.391 0.085 

VEGF-A (n=20) 0.361 0.130 0.070 F(1,17)=2.546 0.129 

LVMI; left ventricular mass index, IL; interleukin, MCP; monocyte chemoattractant 

protein, MIP; macrophage inflammatory protein, IP; interferon-induced protein, 

GROa; growth-regulated alpha protein, EGF; epidermal growth factor, VEGF; 

vascular endothelial growth factor.  

 

 


