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Abstract 

Background: The renin-angiotensin-aldosterone system (RAAS) regulates blood 

pressure and is linked to hypertensive left ventricular hypertrophy. Sex differences in 

the involvement of the RAAS in the development of hypertension and left ventricular 

hypertrophy are unclear, specifically in spontaneously hypertensive rats (SHRs). This 

study aimed to investigate the sexual difference in the RAAS effects on hypertension 

and ventricular remodelling in spontaneously hypertensive rats (SHRs). 

Methods: Thirty SHRs and Wistar Kyoto rats (WYKs) were assigned to four groups, 

namely; male SHR (n=8), female SHR (n=8), male WKY (n=7), and female WKY (n=7). 

Body weight, blood pressure and echocardiography parameters were measured 

before termination. Concentrations of RAAS parameters were measured using 

enzyme-linked immunosorbent assays (ELISA) at termination (after 7 months). The 

picrosirius red stain was used to determine collagen content in the left ventricle.  

Results: SHRs, in comparison to WKYs, had significantly higher blood pressure, 

greater heart and left ventricular mass, greater heart wall thickness, greater area of 

collagen and impaired left ventricular relaxation (reduced lateral e’), and increased 

filling pressures (increased E/e’) (p<0.05). SHRs also had significantly reduced end-

diastolic volume, stroke volume and mid-wall fractional shortening (p<0.05). Females, 

in comparison to males, had reduced end-diastolic volume, stroke volume and mid-

wall fractional shortening but had greater physiological growth (p<0.05). Female SHRs 

exhibited higher conscious and anaesthetised systolic and diastolic blood pressures, 

along with greater plasma concentrations of angiotensin II (ANG II) compared to other 

groups (p<0.05). 
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Conclusion: Compared to WKYs, SHRs developed concentric hypertrophy, impaired 

diastolic and systolic function. Compared to males, females developed greater 

physiological left ventricular growth with lower left ventricular relaxation and systolic 

function. The physiological cardiac differences may partly be influenced by factors 

such as body weight and blood volume. Additionally, female SHRs had elevated blood 

pressure, which may be due to increased plasma concentrations of ANG II. 
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Hypertension and left ventricular hypertrophy are significant risk factors for 

cardiovascular morbidity and mortality worldwide (Yildiz et al., 2020). While extensive 

research has been conducted to understand the pathophysiology of these conditions, 

there remains a notable gap in our understanding of the role of sexual dimorphism and 

the renin-angiotensin-aldosterone system (RAAS) in the development and 

progression of hypertension and left ventricular hypertrophy, particularly in the context 

of spontaneously hypertensive rats (SHRs). Previous studies have demonstrated 

differences in blood pressure regulation, cardiac structure, and function between male 

and female SHRs (Al-Gburi et al., 2017; Chan et al., 2011), suggesting the existence 

of sex-specific factors that may modulate the cardiovascular response to 

hypertension. Additionally, the RAAS has been implicated in the pathogenesis of 

hypertension and left ventricular hypertrophy (Radin et al., 2002), yet its precise 

involvement and potential sexual dimorphism remain incompletely understood. 

Given the pronounced differences in blood pressure and cardiac parameters observed 

between male and female SHRs, as well as between SHRs and Wistar Kyoto rats 

(WKYs), there arises a need to elucidate the underlying mechanisms driving sexual 

dimorphism on the involvement of the RAAS in hypertension and left ventricular 

hypertrophy. Therefore, the study aims to explore the potential impact of sex-specific 

factors such as RAAS on the development and progression of hypertension and left 

ventricular hypertrophy, with a focus on explaining any differential effects on diastolic 

function and systolic performance between male and female SHRs and WKYs.  

 By addressing these research questions, the study aims to advance our 

understanding of the complex interplay between sex, the RAAS, and cardiovascular 

pathophysiology, ultimately informing the development of more targeted and effective 
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therapeutic strategies for the management of hypertension and left ventricular 

hypertrophy in function of sex.  

This dissertation commences by detailing the existing literature in Chapter 2, providing 

a comprehensive overview of the research relating to sexual dimorphism and the 

RAAS in the context of hypertension and left ventricular hypertrophy. Chapter 3 

outlines the methodological approaches utilised in the present study, while Chapter 4 

outlines the results from these methodologies. Within Chapter 5, the findings will be 

contextualised and analysed in light of the existing literature, and Chapter 6 will 

underscore the limitations and draw conclusions from this study.
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Chapter 2: Literature Review
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2.1. Hypertension  

Hypertension is a public health challenge in both developed and developing countries 

(Mohsen Ibrahim, 2018; Parati et al., 2021; Wierzejska et al., 2020). Hypertension is 

defined by the insistent chronic rise in blood pressure where the systolic pressure is 

greater or equal to 140 mmHg and/or where the diastolic pressure is greater or equal 

to 90 mmHg (Koracevic et al., 2023). Hypertension is the prime causative factor for 

cardiovascular diseases (CVD) such as heart failure (Boehme et al., 2018) and is 

recognised as one of the leading causes of mortality worldwide (McNamara et al., 

2019). Globally, hypertension is considered to be the leading risk factor for death, with 

the death toll being 10.8 million in 2019 (Schutte et al., 2023). Hypertension is a major 

cause of early mortality in sub-Saharan Africa (Sharma et al., 2021). In particular, 

South Africa is the most affected of the sub-Saharan countries with a prevalence that 

has risen from 21% in 1998 to 77.3% in 2008 amongst individuals whose age fell under 

the 15 - 98 years range (Ntuli et al., 2015 ; Sharma et al., 2021). In South Africa, 

hypertension-related mortality rates are estimated to contribute to 9% of all deaths, 

indicating the considerable burden of hypertension (Diallo et al., 2021). Therefore 

focusing on the fundamental causes and understanding the mechanisms that 

contribute to the development of hypertension is important to improve treatment 

strategies and the management of hypertension.  

Hypertension can be classified as either primary (idiopathic) or secondary (with known 

etiology) hypertension (Brouwers et al., 2021). Primary hypertension is a multifactorial 

disease due to its numerous causative factors which are modifiable and non-

modifiable. Modifiable risk factors include urbanisation, physical inactivity, unhealthy 

diets, psychosocial stress and alcohol consumption (Brouwers et al., 2021; Vijaykumar 

et al., 2023). Non-modifiable risk factors include ethnicity, sex and age, with sex having 
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an especially strong correlation to the control of hypertension (Vijaykumar et al., 2023). 

Furthermore, there are multiple molecular mechanisms associated with hypertension 

such as inflammation (Brouwers et al., 2021). These mechanisms contribute to the 

damage of vascular endothelial and smooth muscle cells which all result in 

hypertension. Males in both clinical and experimental studies (as shown in table 2.1) 

typically have higher blood pressures than females (Colafella & Denton, 2018; Maris 

et al., 2005; Sandberg & Ji, 2012 Sullivan et al., 2010). Adult males have a 27% risk 

of developing hypertension, whereas adult females have a 12% risk (Anna et al., 

2016). In addition, premenopausal women are protected from cardiovascular 

comorbidities associated with the development of hypertension compared to age-

matched males (Xue et al., 2013). This is due to gonadal hormones namely, oestrogen 

and testosterone.  

2.1.1 Role of oestrogen in hypertension  

Experimental studies show that the progression of hypertension is delayed in female 

rats. This is due to oestrogen intercepting with mechanisms that are involved in 

hypertension (Velásquez, 2018). The same phenomenon can be seen clinically as 

premenopausal women have lower blood pressures than age matched men and 

postmenopausal women (Maranon & Reckelhoff, 2013). However, postmenopausal 

women have higher adverse cardiovascular outcomes than age-matched males 

(Colafella & Denton, 2018). 

Oestrogen is involved in hypertension directly by acutely inhibiting vasoconstriction 

and indirectly through modulation of mechanisms involved in the presentation of 

hypertension (Khalil, 2015). Oestrogen acts through two receptors namely, oestrogen 

receptor α (ERα) and β (ERβ) (Pabbidi et al., 2018). Binding of oestrogen to ERβ 

mediates vasodilation through NO production and endothelin-1 (ET-1) inhibition, while 
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binding to ERα is involved in protection against vascular damage (Pabbidi et al., 

2018). Oestrogen counteracts the growth of vascular smooth muscle cells (VSMC) 

mediated by ANG II (Khalil, 2015). Increased growth of VSMC reduces vessel lumen 

which in turn increases pressure. Furthermore, oestrogen counteracts ANG II-induced 

hypertensive effects (Aryan et al., 2020). Oestrogen also acts as an antioxidant as it 

inhibits nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity and 

production of ROS and free radicals (Khalil, 2015). Oestrogen increases β-adrenergic 

receptor expression in female rats (Riedel et al., 2019). An increase in β-adrenergic 

stimulation induces vasodilation in females (Riedel et al., 2019). It can control vessel 

response to β-adrenergic stimulation and therefore bring about dilation (Riedel et al., 

2019). Administration of oestrogen to male and female gonadectomised rats increased 

baroreflex sensitivity and reduced sympathetic activation and lowered blood pressure 

(Boese et al., 2017). Additionally, no change in SNS activity or blood pressure is seen 

with an infusion of oestrogen in intact male rats (Boese et al., 2017). 

Furthermore, oestrogen hyperpolarises VSMC and causes an efflux of calcium (Ca2+) 

out of the cell and bringing about relaxation of VSMC (Khalil, 2015). Nuclear factor 

kappa B (NFKB) controls numerous inflammatory pathways that mediate hypertension 

such as activation of tumour necrosis factor α (TNFα) and interleukin-6 (IL-6) 

(Sabbatini & Kararigas, 2020). Oestrogen inhibits NFKB and its subunits which results 

in inflammatory pathways not being activated (Sabbatini & Kararigas, 2020).  

2.1.2 Role of testosterone in hypertension  

While oestrogen drives the cardiovascular system away from hypertension and 

protects the vasculature, testosterone does the opposite (Costa et al., 2015). 

Testosterone and androgen receptors are correlated to an increase in blood pressure 

as well as vessel collagen deposition (Seachrist et al., 2000). In experimental models 
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of hypertension, testosterone increases blood pressure in hypertensive male rats and 

increases arterial stiffens in females (Loh & Salleh, 2017). Testosterone is positively 

correlated with blood pressure, as levels of plasma testosterone increase so does 

blood pressure (Loh & Salleh, 2017). Administration of testosterone to ovariectomised 

female SHRs and WKYs increases blood pressure (Loh & Salleh, 2017). 

Ovariectomised female rats reflect postmenopausal women. Additionally, castration 

reduces blood pressure in SHR males and other models of hypertension (Kienitz & 

Quinkler, 2008). Furthermore, infusion of testosterone to castrated male SHR reverses 

effects (Kienitz & Quinkler, 2008).  

Testosterone acts as a prooxidant and contributes to deleterious effects of the 

cardiovascular system (Tostes et al., 2016). Testosterone increases levels of oxidative 

stress through activation of NADPH oxidase by ANG II and exacerbates endothelial 

dysfunction (Cruz-Topete et al., 2020; Zhang et al., 2023). Infusion of testosterone to 

ovariectomised female SHR treated with oestrogen increases ROS (Costa et al., 

2015). Furthermore, testosterone also contributes to hypertension though the 

induction of ET-1 release (Seachrist et al., 2000). This causes vasocontraction and 

chronically leads to hypertension.  

Reckelhoff & Granger, 2015 showed that in intact and gonadectomised male and 

female SHR of the same age, testosterone administration increases blood pressure of 

ovariectomised female SHR to levels similar to intact male SHR Furthermore, 

pressure-natriuresis is reduced in intact male SHR and the same phenomenon is seen 

in female SHR receiving testosterone (Reckelhoff & Granger, 2015). Blunting of 

pressure-natriuresis increases blood volume and causes hypertension (Reckelhoff & 

Granger, 2015). 
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While the influence of sex hormones play a significant role in the development of 

hypertension, studies have shown that inappropriate activation of the RAAS is also an 

important contributor to the pathogenesis of hypertension (Velez, 2009). 

2.1.3 Role of renin-angiotensin-aldosterone in hypertension  

The RAAS is an important regulator of blood pressure and volume and has been 

implicated in the presentation of hypertension (Pugliese et al., 2020). The RAAS 

functions as a systemic endocrine and tissue paracrine/autocrine system and 

activation of both systemic and tissue RAAS are independent of each other (Duprez, 

2006). The RAAS has two main pathways namely, classical and nonclassical. With 

decreased blood pressure or reduced sodium chloride (NaCl) delivery to macula 

densa, the juxtaglomerular apparatus in the kidney is stimulated to release renin (Goto 

et al., 2000). Renin is responsible for cleaving angiotensinogen (AGT) to angiotensin 

1 (ANG I) (Martyniak & Tomasik, 2023). Furthermore, ANG II is produced from the 

cleaving of angiotensin ANG I, by angiotensin-converting enzyme one (ACE1), to ANG 

II (Ames et al., 2019). ANG II acts on two receptors namely, angiotensin type 1 and 2 

receptors (AT1R and AT2R) (Goto et al., 2000). 

The binding of ANG II to AT1R activates the RAAS via the classical RAAS pathway 

(Liao & Wu, 2021). Binding initiates the hypertensive effects of ANG II such as 

vascular contraction, aldosterone release, renal sodium absorption which all are 

involved in blood volume and regulation (Goto et al., 2000). Under pathological 

conditions, ANG II increases the expression of chemokines and cytokines which 

increase leukocyte in vessel walls, thus causing vascular damage (Duprez, 2006). 

Furthermore, ANG II has been shown to facilitate sympathetic nerve activity which is 

important in the causation and maintenance of hypertension (Duprez, 2006). 

Additionally, ANG II-induced increased levels in aldosterone induce expression and 
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activity of epithelial sodium channel (ENaC), which is involved in increased sodium 

(Na+) reabsorption in the distal nephron and collecting ducts thus causing an increase 

in blood pressure (Goto et al., 2000). Contrary to the classical RAAS pathway is the 

non-classical pathway which involves angiotensin (1-7) (ANG (1-7)) Martyniak & 

Tomasik, 2023). Conversion of ANG I into ANG (1-7) is mediated by angiotensin-

converting enzyme two (ACE2) (Wang et al., 2020). The non-classical pathway is 

initiated when ANG (1-7) binds to angiotensin type 2 receptor (AT2R) (Cristina Simões 

Silva et al., 2020). This brings about effects that are essentially opposite actions of 

classical the ANG II - AT1R pathway (Cristina Simões Silva et al., 2020). ANG (1-7) 

attenuates oxidative stress, increases nitric oxide (NO) release, and amplifies 

bradykinin-induced vasodilation (Gouldsborough et al., 2003). 

In hypertensive individuals, RAAS activity is often heightened, contributing to elevated 

blood pressure levels (Ferrari, 2013; Nwia et al.,2023). ANG (1-12), a substrate for the 

formation of ANG II, is greater in hypertensive individuals compared normotensive 

individuals (Ferrario et al., 2021). Furthermore, the activity of ACE is greater in 

hypertensive patients (Hristova et al., 2019). This alludes to the idea of increased 

formation of ANG II in hypertensive individuals. Furthermore as popularly known, renin 

secretion observed in hypertension leads to excessive ANG II production and 

ultimately its pressor effects, leading to vasoconstriction and sodium retention 

(Stoicescu et al., 2011). Additionally, genetic variations in RAAS components, such as 

ACE gene polymorphisms, have been associated with hypertension susceptibility 

(Zhang et al., 2019).  

Studies have shown increased expression of all components of RAAS including 

increased expression of AT1R in SHR (Sáinz et al., 2004; Williamson & Tai, 2017). 

Increased expression levels often allude to activation of RAAS, which in literature has 
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been strongly correlated to increased blood pressure (Williamson et al., 2017). It is 

widely known that SHRs have greater RAAS activation, this greater activation is in 

part the reason for higher blood pressures seen in SHRs compared to WKYs 

(Williamson et al., 2017). At 4 weeks (young SHRs) have higher renal levels of ANG 

II compared to WKY (Gouldsborough et al., 2003). Additionally, ANG II infusion at this 

age in SHR results in increased pressor response compared to WKY (Gouldsborough 

et al., 2003). This is indicative of the increased activity of AT1R in SHR even before 

the onset of hypertension (Gouldsborough et al., 2003). Adult SHR at 16 weeks, when 

hypertension is already established, has greater renal upregulation of ACE1 and AT1R 

comapred WKY (Williamson & Tai, 2017). Concomitant with this was a greater 

average systolic and diastolic blood pressure in SHR compared to WKY (Williamson 

& Tai, 2017). Additionally, a study showed a decrease in ACE2 accompanied by an 

increase in ACE1 in SHR than WKY (Yang et al., 2013). These studies mentioned 

above suggest greater RAAS activation in SHRs than age matched WKYs throughout 

their life spans.  

The sympathetic nervous system (SNS) and its association with the RAAS are 

important in the development of hypertension (Valensi, 2021). SHRs have an 

increased SNS activation than WKY (Grisk & Rettig, 2004). This activation is 

implicated in the development of hypertension (Grisk & Rettig, 2004). Pro sympathetic 

neurotransmitter production induced by nerve stimulation is mediated by ANG II 

(Takeshi, 1977). This highlights a nexus between RAAS and the SNS. A study 

(Takeshi, 1977) investigating norepinephrine (NE) production by nerve stimulation 

showed that the SHR has greater NE than WKY, suggesting greater SNS activation 

in SHR. Furthermore, SNS response to ANG II infusion is greater in SHR (Nagase et 

al., 1996). Denervation of renal SNS in SHR decreases intrarenal NE, ANG II and 
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AT1R all of which delay the onset of hypertension (Simko et al., 2022). The increased 

RAAS activation together with increased activation of other factors such as the SNS 

in SHR exacerbates and drives hypertension (Valensi, 2021). In addition to its well-

established role in hypertension, the RAAS exhibits notable sex differences in its 

contribution to the pathogenesis of hypertension (Sabbatini & Kararigas, 2020). 

2.1.4 Sex differences in the role of the renin-angiotensin-aldosterone system in  

        hypertension   

Sexual dimorphism has been investigated in the regulation of the RAAS and has been 

correlated to blood pressure (Reckelhoff, 2023). 

Expression of RAAS components and activation is modulated by gonadal hormones 

(Nwia et al., 2023). Oestrogen upregulates and activates the non-classical 

vasodilatory pathway [ANG (1-7) - AT2R] (Novella et al., 2019). Furthermore, 

oestrogen directly reduces the expression of classical RAAS components and 

essentially the activity of the classical vasoconstrictor pathway (ANG II – AT1R) 

(Fardoun et al., 2020). An experimental study (Sandberg & Ji, 2003) showed chronic 

administration of oestrogen reduced angiotensin converting enzyme (ACE) activity, 

ANG II levels, kidney AT1R expression, aldosterone secretion and ultimately vascular 

contraction. Furthermore, the lack of oestrogen has been implicated in the increased 

expression of RAAS components and activation of the vasoconstrictor pathway 

(Mkhize et al., 2023). Another experiment that reduced levels of oestrogen due to 

ovariectomy increases plasma renin activity (PRA), ANG II and aldosterone levels thus 

suggesting increased RAAS activity (Hidetomo et al., 2008). Furthermore, oestrogen 

administration to the very same ovariectomised female rats reduced effects (Hidetomo 

et al., 2008).  



 13 

However, testosterone on the other hand favours the classical vasoconstrictor 

pathway (ANG II – AT1R) (Sandberg & Ji, 2003). Testosterone upregulates the 

expression of prohypertensive RAAS components (Santos et al., 2023). Testosterone 

potentiates the pressor effects of ANG II (Pingili et al., 2020). This results in an 

increase in vasocontraction and blood volume and therefore results in higher blood 

pressure (Pingili et al., 2020). Plasma renin activity (PRA) is positively correlated with 

testosterone levels (Kienitz & Quinkler, 2008). This suggests an increase in RAAS 

activation in males due to testosterone. A study (Seachrist et al., 2000)shows that 

castration of male SHR reduces levels of ANG II and levels are restored with 

testosterone infusion.  

Expression of these components have been alluded to increased RAAS activity as 

administration of testosterone to ovariectomised female SHR increased PRA levels, 

and messenger ribonucleic acid (mRNA) AGT. Additionally, castration of WKY male 

reduces mRNA levels of AGT while testosterone administration to female WKY 

increases the mRNA levels of AGT (Seachrist et al., 2000).  

Regarding the renal pressure-natriuresis, male SHR excrete less sodium (Na+) than 

female SHR at the same perfusion rate, indicating high testosterone-induced levels of 

aldosterone compared to female SHR (Reckelhoff et al., 2015). Sodium retention 

results in increased water reabsorption, leading to an increased blood volume and 

pressure (Hinrichs et al., 2020). Castration of male SHR restores the pressure-

natriuresis and lowers blood pressure (Reckelhoff et al., 2015).  

The interplay between hormones and the RAAS highlights the influence of oestrogen 

and testosterone on blood pressure regulation (Nwia et al., 2023). While oestrogen 

has been associated with reduced RAAS activity, through the non-classical RAAS 

pathway, testosterone appears to favour the classical vasoconstrictor pathway (Nwia 
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et al., 2023). These hormonal dynamics shed light on the gender differences observed 

in the RAAS.  

While the influence of sex hormones and the RAAS system play a significant role in 

the development of hypertension, these factors can also influence the remodelling 

processes of the heart  (Wu et al., 2019). 

2.2.    Left ventricular hypertrophy  

Left ventricular hypertrophy (LVH) develops as an adaptive response to hemodynamic 

stress, aiming to normalise wall stress and maintain cardiac output (Ferreira et al., 

2022). However, sustained pressure overload or volume overload can lead to 

maladaptive remodelling characterised by myocardial fibrosis, impaired contractility, 

and diastolic dysfunction (Schimmel et al., 2022). Depending on the type of overload, 

the myocardium in the left ventricle assumes different morphological patterns of 

arrangement (Nauta et al., 2020). Wall stress caused by pressure overload (like in 

hypertension) results in a type of cardiac remodelling known as concentric hypertrophy 

characterised by an increase in the left ventricular wall thickness due to parallel 

additions of sarcomeres into the left ventricular wall (Yildiz et al., 2020). In the case of 

volume overload, known to cause eccentric hypertrophy, sarcomeres are added in 

series and the left ventricular lumen begins to expand (Yildiz et al., 2020). Left 

ventricular hypertrophy is influenced by various factors, including genetic 

predisposition, neurohormonal activation and mechanical stress (Sayin & Oto, 2022; 

Gannon & Link, 2021; Takano et al., 2020).  

Mechanical stress such as pressure (hypertension) and volume overload on the 

myocardium can induce second messenger signalling pathways that induce 

cardiomyocyte hypertrophy (Caturano et al., 2022). These pathways include protein 

kinase C, phosphatidylinositol, Raf-1 kinase and extracellular regulated protein kinase 
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(ERK) (Yamazaki & Yazaki, 1999). In response to hypertrophic growth, 

cardiomyocytes increase their cytosolic Ca2+ which in turn is able to stimulate 

calcineurin (Zou et al., 2001). Activation of pathways associated with calcineurin leads 

to gene expression of myocardial proteins (Grammer et al., 2006). Furthermore 

calcineurin is able to synergise with other signalling pathways such as mitogen-

activated kinase (MAPK) pathways to cause left ventricular hypertrophy (Sugden, 

1999). Together these pathways lead to increased myocardial protein synthesis which 

essentially defines cardiac hypertrophy.  

Beyond hypertensive-induced cardiomyocyte hypertrophy, fibrosis is also an integral 

part of cardiac remodelling (Wang et al., 2022). Induced by pressure overload, 

stimulatory cytokines transforming growth factor β (TGF-β) is implicated in the process 

of fibrosis and is considered to be a prime stimulatory cytokine of fibrosis (Kuwahara 

et al., 2002). TGF-β induces activation of cardiac fibroblast into myofibroblasts 

(Kuwahara et al., 2002). Myofibroblasts are involved in mediating fibrosis by 

production of TGF-β, which further leads to activation of fibroblasts (Kuwahara et al., 

2002). Increased deposition of collagen I (thick, tensile) fibres, decreased collagen III 

(thin, elastic) and the cross linking of collagen fibres is integral in cardiac remodelling 

(Yamamoto et al., 2002). 

Together cardiomyocyte hypertrophy and fibrosis lead to cardiac remodelling, 

specifically LVH. (Ding et al., 2020). These processes are compensatory and are in 

response to increased pressure overload (Ding et al., 2020). Progression of fibrosis 

perturbs the structural integrity of the cardiac extracellular matrix (ECM) while 

hypertrophy increases cardiomyocyte size (Hanna et al., 2021; Nicks et al., 2020). 

Together cardiomyocyte hypertrophy and fibrosis impair the diastolic (relaxation) 

function and eventually systolic (contraction) function of the heart (Frangogiannis, 
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2020). In echocardiography, this improper relaxation of the myocardium can be 

indexed by reduced early peak tissue lengthening velocity at the mitral annulus (e’) 

and late peak tissue lengthening velocity at the mitral annulus (a’) (Kadappu & 

Thomas, 2015). Beyond the hemodynamic influence on cardiac remodelling and 

ventricular hypertrophy, there are multiple factors with numerous mechanisms and 

pathways that are involved as shown in table 2.2. These factors include RAAS and 

gonadal hormones. The role and mechanisms of these factors are described below.  

2.2.1 Role oestrogen in left ventricular hypertrophy  

Oestrogen plays an integral part in the inhibition of pressure overload induced cardiac 

hypertrophy through its receptors (Babiker et al., 2015). Both of its receptors are 

present in cardiomyocytes and cardiac fibroblasts (Da Silva et al., 2021). Oestrogen 

through its receptors inhibits activity of mitogen-activated kinase (MAPK) pathways in 

cardiac myocytes (Babiker et al., 2015). As already mentioned, there are numerous 

signalling pathways and kinases associated with MAPK such as p38-MAPKs, c-Jun 

N-terminal kinases (JNKs) and ERKs (Xiao et al., 2021). The activation and cascade 

of these kinases in the face of increased pressure overload on the heart initiate cardiac 

hypertrophy (Xiao et al., 2021). Oestrogen interferes with these pathways and drives 

the myocardium away from hypertrophy (Takano et al., 2020). Additionally, oestrogen 

interferes with the cascade of hypertrophic pathways induced by TGFβ (Pedram et al., 

2013). Oestrogen also drives the myocardium from hypertrophy through inducing an 

increase in expression of atrial natriuretic factor (ANF) which has antihypertrophic 

effects (Babiker et al., 2015). Numerous studies (Bhuiyan & Fukunaga, 2010; 

Ramírez-Hernández et al., 2024; Voloshenyuk & Gardner, 2010; Westphal et al., 

2012) have reported on oestrogen deficiency and development of hypertrophy in 

female rats. The same phenomenon occurs in clinical studies where post-menopausal 
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women are associated with increased adverse cardiovascular outcomes compared to 

males (Kamińska et al., 2023). However, female rats do not experience cessation of 

the oestrous cycle and therefore it would be required that they are ovareictomised in 

order to be compared to post-menopausal women in clinical trials (Garate-carrillo et 

al., 2020). A study showed that DOCA-salt female mice without ERβ led to 

maladaptive cardiac fibrosis through changes in cardiac collagen I and III distribution 

(Mice et al., 2011). This suggests the importance of oestrogen in driving the heart 

away from remodelling. Furthermore, another study showed that infusion of ERα 

agonist (16α-LE2) attenuates the level of cardiac fibrosis and slows development of 

myocardial hypertrophy in mice (Westphal et al., 2012). 

Oestrogen influences tetrahydrobiopterin (BH4), which is important in the production 

of NO through NOS modulation (Zhao et al., 2014). However, in cases where there is 

a low level of oestrogen, BH4 in myocardium favours production of ROS rather than 

NO (Zhao et al., 2014). Increased oxidative stress in the myocardium leads ventricular 

remodelling (Martins et al., 2022). In vivo studies, prohypertrophic effects brought by 

ET-1 are abolished by ERβ agonists suggesting oestrogen blunts deleterious pressor 

effects that ET-1 causes in myocardium (Mice et al., 2011). TGFβ stimulates 

production of ANG II and ET-1 in fibroblasts (Pedram et al., 2015). ERβ agonists 

prevent the fibrosis induced by ANG II and ET-1 (Pedram et al., 2015). Furthemrore, 

oestrogen interferes with the cascade of hypertrophic pathways induced by TGFβ 

(Pedram et al., 2013). 

Oestrogen is involved in ANG II mediated cardiac hypertrophy. A study showed that 

in SHR and normotensive rats, oestrogen deficiency leads to increase in the 

expression of AT1R (Eickels et al., 2005). This increases the chances of pressor 
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effects of ANG II (Eickels et al., 2005). Furthermore, oestrogen can also lead to 

physiological cardiac hypertrophy (Dworatzek et al., 2014). Females may have an 

increased response to pressure overload which is exhibited through increased cardiac 

mass (Oláh et al., 2019). However, the remodelling is physiological as there is no 

fibrosis (Foryst-Ludwig et al., 2011). This physiological type of remodelling is 

associated with MAPK signaling pathways and protein kinase B (Oláh et al., 2019). 

Moreover ERβ is directly involved in the cascade of these processes (Oláh et al., 

2019). 

2.2.2 Role of testosterone in left ventricular hypertrophy  

As shown in table 2.2, males typically exhibit a greater left ventricular hypertrophy 

compared to females. The binding of testosterone to androgen receptors and 

translocation to cardiomyocyte nucleus leads to enhanced cardiac gene expression 

(Thum and Borlak, 2002). This includes enhanced gene coding for myosin heavy 

chains (Thum and Borlak, 2002). Left ventricular metabolism of testosterone in male 

SHR leads to increased metabolites of testosterone such as dihydrotestosterone and 

androstenedione (Thum and Borlak, 2002). Which have a high affinity to androgen 

receptors and are able to induce remodelling through binding to these androgen 

receptors (Thum and Borlak, 2002). Additionally, in cardiomyocytes testosterone 

induces growth through promotion of protein synthesis through activation of signalling 

pathways such as rapamycin complex 1 pathway (mTORC1) (Thum and Borlak, 

2002). Activation of the pathway involve activation of extracellular signal-regulated 

kinases 1/2 (ERK 1/2) (Silva et al., 2006). This kinase is a component of MAPKs, 

which are all involved cell proliferation (Silva et al., 2006). Furthermore, blockage of 

mTORC1 attenuates testosterone induced cardiomyocyte hypertrophy (Silva et al., 

2006). Furthermore, testosterone is able to increase levels of growth factors such as 
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insulin like growth factor 1 (IGF-1) in the cardiac tissue which is responsible for cardiac 

hypertrophic growth (Żebrowska et al., 2017). Either than the mechanisms mentioned 

above, testosterone is also able to influence other factors such as the SNS which is 

independently implicated in hypertrophy. Testosterone induces SNS activation, this 

activation increases the contractility of the heart which increases mechanical stress 

and thus causes hypertrophy ( Ely et al., 1997; Meyer et al., 2010). An experiment 

(Cavasin et al., 2003) showed that testosterone administration to mice increased 

myocyte cardiomyocyte size and left ventricular dimensions. Although the exact 

mechanisms in which testosterone induces hypertrophy weren’t elucidated in the 

experiment, the already above mentioned mechanisms could be an explanation.  

2.2.3 Role of the renin-angiotensin-aldosterone system in left ventricular 

                   hypertrophy  

The increased cardiac expression and activity of cardiac RAAS components are 

associated with cardiac remodelling, marked by an increased LV mass in hypertensive 

rats (Li et al., 2008). Unlike cardiac myocyte hypertrophy that happens due to pressure 

overload, fibrosis occurs through the activation of RAAS (Weber et al., 1992). 

Experimental studies show that components of RAAS are present in the rat 

myocardium (Lijnen & Petrov, 1999). A study showed ANG II infusion in SHR 

increases left ventricular mass (LVM) (Reddy et al., 1996). Expression, protein 

production and activity of the classical cardiac RAAS components are increased in rat 

myocardial disease such as LVH (Schunkert et al., 1993). Additionally, the non-classic 

pathway components (which are cardioprotective) are also upregulated in cardiac 

hypertrophy in the SHR compared to WKY however, upregulation is compensatory (Li 

et al., 2008). Fibrotic events are mainly through the effects of ANG II via AT1R (Kai, 

2002).  



 20 

ANG II stimulates tissue growth factor β-1 (TGF-β1) in cardiac fibroblasts and through 

binding to AT1R (Kai, 2002). TGF-β1 induces activation of cardiac fibroblast into 

myofibroblasts (Kuwahara et al., 2002). Myofibroblasts are involved in mediating 

fibrosis by production of TGF-β1, which in a feedforward fashion further perpetuates 

activation of fibroblasts into myofibroblasts (Kuwahara et al., 2002). 

Cardiac fibroblasts are involved in the deposition of thick tensile type 1 collagen fibres 

in the cardiac ECM (Nikolov & Popovski, 2022). ANG II suppresses and downregulates 

MMPs (Brilla, 2000). MMPs are involved in the degradation of collagen (Nikolov & 

Popovski, 2022). The increased deposition and reduced degradation of collagen in the 

cardiac ECM results in fibrosis (Varo et al., 2015). This renders the heart stiff and 

impairs its diastolic (relaxation) function.  

Cardiac stretch such as pressure overload releases ANG II from cardiomyocyte and 

upregulates its receptors, however, the upregulation of AT1R (which mediate 

hypertrophy) is greater than that of AT2R (Lijnen & Petrov, 1999). A study showed that 

in SHR due to pressure overload there is an increase in expression and activity of 

ACE and inhibition of ACE reduces not only blood pressure but progression LVH as 

well (Reddy et al., 1996). Furthermore, another study reported that expression and 

activity of cardiac RAAS components were increased in hypertensive rats with cardiac 

remodelling (Lijnen & Petrov, 1999).  

Aldosterone is also implicated in cardiac fibrosis. Activation of mineralocorticoids 

receptor in epithelial cells are involved in initiation of cardiac fibrosis (Brilla, 2000). 

Chronic administration of aldosterone induces cardiac fibrosis in experimental models 

of hypertension (rats) (Weber et al., 1992). In SHR, activation of RAAS is enhanced, 

hence a greater degree of fibrosis compared to normotensives (Dworatzek et al., 

2014).  
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Together, ANG II and aldosterone work synergistically to induce cardiac fibrosis which 

changes the cardiac matrix through increased collagen deposition and causes LVH 

(Buffolo et al., 2022). In echocardiography, LVH is indexed by increased left ventricular 

posterior wall thickness in diastole (LVPWTd), interventricular septum diameter in 

diastole (IVSDd) and relative wall thickness (RWT) which studies have shown to be 

greater in SHR than WKYs (Slama et al., 2005; Haas et al., 1995). LVH renders the 

ventricle stiff and impacts the myocardial relaxation function and causes an impaired 

LV filling ability.  

2.2.4 Sex differences in role of the renin-angiotensin-aldosterone system in     

                        left ventricular hypertrophy  

As previously mentioned, experimental studies in tables 2.1 and 2.2 show that 

classical RAAS pathway is more activated in males compared to females. This in part 

supports the idea that males exhibit adverse cardiovascular events sooner compared 

to age-matched males. Increased RAAS activation in males results in increased 

pressure overload which ultimately results in left ventricular hypertrophy (Dalpiaz et 

al., 2015; Radin et al., 2002; Reckelhoff et al., 2015). A study showed (Radin et al., 

2002) that compared to female Spontaneously Hypertensive Heart Failure rats 

(SHHF), male SHHF had an increased RAAS activation at 5 - 8 month (marked by 

increased PRA, serum AGT and ACE). Furthermore, the study showed increased LVH 

in male rats compared to females (Radin et al., 2002). Lesser RAAS activation in the 

study was suspected to be due to oestrogen as oestrogen in known to downregulate 

the RAAS. The sexual dimorphism seen in RAAS activation is primarily due to sexual 

hormones. Typically, testosterone upregulates RAAS while oestrogen down regulates 

it (Sun et al., 2011). A study (Dalpiaz et al., 2015) showed that castration reduced 

cardiac ACE levels and cardiac hypertrophy in male SHR, suggesting a role of 
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testosterone in ANG II mediated hypertrophy. On the other hand, the same study 

showed that ovariectomy increased cardiac hypertrophy in female SHRs.  

Increased RAAS activation is suggestive of high ANG II levels. As already mentioned, 

males have greater activation thus suggesting increased ANG II levels in males 

(Pendergrass et al., 2008). A study (Li et al., 2015) showed greater cardiac expression 

of AGT and ACE in ventricles of male mice compared to female mice. In hypertensive 

mice, ANG II increases NADPH oxidases in the myocardium of male and 

ovariectomised female rats while having no effect on intact female rats (Komukai et 

al., 2010). Furthermore, ANG II in hypertensive conditions induces proliferation and 

differentiation of cardiac fibroblasts, activation of NFKB and MAPK signalling pathways 

(Komukai et al., 2010). However, oestrogen inhibits fibrosis and these signalling 

pathways (Komukai et al., 2010). Beyond cell proliferation, binding of cardiac ANG II 

to AT1R brings induces inflammation, oxidative stress and apoptosis which are all 

implicated in hypertrophy and fibrosis (Xu et al., 2010). Although oestrogen interferes 

with the cascade of hypertrophic pathways (Pedram et al., 2013). Oestrogen may also 

contribute the development of cardiac remodelling. Regarding oestrogen’s 

involvement with RAAS in development of hypertrophy, oestrogen is said to play a 

permissive role as a study showed that it augments effects of ACE inhibitors (Eickels 

et al., 2005). Furthermore, hypertrophy is modulated by histone deacetylase proteins 

(HDACs) class I and II (Pedram et al., 2013). HDAC I is prohypertrophic while II is 

antihypertrophic (Pedram et al., 2013). Oestrogen and ERβ agonists attenuate ANG 

II induced HDAC I production, thus promoting hypertrophy (Pedram et al., 2013). 

Additionally, ANG II inhibits HDAC class II and results in hypertrophy (Pedram et al., 

2013). However, effects were reversed with oestrogen infusion and ERβ agonism 

(Pedram et al., 2013). However, testosterone indirectly causes cardiac hypertrophy 
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through the RAAS. A study (Mishra et al., 2015) showed that infusion of ANG II to 

testosterone administered and intact male rats increase left ventricle-to-body weight. 

However, this effect was not seen in castrated rats that did not receive testosterone 

(Mishra et al., 2015). The increase in left ventricular mass in the above-mentioned 

study was defined by increased cardiomyocyte size and fibrosis (Mishra et al., 2015). 

Furthermore, indirectly through elevation of blood pressure testosterone is able to 

induce cardiac fibrosis. Fibrosis together with testosterone signalling pathways lead to 

left ventricular hypertrophy (Diaconu et al., 2021).  
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Table 2.1: Sex differences in the development of hypertension in SHR 

Author  Age of rat Methods  MAP measurements  RAAS measurements  Other 
measurements  

(Yanes et al., 2006) 
 

8 MO SHR  
Male & female  

Catheterization 
(consciously 4 days post 
implantation)  
 
ELISA for RAAS 
Western blot for renal 
AGT 

Similar MAP between 
sexes at 16 MO for 
catheterization & NIBP.  

Systemic levels:  
no sex differences  
 
Renal levels:  
AGT & renin:  
male SHR > female SHR 
 
ANG II:   
male SHR < female SHR 
 

 

(Maris et al., 2005) 6 MO SHR & 
WKY 
Male & female  

MAP by Telemetry 
(conscious)  

SHR 
SBP: male > female  
DBP: male > female  
 
WKY: 
SBP: male > female (10 
mm Hg) 
DBP: male = female  
 

  

Sullivan et al., 2010) 12 WK SHR 
Male & female  

MAP by Telemetry 
(conscious) 
 
ELISA for ANG(1-7)  
 
Western blot for renal  
AT1R, AT2R and MasR 
 
RT-PCR for AT1R, AT2R 
and MasR expression  
 
 

Baseline:  
MAP: male > female  
 
ANG II infusion: 
MAP: male > female  
Significance in male in 4 
days.  
Significance in female in 
8 days 
  
 
 

Baseline:  
Renal ANG(1-7): female > 
male 
 
ANG II infusion: 
Renal ANG(1-7): female > 
male  
AT1R: decreased in male  
        : no change in female  
 
AT2R: increased in male  
        : no change in female  
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MasR: no change in male  
         : increased in female 
 

(Reckelhoff et al.,  
2015) 
 

4 WK SHR 
Male and female  

MAP by Tail 
plethysmography (weekly 
BP from 5wk – 7wk weeks 
) (conscious)  
 
Gonadectomy  
 

Intact:  
MAP: male > females  
 
Castrated: 
MAP: males = females  
 
Ovariectomised + 
testosterone:  
MAP: males < females 
 
Ovariectomised + intact 
female:  
MAP: ovx female = intact 
female  
 
 

  

(Iliescu et al., 2007) 
 

9 WK SHR 
Male  

Catheterization  
(MAP measured 
consciously 8 days post 
implantation)  
 
Western blot for markers 
of oxidative stress.  

Castration: 
MAP: castrated males > 
intact males 
 
NADPH oxidase 
inhibition: 
Castrated: no effect on 
MAP.  
Intact: reduced BP by 15 
mm Hg.  
 
 

 Oxidative stress 
 
Castration: 
Reduced NADPH 
oxidase & NADPH-
stimulated 
superoxide anion 
generation.  
 
Apocynin: 
Reduced NADPH 
oxidase & NADPH-
stimulated 
superoxide anion 
generation in intact 
but not castrated.  
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The above led to a 
decrease in MAP.  
 

(Sartori et al., 2007) 15 & 18 WK SHR  
Male & female  
 

Catheterisation  
(MAP measured 
consciously 8 days post 
implantation)  
 
Western blot for markers 
of oxidative stress  

MAP: 
Males > females  

 Oxidative stress  
Systemic: 
male = female  
 
 
Urinary:  
F2-isoprostane: 
male<female.  
 
Whole kidney: 
F2-isoprostane: 
male>female.  
 

(Sullivan et al., 2007) 
 

12-14 WK SHR 
Male & female  
 

Tail cuff (consciously)  
 
Gonadectomy at 10 WK 
 
Na+ -selective electrode 
 
Amplex Red Hydrogen 
Peroxide/Peroxidase 
Assay Kit.  

Castration: 
Decreased MAP 
 
Ovariectomy:  
No effect on MAP 

 Salt intake  
Na+ -selective 
electrode  
Na+ intake: male > 
female  
decreased by 
gonadectomy.  
 
Oxidative stress 



 27 

(measured H2O2 in urine) 
 
Western blot for markers 
of anti-oxidants 

Amplex Red 
Hydrogen 
Peroxide/Peroxidase 
Assay Kit : 
H2O2: male > female  
 
Castration:  
Reduced H2O2 
excretion in males 
compared to intact 
males  
 
Ovariectomy:  
increased H2O2 
excretion compared 
to intact females.  
 
Antioxidants  
Renal SOD level and 
activity (superoxide 
dismutase) 
males > females  
 
Gonadectomy 
reduced antioxidants 
in males and had no 
effect in females 

(Fortepiani & 
Reckelhoff, 2005) 
 

8 WK SHR & 
WKY  
Male & female  

Catheterization 
(no mention of when BP 
was recorded post 
implantation)  
 
Gas chromatography-
negative ion chemical 
ionisation mass 
spectrometric assay for 

MAP:SHR > WKY.  
MAP: Male > female.  

 Oxidative stress 
Renal F2-
isoprostanes: 
male SHR > female 
SHR.  
 
male SHR (300%)> 
male WKY.  
female SHR (70%) > 
female WKY.  
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renal oxidative stress 
markers.  

 
Inhibition of F2-
isoprostane by 
“tempol” reduced 
blood pressure in 
adult male SHR but 
not adult female 
(administration of 
tempol at onset of 
HTN 12 weeks).  
Inhibition of F2-
isoprostane by 
tempol from birth 
reduced blood 
pressures in both 
sexes of SHR.  
 
Inhibition of F2-
isoprostane had no 
effect on WKY BP  
No direct correlation 
between renal F2-
isoprostane levels 
and BP.  
 

(Outrobe & Le, 2018) 
 

2-6 WK SHR & 
WKY  
Male and female  

Tail cuff (conscious) 
Cannulation 
(anaesthetised and done 
with dose of ketamine that 
didn’t affect MAP) 
 
 
BP was observed at 2,4,3 
& 6 WK 
 

Tail cuff:  
MAP: SHR>WKY 
(evident at 4 weeks of 
age).  
 
Canulation:  
MAP: SHR = WKY 
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(Loh & Salleh, 2017) 8 WK SHR & 
WKY 
Male & female  

Gonadectomy & Sham  
 
Cannulation 
(anaesthetised) 
 
ELISA for testosterone 
concentrations  

Sham: 
MAP: Males > females  
 
Castration: 
Reduction of MAP in 
male SHR & WKY 
Ovariectomy: 
Reduction of MAP in 
male SHR & WKY 
 

 Testosterone 
infusion 
Increased MAP in 
ovariectomised 
female SHR & WKY.  
 
 
 
Gonadectomy & 
Sham 
Sham: 
Male SHRs had 
highest levels of 
testosterone 
compared to every 
other group.  
 
Castration: 
Reduced plasma 
testosterone in male 
SHR & WKY.  
 
Ovariectomy: 
Reduced plasma 
testosterone in 
female SHR & WKY.  
 
study showed a 
positive correlation 
between BP and 
testosterone.  
 

(Fortepiani et al., 
2015) 
 
 

4-18 MO SHR 
Male & female  

Catheterization 
(anaesthetised) 
 
Radioimmunoassay for 
plasma renin levels.  

MAP at 4 WK: 
Males > females  
 
MAP at 18 MO in 
females: 

Plasma renin activity:  
postmenopausal rat (18 MO) 
> young premenopausal rat 
(4&8 MO) 
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Intact females > 
ovariectomised females  
 
No difference between 
genders for MAP at 18 
MO. Postmenopausal 
rats had similar MAP to 
adult males.  
 
Ovariectomy: 
No effect on MAP 
 

(Sullivan et al., 2007) 
 

8-16 WK SHR  
Male & female  

Telemetry (conscious)  
 
Gonadectomy  
 
 

MAP for 9-16 WK: 
Male > female  
 
Castration at 16 WK:  
Reduced MAP in male 
 
Ovariectomy at 16 
weeks: 
No effect on MAP  
 

AT1R expression: 
Male > female  
Castration nor ovariectomy 
had effect on AT1R 
expression.  
Plasma ANG II:  
Females > males  
 
Renal ANG II 
Male & female were 
comparable  

Oxidative stress:  
Renal superoxide 
levels: 
Males > females.  
 
 
Castration: 
No effect on 
superoxide levels.  
 
Ovariectomy: 
Increased 
superoxide levels in 
ovx females than in 
intact females.  
 

(Bhatia et al., 2012) 
 

SHR 
Male & female  

Telemetry (conscious) 
 
  

Baseline MAP:  
Males > females 
 
ANG II infusion: 
MAP: Males > females  
 
Males reached 
significance after 5 days 

 Systemic oxidative 
stress: 
Baseline 
8-isoprostane: 
comparable in male 
& female  
 
H2O2 excretion: 
males > female 
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of infusion and females 
at 8.  

 
NADPH oxidase 
comparable in male 
and female  
 
ANG II infusion: 
increased 8-
isoprostane  
in males and not 
females  
 
Increased H2O2 
excretion in males 
(290%) and in 
females (189%) 
 
Increased NADPH 
oxidase in males 
(43%) and female 
(154%).  
 
Renal oxidative 
stress:  
Baseline: 
O2- : male > female  
 
ANG II infusion:  
Increased O2- in 
male (30%) and 
female (40%).  
 
Systemic/plasma 
antioxidant levels:  
Baseline: 
SOD: male < female  
 
ANG II infusion: 
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SOD: increased only 
in male.  
 
Renal antioxidant 
levels: 
Baseline: 
Urinary AOP: male < 
female. 
 
ANG II infusion:  
Urinary AOP: 
decreased in male 
(41%) and females 
(39%).  
male < females  
 

(Xue et al., 2005) 12-16 WK mice 
Male & female  

Telemetry (conscious)  Baseline MAP: 
Similar across groups  
 
ANG II infusion: 
Increased MAP in both 
male and female but 
more significantly in 
males.  
 
Castration:  
Attenuated 
hypertension. 
 
Ovariectomy: 
Augments hypertension.  
 

  
 

(Elmarakby et al., 
2016) 
 

12-13 WK SHR 
Male & female  

Catheterisation 
(anaesthetised)  

Baseline MAP: 
Male > female  
 
Acute ANG II infusion 
(1hr) MAP:  
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Male > female.  
Significant increase in 
males and no effect in 
females.  
 

(Sáinz et al., 2004) 13-14 WK SHR & 
WKY.  
Male & female  

Tail cuff (conscious) 
 
Cannulation 
(anaesthetised)  
 

Tail cuff:  
MAP: male > female  
  
Cannulation: 
MAP: male > female  
 
Males had greater MAP 
in both modes of MAP 
measurement  
 
Castration:  
Reduced MAP but more 
delayed compared to 
females.  
 
Ovariectomy: 
Reduced MAP quicker 
than in males  

Plasma renin activity:  
Male SHR > male WKY.  
No difference in females 
 
Gonadectomy:  
No change in PRA levels 
between males and females 
and across strains.  
 
 

Oxidative stress  
L-NAME  
administration:  
Increased MAP in 
both sexes but more 
significantly in male.  
Male > female  
 
Hormone infusion  
Oestrogen: 
Oestrogen infusion 
to males reduced 
PRA levels  
 
Androgens: 
Androgenisation to 
females increased 
PRA levels.  
 

(Silva-antonialli et al., 
2004) 
 

SHR  
Male & female  

BP by tail cuff (conscious) 
 
RT-PCR for receptor 
expression.  
 
Vessel reactivity by F-60 
microdisplacement 
transducer   
 
Gonadectomy  

MAP: male > female  Vascular AT1R/AT2R ratio:  
Male > female  
 
Vascular AT1R activity & 
response to ANG II:  
Male > females  
 
Vascular AT2R activity & 
response to ANG II: 
Males < females  
 
Renal AT1R: 
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Male > female  
Renal AT2R:  
Male < female  
 
Ovariectomy:  
Increased AT1R similar to 
male  
Oestrogen infusion reversed 
effects.  
 

(Melo et al., 2020) 12 WK SHR 
Male & female 

BP by Tail cuff 
(conscious) 
  
RAAS activity by 
Fluorimetry  
 
oxidative stress by flow 
cytometry  
 
Gonadectomy  

Sham & 
gonadectomised:  
MAP: male > female 
 

ACE & ACE2 activity:  
Male < females  
 
Castration:  
no effect on ACE  
increased ACE2 
 
Ovariectomy:  
Reduced ACE2 
 

Oxidative stress  
Castration:  
O2- & H2O2: male > 
female  

(Venegas et al., 2009) 20 WK mice 
Male & female  
 

Catheterisation  ACE inhibition:  
MAP: male = females  
 
ANG II infusion:  
MAP: male > female  
 

  

(Pendergrass et al., 
2008a) 

15 WK HTN 
Lewis & 
normotensive 
Lewis rat 
Male & female  

Narco biosystem device 
for MAP  

MAP: 
Hypertensive male > 
hypertensive female and 
normotensive male and 
female.  
 

AGT levels & activity: 
Hypertensive male > 
hypertensive females  
 
ACE levels & activity:  
Hypertensive male > 
hypertensive females  
 
ANG II levels:  
Hypertensive male > 
hypertensive female 
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ANG(1-7) levels:  
Hypertensive male < 
hypertensive female 
 
 
 
 
Renal ANG II levels:  
Hypertensive male had  
greater levels compared to 
all groups.  
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Table 2.2: Sex differences in the development of left ventricular hypertrophy in SHR 

Author  Age of rat Methods  Cardiac 
measurements  

RAAS 
measurements  

Other measurements  

(Chan et al., 2011) 
 

3-30 MO SHR & 
WKY  
Male & female  

Tail cuff  
Echocardiography  

MAP:  
SHR > WKY  
Male SHR > Female 
SHR 
 
LV weights:  
SHR > WKY 
 
LVPWTd: 
Male SHR > Male & 
female WKY until 15 MO 
(wall thinning).  
 
Female SHR was 
delayed in wall 
thickening  
 
LVIDd: 
Decrease in male SHR at 
9-12 MO. 
Increase in diameter 
after 15 MO. 
 
FS: 
Decreased in male SHR 
at 15 MO & remained 
constant in female SHR.  
 
 
 
 
E/A:                        
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Increased in male at 18 
MO & constant in female 
SHR 
 

(Wallen, Cserti, 
Belanger, & 
Wittnich, 2000b) 

 Age matched 
male and female  
SHR & WKY  
 

Cannulation  Heart weight: 
Male SHR > female SHR.  
Male WKY > female 
WKY. 
 
Heart weight - body 
weight:  
Female SHR > male 
SHR.  
Female WKY > male 
WKY.  
 
 

  

(Radin et al., 2002) 5-13 MO SHHF 
Male & female  

Tail cuff  
 
Echocardiography  
 
Radioimmunoassay  

MAP:  
Before CHF, SBP in male 
and female were equal  
 
Heart weight:  
Male SHHF > female 
SHHF 
 
Heart weight – body 
weight:  
Female SHHF > male 
SHHF  
 
IVS: 
Male SHHF > female 
SHHF  
 
IVS – body weight:  
Female SHHF > male 
SHHF  

ACE activity:  
Male SHHF > female 
SHHF 
 
PRA: 
Male SHHF > female 
SHHF 
 
 

Renal endothelin excretion:  
Female SHHF > male SHHF 
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FS:  
Male SHHF > female 
SHHF (13 MO+) 
 
 

(Al-Gburi et al., 
2017) 

5-36 WK SHR 
Male & female  

Tail cuff  
 
Picrosirius red staining  
 
Gelatin zymography  

MAP:  
Males > female  
 
Lumen/wall ratio:  
Males < females 
 
Heart mass – body 
weight:  
Males > females  
 
Myocardial collagen:  
Males > females (29 WK) 
 
 

Cardiac AT2R:  
Males < females  

Matrix metalloproteinases 
activity:  
Males > females  

(Romero et al., 
2013) 

10 WK SHR 
Male & female  

Picrosirius red staining  
 
L-arginine substrate for 
NOS activity  
 
Immunohistochemistry 
for TGF-β 
  

MAP:  
Males > females  
 
Myocardial collagen:  
Males > females  

 NO system activation: 
Males < females  
 
Oxidative stress:  
Males > females  
 
Cardiac NOS activity:  
Males < females  
 
TGF-β: 
Males > females  
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2.1. Aim and objectives  

 

The study aimed to determine the sexual dimorphism of the role of the RAAS on 

hypertension and left ventricular hypertrophy in SHRs. 

The specific objectives of this study were to determine: 

a) the effects of the RAAS on blood pressure in male and female SHRs and 

WKYs after 7 months. 

           b) the effects of the RAAS on left ventricular remodelling, diastolic function and    

           systolic function in male and female SHRs and WKYs after 7 months. 

c) the effects of hypertension and sex on left ventricular remodelling, diastolic 

and systolic function in SHRs and WKYs after 7 months. 
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Chapter 3: Methods 
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3.1. Experimental design  

All experiments were approved by the Animal Ethics Research Committee of the 

University of the Witwatersrand under the AREC clearance number 2021/03/03/C. 

Sixteen (16) 6-week-old male (n = 8) and female (n = 8) SHR and Fourteen (14) 6-

week-old male (n = 7) and female (n = 7) WKY were used in this study. The rats were 

obtained from the Wits Research Animal Facility (WRAF). Rats were housed 

individually, in temperature-controlled rooms (25 ± 2oC) and were allowed free access 

to food and drinking water. All rats were offered the same diet throughout the 

experiment.  

Figure 3.1 illustrates the experimental design. Following the habituation period of two 

weeks, body weights were measured weekly. Blood pressure was measured non-

invasively once a week over the last 5 weeks prior to termination. A day prior to 

termination, urine was collected and stored for further measurement. At 7-month-old, 

on the day of termination, rats were anaesthetised, anaesthetised blood pressure was 

measured and echocardiography was performed. Blood samples were collected by 

thoracotomy and stored for further measurement. Hearts were dissected, weighted 

and stored for further measurement. Termination was at 7 months since we wanted to 

examine the long-term effects on hypertensive levels responsible for marked 

compensated hypertrophy in male and female SHR 
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7 female 

WKY 

8 male 

SHR  

7 male 

WKY 

8 female 

SHR  

Measurement of urinary creatinine and angiotensinogen concentrations and serum 
concentrations of creatinine, renin, aldosterone and angiotensinogen.                       

Assessment of myocardial fibrosis. 

Two-week-habituation period  

30 male and female 6-week-old (16) SHR and 
(14) and WKY rats 

Figure 3.1: Experimental design to address the role of the RAAS in the sexual dimorphism related 

to with the development of hypertension and left ventricular hypertrophy in SHR 

 

 non-invasive blood pressure measurement (mean of last 5WK prior termination)  

 

 

 

     

 

Urine collection (day before termination) 

 

 

     

 

Blood and tissue sampling 

 

 

                                7-month-old  
                  Blood pressure measurements 
                              Echocardiography 
                                   Termination 

 

 

Weekly body weight measurement  
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3.2. Body weight measurements 

Using the Snowrex Electronic Scale (Clover Scales, Johannesburg, South Africa), the 

mean of the final six body weights before termination (measured weekly) including the 

final body weight at termination were considered and used. Animals were habituated 

to the measurements in the first two weeks of arrival.  

3.3. Non-invasive measurement of blood pressure (NIBP) 

For each animal, blood pressure readings were performed the last five weeks prior to 

termination once a week using the Biopac Non-Invasive Blood Pressure Measurement 

250 System (NIBP). The rats were habituated to the procedure. While conscious, the 

rat was placed into the restrainer and attached to its tail was a cuff sensor. The tail 

was preheated on a heating pad. In a single event, blood pressure readings were 

measured twice using the tail-cuff sensor that is built into the NIBP 250 system. The 

cuff occluded vessels and once the inflation threshold was reached, the cuff gradually 

deflated allowing blood flow and thus resulting in a linear fall in pressure recorded by 

the blood pressure system. The mean of the two consecutive readings for each rat 

was calculated. The mean for the five weeks was then calculated and reported.  

On the day of termination, blood pressure was measured using the same procedure 

(excluding the restrainer) while rats were anaesthetised and immobile.  

3.4. Urine sampling  

The day before termination, rats were placed individually into metabolic cages 

(equipped with urine containers) overnight for 8 hours without access to food and 

water. In the morning, the urine was collected and the samples were centrifuged for 5 

minutes at 1500 rpm. The residues that sedimented were eliminated and the volume 

of urine was measured using a measuring cylinder. Urine sampling was done to 

measure urinary and angiotensinogen concentrations.   
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3.5. Echocardiography 

After 7 months, rats were anaesthetised using isoflurane (2%, inhaled). Rats were 

individually placed in a gas chamber (connected to the isoflurane tank) until they were 

anaesthetised and immobile. Rats were removed from the chamber and placed in a 

left lateral decubitus position with their thoracic area shaven. Measurements were 

carried out by an experienced scientist using a non-invasive, high-resolution 

(paediatric-10Mhz) ultrasound probe that is connected to an echocardiogram 

(Siemens, Acuson SC2000, Diagnostic ultrasound system; Siemens Medical 

Solutions, USA, Inc.).  

Left ventricular dimensions were assessed using M-mode echocardiography (Figure 

3.2). Measurements of the internal diameter of the left ventricle in systole (LVIDs) and 

diastole (LVIDd), the interventricular septum diameter in systole (IVSDs) and diastole 

(IVSDd), and the left ventricular posterior wall thickness in systole (LVPWTs) and 

diastole (LVPWTd) were measured from the parasternal long axis view (Figure 3.2). 

Using the Teichholz formulas, these dimensions were used to derive indices that 

reflect systolic performance namely: (left ventricular end-diastolic volume (LVEDV) = 

[7/ (2.4) + LVEDD)] x LVEDD3, the left ventricular end-systolic volume (LVESV) = [7/ 

(2.4 + LVESD)] x LVESD3 and the stroke volume (SV) = LVEDV – LVESV (Teichholz 

& Herman, 1976).  

 

 



 45 

 

Figure 3.2: Example of 2-D M-mode image illustrating measurements of the LV 

dimensions. 

Interventricular septum diameter in systole (IVSDs), intraventricular septum diameter 

in diastole (IVSDd), left ventricular internal diameter in end-systole (LVIDs), left 

ventricular internal diameter in end-diastole (LVIDd), left ventricular posterior wall 

thickness in systole (LVPWTs) and left ventricular posterior wall thickness in diastole 

(LVPWTd). 
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Left ventricular diastolic performance was assessed using pulsed Doppler and tissue 

Doppler imaging (TDI). Using pulsed Doppler imaging (Figure 3.3), the early (E) and 

late (A) diastolic inflow velocities were obtained in the apical four-chamber view with 

the sample volume placed at the mitral valve leaflet tip. The E/A ratio was used as an 

index of diastolic function. Velocities of the myocardial lengthening were measured by 

placing the cursor at the lateral corner of the mitral annulus. 

 

Figure 3.3: Example of the early diastolic filling velocity (E) and late diastolic filling (A) 

pulse wave trans mitral-valve Doppler image. 
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To determine diastolic function using tissue Doppler imaging (TDI) (figure 3.4), peak 

myocardial tissue lengthening velocities during early (e’) and late (a’) diastole were 

recorded at the lateral mitral annulus in the apical four-chamber view. The E/A ratio 

was used as an index of diastolic function, e’ as an index of myocardial relaxation, the 

e’/a’ ratio as an index of myocardial stiffness and the E/e’ ratio as an index of the left 

ventricular filling pressures. E/A ratios between 1.5 and 2.5 were considered normal 

and ratios below 1.5 indicated possible diastolic function. E/e’ ratios between 8 and 

12 were considered to be normal and ratios beyond 12 were considered a pathology.  

 

  

Figure 3.4: Example of the early diastolic mitral annulus velocity (e'), late diastolic 

annulus velocity (a’) and peak systolic velocity (s') echocardiography image illustrating 

tissue Doppler image obtained from the mitral annulus.
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3.6. Blood and organ sampling  

After echocardiography, blood was collected by thoracotomy in clot activator or 

Ethylenediaminetetraacetic acid (EDTA) tubes. Tubes were centrifuged at 1500 rpm. 

Plasma and serum were collected and stored at -80°C until assayed. The estimated 

glomerular filtration rate was calculated by multiplying the urine volume with the urinary 

creatinine concentration and dividing the product by the serum creatinine.   

The hearts were harvested and weighed. Further dissections on the heart were 

performed, the right ventricular wall was separated from the interventricular septum 

and the left ventricle was weighed.  

3.7. Enzyme-linked immunosorbent assays 

Enzyme-linked immunosorbent assays (ELISA) were used to measure the 

concentration of systemic and urinary RAAS as well as urinary creatinine 

concentrations (used to measure estimated glomerular filtration rate). Urinary 

creatinine concentrations were measured using a Cr (Creatinine) ELISA Kit (catalogue 

no: E-EL-0058; Elabscience, Inc., Wuhan, China; sensitivity = 0.75 ug/mL, detection 

range = 1.25-80 ug/mL, coefficients of variation <10%). Renin concentrations in serum 

were measured using a Rat REN (Renin) ELISA Kit (catalogue no: E-EL-R0030; 

Elabscience, Inc., Wuhan, China; sensitivity = 9.38 pg/mL, detection range = 15.63-

1000 pg/mL, coefficient of variation <10%). Serum Aldosterone concentrations were 

measured using an ALD (Aldosterone) ELISA Kit (catalogue no: E-EL-0070; 

Elabscience, Inc., Wuhan, China; sensitivity = 18.75 pg/mL, detection range = 31.25-

2000 pg/mL, coefficient of variation < 10%). Serum and urinary angiotensinogen 

concentration measurements were done using a Rat AGT ELISA Kit (catalogue no: E-
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EL-R0199; Elabscience, Inc., Wuhan, China; sensitivity = 37.5 ng/mL, detection range 

= 62.5-4000 ng/mL, coefficient of variation < 10%) 

3.8. Histology (quantification of fibrosis) 

Heart tissue was harvested, and the left ventricle was then cut out and fixed in ten 

percent (10%) buffered formalin. The samples were dehydrated and embedded in 

paraffin wax using standard techniques. Embedded tissue was thinly sliced at four μm 

using the Leica RM2125RT microtome and sections were prepared on microscope 

slides. The tissue sections were deparaffinised, rehydrated and stained with 

picrosirius red stain for an hour. Post staining, sections were washed in acidified water, 

removed and shaken vigorously to remove excess water. Sections were further 

dehydrated in 100% ethanol, cleared in xylene and finally mounted to a coverslip using 

the acrytol mounting medium. 

To observe the collagen distribution across the LV extracellular matrix, sections were 

viewed and analysed using the Zeiss Axioskop 2 plus microscope equipped with a 208 

colour Axiocam. Sections were viewed at 10x objective lens under both bright-field 

and polarized light. Neat and untorn areas with a high concentration of red staining 

were used for the quantification of the area of fibrosis. Three areas, using ImageJ 

Software (version 1.53m), were measured and the mean was calculated.  

3.9. Statistical Analysis 

Analyses were performed using the GraphPad Prism 9.2.0 Software. All parameters 

were tested for normality across all groups using the Shapiro-Wilk test. Parameters 

that did not pass the normality test were logged or square-rooted and retested for 

normality. The selection between the logged and square-rooted data to perform the 

statistical test was based on the lowest p-value obtained from the normality results of 

both the logged and square-rooted data sets. The following parameters were log-
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transformed: body weight, conscious systolic blood pressure, mean of aldosterone 

concentrations and the following were square root transformed: heart weight, left 

ventricular weight, left ventricular internal diameter in diastole (LVIDs, left ventricular 

end-systolic volume (LVESV), early peak tissue lengthening velocity at the lateral 

mitral annulus (e’), late peak tissue lengthening velocity at the lateral mitral annulus 

(a’), filling pressure (E/e’), collagen fractional area of fibrosis, concentrations of renin, 

serum and urinary angiotensinogen, estimated glomerular filtration rate (eGFR), ANG 

II. Normally distributed parameters were expressed as mean ± standard deviation and 

those that were not normally distributed were expressed as the median and 

interquartile range. A two-way analysis of variances (ANOVAs) was performed on non-

transformed or transformed parameters. In case of a significant interaction, the 

ANOVA was followed by a multiple comparison Tukey Kramer post hoc test. 

Differences across all groups were considered to be statistically significant at P≤0.05.
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 Chapter 4: Results  
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4.1. Characterisation of experimental and control groups  

Table 4.1 shows the characteristics of the 7-month-old male and female SHR and 

WKY. No significant interaction was noted for the body weight (p=0.1914). WKYs had 

significantly heavier body weights compared to the SHRs (p<0.0001). Similarly, for the 

normalised heart weight, no significant interaction was noted (p=0.6811). SHR 

normalised hearts were significantly heavier than the WKYs (p<0.0001). No significant 

interaction was noted regarding the conscious systolic blood pressure (p=0.5204) 

however, SHRs had significantly higher conscious systolic blood pressures compared 

to the WKYs (p<0.0001). SHRs had significantly lower estimated glomerular filtration 

rates than the WKYs (p=0.0453) and no significant interaction was noted (p=0.4582). 

Body weights of the males were significantly heavier compared to females (p<0.0001). 

Female normalised hearts were significantly heavier than the male (p<0.0001). No 

significant difference was seen between the sexes regarding the conscious systolic 

blood pressure (p=0.2175) and the estimated glomerular filtration rate (p=0.1077).  

A significant interaction was noted for the heart weights (p=0.0493). Male SHR hearts 

were significantly heavier than the other three groups (p<0.0001 vs female SHR, 

p=0.0149 vs male WKY and p<0.0001 vs female WKY). Male WKY hearts were 

significantly heavier than the female WKY and SHR (both p<0.0001). Heart weights 

were similar between the two female groups (p=0.9761). A significant interaction was 

noted for the anaesthetised systolic blood pressure (p=0.0003). Female SHRs had 

significantly higher anaesthetised systolic blood pressures than the other three groups 

(p=0.04 vs male SHR, p<0.0001 vs male WKY and p<0.001 vs female WKY). Male 

SHRs had significantly higher anaesthetised systolic pressures compared to the male 

and female WKYs (both p<0.0001). The anaesthetised systolic blood pressure was 

similar between the two WKY groups (p=0.1805). A significant interaction was noted 
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for the anaesthetised diastolic blood pressure (p=0.0051). Female SHRs had 

significantly higher diastolic blood pressures than the other three groups (p=0.0006 vs 

female SHR, p<0.0001 vs male WKY and p<0.0001 vs female WKY). Male SHRs had 

significantly higher anaesthetised diastolic blood pressures than the male and female 

WKYs (p=0.0112 and p=0.0083, respectively). The anaesthetised diastolic blood 

pressure was similar between the two WKY groups (p=0.4613) and no significant 

difference was seen between the two male groups (p=0.1667).  

A significant interaction was noted for the conscious diastolic blood pressure 

(p=0.0025). Female SHRs had significantly higher conscious diastolic blood pressures 

than the other three groups (p=0.006 vs male SHR, p<0.0001 vs male WKY and 

p<0.0001 vs female WKY). Male SHRs had significantly higher conscious diastolic 

blood pressures than male and female WKYs (p=0.0112 and p=0.0083, respectively). 

The conscious diastolic blood pressure was similar between the two WKY groups 

(p=0.9992).



 54 

 

  
Table 4.1: Characteristics of 7-month-old male and female SHR and WKY 

Parameters Male WKY(n=7) Male SHR (n=8)  Female WKY (n=7) Female SHR (n=8)     

Body weight, g 390 ± (372-411) 364 ± (296-392)*** 226 ± (221-276)††† 206 ± (194-220.50)†††**  

Heart weight, g 

Normalised heart weight, g/103 

1.31 ± (1.18-1.42)b 

0.33 ± 0.02 

1.49 ± (1.26-1.83)a 

0.42 ± 0.03*** 

0.93 ± (0.81-1.10)††† 

0.39 ± 0.03††† 

0.95 ± (0.83-1.10)†††* 

0.47 ± 0.05†††*** 
 

Anaesthetised SBP, mmHg 

Anaesthetised DBP, mmHg 

Conscious SBP, mmHg 
Conscious DBP, mmHg 
Estimated GFR, mL/min 

 

118 ± 9 

 89 ± 12 

128 ± (126-136) 

88 ± (86-93) 

0.36 ± (0.33-0.83) 

 

147 ± 3a 

105 ± 18a 

176 ± (154-189)a 

 97 ± (94-100)a 

 0.34 ± (0.12-0.83)* 

 

108 ± 6 

79 ± 8 

126 ± (117-133) 

90 ± (83-93) 

0.33 ± (0.40-1.02) 

 

160 ± 11c 

124 ± 14c 

171 ± 7(164-179)c 

107 ± (98-116)c 

0.45 ± (0.10-0.68)* 

Data expressed as mean ± SD ( normalised heart weight, anaesthetised systolic and diastolic blood pressure) and median 
- IQR (body weight, heart weight, conscious systolic, diastolic blood pressure and estimated GFR. SBP: systolic blood 
pressure, DBP: diastolic blood pressure, GFR: glomerular filtration rate. *p<0.05 and ***p<0.001 vs WKY, †††P <0.001 vs 
male (Two-way ANOVA); a male SHR vs all other 3 groups, b male WKY vs all other group, c female SHR vs all other 3 
groups (Two-way ANOVA followed by a Tukey Kramer post hoc test)
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Figure 4.1A shows the left ventricular weights where a significant interaction was 

noted (p=0.0032). Male SHR left ventricles were significantly heavier than the other 

three groups (p<0.0001 vs female SHR, p=0.0005 vs male WKY and p<0.0001 vs 

female WKY). Male WKY left ventricles were significantly heavier than the female 

WKY (p=0.0211) and female SHR (p=0.0121). The left ventricular weight was similar 

between the two female groups (p=0.9996). Figure 4.1B shows the normalised left 

ventricular weight and no significant interaction was noted (p=0.0658). SHR 

normalised left ventricles were significantly heavier than that of the WKY (p<0.0001). 

Females had normalised left ventricles that were significantly heavier than that of the 

males (p=0.0005).  

Figure 4.2A shows significant collagen accumulation in the SHR compared to the 

WKY rats as shown by the increased red staining of cardiac tissue sections visualised 

under bright-field microscopy. Figure 4.2B shows cardiac tissue sections under 

polarised light, where thin fibres show more cross linking appear green and thick 

collagen fibres appear red or orange. Both figures show significantly greater cardiac 

remodelling through greater deposition and cross-linking of collagen I and III fibres in 

SHR compared to WKY. Figure 4.2C shows the left ventricular collagen area fraction 

(marker of collagen accumulation and fibrosis) of the groups (mean ± SD), of which no 

significant interaction was noted (p=0.6767). The left ventricular collagen area fraction 

was significantly greater in SHRs compared to WKYs (p=0.0223).No significant 

differences were observed between the sexes (p=0.5826). 
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A 

       

B 

  

Figure 4.1: Left ventricular weight (A) and normalised left ventricular weight (B) of 7-

month-old male and female SHR and WKY.  

Data expressed as mean ± SD (B) and Median - IQR (A). ***p<0.001 vs WKY, †††P 

<0.001 vs male, a male WKY vs all other groups, b male SHR vs all other groups 

(Two-way ANOVA followed by a Tukey Kramer post hoc test). 
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     MALE      FEMALE 

WKY    SHR   WKY    SHR 

    

        

                                   

Figure 4.2: Left ventricular collagen area fraction 7-month-old male and female SHR 

and WKY groups. 

Representative picrosirius red stained micrographs imaged at x100 magnification 

viewed in (A) bright-field and under (B) polarised light. (C) % collagen area fraction 

calculated from picrosirius red stained LV sections (SHR: n=8, WKY: n=7). Data 

expressed as mean ± SD. *p<0.05 vs WKY (Two-way ANOVA followed by a Tukey 

Kramer post hoc test).  

A 

B 

C 
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4.2. Left ventricular geometry and systolic function  

Table 4.2 shows the M-mode-derived echocardiographic parameters. There was no 

significant interaction noted for the left ventricular interventricular septum diameter in 

systole (LVIDs) (p=0.7138). Moreover, no significant difference was seen for LVIDs 

across sex (p=0.4122) and strain (p=0.7025). No interaction was noted for the IVSDs 

(p=0.8066). No significant difference was noted for the IVSDs when strains were 

compared (p=0.8783). Males had significantly greater IVSDs compared to the females 

(p=0.0089). Similarly, no interaction was noted for the IVSDd (p=0.6713). The 

difference in IVSDd between the SHR and WKY was not significant (p=0.3881). Males 

had a larger IVSDd compared to the females (p=0.0253). Concerning the LVPWTs, 

no significant interaction was noted. Furthermore, no significant difference was seen 

for sex (p=0.2764) and strain (p= 0.2505). Statistical analyses showed no significant 

interaction (p=0.8742) and no significant differences for sex (p=0.3172) and strain 

(p=0.631) for the LVESV. No significant interaction was noted for the left ventricular 

end-diastolic volume (LVEDV) (p=0.6271). SHRs had significantly lower LVEDV 

compared to the WKYs (p=0.0395). The males had a significantly greater LVEDV 

compared to females (p=0.0359). 

 No significant interaction was noted for the stroke volume (SV) (p=0.6295). SHRs had 

significantly lower SV than the WKYs (p=0.0036). Males had a significantly greater 

stroke volume than females (p= 0.0384).  

Regarding the ejection fraction (EF), no interaction was noted (p=0.9456) and no 

significant differences were observed between sexes (p=0.8780) and strains 

(p=0.2326). No significant interaction was noted for the endocardial fractional 

shortening (endFS) (p=0.1786) and no differences were seen across both sex 

(p=0.143) and strain (p=0.3572).  
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The mid-wall fractional shortening (midFS) of the SHRs was significantly lower than 

the WKYs (p=0.0075) and no significant interaction was seen (p=0.9917). MidFS of 

the males was significantly greater compared to females (p=0.0032).  
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          Table 4.2: Left ventricular geometry and systolic function of 7-month-old male and female SHR or WKY 

Parameters Male WKY (n=7) Male SHR (n=8) Female WKY (n=7) Female SHR (n=8) 

Cardiac geometry 

 LVIDs, cm 

 

0.33 ± (0.26-0.48) 

 

0.28 ± (0.22-0.66) 

 

0.31 ± (0.19-0.35) 

 

0.30 ± (0.21-0.60) 

IVSDs, cm 
IVSDd, cm  
LVPWTs, cm 
Systolic function  
LVESV, ml 
LVEDV, ml 
SV, ml 
EF 

endFS, % 
midFS, % 

0.38 ± 0.09 

0.27 ± 0.08 

0.28 ± 0.09 

 

0.14 ± (0.05-0.27) 

0.73 ± 0.19 

0.57 ± 0.19 

77.60 ± 8.71 

43.30 ± 12.20 

29.50 ± 5.20 

0.37 ± 0.07 

0.31 ± 0.11 

0.34 ± 0.06 

 

0.10 ± (0.06-0.84) 

0.54 ± 0.19* 

0.36 ± 0.15** 

82.20 ± 27.15 

44.90 ± 4.10 

22.70 ± 3.10** 

0.30 ± 0.04†† 

0.21 ± 0.01† 

0.34 ± 0.07 

 

0.11 ± (0.04-0.17) 

0.53 ± 0.13† 

0.42 ± 0.12† 

75.37 ± 7.59 

42.80 ± 8.90 

21.90 ± 8.20†† 

0.34 ± 0.07†† 

0.22 ± 0.09† 

0.34 ± 0.06 

 

0.09 ± (0.04-0.50) 

0.41 ± 0.23†* 

0.26 ± 0.12†** 

71.9 ± 0.99 

34.40 ± 9.30 

15.20 ± 4.70††** 

Data expressed as mean ± SD (IVSDs, IVSDd, LVPWTs, LVEDV, SV, endFS, midFS) and median - IQR (LVIDs, 

LVESV, EF). LVIDs: left ventricular internal diameter end systole, IVSDs: interventricular septal diameter end systole, 

IVSDd: interventricular septal diameter end diastole, LVPWTs: left ventricular posterior wall thickness end systole, 

LVESV: left ventricular end systolic volume, LVEDV: left ventricular end diastolic volume, SV: stroke volume, EF: 

ejection fraction, endFS: endocardial fractional shortening, midFS: midwall fractional shortening. *p<0.05 and 

**p<0.01 vs WKY, †p <0.05 and ††p<0.01 vs male (Two-way ANOVA followed by a Tukey Kramer post hoc test)
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Figure 4.3 shows the differences in LVIDd across the four groups. No significant 

interaction was noted for the left ventricular interventricular septum diameter in 

diastole (LVIDd) (p=0.911). The LVIDd was significantly lower in SHRs compared to 

WKYs (p=0.0283). Males had a significantly larger LVIDd than females (p=0.0356).  

Figure 4.4 shows the Left ventricular posterior wall thickness in diastole (LVPWTd) of 

the four groups. No significant interaction was noted (p=0.3202). The SHR had a 

significantly greater LVPWTd than the WKY (p=0.0035). There was no significant 

difference observed across the sexes regarding the LVPWTd (p=0.0576).  

Figure 4.5 illustrates the relative wall thickness (RWT) of which no significant 

interaction was noted (p=0.0939). RWT was significantly larger in SHR compared to 

the WKYs (p=0.0018). Males had a significantly lower relative wall thickness 

compared to females (p= 0.0486). 
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Figure 4.3: Left ventricular internal diameter in diastole of 7-month-old male and 

female SHR and WKY. 

Data expressed as mean ± SD. *p<0.05 vs WKY, †p<0.05 vs male (Two-way ANOVA 

followed by a Tukey Kramer post hoc test). 
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Figure 4.4:Left ventricular posterior wall thickness in diastole of 7-month-old male and 

female SHR and WKY. 

Left ventricular posterior wall thickness in diastole of 7-month-old male and female 

SHR and WKY. Data expressed as mean ± SD. **p<0.01 vs WKY (Two-way ANOVA 

followed by a Tukey Kramer post hoc test). 
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Figure 4. 5: Relative wall thickness of 7-month-old male and female SHR and WKY. 

Data expressed as mean ± SD. **p<0.01 vs WKY, †P <0.05 vs male (Two-way 

ANOVA followed by a Tukey Kramer post hoc test). 
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4.3. Left ventricular diastolic function  

Table 4.3 shows the pulsed Doppler and tissue Doppler velocities. For the E, no 

significant interaction was noted (p=0.7233) and no significant difference was 

observed for both sex (p=0.4861) and strain (p=0.1067). No significant interaction was 

noted (p=0.3848) and no significant difference was seen when comparing sexes 

(p=0.9709) and strains (p=0.4595) for the early to late diastolic filling ratio (E/A).   

Regarding e’, no significant interaction was noted (p=0.6113). The e’ was significantly 

lower in the SHRs compared to the WKYs (p=0.004). No interaction was seen for a’ 

(p=0.1625). Regarding e’ and a’, no significant difference was observed across the 

sexes and p-values were p=0.7314 and p=0.1697 respectively. For the early to late 

peak tissue lengthening velocity ratio e’/a’, of which no significant interaction was 

noted (p=0.1149), no significant differences were observed for both the sex 

(p=0.24790 and strain (p=0.2905). No significant interaction was noted for the E/e’ 

(p=0.6687). SHRs had significantly greater filling pressures compared to the WKY 

(p=0.0095). Comparing sexes for E/e’, no significant difference was seen (p=0.529). 
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                Table 4.3: Left ventricular diastolic function parameters in 7-month-old male and female SHR or WKY 

 

Data expressed as mean ± SD (E/A) and median - IQR (E, A, e’, a’, s’, E/e’, e’/a’). e’: early peak tissue 

lengthening velocity at the lateral mitral annulus, a’: late peak tissue lengthening velocity at the lateral mitral 

annulus, s’: peak systolic velocity, E: maximum early mitral inflow velocity, A: maximum late mitral inflow 

velocity, E/A: early to late diastolic filling velocity ratio, e’/a’: early to late peak tissue lengthening velocity ratio. 

*p<0.05 and ***p<0.001 vs WKY, †P <0.05 vs male (Two-way ANOVA followed by a Tukey Kramer post hoc 

test) 

 

 

 

Parameters Male WKY (n=7) Male SHR (n=8) Female WK (n=7) Female SHR (n=8) 
Pulsed Doppler     

E, cm/s 
E/A 
Tissue Doppler  
e’, cm/s 
E/e’ 

e’/a’ 

55.50 ± (39-92) 

2.43 ± 0.80 

 

4.00 ± (3.0-6.0) 

13.90 ± (9.4-23.67) 

 0.50 ± (0.44-0.75) 

91.00 ± (37-414) 

2.48 ± 0.98 

 

3.00 ± (2.0-4.0)** 

45.50 ± (92.5-103.50)** 

1.00 ± (0.60-1.33) 

50.00 ± (31-106) 

2.80 ± 1.16 

 

4.50 ± (2.0-7.0) 

12.50 ± (6.2-21.5) 

0.70 ± (0.33-2.5) 

80.50 ± (22-271) 

2.15 ± 1.07 

 

3.00 ± (2.0-4.0)** 

25.60 ± (12.50-90.33)** 

0.80 ± (0.60-1.50) 
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4.4. Systemic and urinary concentrations of RAAS components  

Table 4.4 shows the plasma, serum and urinary concentrations of components of the 

renin-angiotensin-aldosterone system. For the interaction, sex and strain for all 

parameters shown in the table, no significant differences were noted. Serum renin: 

p=0.3411 (interaction), p=0.7168 (sex) and p=0.7522 (strain). The mean of serum 

aldosterone: p=0.1821 (interaction), p=0.6615 (sex) and p=0.2679 (strain). Serum 

angiotensinogen: p=0.497 (interaction), p=0.1175 (sex) and p=0.6687 (strain). Finally, 

urinary angiotensinogen: p=0.0677 (interaction), p=0.1577 (sex) and p=0.7602 

(strain).  
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       Table 4.4: Systemic and urinary concentrations of RAAS components in 7-month-old male and female SHR or WKY 

Parameters 
 

Male WKY (n=7) Male SHR (n=8) Female WKY (n=7) Female SHR (n=8) 

Serum renin, pg/mL 
Serum aldosterone, 

pg/mL 

55.0 ± (49.7-105.5) 

268.0 ± (94.9-331.6) 

60.2 ± (53.5-98.9) 

187.6 ± (82.6-353.4) 

61.1 ± (49.2-167.8) 

164.1 ± (62.5-308.2) 

56.6 ± (48.7-1249) 

280.7 ± (1.8-6.6) 

Serum angiotensinogen, 

ng/mL 

Urinary angiotensinogen, 

ng/mL 

3.00 ± (1.3-18.6) 

 

99.7 ± 13.4 

3.80 ± (1.66-24.3) 

 

109.1 ± 15.9 

8.30 ± (2.1-23.0) 

 

119.4 ± 10.2 

6.00 ± (1.3-25.7) 

 

106.4 ± 14.0 

Data expressed as mean ± SD (urinary angiotensinogen) and median - IQR (plasma renin, mean of aldosterone, 

aldosterone to renin, angiotensin II, serum angiotensinogen). (Two-way ANOVA followed by a Tukey Kramer post 

hoc test) 
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4.5. Angiotensin II concentrations  

Figure 4.6 illustrates the varying concentrations of ANG II across the four groups. A 

significant interaction was noted for the concentration of ANG II (p=0.0213). The 

female SHR had a significantly higher concentration of ANG II compared to the three 

other groups (p=0.0007 vs male SHR, p=0.0012 vs male WKY and p=0.0057 vs 

female WKY). Comparing the two male groups (SHR and WKY), no significant 

difference was observed (p=0.9992). No significant difference was seen between the 

male and female WKY (p=0.8699). Lastly, no significant difference was observed 

between male SHR and female WKY (p=0.9010). 
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Figure 4. 6: Concentration of angiotensin II in 7-month-old male and female SHR and 

WKY. 

Data expressed as mean ± SD. a female SHR vs all other groups (Two-way ANOVA 

followed by a Tukey Kramer post hoc test).  
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Chapter 5: Discussion 
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The main findings of this study are as follows:  

Compared to WKYs, SHRs had concentric hypertrophy (increased thickness of the 

heart wall and overall muscle mass), impaired left ventricular relaxation (reduced 

lateral e’) and increased filling pressures (increased E/e’). In addition, SHRs had 

impaired systolic function characterised by increased end-diastolic volume, stroke 

volume and mid-wall fractional shortening. Compared to males, females had greater 

physiological left ventricular myocardial growth (increased normalised heart and left 

ventricular weights and relative wall thickness). No differences between the sexes 

were observed for indices of diastolic function. Additionally, females had a reduced 

systolic performance (decreased end-diastolic volume, stroke volume, mid-wall 

fractional shortening and peak systolic velocity). Finally female SHRs had greater 

anaesthetised systolic and diastolic pressure as well as conscious diastolic blood 

pressure compared to all other groups. In addition, female SHRs had greater plasma 

concentrations of ANG II compared to other groups which may be responsible of the 

higher blood pressure in 7-month-old female SHR.  

These findings highlight the sexual dimorphism in blood pressure and cardiac 

remodelling in hypertension and the development of LVH.  

5.1. Effects of hypertension on cardiac remodelling  

The results of the present study show that chronic hypertension resulted in notable 

changes in cardiac geometry. SHRs had increased heart and left ventricular mass 

compared to WKYs. In addition, SHRs had increased left ventricular posterior wall 

thickness and relative wall thickness compared to WKYs. Indeed, the type of cardiac 

remodelling that takes place as a result of chronic untreated hypertension in SHRs 

has been shown to be concentric left ventricular hypertrophy (Legrice et al., 2012). In 

SHRs, hypertension triggers an escalation in systemic vascular resistance, 
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necessitating the heart to exert more force to circulate blood against the heightened 

resistance across the body (Messerli et al., 2017). This augmented afterload places 

an added burden on the left ventricle, promoting it to undergo structural adaptations. 

In response to the heightened afterload, the left ventricle undergoes hypertrophy, 

characterised by the thickening of its muscular wall (Davies et al., 2018). This adaptive 

change allows the heart to generate increased force to overcome the elevated arterial 

resistance and maintain sufficient blood flow. In the context of hypertension, the left 

ventricle may undergo concentric remodelling, which signifies an adaptation where the 

chamber’s size may decrease, and its walls become thicker (Cramariuc & Gerdts., 

2016). Consequently, there is an increase in the posterior wall thickness and relative 

wall thickness. The increase in the thickness of the left ventricular wall and the overall 

muscle mass of the chamber contributes to the greater left ventricular mass in SHRs 

compared to WKYs.  

The molecular mechanisms that cause concentric hypertrophy in SHRs remain 

incompletely understood. In the current study, SHRs had significant collagen 

accumulation in their left ventricles compared to WKYs. Our findings align with 

previous studies that have also documented myocardial fibrosis in SHRs (Xin et al., 

2020). The mechanical strain imposed by hypertension on the heart chamber walls 

sets in motion a cascade of molecular signalling pathways, including the activation of 

TGF-β pathway (Wu et al., 2016). This activation, in turn, prompts the stimulation of 

fibroblasts, specialised cells responsible for collagen synthesis. The resulting fibrotic 

response leads to an accumulation of collagen within the heart tissue, making it stiffer 

and less compliant (Pagan et al., 2015). This increased stiffness subsequently drives 

the development of concentric hypertrophy as the left ventricle adapts to the elevated 

afterload. Therefore, taken together, our findings suggest that hypertension likely 
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induces heightened myocardial fibrosis, which, in turn, may impact the myocardial 

remodelling processes, ultimately leading to the development of concentric 

hypertrophy.  

5.2. Effects of hypertension on diastolic function  

In the present dissertation, pulse and tissue Doppler imaging echocardiographic 

techniques were used to determine the diastolic function. No significant differences 

were observed between SHRs and WKYs regarding E and E/A (markers of left 

ventricular relaxation). Although the E and E/A ratio were similar between WKYs and 

SHRs, lateral e’ was significantly reduced and filling pressures (E/e’) were increased 

in SHRs compared to WKYs which suggests a pseudonormal filling pattern. The 

increased filling pressures (E/e’) in SHRs may have resulted in a compensatory 

increase in early diastolic filling (E) resulting in moderate to severe diastolic 

dysfunction. This further suggests that tissue Doppler imaging techniques are more 

suitable and sensitive in the investigation of diastolic dysfunction and need to be 

measured in addition to pulse Doppler measurements. Similar to our results, animal 

studies have shown impaired diastolic filling characterised by an increase in filling 

pressures and impaired left ventricular relaxation in SHRs (J. Wang et al., 2017).  

There are several mechanisms by which hypertension can cause impaired left 

ventricular relaxation and increased filling pressures. In SHRs, hypertension may bring 

about a systemic proinflammatory state which is important in the presentation of 

diastolic dysfunction (Kuwahara et al., 2004). This proinflammatory state is marked by 

an increase in cytokines such as tumour necrosis factor (TNF)-α and IL-6 (Plitt et al., 

2018). In cardiomyocytes, these cytokines decrease the bioavailability of endothelial 

nitric oxide (NO) and attenuate the activity of cyclic phosphate-protein kinase G 

(cGMP-PKG) (Lakhani et al., 2019). This flow of events together with collagen 
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deposition synergistically leads to the stiffening of cardiomyocytes by way of 

hypertrophy and ultimately diastolic dysfunction in the left ventricle. In addition to 

proinflammatory markers, animal studies have shown hypertension in SHRs may 

result in abnormal intracellular calcium handling and reduced expression of 

sarcoplasmic reticulum ATPase (SERCA) pumps which in turn leads to compromised 

relaxation (Williams et al., 2014; Dupont et al., 2012).  

Pro-fibrotic pathways are important in left ventricular hypertrophy and diastolic 

dysfunction and may also be affected in SHRs. It is widely known that chronic elevated 

pressures induce pro-fibrotic pathways (Nwabuo, 2020). Persistent hypertension 

brings about a fibrogenic response in the myocardium, where there is activation of 

resident cardiac fibroblasts into myofibroblasts. These myofibroblasts upregulate 

depositions of proteins such as Platelet Derived Growth Factors in the cardiac 

interstitium, which are important in the fibrotic response (Frangogiannis, 2018). These 

events may destabilise the structural integrity of the cardiac ECM(9. Fibroblast 

activation and collagen deposition in the cardiac ECM, specifically type 1 collagen 

fibres, is associated with stiffening of the left ventricle because of their size and 

strength as compared to the more thin and elastic type 3 collagen fibres (Schimmel et 

al., 2022). Taken together, our results suggest that hypertension may have resulted in 

fibrosis, which rendered the heart stiff. This stiffness may have led to impaired left 

ventricular relaxation and increased filling pressures.  

5.3. Effects of hypertension on systolic function  

In the present study, the end-diastolic volume, stroke volume and mid-wall fractional 

shortening were reduced in SHRs compared to WKYs. Similar to our results, previous 

studies have reported impaired systolic function characterised by reduced end-
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diastolic volumes, stroke volume and mid-wall fractional shortening in SHRs 

(Cingolani et al., 2015; Kokubo et al., 2007; Potnuri et al., 2022).  

Reduced left ventricular end-diastolic volume in the SHRs is suspected to be due to 

left ventricular remodelling caused by chronic hypertension. Indeed, left ventricular 

myocardial remodelling in this context negatively impacted the distensibility and 

contractility of the heart. Left ventricles in the SHRs were not able to reasonably 

distend to accommodate inflow from the left atrium, hence reducing left ventricular 

end-diastolic volume in SHRs. Consequently, this may have been the reason for a 

reduction in stroke volume, which alluded to possible systolic dysfunction.  

Although ejection fraction and endocardial fractional shortening were similar between 

SHRs and WKYs, mid-wall fractional shortening was reduced in SHRs. Indeed, mid-

wall fractional shortening is a more valid index of systolic function especially in cases 

where concentric hypertrophy has manifested (Ono et al., 2002). This rationale is due 

to ejection fraction being sensitive to both pressure overload and left ventricular 

remodelling as these factors influence the percentage of ejection. Ejection fraction is 

therefore a better indicator of ventricular-arterial coupling rather than contractility 

(Guihaire et al., 2013). Hence the preservation of ejection fraction may have been due 

to the compensatory hypertrophic response, which maintained the overall ejection 

fraction even though the ventricular function was impaired. 

Studies in SHRs have reported on the reduction of the mid-wall fractional shortening 

in cases where left ventricular hypertrophy has manifested (Kokubo et al., 2007). In 

cases of concentric hypertrophy, the increased thickness of the heart wall and the 

altered cardiac geometry can result in compromised systolic function (Haas et al., 

1995). Consequently, mid-wall fractional shortening may be reduced since the heart 
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encounters greater difficulty in contracting efficiently and shortening the muscle fibres 

situated within the central region of the ventricular wall (Lin et al., 2020).  

Wachtell et al., 2010 showed an independent negative association between the mid-

wall fractional shortening and the left ventricular mass in the case of hypertension. 

This validated previous studies that reported the improvement of systolic performance 

marked by a less depressed mid-wall fractional shortening when treatment was 

administered and regression of left ventricular hypertrophy was apparent. A 

statistically significant depressed mid-wall fractional shortening in SHRs as seen in 

the present dissertation, together with a reduced left ventricular end diastolic volume 

and stroke volume strongly suggests systolic dysfunction.  

5.4. Effects of sex on cardiac remodelling  

The differences in heart and left ventricular weights between males and females 

together with the opposing results when normalised to body weight, can be due to 

several physiological factors characteristic of the sexes. Typically, males have larger 

body sizes and more lean muscle mass compared to females, which leads to larger 

organ sizes (Wells, 2007). Moreover, sex hormone effects, particularly testosterone, 

has been shown to contribute to the development of larger heart and left ventricles in 

males (Silva et al., 2008). Indeed, testosterone has been associated with increased 

muscle mass and cardiac hypertrophy, leading to larger heart sizes in males (Rubio-

Gayosso et al., 2013).  

Interestingly, when normalised to body weight, females had heavier heart and left 

ventricular weights compared to males. In addition, females had increased relative 

wall thickness compared to males. These results suggest that females may have 

relatively larger hearts for their body size compared to males. One possible 

explanation may be the variations in cardiac remodelling and adaptation to 
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physiological demands. Women tend to have smaller bodies and less muscle mass 

compared to males (Sanada et al., 2012), which may cause a higher workload on the 

heart. As a compensatory mechanism, the female heart may undergo hypertrophic 

remodelling to meet the demands of cardiac output, resulting in relatively larger heart 

and left ventricular weights when adjusted for body weight and increased relative wall 

thickness (Chen, 2012).  

Oestrogen in a pathological context provides cardioprotective effects (Dworatzek et 

al., 2014). However, oestrogen may function physiologically as a growth factor 

(Gürgen et al., 2011). Indeed, the effect of oestrogen in favouring cardiac remodelling 

has been demonstrated and it is connected to a relevant modification of the expression 

of genes involved in myocardial hypertrophy and fibrosis (Kararigas et al., 2014; 

Dworatzek et al., 2014). In females, oestrogen may promote a more compact 

myocardial structure, leading to increased relative wall thickness compared to males. 

This structural adaptation could contribute to the observed differences in left 

ventricular weights when normalised to body weight. Furthermore, higher eGFR 

indicated normal kidney function. Suggesting blood pressures should be lower in SHR 

female. However, this is not the case in fact SHR females have the highest blood 

pressure and greater LVH mass when normalised. However, in this context, the 

greater LVH in females is physiological and is suspected to be due to oestrogen.  

In support of this, a study showed that the administration of oestrogen to female rats 

induced an increase in the heart-to-body weight ratio through activation of an 

intracellular signalling pathway (Wittnich, 2015). Experimental studies have reported 

the role of oestrogen in cardiac physiology, demonstrating that its binding to ERβ 

receptors activate signalling pathways such as the MAPKs pathways, ultimately 

leading to cardiac hypertrophy (Dworatzek et al., 2014). Furthermore, another study 
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showed that ERα mediates physiological cardiac remodelling (Kararigas et al., 2014). 

This study revealed that without ERα, physiological remodelling does not occur, 

suggesting that ERα, rather than ERβ, plays a pivotal role in this process (Kararigas 

et al., 2014). This understanding highlights the importance of oestrogen-induced 

cardiac growth in maintaining cardiac function and adapting to physiological demands.  

In further validating the normal physiological growth in females, no differences were 

observed in fibrosis between males and females. Fibrosis is typically associated with 

pathological conditions (Kong et al., 2014). This confirms that the increased 

normalised heart and left ventricular weights in females were indeed attributed to 

normal physiological growth.Taken together, results of our study suggest that the 

greater physiological left ventricular myocardial growth in this case was possibly due 

to the growth effects of oestrogen.  

5.5. Effects of sex on diastolic function  

In the present study no significant differences were seen between males and females 

regarding diastolic function indices. In contrast to our results, several experimental 

studies (Douglas et al., 1998; Kitpipatkun, & Sukwan, 2022; Shah et al., 2018) have 

reported increased filling pressures and impaired left ventricular relaxation in males 

compared to females. The progression of diastolic dysfunction is accelerated in male 

rats compared to female rats (Chan et al., 2011). However, female rats typically have 

a higher degree of cardiac compensatory remodelling than males, which may play a 

role in modulating diastolic dysfunction (Beaumont et al., 2017; Friberg et al., 1985; 

Wallen et al., 2000).  

In the present study, males of both species may have developed diastolic dysfunction 

earlier than females. Male rats having a worsened diastolic function compared to 

female rats could be due to increased activation and stimulation of factors that 
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increase cardiac remodelling, which consequently then result in diastolic dysfunction. 

These factors may include testosterone. Testosterone can directly and indirectly lead 

to diastolic dysfunction. Testosterone activates rapamycin complex 1 (mTORC1) in 

cardiomyocytes and this induces protein synthesis and growth of cardiomyocytes 

(Silva et al., 2008). Testosterone has been positively correlated to blood pressure and 

shown to increase blood pressure (Loh & Salleh, 2017). This may result in an 

increased afterload which may induce cardiac remodelling and cause diastolic 

dysfunction. Males are further associated with increased sympathetic nervous system 

activation, which promotes cardiac remodelling independently of blood pressure (B. 

Wang, 1999). However no differences were seen for diastolic indices at 7-month-old. 

SHRs are used in investigating sex differences in human hypertension and 

hypertension induced cardiac remodelling. However, due to the complexity of sex 

differences in mechanisms, differences might not always be seen across all 

parameters of diastolic dysfunction. Males might have developed diastolic dysfunction 

earlier than females. However, females may have developed diastolic dysfunction to 

a similar degree as males of the present study due to increased compensatory 

physiological concentric LVH. The fact that no differences between sexes were seen 

for diastolic function implies that maybe the rats were still progressing into diastolic 

dysfunction. Male rats typically progress through stages of heart failure earlier than 

female rats. So, if males in this context have less cardiac growth, this might imply that 

rats still in the early stages of disease progression. So, the increased growth seen in 

females was compensatory and due to protective effects of estrogen.  
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5.6. Effects of sex on systolic function  

Differences in the end diastolic volume, stroke volume, and mid-wall fractional 

shortening in female as compared to male rats may be associated with several 

physiological factors such as the differences in body weight and the impact of Frank-

Starling mechanisms. First, the weight of the body is the primary factor that should be 

discussed in association with heart function. As was pointed out, the male rats are 

larger and heavier usually compared to the female rats. The difference in body weight 

may result in different heart sizes and functions. Studies have shown that larger 

animals tend to have greater cardiac dimensions and volumes to accommodate the 

increased metabolic demands of a larger body mass (Forman et al., 1997; Schaible & 

Scheuer, 1984). Therefore, the end diastolic volume and stroke volume may be higher 

in male rats, as they are larger in size, than in female rats.  

Secondly, an important physiological mechanism in the heart, namely the Frank-

Starling law, describes the relationship between end diastolic volume and stroke 

volume as a major effect on cardiac output control. Based on this law, a rise in end 

diastolic volume may lead to a similar rise in the stroke volume due to stretch-induced 

enhancement of myocardial contractility (Shiels & White, 2008). With the observations 

of the diversity between male and female rats, the decline observed in the female's 

end diastolic volume suggests a decreased stroke volume via the Frank-Starling 

mechanism. It implies that the left ventricle of female rats may contract at a reduced 

preload in comparison to males, thus affecting the cardiac performance.                  

Moreover, mid-wall fractional shortening is an index of myocardial contractility and 

function. The lower values in female rats may indicate that females have less 

contractile function than males. This could be influenced by factors such as hormonal 

differences, as oestrogen has been shown to have cardioprotective effects, whereas 
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testosterone may exert positive inotropic effects on the heart (Sun et al., 2011). 

Indirectly, oestrogen through it vasodilatory effects can reduce blood pressures and 

therefore work load imposed on the heart (Jazbutyte et al., 2008). Therefore, 

protecting the female hearts against increased force of contraction.  

Testosterone through binding to its cardiac receptors can directly induce stronger 

cardiac contractions (Marsh et al., 1998). Testosterone may also lead to increased 

cardiac cytosolic Ca2+ through modulation of calcium channels, which can cause an 

increase in strength of contraction (Er et al., 2007). Moreover, testosterone can 

activate the SNS and cause an increase in cardiac contraction (Ely et al., 1997; Kumai 

et al., 1994; Meyer et al., 2010). Taken together, our results suggest that females had 

reduced systolic performance compared to males, which was attributed to the effect 

of body weight, hormonal influences, and variations in blood volume. 

5.7. Effects of strain and sex on blood pressure and the role of the ANG II 

Numerous studies have shown higher blood pressures in male SHRs compared to 

female SHRs at 3, 6 and 16 months (Reckelhoff et al., 2015; Maris et al., 2005; Yanes, 

et al., 2006). Higher blood pressures in males are associated with increased classical 

RAAS activation and effects of testosterone as factors contributing to hypertension 

(Loh & Salleh, 2017). Testosterone increases vessel collagen deposition, which 

affects vessel’s ability to regulate blood flow and pressure (Seachrist et al., 2000). 

Testosterone can increase oxidative stress through production of ROS and free 

radicals which directly damage vessels (Costa et al., 2015). Moreover, testosterone is 

able to induce ET-1 release which causes vasoconstriction and chronically this can 

lead to hypertension (Seachrist et al., 2000). Furthermore, testosterone is able 

enhance pressor effects of ANG II, which are vasoconstriction and stimulation of 

aldosterone release. Aldosterone is responsible for salt and water retention, which 
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increases blood volume (Goto et al., 2000). Both vasoconstriction and water retention 

cause hypertension.  

Additionally, lower systolic and diastolic blood pressure in females is believed to be 

due to the cardioprotective effects of oestrogen (Sullivan et al., 2007). Oestrogen 

induces NO (vasodilator) production and release while inhibiting ET-1 

(vasoconstrictor) (Pabbidi et al., 2018). Oestrogen inhibits growth of vessel walls and 

acts as an antioxidant to prevent damage of vessels from ROS and free radicals 

(Khalil, 2015). Furthermore, oestrogen is able to attenuate sympathetic activation 

(Boese et al., 2017). Oestrogen also brings about vasodilation through stimulation of 

Ca2+ efflux (Mazzuca et al., 2015). Moreover, oestrogen inhibits NFkB and its 

inflammatory processes its associated with (Sabbatini & Kararigas, 2020). Lastly, 

oestrogen reduces RAAS induced hypertensive effects through favouring the 

vasodilatory non-classical RAAS pathway (Novella et al., 2019). These different 

effects that testosterone and oestrogen have on systems and factors implicated in the 

development of hypertension are important in understanding sex differences in 

hypertension. In contrast, hypertension is exacerbated in adult female rats in the 

present study. One of the explanations may be an activation of the RAAS. 

In the present study, the higher blood pressures in female SHRs may be attributed to 

elevated ANG II concentration. Other RAAS parameters in the study were similar 

between the groups. ANG II may mediate increased blood pressure (Nwia et al., 

2023). ANG II causes constriction of blood vessels, which increases the peripheral 

resistance and in turn makes it harder for blood to flow through the vessels thus raising 

blood pressure (Goto et al., 2000; Muñoz-durango et al., 2016). Additionally, ANG II 

may act indirectly to increase blood pressure. ANG II stimulates the activation of the 

sympathetic nervous system (SNS) which increases heart rate and contractile 
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strength, leading to an elevation in blood pressure including diastolic blood pressure 

(Dong et al., 2015). 

Moreover, ANG II increases oxidative stress which induces hypertension. 

Nicotinamide adenine dinucleotide phosphate oxidases (NOXs) are responsible for 

the production of reactive oxygen species (ROS) and free radicals (Zhang et al., 2023). 

These reactive oxygen species and free radicals increase vascular oxidative stress 

and damage vessels and contribute to hypertension (Zhang et al., 2023). In addition, 

an increase in oxidative stress directly reduces bioavailability of nitric oxide 

(vasodilator). Reactive oxygen species and free radicals can react with nitric oxide and 

produce perioxinitrite (a vasoconstrictor), thus mediating increased blood pressure. 

Unfortunately, we did not measure levels of reactive oxygen species. To confirm 

greater vascular remodelling in female SHRs, techniques such as vascular imaging 

techniques, morphometric analysis or vascular reactivity could have been employed 

to assess the effects of ANG II on vascular remodelling 

Furthermore, ANG II stimulates aldosterone release, which consequently results in 

increased salt and water retention (Goto et al., 2000). This increases blood volume 

and exacerbates hypertension. However, in the present study, the similar aldosterone 

concentration between the groups suggest that aldosterone is responsible for the 

higher blood pressure in female SHRs. 

Sexual dimorphism in RAAS activation has also been widely reported in experimental 

studies. A study showed that at 1, 7 and 9 months female SHRs have increased AT2R 

and reduced ANG II mediated vasoconstriction (Al-Gburi et al., 2017). At 3 months, a 

study showed that female SHRs have higher AT2R density compared to male SHRs 

(Sullivan et al., 2010). On the other hand, a study showed that at 4 months male SHRs 

have greater AT1R density compared to female SHRs (Sullivan et al., 2007). Another 
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study showed increased renal renin and angiotensinogen concentrations in male 

SHRs than female SHRs at 16 months (Yanes, Romero, Iles, Iliescu, Gomez-

Sanchez, et al., 2006). Lastly a study showed increased ANG II levels in male 

hypertensive Lewis rats compared to female Lewis rats (Pendergrass et al., 2008).  

All these studies concluded that males generally have a greater RAAS activation 

compared to females. Another important question arising from the present results is 

the cause of the higher levels of ANG II observed only in 7-month-old female SHRs.  

SHRs are an inbred genetic model of experimental hypertension, which is the origin 

of hypertension in the strain. As mentioned above there are sex difference in the RAAS 

activation in SHRs. Oestrogen receptor is a transcription factor that regulates gene 

expression (Lu et al., 2016). Oestrogen has been shown to increase plasma and tissue 

levels of renin and angiotensinogen (Brosnihan et al., 1999; Chen et al., 1992; 

Farrington et al., 1993) which may induce the production of ANG II. 

Lastly, anaesthetised blood pressures were lower than conscious blood pressures. 

This may have been due to the anaesthetic effects of isoflourine, which may have 

reduced blood pressures through suppression of the SNS and baroreceptor reflex, 

increased vasodilation and a decrease in the heart’s contraction. Together all these 

effects may have caused a reduction in blood pressure.  
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Chapter 6: Limitations and Conclusion 
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6.1. Limitations  

There are several limitations to the present study. Catheterisation instead of the tail-

cuff method could have been used to achieve more accurate blood pressure readings. 

Procedures that rats went through in the evaluation of blood pressure could have 

stressed the animals and therefore could have possibly further influenced readings. 

Oestrogen was suspected to have caused increased ANG II concentrations in the 

female SHRs. However, concentrations of oestrogen were not assayed. Measurement 

of oestrogen concentrations between female SHRs and WKYs could have 

strengthened the analysis and elucidation of the current study’s results. However, 

studies have shown that SHRs have greater RAAS activation. Therefore, even in the 

event of measuring oestrogen, female SHR would still have had greater ANG II 

concentration compared to female WKYs. Furthermore, no statistically significant 

differences were observed for most of the RAAS parameters. Therefore, the use of 

other techniques such as immunohistochemistry, radioimmunoassay or western blot 

rather than ELISA could’ve been more useful in evaluating significant differences for 

RAAS parameters. Although stroke volume, ejection fraction and mid-wall fractional 

shortening were employed in the analysis of systolic function, the use of Speckle 

Tracking Echocardiography (STE) could have been advantageous. STE is highly 

sensitive and can detect subtle changes in myocardial deformation and preclinical 

systolic impairments. Therefore, providing early detection of cardiomyopathy. 

Additionally, increasing the duration of the study beyond 7 months may have allowed 

us to see statistically significant sex differences across most echocardiography 

parameters.  
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6.2. Conclusion 

In conclusion, the results of this study show significant differences in blood pressure 

and cardiac parameters among female SHRs compared to other groups, including 

male SHRs, and male and female WKYs. Notably, female SHRs showed elevated 

anaesthetised and conscious blood pressure which can be explained by the 

heightened plasma concentrations of ANG II. Furthermore, compared to WKYs, SHRs 

demonstrated concentric hypertrophy, impaired left ventricular relaxation, and 

increased filling pressures, indicating distinct cardiac adaptations in hypertension. 

Moreover, sex-specific differences were evident, with females displaying greater 

physiological left ventricular myocardial growth and reduced systolic performance 

compared to males. These findings highlight the critical role of sex-specific factors in 

the pathogenesis of left ventricular hypertrophy, emphasising the importance of 

tailored approaches in managing cardiovascular diseases. Furthermore, they 

contribute to the growing body of evidence on sexual dimorphism and the involvement 

of the RAAS in hypertension and left ventricular hypertrophy in spontaneously 

hypertensive rats.
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