
 

 

 

 

 

 

 

 

THE EFFECTS OF ACUTE LPS-INDUCED INFLAMMATION ON 

CARDIAC MORPHOLOGY, GEOMETRY AND FUNCTION IN 

SPONTANEOUSLY HYPERTENSIVE RATS 

 

 

 by 

Kealeboga Mme Fako 

 

A dissertation submitted to the Faculty of Health Science, University of the 

Witwatersrand, Johannesburg, in fulfilment of the requirements for the degree of 

Master of Science in Medicine 

 

 

 

June 2024 



 

i 

 

Declaration 

I, Kealeboga Mme Fako, declare that this dissertation is my own work, except where I 

indicated in the acknowledgements section. It is being submitted for the degree of 

Master of Science in Medicine in the School of Physiology, Faculty of Health Sciences, 

University of the Witwatersrand, Johannesburg. The work contained in this dissertation 

has not been submitted before for any degree or examination at this or any other 

university.  

I hereby certify that the study contained in this dissertation has been approved by the 

Animal Research Ethics Committee, University of the Witwatersrand, Johannesburg. 

The ethics approval number is 2022/05/03/C. 

 

 

…………………………………… 

Kealeboga Mme Fako 

Signed on 12th day of June 2024 

 

 

 

……………………………….   ……………………………… 

Assoc Prof Aletta Millen     Assoc Prof Frederic Michel 

12th day of June 2024    12th day of June 2024 



 

ii 

 

Abstract 

It has been established that systemic inflammation negatively impacts 

myocardial structure and function, especially in individuals with comorbidities such as 

hypertension. Acute exposure to lipopolysaccharide (LPS), resulting in acute high-

grade inflammation, has been demonstrated to induce cardiomyocyte oedema and 

apoptosis in the short-term, resulting in left ventricular (LV) systolic and diastolic 

dysfunction. While exposure to LPS-induced inflammation causes LV dysfunction in 

the short-term, the long-term consequences of exposure to acute high-grade 

inflammation on the structure and function of the heart remain unclear. Therefore, the 

current study aimed to ascertain the immediate and long-term effects of a single 

exposure to LPS on the structure and function of the heart and its potential 

compounding effects in a hypertensive model. 

Wistar-Kyoto rats (WKY, n=36) and spontaneously hypertensive rats (SHR, 

n=38) were randomly divided into two groups per rat strain. The control groups (WKY-

control and SHR-control) received one injection of saline (1 ml/kg, i.p.). The LPS 

groups (WKY-LPS and SHR-LPS) received one injection of LPS (1 mg/kg, i.p.). 

Animals were then terminated either 24 hours (WKY, n=11; SHR, n=16) or 6 weeks 

(WKY, n=25; SHR, n=22) after the saline or LPS injections. Prior to termination, 

conventional and speckle-tracking echocardiography were performed on all animals 

under anaesthesia to ascertain the effects of LPS on LV geometry, systolic and 

diastolic function. Following termination, heart tissues were removed and weighed 

prior to storage. Total collagen content in the left ventricle was determined using the 

Picrosirius red stain. A mixed model two-way analysis of variance (ANOVA) was used 

to ascertain differences in echocardiographic parameters, the inflammatory cytokine 
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and fibrosis, followed by a Tukey’s post hoc test. Pearson’s correlation was used to 

determine associations between collagen volume and echocardiographic parameters.  

After 24 hours, LPS administration significantly increased interleukin (IL)- 1β 

concentrations in WKY-LPS (p = 0.02), and SHR-LPS (p = 0.03) groups compared to 

their respective control groups. LPS-induced inflammation resulted in impaired LV 

diastolic function as indicated by impaired LV relaxation (E/A, septal and average e’) 

in SHR-LPS compared to SHR-control (all p < 0.05). LV passive stiffness (e’/a’) 

increased significantly in WKY-LPS compared to WKY-control (p = 0.05). However, 

heart weight was significantly higher in SHR-LPS compared to WKY-LPS due to 

hypertension, not inflammation (p = 0.02). 

LPS-induced inflammation also significantly decreased LV systolic function in 

the short-term, as indicated by a reduced left ventricular outflow tract (LVOT) velocity 

time integral (VTI, p = 0.0004) and LVOT peak velocity (Vmax, p = 0.008) in SHR-LPS 

compared to SHR-control. Hypertension significantly decreased left ventricular 

ejection fraction (LVEF, p = 0.02) and endocardial fractional shortening (FSend, p = 

0.03), which are markers of global systolic function, in SHR-LPS compared to WKY-

LPS. LVOT VTI (p = 0.02) and Vmax (p = 0.03) were significantly lower in the SHR-LPS 

compared to WKY-LPS in response to hypertension. 

LPS administration significantly reduced circumferential (p = 0.03) and 

longitudinal strain (p = 0.02), which are markers of early systolic dysfunction, in SHR-

LPS compared to SHR-control. Hypertension significantly reduced circumferential (p 

= 0.0004) and longitudinal strain (p = 0.01), in SHR-control compared to WKY-control, 

and in SHR-LPS compared to WKY-LPS (both p < 0.0001). There were also reductions 

in circumferential strain rate in SHR-control compared to WKY-control (p = 0.01), and 
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in both circumferential (p < 0.0001) and longitudinal strain rate (p = 0.0005), in SHR-

LPS compared to WKY-LPS. 

In the animals that were terminated 6 weeks after LPS exposure, there were no 

differences in IL- 1β (all p > 0.05). LPS-induced inflammation had no effect on any of 

the LV diastolic or systolic function parameters in any of the groups (all p > 0.05). 

However, heart weight (p = 0.03) and normalised heart weight (p = 0.02) were 

significantly higher in SHR-control compared to WKY-control due to hypertension. 

Similarly, heart weight (p = 0.02) and normalised heart weight (p = 0.0006) were 

significantly higher in SHR-LPS compared to WKY-LPS in response to the effect of 

hypertension. Hypertension significantly impaired LV relaxation (reduced septal e’) in 

SHR-control compared to WKY-control (p = 0.04) and in SHR-LPS compared to WKY-

LPS (p = 0.04). 

LPS-induced inflammation had no significant effects on LVOT VTI and LVOT 

Vmax (all p > 0.05). Hypertension significantly reduced LVEF (p = 0.03) and FSend (p = 

0.04) in SHR-control compared to WKY-control, as well as LVOT VTI in SHR-control 

compared to WKY-control (p = 0.04). LPS administration had no significant 

consequences on circumferential and longitudinal strain as well as circumferential and 

longitudinal strain rate (all p > 0.05). Hypertension significantly decreased 

circumferential (p = 0.005) and longitudinal strain (p < 0.0001) in SHR-control 

compared to WKY-control, and longitudinal strain in SHR-LPS compared to WKY-LPS 

(p = 0.002). There were also reductions in circumferential (p = 0.01) and longitudinal 

strain rate (p < 0.0001) in SHR-control compared to WKY-control, and in longitudinal 

strain rate in SHR-LPS compared to WKY-LPS (p = 0.002) due to hypertension. 



 

v 

 

In the short-term groups, inflammation was significantly associated with 

impaired LV relaxation and passive stiffness, while collagen volume was significantly 

associated with impaired LV relaxation and myocardial deformation. In the long-term 

groups, inflammation was associated with impaired LV relaxation, passive stiffness, 

myocardial deformation and collagen volume, while collagen volume was significantly 

associated with impaired LV relaxation. 

In conclusion, acute LPS-induced high-grade inflammation resulted in impaired 

LV diastolic and systolic function after 24 hours. These changes were worsened in the 

animals predisposed to hypertension. Although majority of the LV systolic and diastolic 

function variables were reversed after six weeks, alterations in morphological and 

myocardial deformation were not reversed. Therefore, a single dose of LPS 

administration may impact structural remodelling and myocardial strain in rats 

predisposed to hypertension in the long-term. 
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Chapter 1: Introduction  
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One of the leading causes of morbidity and death globally is hypertension, which 

is a significant risk factor for cardiovascular disease (CVD) (Mills et al., 2020). In 2019 

alone, hypertension caused approximately 10.8 million deaths worldwide (Micklesfield 

et al., 2022). The prevalence of high blood pressure has been steadily increasing 

worldwide (Mills et al., 2020), with World Health Organisation estimating 1.3 billion 

people living with hypertension globally (Geneva: World Health Organization (WHO), 

2023).  

In South Africa, hypertension causes more burden than in high-income 

countries, such as the United Kingdom and Canada (Mills et al., 2020). Although 

antihypertensives are readily available in low-income countries, which can effectively 

reduce blood pressure, the disease control still remains suboptimal (Schutte et al., 

2021). Only 24% of adults with hypertension in South Africa are diagnosed, undergo 

treatment and have their hypertension under control ( World Health Organization 

(WHO), 2023). The increased burden of hypertension emphasises the need for further 

investigations regarding its pathophysiology and improved control. 

Hypertension, along with other risk factors such as age, influence the 

pathogenesis of heart failure with a preserved ejection fraction (HFpEF) (Borlaug, 

2020). HFpEF is a clinical condition characterised by the inability of the heart to 

adequately fill with blood during diastole, leading to symptoms of congestion (Bozkurt 

et al., 2021). Half of all heart failure cases are accounted for by HFpEF, and its 

prevalence is continuing to increase (Nair, 2020). Therefore, investigating the risk 

factors and how they interact in the progression of HFpEF is imperative.  

It was shown recently that sepsis increased the risk of developing myocardial 

infarction, congestive heart failure and stroke up to 5 years after recovering from the 
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condition (Kosyakovsky et al., 2021). Indeed, sepsis plays an independent role in the 

increased risk of CVD development (Angriman et al., 2022). According to The Third 

International Consensus Definitions task force, sepsis is defined as uncontrolled 

inflammatory host response to infection, that is life-threatening and targets the organs, 

including the heart (Singer et al., 2016). Sepsis is characterised by an imbalanced 

immune response, that results in a hyper-inflammatory state accompanied by a 

suppressed immune system (van der Poll et al., 2017). The increased inflammation 

causes all the harmful effects seen in sepsis patients (van der Poll et al., 2021). The 

incidence of sepsis was 233.6 per 100 000 people in 2016, compared to 175.9 in 2011 

(Kang et al., 2024).  In a six-year sepsis study, 47% of the hospitalised patients 

diagnosed with sepsis had pre-existing hypertension (Kang et al., 2024). Therefore, 

the pathogenesis and management of inflammation need to be further elucidated. 

Furthermore, the mechanisms by which an increased inflammatory response causes 

myocardial dysfunction in sepsis patients years after recovery ought to be 

investigated. 

The present dissertation commences with a literature review in chapter 2, that 

outlines the most recent findings on HFpEF, hypertension and inflammation. Chapter 

2 will also provide the knowledge gaps and inconsistencies in the development of LV 

diastolic and systolic dysfunction that emphasise the need for conducting this study. 

The methods are described in chapter 3 and the findings are presented in chapter 4. 

Chapter 5 discusses the findings from this study in context to the previous findings, 

and chapter 6 concludes and lists the limitations and potential future implications of 

the present study. 
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Chapter 2: Literature review 
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2.1 Heart failure 

Heart failure is a heterogeneous condition characterised by the inability of the 

heart to maintain metabolic demands of the body, resulting in exhaustion, breathing 

difficulties and oedema (Kemp & Conte, 2012). Heart failure affects 1-3% of adults, 

which significantly contributes to the burden of disease worldwide (Groenewegen et 

al., 2020). Heart failure can be classified into subtypes according to left ventricular 

(LV) ejection fraction (EF) (Savarese et al., 2022). A LVEF below 40% describes heart 

failure with a reduced LVEF (HFrEF), while LVEF equal or greater than 50% describes 

heart failure with a preserved LVEF (HFpEF) (Bozkurt et al., 2021). LVEF between 

40% and 50% describes heart failure with a mid-range LVEF (HFmrEF) (Bozkurt et 

al., 2021; Savarese et al., 2022).  

The cause of heart failure is multifactorial, and different events or risk factors 

are linked to the different classifications of heart failure (Savarese et al., 2022). For 

instance, an impaired pump capacity and reduced systolic function characterise 

HFrEF, which is largely caused by a significant loss of functional cardiomyocytes due 

to injury or damage (Van Heerebeek et al., 2006). In contrast, an impaired ability of 

the LV to relax during diastole and fill with blood characterises HFpEF, which has been 

ascribed to the stiffening of the myocardium (Yamamoto et al., 2002). Although both 

HFrEF and HFpEF have similar physiological symptoms, their aetiology, management 

and treatment are very different (Simmonds et al., 2020). In this regard, the aetiology 

of HFrEF has been well described and treatment and management strategies have 

been effective (Balmforth et al., 2019). In contrast, the aetiology of HFpEF is poorly 

understood and is believed to be heterogeneous (Tschöpe & Van Linthout, 2014; 

Lewis et al., 2017). Hence, it is not surprising that the therapy of HFpEF has puzzled 
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the cardiovascular scientific community for some time (Lewis et al., 2017). Moreover, 

HFpEF is becoming more prevalent and accounts for more than half of heart failure 

occurrences (Dunlay et al., 2017). Therefore, in the next chapters, I will discuss some 

of the aspects contributing to HFpEF and identify areas of uncertainty that were 

investigated in this research.  

2.2 Heart failure with a preserved ejection fraction 

As mentioned above, in HFpEF, the heart is unable to adequately relax and fill 

with blood during diastole (Savarese et al., 2022). HFpEF is often preceded by LV 

diastolic dysfunction, a preclinical change in cardiac function that is characterised by 

impaired relaxation (Redfield et al., 2003), and increased LV stiffness (Borbély et al., 

2005). This impaired relaxation and stiff ventricle prevent adequate LV filling during 

diastole (Zile et al., 2004). Therefore, even though pump and systolic function is 

adequate, decreased LV end-diastolic volume results in a low cardiac output, and 

hence the characteristic heart failure symptoms (Hamdani et al., 2013; Tan et al., 

2017). 

2.2.1 Characteristics and measures of LV diastolic dysfunction 

During diastole, the ventricles relax to ensure adequate filling of the LV with 

blood for the subsequent cardiac cycle (Savarese et al., 2022). As mentioned in the 

preceding section, impaired LV relaxation and elevated passive stiffness are the 

hallmarks of LV diastolic dysfunction. Hence, it is suggested that both passive and 

active processes contribute to myocardial relaxation (Borlaug & Kass, 2006). The 

passive processes are important for diastolic relaxation as they facilitate adequate 

compliance, which allows the LV to recoil (Biesiadecki et al., 2014). LV diastolic 
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dysfunction arises when structural or functional LV abnormalities prevent the 

myocardium to recoil, and hence prevents adequate LV filling during diastole (Kapila 

& Mahajan, 2009). On the other hand, active processes require adenosine 

triphosphate (ATP) to facilitate the removal of calcium (Ca2+) from the cytosol to allow 

for the dissociation of the cross-bridges formed during LV contraction (Biesiadecki et 

al., 2014). Based on these two processes, the fundamental features of LV diastolic 

dysfunction are raised LV end-diastolic as well as left atrial pressures (Chinnaiyan et 

al., 2007; Lewis et al., 2017). 

Structural and functional changes in LV diastolic dysfunction are routinely 

diagnosed by echocardiography (Chu et al., 2019). Two-dimensional (2D) or M-mode 

echocardiography is used to determine LV internal chamber diameter and wall 

thickness in systole and diastole, which together determine the presence of structural 

remodelling (Shah et al., 2019). The internal chamber diameter relative to the wall 

thickness are utilised to determine the relative wall thickness (RWT) and LV mass, 

which are both indices of concentric or eccentric LV hypertrophy patterns (Nistri et al., 

2008). Concentric LV hypertrophy is a mild and early alteration in heart geometry and 

is linked to LV diastolic dysfunction (Cuspidi et al., 2002). Nevertheless, substantial 

morphological heterogeneity has been reported in LV diastolic dysfunction and hence 

not all patients present with concentric hypertrophy or increased LV mass (Lewis et 

al., 2017). 

In addition to structural and geometric remodelling, echocardiography is often 

used to assess functional diastolic measures (Zile et al., 2004; Abhayaratna et al., 

2006). Pulsed-wave Doppler is used to measure early (E) or late (A) mitral inflow 

velocities, and the ratio of E/A indicates LV relaxation (Kasner et al., 2011). Tissue 
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Doppler imaging measures rate of tissue lengthening at the mitral annulus during early 

(e’) or late (a’) diastole (Redfield et al., 2003). One of the early markers of poor 

relaxation is impairments in the early mitral annulus lengthening velocity (e’) (Nagueh 

et al., 1997), while the e’/a’ ratio indicates LV stiffness (Redfield et al., 2003). LV filling 

pressures are measured as E/e’ (Kasner et al., 2011). Indeed, these 

echocardiographic measures of impaired relaxation (E/A and e’), increased stiffness 

(e’/a’) and elevated filling pressures (E/e’), are reported in patients with LV diastolic 

dysfunction (Andersen et al., 2017), and are linked to HFpEF pathogenesis (Wachtell 

et al., 2000; Kasner et al., 2011).  

2.2.2 Characteristics and measures of LV systolic dysfunction 

Besides diastolic function, systolic function is also routinely measured by 

echocardiography (Shvilkina & Shapiro, 2023). As mentioned above in section 2.2.1, 

chamber sizes and volumes can be measured using either M-mode echocardiography 

or using more sophisticated volumetric techniques, such as Simpson’s biplane 

(Bellenger et al., 2000). These measures are used to calculate endocardial (FSend) or 

mid-wall fractional shortening (FSmid) and LVEF (Schussheim et al., 1998; Shah et al., 

2019). However, these measures are global measures of pump function and 

contractility, and are largely influenced by heart rate, afterload, preload as well as 

changes in the cardiac geometry (Stokke et al., 2017). In this regard, LVEF may 

remain normal with the presence of concentric hypertrophy regardless of decreased 

stroke volume or cardiac output (Tan et al., 2017; Chu et al., 2019). Therefore, due to 

geometric influence, LVEF does not accurately reflect the more sensitive measures of 

systolic function in HFpEF (Stokke et al., 2017). 
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Besides diastolic abnormalities, subclinical myocardial systolic dysfunction has 

been documented in HFpEF patients (Guan et al., 2019). Recently in our lab, we have 

shown in a model of LV diastolic dysfunction induced by inflammation, that despite 

normal LVEF and FSend, rats present with subclinical systolic dysfunction (Mokotedi et 

al., 2020; Denga et al., 2023). In this regard, two-dimensional speckle tracking 

echocardiography (STE) is a novel, precise technique used in measuring myocardial 

strain, which is used to assess subclinical LV systolic function (He et al., 2021). 

Myocardial strain is a measurement of length and velocity of LV segments in the 

longitudinal or circumferential planes in different axes over several cardiac cycles 

(Stokke et al., 2017). STE measures myocardial strain with increased sensitivity and 

precision (Chu et al., 2019), providing an advantage over the use of conventional 

echocardiographic determination of systolic function. Another method of measuring 

LV systolic function that outperforms LVEF is left ventricular outflow tract (LVOT) 

velocity time integral (VTI), which is an index for stroke volume and measures the 

amount of blood ejected (Nistri et al., 2008). LVOT VTI has been used to predict 

disease severity in hospitalised patients with HFpEF (Omote et al., 2020). In addition, 

LVOT Vmax is the maximal velocity of blood that flows through the LVOT, and together 

with LVOT VTI ascertain the capacity of the LV to pump blood, and hence a more 

precise method in assessing LV pump function (Nistri et al., 2008). 

While echocardiography has been a major tool in achieving consensus 

regarding the definition of LV diastolic dysfunction, it is established that this syndrome 

includes a sizable group of individuals with various comorbidities (Paulus & Tschöpe, 

2013). However, as mentioned above, the underlying disease mechanisms of LV 

diastolic dysfunction are partially misunderstood. The many cellular pathways involved 
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in LV diastolic dysfunction are responsible for the incomplete comprehension around 

its pathogenesis. (Lewis et al., 2017). In the following section, I will briefly highlight 

some of the known molecular pathways that lead to LV diastolic dysfunction.  

2.2.3 Molecular mechanisms of LV diastolic dysfunction 

The pathogenesis of LV diastolic dysfunction has been linked to several 

molecular mechanisms, making its management challenging (Simmonds et al., 2020). 

Different molecular mechanisms are believed to contribute to the passive and active 

processes implicated in LV diastolic dysfunction (Franssen & González Miqueo, 2016). 

With regards to increases in LV stiffness, it is suggested that both extracellular matrix 

(ECM) remodelling and changes in the functional properties of cardiomyocytes 

contribute to its development (Borbély et al., 2005; Zile et al., 2015). 

The myocardial ECM consists of a network of fibres of structural or non-

structural proteins, including collagen and elastin, and several cells such as 

fibroblasts, leukocytes as well as cardiac myocytes and vascular cells (Rienks et al., 

2014). The structural protein collagen comprises the majority of the ECM content and 

provides support and strength to the myocardium (Pauschinger et al., 1999). Cardiac 

collagen is produced and broken down to maintain a stable balance and consistent 

volume in the ECM (Zile et al., 2015). The overall amount of collagen in the ECM is 

the result of balancing collagen production and degradation, post-translational 

modifications and post-synthetic processing (López et al., 2012; Zile et al., 2015). 

Increased rate of collagen synthesis in relation to the rate of degradation leads to an 

increased collagen volume (González et al., 2018b). In addition, when collagen 

degradation is increased through the action of matrix metalloproteinases, whose 
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function is to degrade extracellular matrix components, the degraded products in turn 

stimulate the production of collagen (Li et al., 2000). However, this stimulation often 

leads to disorganised collagen synthesis as well as a change in the collagen isoform 

(Westermann et al., 2011; López et al., 2012). 

Indeed, collagen exists in two isoforms; the more rigid collagen type I and the 

more compliant collagen type III (Pauschinger et al., 1999). Based on the isoform that 

dominates the ECM, collagen may affect the ECM structural properties (Kasner et al., 

2011). Besides increased collagen turnover, post-synthetic processes such as 

collagen cross-linking play a further role in fibrotic formation, and hence the altered 

ECM properties (López et al., 2012). Several pathological conditions have shown to 

disrupt the balance of collagen turnover and cross-linking, which may lead to cardiac 

fibrosis (Westermann et al., 2011). Various comorbidities including diabetes mellitus, 

obesity and hypertension, have been linked to a disruption in the homeostasis of 

collagen, which is highly prevalent and an important contributor to HFpEF 

development (Paulus & Tschöpe, 2013; Zile et al., 2015). Indeed, myocardial biopsies 

of HFpEF patients had higher collagen content, with a shift in the isoform from the 

compliant collagen type III to the rigid collagen type I and increased cross-linking 

between collagen fibres (Paulus & Zile, 2021). These changes in collagen volume and 

isoform have been strongly associated with LV passive stiffness in LV diastolic 

dysfunction (Westermann et al., 2011).  

As previously mentioned in section 2.2, although the definition of HFpEF 

suggests that the condition is characterised by diastolic abnormalities, evidence 

suggests that the existence of HFpEF-related impaired LV systolic cardiac function 
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(Fukuta & Little, 2007). However, the current cellular mechanisms underlying these 

observations are limited and indirect (Nagueh, 2021). Nevertheless, it is suggested 

that ECM changes and interstitial fibrosis are the most plausible contributors to 

impaired regional systolic dysfunction, as it may interfere with contraction force 

generation and transmission (Tyagi, 2000; Maragiannis et al., 2018; Frangogiannis, 

2021). Considering that systolic dysfunction in HFpEF patients is a sign of a worse 

clinical outcome (Omote et al., 2020), better comprehension of the mechanisms 

involved in systolic dysfunction in HFpEF is necessary. 

Besides ECM remodelling, it has been proposed that changes in the properties 

of the cardiomyocytes also contribute to increased LV passive stiffness (Borbély et al., 

2005). In cardiomyocytes, LV passive stiffness depends largely on titin, a giant 

cytoskeletal protein which acts as a molecular spring in the sarcomere (Fukuda et al., 

2005). In the adult myocardium, titin exists in two isoforms; namely, the N2B isoform, 

which is shorter and stiffer, and the N2BA isoform, which is longer and more compliant 

(Fukuda et al., 2005; Zile et al., 2015). The myocardium co-expresses both the N2B 

and N2BA isoforms in a balanced ratio in healthy persons (Zile et al., 2015). However, 

in HFpEF patients, there is a shift towards the expression of the N2B isoform, which 

is responsible for the increased LV passive stiffness (Van Heerebeek et al., 2006). 

Besides the changes in the titin isoform, LV passive stiffness is further regulated by 

the phosphorylation status of titin (Paulus & Tschöpe, 2013). Several molecular 

pathways, including cyclic guanosine monophosphate (cGMP)-dependent protein 

kinase-G (PKG) have been proposed to regulate titin phosphorylation (Krüger et al., 

2009). Indeed, in patients with HFpEF low levels of PKG and hypophosphorylation of 
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the N2B subunit of titin have been strongly associated with the increased LV passive 

stiffness (Borbély et al., 2009; Van Heerebeek et al., 2012).  

During systole, cytosolic Ca2+ facilitates cross-bridge formation that results in 

cardiac contraction (Grossman, 1991). Following contraction, the myocardium needs 

to relax and reduce the LV pressure, to allow the opening of the mitral valve to 

adequately fill the LV with blood for the subsequent cardiac cycle (Grossman, 1991). 

The process of active relaxation largely depends on mitochondrial function to produce 

ATP that is needed by the sarcoplasmic reticulum Ca2+-ATPase (SERCA) pump for 

the reuptake of Ca2+ into the sarcoplasmic reticulum (Griffiths & Rutter, 2009). In LV 

diastolic dysfunction, it has been proposed that increased cytosolic Ca2+
 

concentrations during diastole caused prolonged actin-myosin cross-bridge activation, 

resulting in increased resting tension, and thus impaired LV relaxation (Selby et al., 

2011; Kilfoil et al., 2020). In this regard, Ca2+ leaking into the cytosol from the 

sarcoplasmic reticulum via dysfunctional sodium (Na+) - Ca2+ exchanger have been 

suggested to contribute to an inability of the LV to relax during diastole (Selby et al., 

2011). Others have suggested that abnormalities in the SERCA pump function lead to 

impaired Ca2+ reuptake from the myocardial cells, also contributing to impaired 

relaxation (Kilfoil et al., 2020). Similarly, others have suggested that changes in LV 

passive stiffness may be the main contributor in the development of LV diastolic 

dysfunction (Sakata et al., 2013). Nevertheless, further research is needed to better 

understand the pathophysiological mechanisms underlying the development of LV 

diastolic dysfunction.  

Since it is well known that LV diastolic dysfunction has several heterogeneous 

phenotypes (Redfield et al., 2003), it is important to further consider the risk factors 
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that are associated with its development. In this regard, a variety of comorbid 

conditions have been linked to the pathogenesis of LV diastolic dysfunction including 

obesity, ageing and diabetes mellitus (Franssen et al., 2016). However, hypertension 

is still considered a primary factor involved in the decline of LV diastolic function and 

HFpEF (Hicklin et al., 2020).  

2.3 Contribution of hypertension to LV diastolic dysfunction  

In South Africa, as of 2019, there are at least 45% of people who live with 

hypertension (Geneva: World Health Organization (WHO), 2023). Hypertension is 

classified as systolic blood pressure greater than 140 mmHg and diastolic blood 

pressure greater than 90 mmHg (Szelényi et al., 2015). It has been shown that if 

hypertension is poorly managed, there is a 36% likelihood that it will ultimately result 

in LV diastolic dysfunction or HFpEF (De Simone et al., 2005; Border et al., 2007; 

Rayner, 2010). In this regard, there are several physiological mechanisms whereby 

hypertension can lead to LV diastolic dysfunction (Wachtell et al., 2000). However, the 

most well documented consequences of hypertension that contribute to LV diastolic 

dysfunction are LV remodelling and fibrosis (González et al., 2018a).  

Long-standing high blood pressure leads to LV remodelling which includes 

changes in the size, shape, structure and function of the LV (De Simone et al., 2005; 

Zile et al., 2011). One of the main characteristics of hypertension-induced LV structural 

remodelling is LV hypertrophy (Izzo & Gradman, 2004). Briefly, an increased blood 

pressure increases the afterload, and hence the workload of the LV (Grossman et al., 

1975). To maintain an adequate stroke volume against the increase in LV afterload, 

there is a compensatory increase in myocardial wall thickness to maintain the force of 

contraction (Grossman et al., 1975). Increased wall thickness without a change in 
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chamber volume results in the development of pressure-dependent concentric 

hypertrophy (Izzo & Gradman, 2004). LV concentric hypertrophy maintains LV systolic 

function, however, the increased LV wall thickness due to the pressure overload may 

ultimately reduce LV compliance, thus leading to impaired LV relaxation (De Simone 

et al., 2005). There are several pathological changes that were found present in 

hypertensive patients presenting with LV hypertrophy (Drazner, 2011). In a model of 

pressure overload, increased myocyte size and fibrosis of the perivascular space were 

associated with the presence of hypertrophy in mice (Matsusaka et al., 2006). Indeed, 

changes in ECM protein composition and arrangement cause the progression of 

hypertension to LV hypertrophy (Berk et al., 2007). 

Despite the fact that LV diastolic dysfunction is linked to concentric LV 

hypertrophy, hypertension can cause cardiac dysfunction without affecting cardiac 

geometry (Zile et al., 2011). In fact, concentric LV hypertrophy is not seen in all 

individuals with heart failure induced by hypertension (Ganau et al., 1992). Similarly, 

studies showed that hypertensive patients may present with LV diastolic dysfunction, 

without concentric LV hypertrophy (Zile et al., 2011; Lee et al., 2015; Yucel et al., 

2015). As mentioned in section 2.2.3, excess synthesis of collagen fibres and cross-

linking results in myocardial fibrosis (Westermann et al., 2011). The functional 

properties of collagen fibres include LV passive stiffness, solubility and the ability to 

be degraded (Brower et al., 2006). In contrast to the normal collagen present in healthy 

cells, collagen cross-linking produces collagen fibres that have increased LV passive 

stiffness, are insoluble and cannot easily be degraded (López et al., 2012). Taken 

together, the quantity and quality of the collagen contribute to myocardial fibrosis. 



 

16 

 

Fibrosis increases wall tension, and subsequent impairments in LV relaxation 

and increased LV passive stiffness, which are linked to LV diastolic dysfunction (Lew 

et al., 2014). Finally, long-standing pressure overload has also been shown to activate 

pro-fibrotic pathways without cardiomyocyte cell death (Kong et al., 2014).It is well 

accepted that there is a strong relationship between hypertension, myocardial fibrosis 

and LV diastolic dysfunction. However, the molecular mechanisms involved in the 

progression of hypertension to LV remodelling, remain under investigation. In this 

regard, hypertension-induced systemic inflammation has recently been suggested as 

one of the mechanisms that may contribute to the development of hypertension 

induced cardiac structural and functional changes (Paulus & Tschöpe, 2013).  

2.4 The role of inflammation in LV diastolic dysfunction and HFpEF 

Inflammation occurs as a general immune response to infection, injury or stress 

and can be classified as acute or chronic (Asgharzadeh et al., 2018a; Asgharzadeh et 

al., 2018b). Acute inflammation is a short-term process that is activated within a few 

minutes to hours after exposure to the insult and usually resolves within hours to days 

(Asgharzadeh et al., 2018b). In contrast, chronic inflammation happens in response to 

long-term inflammatory stress, such as comorbid conditions or when the immune 

system does not resolve the acute inflammatory process adequately (Ortega-Gómez 

et al., 2013; Asgharzadeh et al., 2018b). In the sections below, I will highlight the 

current knowledge regarding the contribution of both chronic and acute inflammation 

to LV diastolic dysfunction.  

2.4.1 The role of chronic inflammation in the development of LV diastolic dysfunction 

Studies have demonstrated a systemic inflammatory state in heart failure 

patients, as evidenced by increased circulating levels of interleukin (IL)- 6 and tumour 
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necrosis factor (TNF)- α (Collier et al., 2011). Additionally, IL- 1β was shown to cause 

cardiac remodelling, thus leading to LV diastolic dysfunction (Harouki et al., 2017). 

Indeed, increased levels of inflammatory cytokines are strongly associated with LV 

diastolic dysfunction and HFpEF in adults (Torre-Amione et al., 1996; Deswal et al., 

2001). As previously mentioned, chronic exposure to comorbid conditions induces 

chronic low-grade systemic inflammation (Asgharzadeh et al., 2018b). In this regard, 

studies showed that chronic low-grade systemic inflammation has deleterious effects 

on cardiac structure and function (Lew et al., 2013; Asgharzadeh et al., 2018a). 

Furthermore, in diseases characterised by chronic systemic inflammation such 

as auto-immune disorders, there is increased risk for the development of HFpEF 

compared to the overall populace (Breunig et al., 2018). In our lab, we demonstrated 

in a collagen-induced arthritis rat model, characterised by chronic systemic 

inflammation, that circulating and tissue inflammatory markers, including TNF- α, IL- 6 

and IL- 1β are consistently associated with the development of altered cardiac 

geometry, abnormal LV pump function and contractility as well as subclinical systolic 

dysfunction, using STE (Mokotedi et al., 2020; Manilall et al., 2021; Le Roux et al., 

2022). Increased levels of circulating inflammatory markers cause a decline in 

subclinical systolic function, as indicated by decreased myocardial strain, (Ikonomidis 

et al., 2009). However, what evidence is there that inflammation contributes to the 

molecular mechanisms associated with LV diastolic dysfunction development? 

A decade ago, in a seminal paper, Paulus & Tschöpe (2013) proposed that 

comorbid-induced inflammation is strongly implicated in the development of LV 

diastolic dysfunction and its progression to HFpEF (Paulus & Tschöpe, 2013). It was 

suggested that chronic low-grade inflammation leads to myocardial structural and 
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functional changes via microvascular endothelial dysfunction, (Paulus & Tschöpe, 

2013; Franssen et al., 2016). In this regard, increased expression of vascular adhesion 

molecules leads to the activation, adhesion and migration of circulating leukocytes 

through the endothelium into the ECM (Westermann et al., 2011; Szelényi et al., 

2015). The activated leukocytes increase the expression of transforming growth factor- 

β, which mediates the differentiation of cardiac fibroblasts into myofibroblasts in the 

ECM (González et al., 2011). Myofibroblasts stimulate deposition of collagen into the 

ECM, resulting in increased collagen volume, an increase in the collagen type I 

compared to collage type III expression and increased collagen cross-linking (Kasner 

et al., 2011; López et al., 2012). As previously mentioned, these alterations in collagen 

regulation lead to fibrotic tissue formation, resulting in increased myocardial LV 

passive stiffness and impaired LV relaxation, and finally LV diastolic dysfunction 

(Kasner et al., 2011; Manilall et al., 2021).  

Furthermore, it has been proposed that chronic inflammation caused by 

comorbid conditions is linked to altered myocardial relaxation via changes in titin 

phosphorylation and cardiac Ca2+ handling (Franssen & González Miqueo, 2016). In 

response to the inflammation-induced changes in the microvascular endothelium, the 

bioavailability of endothelial nitric oxide (NO) is reduced (Paulus & Tschöpe, 2013). 

This reduced NO bioavailability impacts the adjacent cardiomyocytes, as it causes a 

reduction of cGMP production, thus leading to the decreased activation of PKG in the 

cardiomyocytes (Szelényi et al., 2015; Manilall et al., 2021). Reduced cGMP-

dependent PKG results in titin hypophosphorylation, and subsequent increase in 

myocardial LV passive stiffness (Borbély et al., 2009).  
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Besides the influence of inflammation on LV passive stiffness, studies have also 

proposed that it impacts active relaxation processes (Sturgess et al., 2021). Some 

studies have suggested that chronic inflammation may impair the SERCA pumps and 

cause increased cytosolic Ca2+ concentrations in the myocardium, leading to impaired 

LV relaxation (Joulin et al., 2009). However, this was not supported by prior studies in 

our (Manilall et al., 2023), and other laboratories (Pironti et al., 2018).  

Taken together, there is clear evidence that chronic inflammation, induced by 

comorbid conditions, is important in the pathogenesis of LV diastolic dysfunction as 

well as preclinical systolic dysfunction. Moreover, independent of hypertension, our 

lab has consistently shown a strong association between inflammation and LV 

diastolic and systolic dysfunction (Mokotedi et al., 2020; Le Roux et al., 2022), and the 

molecular mechanisms driving its development (Manilall et al., 2021; Manilall et al., 

2023). However, based on the model of chronic inflammation established in our 

laboratory, it seems that inflammation-induced LV diastolic dysfunction is largely 

driven by changes in LV passive stiffness, especially changes in ECM remodelling 

(Manilall et al., 2021).  

Despite the important role of chronic inflammation in LV diastolic dysfunction 

development, the recent coronavirus diseases (COVID)- 19 pandemic has highlighted 

the devastating cardiovascular consequences of an acute onset of high-grade 

systemic inflammation (Peng et al., 2021). In this regard, systemic inflammation 

induced by COVID-19 has been associated with the development of LV diastolic 

dysfunction, especially in patients with associated comorbid conditions, such as 

hypertension (Zaccone et al., 2021). Moreover, in patients with existing LV diastolic 

dysfunction, inflammation induced by COVID-19 was associated with the progression 
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to HFpEF (Zaccone et al., 2021). In previous studies, it was reported that myocardial 

inflammation and fibrosis were present in up to 78% of patients who had COVID in the 

chronic phase of the disease (Unudurthi et al., 2020). Although the role of COVID-19 

in the development of LV diastolic dysfunction is beyond the scope of this study, the 

important question is what is the evidence that acute high-grade inflammatory events 

contribute to LV diastolic dysfunction? And more importantly, are these events 

compounded by pre-existing comorbid conditions, such as hypertension?  

2.4.2 Acute high-grade systemic inflammation 

Research indicates that cardiac structure and function may be negatively 

impacted by an acute onset of high-grade inflammation (Zhang et al., 2017; Xiao et 

al., 2021). Sepsis and other conditions marked by acute high-grade systemic 

inflammation can cause multiple organ failure, which commonly includes myocardial 

dysfunction (Angriman et al., 2022). Previously, high-grade inflammation was shown 

to cause a decline in systolic function in a sepsis model, as indicated by decreased 

LVEF (Parker et al., 1984). The role of high-grade inflammation in diastolic dysfunction 

has not been adequately studied (Davis et al., 2011; Landesberg et al., 2012). 

However, recent evidence suggests that high-grade inflammation causes diastolic 

abnormalities, in addition to subclinical systolic function decline (Mokotedi et al., 2020). 

Based on these inconsistencies, the need to study mechanisms of cardiac dysfunction 

induced by acute high-grade inflammation as well as its long-term consequences is 

evident.  

2.5 Effect of acute high-grade LPS-induced inflammation on cardiac function  

Recent research has reported that patients who were hospitalised with severe 

sepsis were more likely than the general population to develop myocardial dysfunction, 
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at least one year post recovery (Kosyakovsky et al., 2021). Comorbid conditions have 

been associated with sepsis development and severity (Wang et al., 2012). Although 

no causal relationship was determined between hypertension and sepsis (Wang et al., 

2012), it was shown that they both present with endothelial dysfunction, which leads 

to the myocardial dysfunction (Bermejo-Martin et al., 2018).  

Animal models using lipopolysaccharide (LPS) administration have been used 

to investigate the processes driving cardiac dysfunction caused by acute high-grade 

inflammation (Table 2.1). Briefly, these studies highlight that despite the variations in 

LPS dosage, administration method and duration of exposure, LPS administration 

caused severe changes in cardiac structure and function. Gram-negative bacteria 

contain LPS, which triggers the host innate immune system to produce a high cytokine 

load via the activation of toll-like receptors (TLRs) (Lew et al., 2013). The immune 

reaction to LPS is important in fighting off the infection, however, it may cause 

detrimental reactions within the host, which may ultimately lead to multiple-organ 

failure (Beheshti et al., 2020). Once-off intraperitoneal injections of LPS have been 

shown to increase levels of TLR- 4 and nuclear factor (NF)-κB in the myocardium 

(Zhang et al., 2017; Xiao et al., 2021). LPS acts through toll-like receptor (TLR)- 4 to 

activate the NF-κB signalling pathway, thus resulting in the translocation of NF-κB from 

the cytoplasm into the nucleus, and leading to subsequent expression of several 

inflammatory cytokines, including IL- 1β (Figure 2.1) (Strand et al., 2015; Xiao et al., 

2021). Increased levels of cardiac IL- 1β were reported to correlate with the level of 

cardiac injury in LPS-induced inflammation (Fairweather et al., 2003). 
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Figure 2. 1 Intracellular signalling pathways of LPS. 

The binding of LPS to its membrane-bound receptor, TLR-4, leading to the activation 

of the IκB kinase (IKK) complex, which phosphorylates the IκB bound to and inhibiting 

NF-κB, resulting in the degradation of IκB. The unbound NF-κB translocates into the 

nucleus, and binds DNA to regulate the expression of inflammatory cytokines such as  

IL-1β. (Figure 2.1 modified from Hou and colleagues (2015)). 
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LPS-induced inflammation resulted in several myocardial alterations and 

subsequent acute decline in LV systolic and diastolic function, independent of prior 

cardiac injury (Clerc et al., 2018; Cai et al., 2020). In a chronic, recurrent LPS 

administration rat study, inflammation increased cardiac fibrosis (Lew et al., 2014; 

Asgharzadeh et al., 2018b). However, an acute study reported cardiomyocyte damage 

via increased interstitial oedema, cardiomyocyte cell attachment disruption and 

apoptosis without any cardiac fibrosis (Li et al., 2014; Xianchu et al., 2018). The 

absence of cardiac fibrosis in acute models of LPS-induced inflammation suggests 

that fibrosis is a long-term process that occurs in chronic models of inflammation only 

(Li et al., 2021). Despite the contrasting evidence, studies have shown that acute high-

grade inflammation causes immediate changes to myocardial structure and function 

(Landesberg et al., 2012). However, whether a single bout of LPS-induced 

inflammation results in long-term fibrotic tissue development needs to be elucidated.  

LPS exposure has been associated with global LV systolic dysfunction in the 

short-term, as measured by reduced fractional shortening (FS) and LVEF (Chu et al., 

2019). Chronic LPS-induced high-grade inflammation reduced the pump function 

(LVEF) and contractility (FS) of the heart (Wu et al., 2018). However, an acute model 

of LPS-induced inflammation reported a reduction in FS 6 hours after LPS 

administration, which was ameliorated after 24 hours (Lew et al., 2013). This finding 

suggests that the rats fully recovered from LPS-induced inflammation, and the LV 

pump function returned to baseline after 24 hours. Increased collagen volume, 

mitochondrial dysfunction and cardiomyocyte apoptosis were implicated in the 

development of the systolic dysfunction (Lew et al., 2013; van der Poll et al., 2017).  
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Although it has not been well studied in chronic LPS models, it is suggested that 

LV diastolic function is affected by acute LPS-induced inflammation (Sturgess et al., 

2021). Acute LPS-induced inflammation impaired LV relaxation, via dysfunction of the 

SERCA pump, resulting in impaired Ca2+ handling (Joulin et al., 2009). Compared to 

chronic studies, fibrosis is not implicated as a mechanism in the development of 

diastolic dysfunction in acute LPS studies (Li et al., 2021). However, LPS caused 

increased LV wall thickness 15 minutes after administration in rodents (Iwase et al., 

2001). Histopathological tests showed that the increased LV wall thickness was driven 

by myocardial oedema and capillary congestion (Iwase et al., 2001). Together, acute 

myocardial oedema and the increased LV wall thickness results in increased LV 

passive stiffness and impaired diastolic dysfunction (Desai et al., 2008). Despite the 

fact that myocardial function is acutely altered in response to acute LPS-induced 

inflammation, whether an acute onset of high-grade inflammation may cause long-

term LV functional impairment is presently unknown. Therefore, it is essential to 

determine the mechanisms underlying the development of myocardial dysfunction in 

the long-term after exposure to acute high-grade inflammation. Additionally, whether 

pre-existing hypertension compounds the effects of LPS-induced inflammation should 

be investigated.
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Table 2.1 Summary of LPS studies assessing the effects of LPS-induced inflammation on cardiac parameters  

Author Protocol 
Echocardiographic 

measures 
Main outcomes 

Asgharzadeh_2018a 

Weekly ip injections of 10 mg/kg LPS in 

Wistar rats. The rats were terminated after 

4 weeks. 

__ 
Inflammation induces cardiac fibrosis 

as a primary effect, leading to HFpEF. 

Asgharzadeh_2018b 

Daily ip injections of 1 mg/kg LPS in Wistar 

rats. The rats were terminated after 3 

weeks. 

__ 
LPS induced cardiac inflammation, 

which led to fibrosis 

Zhao_2016 

Once-off iv injection of 20 mg/kg LPS in 

Sprague-Dawley rats. The rats were 

terminated after 4 hours. 

LVEDD, LVESD, FS 

LPS induced inflammatory cells 

infiltration into myocardium, and 

Impaired systolic function (FS) 

Chu_2016 

Once-off ip injection of 10, 20 or 25 mg/kg 

LPS in C57BL/6J mice. The mice were 

terminated after 6 hours. 

LVEDD, LVESD, 

LVEDV, LVESV, 

LVEF, FS, CS 

LV dilation at 20 mg/kg, impaired 

systolic function (FS, LVEF) and 

worsened circumferential deformation 

after LPS administration. 

Sturgess_2021 

Once-off iv injection of 10 mg/ml LPS in 

Sprague-Dawley rats. The rats were 

terminated after 2 hours. 

LVEDD, LVESD, FS, 

LVOT VTI, LVOT Vmax, 

E, e', E/e' 

LPS induced impaired LV diastolic 

function which was associated with 

infiltration of inflammatory cell. 

Zhang_2017 

Once-off ip injection of 10 mg/kg LPS in 

Sprague-Dawley rats. The rats were 

terminated after 24 hours. 

LVEDD, LVESD, FS 

LPS induced infiltration of immune 

cells, LV dilation, Impaired systolic 

function (FS) 



 

26 

 

Lew_2014 

Weekly ip injections of 10 mg/kg LPS in 

C57B1/6 mice. The mice were terminated 

after 1, 2, 3 and 4 weeks. 

LV mass/BW 

LPS activated pro-fibrotic mediators 

days after administration, which 

induced fibrosis after 2 weeks, with no 

changes before then 

Saiyang_2020 

Once-off ip injection of 10 mg/mL LPS in 

C57/B6J mice. The mice were terminated 

after 6, 12 and 24 hours. 

LVEDD, LVESD, 

LVEF, FS 

LPS induced impaired systolic function 

(FS, LVEF). 

Cai_2020 

Once-off ip injection of 6 mg/kg LPS in 

C57BL/6 mice. The mice were terminated 

after 6 hours. 

LVEDD, LVESD, 

LVEF, FS 

LPS triggered cardiac inflammation 

and impaired systolic function (FS, 

LVEF) 

Wei_2018 

Once-off ip injection of 6 mg/kg LPS in 

C57BL/6. The mice were terminated after 6 

hours. 

LVEF, FS 

LPS induced signs of septic shock in 

the rats and Impaired systolic function 

(FS, LVEF) 

Wu_2018 

Twice-a-week ip injections of 2.5 mg/kg 

LPS in BALB/c mice. The mice were 

terminated after 5 weeks. 

Heart mass/BW, 

LVEDD, LVESD, 

LVEDV, LVESV, 

LVEF, FS 

LPS induced LV dilation, impaired 

systolic function (FS, LVEF), infiltrating 

immune cells and presence of fibrosis 

Xiao_2021 

Once-off ip injection of 10 mg/kg LPS in 

Wistar rats. The rats were terminated after 

12 hours. 

LVPWs, LVEDV, 

LVESV, LVEF, FS 

LPS induced cardiac inflammation and 

impaired systolic function (FS, LVEF) 

Clerc_2016 

Once-off intraperitoneal injection of 10 

mg/kg LPS in Wistar rats. The rats were 

terminated after 4 hours. 

LVEF, FS, E/A, CS, 

LS, LVEDV, LVESV  

LPS induced delayed LV relaxation, 

Impaired systolic function (FS, LVEF, 

CS & LS) 
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Li_2021 

Once-off intraperitoneal injection of 4 or 10 

mg/kg LPS in Sprague-Dawley rats. The 

rats were terminated after 6 hours. 

LVEF, FS 

LPS impaired systolic function (FS, 

LVEF), caused diffuse interstitial 

oedema, cardiomyocyte damage and 

hypertrophy without cardiac fibrosis 

Joulin_2009 

Once-off intravenous injection of 10 mg/kg 

LPS in Sprague-Dawley rats. The rats were 

terminated after 4 hours. 

LVEF, FS, E/A 

LPS induced impaired LV relaxation 

and impaired systolic function (FS, 

LVEF) 

LPS, lipopolysaccharide; ip, intraperitoneal; iv, intravenous; HFpEF, heart failure with preserved ejection fraction; LVEDD, left 

ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; FS, fractional shortening; LVEF, ejection fraction; 

LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LV mass/BW, left ventricular mass 

normalised to body weight; Heart mass/BW, heart mass normalised to body weight; CS, circumferential strain; LS, longitudinal strain; 

LVPWs, left ventricular posterior wall thickness in systole; LVOT VTI, left ventricular outflow tract velocity time integral; LVOT Vmax, 

left ventricular outflow tract maximum velocity; E, early mitral valve inflow velocity; A, late mitral valve inflow velocity; e', early mitral 

annular motion velocity.
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2.6 Problem statement 

HFpEF accounts for 50% of all heart failure cases with prevalence that 

continues to increase across the world. Patients with HFpEF often present with 

impaired LV relaxation and passive stiffness, which are involved in the pathogenesis 

of LV diastolic dysfunction. There are several cellular and molecular pathways that are 

connected to the aetiology of LV diastolic dysfunction, and this heterogeneity limits our 

understanding of the development of HFpEF.  

Comorbid conditions, such as hypertension, have a detrimental role in the 

pathogenesis of LV diastolic and systolic dysfunction. The long-standing increased 

blood pressure drives structural changes in the myocardium, leading to LV 

remodelling. However, as with HFpEF, the phenotype of hypertension is not consistent 

in all hypertensive patients. Some hypertensive patients present with LV remodelling 

and functional changes that are absent in other hypertensive patients. Therefore, the 

mechanisms of how hypertension-induced LV remodelling leads to HFpEF requires 

further elucidation. 

Recently, it was shown that hypertension or other comorbid conditions did not 

fully account for all the changes shown in LV systolic and diastolic function. Indeed, 

inflammation was implicated in the progression of hypertension to LV diastolic 

dysfunction. It was established that inflammation drives cellular and molecular 

pathways that lead to LV diastolic and systolic dysfunction. Fibrotic tissue formation, 

as an underlying mechanism, has been shown to cause LV remodelling. These LV 

morphological changes resulted in impaired LV systolic and diastolic function in 

response to chronic low-grade inflammation.  
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The detrimental effects of inflammation on cardiac structure and function have 

been well described in chronic models of inflammation. However, the short-term 

effects of acute high-grade inflammation have been inconsistent and unclear, 

highlighting the need to investigate the short- and long-term consequences of 

exposure to acute high-grade inflammation.  

Patients with severe sepsis developed myocardial dysfunction at least one year 

after recovery. The use of LPS, which activates sepsis, has allowed for the 

investigation of the effect of acute high-grade inflammation in animal models. The 

short-term effects of acute LPS-induced inflammation have been determined in rodent 

models; however, the long-term effects of acute LPS-induced inflammation have not 

been studied. Therefore, the mechanisms responsible for the development of 

myocardial dysfunction in the long-term post LPS administration need to be 

determined. 

Additionally, sepsis patients who had comorbid conditions, such as 

hypertension, had a higher risk for developing myocardial dysfunction in the long-term. 

However, the underlying mechanisms of how hypertension influenced the 

development of sepsis-induced myocardial dysfunction in the long-term were not 

reported. Therefore, whether hypertension worsens myocardial dysfunction caused by 

inflammation ought to be investigated. 
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2.7 Aim 

To compare the short- and long-term effects of acute high-grade inflammation 

on myocardial morphology and function in rats. In addition, the study aimed to 

determine whether the effects of acute high-grade inflammation on myocardial 

morphology and function is exacerbated in rats with hypertension. 

Objectives 

The objectives are to determine: 

1. the changes in LV geometry, systolic and diastolic function using 

echocardiography 24 hours and 6 weeks after a single LPS administration in 

normotensive Wistar Kyoto (WKY) and Spontaneously Hypertensive rats 

(SHR). 

2. serum concentrations of IL- 1β as inflammatory markers 24 hours and 6 

weeks after a single LPS administration in WKY and SHR. 

3. changes in LV fibrosis, using histology, in the heart tissue 24 hours and 6 

weeks after a single LPS administration in WKY and SHR. 
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Chapter 3: Methods
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3.1 Animals 

Four-month-old male Wistar Kyoto (WKY, n=36) rats and spontaneously 

hypertensive rats (SHR, n=38) were used in this study. The rats were obtained from 

the Wits Research Animal Facility (WRAF), and they were housed in individual cages, 

in a temperature-controlled room. The rats were allowed unrestricted access to a 

standard rat chow diet and water. The experimental procedures were approved by the 

Animal Research and Ethics Committee (AREC) of the University of the Witwatersrand 

(AREC number: 2022/05/03/C). 

3.2 Study design 

The rats underwent a two-week adaptation period, where body weight and blood 

pressure were measured weekly. Following the adaptation period, the rats were 

randomly assigned to two groups per rat strain namely saline or LPS injection to obtain 

the following groups: WKY-control, WKY-LPS, SHR-control, SHR-LPS (Figure 1). To 

induce inflammation, the rats in the LPS groups received a single intraperitoneal 

injection of LPS (1 mg/kg, serotype 0111:B4, Merck KGaA, Darmstadt, Germany) 

derived through phenol extraction from Escherichia coli and reconstituted in saline. 

The rats in the control groups received a single intraperitoneal injection of saline (1 

ml/kg). In each group, the rats were then further divided into the 24-hour group, where 

the rats were terminated 24 hours post LPS (or saline) administration, and the 6-week 

group, where the rats were terminated 6 weeks post LPS (or saline) administration.  

To determine the short-term effects of LPS, the rats in the 24-hour groups for 

both rat strains had their blood pressure and body weight measured 24 hours post 

LPS or saline injections. Echocardiography was then performed under anaesthesia 

before termination and blood sampling by cardiac puncture. The rat heart was then 
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isolated and tissues were harvested and stored for histopathological analyses. In the 

long-term (6-week) groups, for both rat strains, sickness behaviour was monitored 

following LPS administration using a sickness behaviour assessment sheet (Appendix 

B) which included monitoring of signs of distress, lethargy, laboured breathing or a 

change in appearance, appetite or body weight. The animals were monitored for 

sickness behaviour twice daily for the first 3 days after LPS administration, then once 

daily for the rest of the week (4 days) and thereafter once a week for the remaining 

five weeks. In addition, in the long-term groups, body weight and blood pressure were 

measured once a week for the duration of the study. At the end of the 6-week period, 

echocardiography was performed under anaesthesia before termination and blood 

was sampled by cardiac puncture. The heart was isolated and tissues were harvested 

and stored for histopathological analyses. The rats that died following LPS injections 

were excluded from the sample (n=2). 
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Figure 3.1 Experimental protocol for the study.  

LPS, lipopolysaccharide

 

Habituation 
t = - 2 weeks 

LPS (1 mg/kg) or Saline 
administration 

t = 0 

Wistar Kyoto (WKY) rats 
Control (24-hour) (n = 5) 
LPS (24-hour) (n = 6) 
Control (6-week) (n = 12) 
LPS (6-week) (n = 13) 

Spontaneously hypertensive rats (SHR) 
Control (24-hour) (n = 8) 
LPS (24-hour) (n = 8) 
Control (6-week) (n = 11) 
LPS (6-week) (n = 11) 

 

End of experiments for 24-hour 
groups: 
 
Blood pressure 
Body weight 
Echocardiography 
Termination 
Blood and tissue collection 

t = 24 hours t = 6 weeks 

Measurements during habituation 

period: 
Blood pressure, body weight 

End of experiments for 6-week 
groups: 
 
Blood pressure 
Body weight 
Echocardiography 
Termination 
Blood and tissue collection 

Weekly measurements: 
Blood pressure, body weight 
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3.3 Measurements and procedures 

3.3.1 Non-invasive blood pressure 

Blood pressure was measured using the tail-cuff technique (Biopac Systems 

Inc, Goleta, CA, USA). Each rat was placed in a restrainer to allow access to the base 

of the tail. The rats were habituated to the restrainers during the habituation period. 

The tail was heated on a heating pad for 5 minutes prior to attaching the tail cuff. The 

tail cuff was coupled to a volume-pressure sensor which measured systolic and 

diastolic blood pressure. An average of two measures were taken as the blood 

pressure.  

3.3.2 Echocardiography 

3.3.2.1 Conventional echocardiography 

Prior to termination, anaesthesia was induced using 2% isoflurane in oxygen in an 

induction chamber and maintained with continuous 1% isoflurane ventilation. The rats 

were placed in a left lateral decubitus position with their chest hair shaved. An 

experienced researcher blinded to the experimental groups performed 

echocardiography using a high-resolution ultrasound probe (15 MHz) coupled to a 

cardiology ultrasound system (Affiniti CVx, Philips Healthcare, Andover, 

Massachusetts). M-mode images were obtained in the parasternal long axis view to 

measure left ventricular (LV) dimensions, including LV end-diastolic diameter 

(LVEDD), end-systolic diameter (LVESD), posterior wall thickness (LVPW) and 

intraventricular septal wall thickness (IVS) in systole (s) and diastole (d) (Figure 3.2). 

Endocardial fractional shortening (FSend) was calculated as [(LVEDD- LVESD) / 

LVEDD] x 100 (Saiyang et al., 2021). LV relative wall thickness (RWT) was determined 
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as (IVSd + LVPWd)/LVEDD) (Mokotedi et al., 2020). The Teichholz formula was used 

to determine LV end-diastolic volume (LVEDV) and end-systolic volume (LVESV) as; 

 LVEDV= [7/ (2.4 + LVEDD)] x LVEDD3 and as LVESV= [7/ (2.4 + LVESD)] x LVESD3 

(Teicholz et al., 1976). LV ejection fraction (LVEF) was determined as [LVEF= (LVEDV 

– LVESV)/ LVEDV] (Teicholz et al., 1976). An average of three measures were used 

for each variable. 

Pulsed-wave Doppler was performed in apical four-chamber view to measure the 

transmitral inflow velocity at the level of the mitral valve leaflet tips during early (E) and 

late (A) diastole (Figure 3.3). LV relaxation was calculated as the E/A ratio. Pulsed-

wave Doppler in the apical five chamber view was used to measure left ventricular 

outflow tract (LVOT) velocity time integral (VTI) as well as LVOT peak velocity (Vmax) 

as measures of systolic flow (Figure 3.4).  

Tissue Doppler Imaging (TDI) was used in apical four-chamber view to measure the 

myocardial tissue lengthening velocities of the mitral annulus of both the septal and 

lateral walls during early (e’) and late (a’) diastole (Figure 3.5). Early systolic mitral 

velocity (s’) was also measured for the septal and lateral walls. Where necessary, the 

average of the lateral and septal velocities was calculated and reported as so. All three 

e’ measures were used as indices of LV relaxation. LV passive stiffness was 

calculated as e’/a’ and LV filling pressure was calculated as E/e’. All echocardiography 

images and videos obtained were viewed and analysed offline using IMAGE-COM 

software (TOMTEC Imaging Systems GmbH, Germany). 
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Figure 3.2 Representative M-mode image obtained in the parasternal long-axis view 

showing the left ventricular dimensions.  

IVSd, interventricular septum in diastole; IVSs, interventricular septum in systole; 

LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic 

diameter; LVPWd, left ventricular posterior wall thickness in diastole; LVPWs, left 

ventricular posterior wall thickness in systole.

 

IVSd IVSs 

LVEDD LVESD 

LVPWd LVPWs 
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Figure 3.3 Representative pulsed-wave Doppler image obtained in apical four-

chamber view showing mitral inflow velocities during diastole.  

E, early mitral inflow velocity; A, late mitral inflow velocity.

 

E 

A 
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Figure 3.4 Representative pulsed-wave Doppler image obtained in apical four-

chamber view showing LVOT VTI and LVOT Vmax.  

LVOT VTI, left ventricular outflow tract velocity time integral; LVOT Vmax, left 

ventricular outflow tract peak velocity.

 

 

LVOT Vmax 

LVOT VTI 
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Figure 3.5 Representative tissue Doppler image obtained in the apical four-chamber 

view to measure tissue lengthening of the mitral annulus during diastole.  

e', early annular tissue velocity; a’, late annular tissue velocity, s’, early systolic mitral 

annular velocity.

e

' 

a

' 

s

' 

 

e' 

a' 

s' 



 

41 

 

3.3.2.2 Speckle-tracking echocardiography (STE) 

B-mode videos were obtained to assess LV systolic function by measuring 

myocardial strain in both the circumferential and longitudinal views. Two-dimensional 

(2D) speckle tracking echocardiography analyses were performed offline using 

TOMTEC-ARENA TTA2.51 ultrasound workspace software (2D CPA, TOMTEC 

Imaging Systems GmbH, Germany). For circumferential speckle tracking, three 

endocardial markers were placed in the end-systolic frame followed by the end-

diastolic frame in the short-axis view. Similarly, for longitudinal speckle tracking, three 

endocardial markers were placed in the end-systolic frame followed by the end-

diastolic frame in the apical four-chamber view. The automated border tracking 

software was used to trace the endocardial and epicardial borders of the LV 

myocardium, which were manually adjusted to accurately track the movement of the 

myocardium. The software tracked the frame-to-frame movement of the natural 

acoustic markers, also called speckles, to accurately track the movement of the 

myocardium (Figure 3.6 A & B). The software produced a 6-segmental myocardial 

strain of the chamber for both the longitudinal and the circumferential strains. Peak LV 

longitudinal and circumferential strain measurements were obtained and the average 

calculated from three consecutive cardiac cycles from the six anatomic regions. 

Myocardial strain is a measure of the degree of deformation of the LV during systole 

(Chu et al., 2016).  
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Figure 3.6 Representative B-mode images obtained to measure myocardial strain in 

the apical four-chamber view.  

A) Circumferential strain trace in the short-axis view, and B) Longitudinal strain trace.

 

A B 
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3.3. Inflammatory marker interleukin (IL)-1β concentration 

Following echocardiography, the rats were terminated by cardiac puncture. The blood 

was collected and allowed to clot at room temperature, whereafter it was centrifuged 

at 3000 rpm for 15 minutes, and serum was collected and stored at – 80 °C. Serum 

concentrations of IL- 1β were measured in duplicate using Enzyme-linked 

Immunosorbent Essay (ELISA) as per the manufacturer’s instructions (ABclonal 

Technology Co. Ltd, Ma, USA). The optical density of the reaction was detected using 

an automated microplate reader at 450 nm (Thermofisher Labsystems Multiskan 

Ascent, MA, USA). The lower detection limit for IL- 1β was 62.5 pg/ml. 

3.3.4 Histology  

Following blood collection, the heart was surgically removed and weighed. The LV was 

dissected along the septum and divided into three sections along the short axis. One 

of the three LV sections was immediately fixed in 10% buffered formalin for histological 

analysis. Following fixation, the LV sections for all the animals were placed in an 

automatic tissue processor (Shandon Citadel 1000, Thermofisher, MA, USA). In the 

processor, the LV sections were dehydrated using ascending concentrations of 

alcohol, cleared using chloroform and infiltrated using paraffin wax. Following 

infiltration, the LV sections were placed in a mould, embedded in wax and cooled to 

solidify. The embedded LV sections were cut in 4 µm sections using a microtome, and 

mounted onto standard glass slides. For the staining procedure, the sections were 

deparaffinized using xylene and rehydrated using varying concentrations of alcohol. 

The tissue sections were then stained with Picrosirius red for one hour, followed by 

differentiation in acidified water and dehydration. The dehydrated slides were mounted 

in Entellan and cover-slipped. The stained slides were examined for markers of 
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cardiac fibrosis. Representative images were acquired using a Zeiss Axioscope 2 

brightfield microscope fitted with a high-resolution camera (Figure 3.7). All images 

were captured at 10x magnification. The myocardial collagen area was calculated as 

an average of three visual fields of view with a high density of collagen fibres and three 

fields of view with a low density of collagen fibres using the NIH ImageJ software 

(version 1.54). Collagen volume fraction (CVF) was calculated as the average 

myocardial collagen area / total myocardial tissue area x 100. 

3.4 Data analysis 

Data analysis was performed using SAS software, version 9.4 (SAS Institute 

Inc., USA). Continuous data are expressed as mean ± standard deviation (SD) for 

normally distributed data, and median ± interquartile range (IQR) for skewed data. The 

Shapiro-Wilk test was used to determine normality of the data distribution. Where data 

was non-normally distributed, it was log transformed prior to linear regression. 

Differences in echocardiographic parameters, CVF and serum concentrations of IL- 

1β were determined using a mixed model, analysis of variance (ANOVA), with rat 

strain (WKY vs SHR) and LPS administration (control vs LPS) as the main effects. 

Differences in body weight and blood pressure were determined using repeated-

measures ANOVA. In the case of significant F-values, Tukey’s post hoc tests were 

performed. Pearson’s correlations were used to determine the associations between 

inflammatory markers, collagen volume and echocardiographic parameters. Statistical 

significance was considered at p < 0.05.



 

45 

 

Chapter 4: Results
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4.1 Changes in body weight and blood pressure 

In the short-term groups, there were no significant differences in body weight 

between the different experimental groups at baseline or at 24 hours after LPS 

administration (all p > 0.05; Table 4.1). In the long-term groups, there was a significant 

change in body weight over time (all p < 0.05; Figure 4.1A). Compared to week 0, rats 

in the WKY-control group and the SHR-control group were significantly heavier at 

week 6 (p = 0.011 and p = 0.02, respectively) and rats in the WKY-LPS group at week 

5 and 6 (p = 0.04 and p = 0.004, respectively). There were no significant differences 

in the body weight changes between the different rat strains or between the control 

and LPS-treated groups (all p > 0.05). 

Regarding blood pressure in the short-term groups, there were no significant 

differences in systolic and diastolic blood pressure between baseline and 24 hours 

after LPS administration in any of the experimental groups (all p > 0.05; Table 4.1). 

There was a significant effect of rat strain, as both systolic and diastolic blood pressure 

were higher in the SHR groups compared to their respective WKY counterparts (all p 

< 0.05).  

In the long-term groups, there were no significant changes in systolic or diastolic 

blood pressure over time in any of the experimental groups (all p > 0.05, Figure 4.1B). 

There were no significant differences between the groups that received LPS compared 

to their respective control groups in either systolic or diastolic blood pressure (all p > 

0.05). However, there was a significant effect of rat strain, as both systolic and diastolic 

blood pressure were consistently higher in the SHR compared to the respective WKY 

groups (all p < 0.05).
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Table 4.1 Body weight and blood pressure at baseline and termination in the short-term groups. 

 Baseline Termination 

 WKY-control WKY-LPS SHR-control SHR-LPS WKY-control WKY-LPS SHR-control SHR-LPS 

Body weight (g) 314.4 ± 34.7 309.3 ± 21.4 294.4 ± 27.4 316.6 ± 22.2 318.4 ± 34.9 296.5 ± 27.7 296.4 ± 27.3 301.4 ± 25.2 

Systolic blood 
pressure (mmHg) 

118 ± 3 119 ± 1 188 ± 3 # 188 ± 4 # 119 ± 2 120 ± 1 185 ± 5 # 185.0 ± 3 # 

Diastolic blood 
pressure (mmHg) 

77 ± 5 78 ± 5 117 ± 4 # 118 ± 5 # 76 ± 2 78 ± 2 121 ± 2 # 119 ± 4 # 

Data expressed as means ± SD. Repeated measures two-way ANOVA was used to determine group or rat strain effects followed by 

Tukey’s post hoc test# P < 0.05 in SHR-control group compared to WKY-control group or SHR-LPS group compared to WKY-LPS 

group. WKY, Wistar Kyoto rats; SHR, spontaneously hypertensive rats; LPS, lipopolysaccharide group.
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Figure 4.1 Changes in (A) body weight, as well as (B) systolic and diastolic blood 

pressure in response to LPS administration in control and LPS-treated rats over six 

weeks.  

Data expressed as means ± SD. Repeated measures two-way ANOVA was used to 

determine group or rat strain effects followed by Tukey’s post hoc test. * P < 0.05 for 

WKY-control week 6 vs week 0, ‡ P < 0.05 for WKY-LPS week 5 and 6 vs week 0 and 

# P < 0.05 for SHR-control week 6 vs week 0 for body weight. And # P < 0.05 for SHR 

(LPS and control) vs WKY (LPS and control) for blood pressure. WKY, Wistar Kyoto 

rats; SHR, spontaneously hypertensive rats; LPS, lipopolysaccharide group. 
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4.2 IL- 1β concentration 

In the short-term group, there was a significant LPS administration effect on IL 

- 1β concentrations (F = 12.59, p = 0.002, Figure 4.2A). However, there was no 

significant effect of rat strain on IL- 1β (F = 0.16, p = 0.69). 

In the long-term groups, there were no significant effects of LPS administration 

(F = 0.08, p = 0.97), or rat strain (F = 0.23, p = 0.64) on serum concentrations of IL- 

1β between the different experimental groups (Figure 4.2B).
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Figure 4.2 Serum concentration of IL- 1β in control and LPS-treated rats at (A) 24 

hours and at (B) six weeks.  

Data expressed as means ± SD. Two-way ANOVA was used to determine group or 

rat strain effects followed by Tukey’s post hoc test. * P < 0.05 in WKY-LPS compared 

to WKY-control or SHR-LPS group compared to SHR-control group. WKY, Wistar 

Kyoto rat; SHR, spontaneously hypertensive rats; LPS, lipopolysaccharide group; IL- 

1β, interleukin - 1β.
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4.3 Changes in cardiovascular parameters 

4.3.1 Cardiac weight and left ventricular geometry 

In the short-term groups, there was a significant effect of rat strain on heart 

weight (F = 13.09, p = 0.001, Table 4.2). Heart weight was significantly higher in the 

LPS-treated SHR compared to LPS-treated WKY rats (p = 0.02). There was a 

significant effect of LPS administration on heart weight (F = 5.13, p = 0.03) and 

normalised heart weight (F = 8.27, p = 0.009), but there were no interactions between 

the effects of rat strain and LPS administration.  

There were no significant effects of LPS administration or rat strain on LV weight 

or normalised LV weight (all p > 0.05). Additionally, there were no significant 

differences in cardiac geometric measures in the control and LPS-treated rats after 24 

hours (all p > 0.05).  

In the long-term groups, there was no significant effect of LPS administration on 

heart weight and normalised heart weight (all p > 0.05, Table 4.2). However, there was 

a significant effect of rat strain on heart weight (F = 17.53, p = 0.0001), and normalised 

heart weight (F = 27.63, p < 0.0001), without interactions between the effects of rat 

strain and LPS administration. There were no significant differences in LV weight and 

normalised LV weight between the different experimental groups (all p > 0.05). There 

were no significant differences in cardiac geometry between the different experimental 

groups (all p > 0.05).



 

52 

 

 Table 4.2 Effect of LPS on cardiac weight and geometry in the short- and long-term groups. 

Data expressed as means ± SD. Two-way ANOVA was used to determine group or rat strain effects followed by Tukey’s post hoc 

test. # P < 0.05 in SHR-control group compared to WKY-control group or SHR-LPS group compared to WKY-LPS group. WKY, Wistar 

Kyoto rat; SHR, spontaneously hypertensive rat; LPS, lipopolysaccharide group; LVEDD, left ventricular end-diastolic diameter; 

LVPWd, left ventricular posterior wall thickness at end-diastole; IVSd, interventricular septal wall thickness at end-diastole; LVESD, 

left ventricular end-systolic diameter; LVPWs, left ventricular posterior wall thickness at end-systole; IVSs, interventricular septal wall 

thickness at end-systole; RWT, relative wall thickness. 

 24 hours 6 weeks 

 
WKY-
control 

WKY-LPS 
SHR-
control 

SHR-LPS 
WKY-
control 

WKY-LPS SHR-control SHR-LPS 

Heart weight (g) 1.12 ± 0.07 1.18 ± 0.10 1.24 ± 0.09 1.39 ± 0.16 # 1.27 ± 0.11 1.23 ± 0.17 1.46 ± 0.16 # 1.43 ± 0.17 # 

Heart weight/body 

weight x 103 
3.54 ± 0.29 4.00 ± 0.59 4.08 ± 0.25 4.61 ± 0.51 3.60 ± 0.48 3.45 ± 0.34 4.09 ± 0.34 # 4.11 ± 0.32 # 

LV weight (g) 0.52 ± 0.07 0.56 ± 0.14 0.56 ± 0.11 0.54 ± 0.09 0.57 ± 0.17 0.56 ± 0.15 0.69 ± 0.23 0.68 ± 0.22 

LV weight/body 

weight x 103 
1.65 ± 0.20 1.93 ± 0.59 1.76 ± 0.23 1.78 ± 0.18 1.61 ± 0.49 1.56 ± 0.42 1.92 ± 0.63 1.94 ± 0.56 

LVEDD (mm) 6.46 ± 0.47 5.69 ± 0.29 5.87 ± 1.21 5.48 ± 0.68 6.86 ± 0.82 7.03 ± 0.70 6.49 ± 0.38 6.46 ± 0.62 

LVPWd (mm) 1.73 ± 0.32 1.73 ± 0.41 1.81 ± 0.27 1.97 ± 0.38 1.72 ± 0.26 1.59 ± 0.27 1.95 ± 0.31 1.72 ± 0.23 

IVSd (mm) 1.48 ± 0.28 1.75 ± 0.34 1.91 ± 0.31 2.05 ± 0.42 1.68 ± 0.28 1.65 ± 0.24 1.95 ± 0.34 1.75 ± 0.23 

LVESD (mm) 3.02 ± 0.60 2.70 ± 0.35 3.47 ± 1.24 3.51 ± 0.87 3.52 ± 0.44 3.82 ± 0.45 3.86 ± 0.54 3.89 ± 0.59 

LVPWs (mm) 2.84 ± 0.40 2.71 ± 0.46 2.49 ± 0.30 2.68 ± 0.15 2.71 ± 0.31 2.44 ± 0.36 2.80 ± 0.36 2.46 ± 0.26 

IVSs (mm) 2.82 ± 0.38 2.88 ± 0.29 2.80 ± 0.40 2.67 ± 0.62 2.81 ± 0.27 2.78 ± 0.30 2.88 ± 0.43 2.63 ± 0.25 

RWT (mm) 0.51 ± 0.12 0.62 ± 0.15 0.68 ± 0.25 0.75 ± 0.18 0.51 ± 0.12  0.47 ± 0.09 0.61 ± 0.10 0.55 ± 0.10 
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4.3.2 LV diastolic function 

In the short-term groups, there was a significant effect of LPS administration on 

mitral inflow velocity in early diastole (E; F = 22.68, p < 0.0001, Table 4.3). There was 

also a significant interaction between LPS administration and rat strain (F = 6.71, p = 

0.02). E was significantly reduced in LPS-treated SHR compared to its control group 

(p = 0.0001). 

There was a significant effect of LPS administration on E/A (F = 8.38, p = 0.008), 

septal e’ (F = 16.8, p = 0.0004), and average e’ (F = 14.9, p = 0.0008), all indices of 

LV relaxation. There was also a significant effect of LPS administration on LV passive 

stiffness, as indicated by average e’/a’ (F = 8.41, p = 0.008). However, there were no 

significant effects of LPS administration on E/e’, an index of LV filling pressures, 

between the different experimental groups (F = 1.29, p = 0.30). There was also no 

significant effect of rat strain on the diastolic function variables (all p > 0.05). 

In the long-term groups, there was no significant effect of LPS administration on 

any of the diastolic function variables (all p > 0.05, Table 4.3). However, there was a 

significant effect of rat strain on LV relaxation (septal e’; F = 15.08, p = 0.0004). There 

was no significant effect of rat strain on LV passive stiffness (e’/a’) and LV filling 

pressure (E/e’) (both p > 0.05).
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Table 4.3 Effect of LPS-induced inflammation on LV diastolic function in the short- and long-term groups. 

 24-hours 6-weeks 

 
WKY-

control 
WKY-LPS 

SHR-
control 

SHR-LPS 
WKY-

control 
WKY-LPS SHR-control SHR-LPS 

E (cm/s) 1.09 ± 0.13 0.98 ± 0.19 1.16 ± 0.15 0.73 ± 0.17 * 1.19 ± 0.16 1.16 ± 0.12 1.05 ± 0.17 1.07 ± 0.14 

E/A 1.43 ± 0.40 1.10 ± 0.29 1.51 ± 0.63 0.90 ± 0.31 * 1.43 ± 0.23 1.49 ± 0.33 1.98 ± 0.90 1.78 ± 0.81 

Septal e' 
(cm/s) 

5.08 ± 0.98 3.32 ± 0.60 * 4.24 ± 0.84 3.20 ± 0.85 * 4.95 ± 0.97 5.02 ± 0.60 4.03 ± 0.81 # 4.08 ± 0.83 # 

Lateral e’ 4.04 ± 0.34 3.60 ± 0.42 4.24 ± 0.94 3.28 ± 0.85 4.83 ± 0.94 4.93 ± 1.08 4.61 ± 0.98 4.72 ± 0.90 

Average e’ 
(cm/s) 

4.56 ± 0.45 3.46 ± 0.17 4.23 ± 0.86 3.24 ± 0.83 * 4.90 ± 0.86 4.99 ± 0.75 4.32 ± 0.53 4.39 ± 0.65 

Average e'/a’ 1.38 ± 0.41 0.87 ± 0.24 * 1.04 ± 0.32 0.80 ± 0.19 1.29 ± 0.32 1.23 ± 0.24 1.18 ± 0.23 1.17 ± 0.29 

E/e’ 0.24 ± 0.04 0.29 ± 0.06 0.28 ± 0.04 0.24 ± 0.07 0.24 ± 0.05 0.22 ± 0.04 0.25 ± 0.05 0.23 ± 0.05 

Data expressed as means ± SD. Two-way ANOVA was used to determine group or rat strain effects followed by Tukey’s post hoc test. * P < 0.05 

in WKY-LPS group compared to WKY-control group or SHR-LPS group compared to SHR-control group. # P < 0.05 in SHR-control compared to 

WKY-control or SHR-LPS group compared to WKY-LPS group. WKY, Wistar Kyoto rat; SHR, spontaneously hypertensive rat; LPS, 

lipopolysaccharide group; E-wave, early mitral inflow velocity; E/A, ratio of early to late mitral inflow velocity; e’, early annular tissue velocity; e’/a’, 

ratio of early to late annular tissue velocity; E/e’, ratio of early mitral inflow velocity to early annular tissue velocity.
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4.3.3 LV systolic function 

In the short-term groups, there was a significant effect of rat strain on global 

systolic function, indicated by LV ejection fraction (LVEF; F = 12.9, p = 0.002) and 

endocardial fractional shortening (FSend; F = 12.71, p = 0.002) (Table 4.4). However, 

there were no significant effects of LPS administration on LVEF and FSend.  

There was a significant effect of LPS administration on LVOT VTI (F = 24.54, p < 

0.0001), and LVOT Vmax (F = 11.67, p = 0.0024), indices of stroke volume. Additionally, 

there was a significant effect of rat strain on LVOT VTI (F = 9.43, p = 0.005), and LVOT 

Vmax (F = 8.01, p = 0.01). We noted no significant effects of LPS administration and 

rat strain on longitudinal systolic function, as indicated by systolic mitral velocity (s', all 

p > 0.05). 

In the long-term groups, there was a significant effect of rat strain on LVEF (F = 

11.55, p = 0.002) and FSend (F = 10.81, p = 0.002), indices of global systolic function 

(Table 4.4). There was no significant effect of LPS administration on global systolic 

function (all p > 0.05).  

There was a significant effect of rat strain on LVOT VTI (F = 6.45, p = 0.01). 

There was no significant LPS administration effect on LVOT VTI after six weeks. 

Finally, there were no significant effects of LPS administration or rat strain on LVOT 

Vmax and s' between the different experimental groups (all p > 0.05).
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Table 4.4 Effects of LPS-induced inflammation on global systolic function in the short- and long-term groups. 

Data expressed as means ± SD. Two-way ANOVA was used to determine group or rat strain effects followed by Tukey’s post hoc 

test. * P < 0.05 in SHR-LPS group compared to SHR-control group. # P < 0.05 in SHR-control compared to WKY-control or SHR-LPS 

group compared to WKY-LPS group. WKY, Wistar Kyoto rat; SHR, spontaneously hypertensive rat; LPS, lipopolysaccharide group; 

LVEF, left ventricular ejection fraction; FSend, endocardial fractional shortening; LVOT VTI, left ventricular outflow tract velocity time 

integral; LVOT Vmax, left ventricular outflow tract peak velocity; s’, systolic mitral annular velocity.

 24 hours 6 weeks 

 WKY-control WKY-LPS SHR-control SHR-LPS WKY-control WKY-LPS SHR-control SHR-LPS 

LVEF (%) 87.59 ± 4.78 87.37 ± 3.99 77.33 ± 11.54 70.77 ± 12.20 # 82.84 ± 3.87 79.93 ± 4.96 75.87 ± 6.62 # 75.48 ± 7.13 

FSend (%) 53.54 ± 7.21 52.68 ± 5.77 42.87 ± 12.47 36.64 ± 9.86 # 46.95 ± 4.01 44.07 ± 4.60 40.69 ± 6.33 # 40.02 ± 6.30 

LVOT VTI (cm) 7.22 ± 0.89 5.92 ± 1.14 6.61 ± 0.94 4.13 ± 1.08 *# 6.67 ± 0.53 6.41 ± 0.68 5.84 ± 0.75 # 6.17 ± 0.89 

LVOT Vmax (m/s) 1.31 ± 0.17 1.17 ± 0.15 1.20 ± 0.19 0.87 ± 0.22 *# 1.17 ± 0.16 1.17 ± 0.16 1.05 ± 0.13 1.12 ± 0.21 

Average s' 
(cm/s) 

4.50 ± 0.46 4.52 ± 0.40 4.33 ± 0.52 3.89 ± 0.36 5.07 ± 0.83 5.05 ± 0.74 4.32 ± 0.84 4.70 ± 0.69 
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4.4 Speckle-tracking echocardiography (STE)  

In the short-term groups, there was a significant effect of LPS administration on 

myocardial deformation, as shown by circumferential strain (F = 6.06, p = 0.02, Figure 

4.3A) and longitudinal strain (F = 10.56, p < 0.0001, Figure 4.4A). There was a 

significant effect of rat strain on circumferential strain (F = 49.32, p < 0.0001) and 

longitudinal strain (F = 47.59, p < 0.0001).  

Although there was no significant effect of LPS administration (all p > 0.05), 

there was a significant effect of rat strain on the rate of myocardial deformation, as 

indicated by circumferential strain rate (F = 39.58, p < 0.0001, Figure 4.3C) and 

longitudinal strain rate (F = 26, p < 0.0001, Figure 4.4C).  

In the long-term groups, there was a significant effect of rat strain on 

circumferential strain (F = 13.02, p = 0.0008, Figure 4.3B), longitudinal strain (F = 

37.63, p < 0.0001, Figure 4.4B), circumferential strain rate (F = 11.87, p = 0.0013, 

Figure 4.3D) and longitudinal strain rate (F = 42.33, P < 0.0001, Figure 4.4D). LPS 

administration had no significant effect on myocardial deformation and the rate of 

deformation in the long-term groups. 
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Figure 4.3 Circumferential strain and strain rate in control and LPS-treated animals at 

(A & C) 24 hours and at (B & D) six weeks.  

Data expressed as means ± SD. Two-way ANOVA was used to determine group or 

rat strain effects followed by Tukey’s post hoc test. * P < 0.05 in SHR-LPS group 

compared to SHR-control group. # P < 0.05 in SHR-control compared to WKY-control 

or SHR-LPS group compared to WKY-LPS group. WKY, Wistar Kyoto rat; SHR, 

spontaneously hypertensive rat; LPS, lipopolysaccharide group. 
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Figure 4.4 Longitudinal strain and strain rate in control and LPS-treated rats at (A & 

C) 24 hours and at (B & D) six weeks. 

 Data expressed as means ± SD. Two-way ANOVA was used to determine group or 

rat strain effects followed by Tukey’s post hoc test. * P < 0.05 in SHR-LPS group 

compared to SHR-control group. # P < 0.05 in SHR-control compared to WKY-control 

or SHR-LPS group compared to WKY-LPS group. WKY, Wistar Kyoto rat; SHR, 

spontaneously hypertensive rat; LPS, lipopolysaccharide group. 
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4.5 Collagen volume fraction (CVF)  

In the short-term groups, LPS administration significantly increased CVF (F = 

5.5, p = 0.02, Figure 4.5A). Although there was a significant effect of rat strain on CVF 

(F = 4.88, p = 0.04), there were no significant interaction effects. 

In the long-term groups, there was a significant interaction between LPS 

administration and rat strain effects on CVF (F = 4.1, p = 0.049). CVF was significantly 

greater in SHR-LPS compared to the WKY-LPS (p = 0.049) group (Figure 4.5B). 
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Figure 4.5 Collagen volume fraction area and representative images of the left 

B 

C 

D 

E 

G 

H 

I 

J 

WKY-Control WKY-Control 

WKY-LPS 

SHR-LPS 

SHR-Control 

WKY-LPS 

SHR-LPS 

SHR-Control 



 

62 

 

ventricle stained with Picrosirius red staining under a brightfield microscope in control 

and LPS-treated rats at (A-E) 24 hours and at (F-J) six weeks.  

Data expressed as means ± SD. Two-way ANOVA was used to determine group or 

rat strain effects on the log transformed data followed by Tukey’s post hoc test. * P < 

0.05 in SHR-LPS group compared to SHR-control group and # P < 0.05 in SHR-LPS 

compared to WKY-LPS. WKY, Wistar Kyoto rat; SHR, spontaneously hypertensive 

rats; LPS, lipopolysaccharide group.
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4.6 Relationship between IL- 1β concentration and echocardiographic markers 

of LV structure and function 

To determine whether inflammatory cytokines were associated with changes in 

the echocardiographic parameters, a Pearson’s correlation analysis was performed. 

In the short-term groups (Figure 4.6A), IL- 1β was associated with impaired relaxation 

(septal e’: r = -0.36, p = 0.04; average e’: r = -0.33, p = 0.046) and LV passive stiffness 

(e’/a’ : r = -0.36, p = 0.04), but not with myocardial deformation (CS: r = 0.14, p = 0.49; 

CSR: r = 0.01, p = 0.95; LS: r = 0.19, p = 0.36); LSR: r = 0.10, p = 0.61), RWT (r = 

0.14, p = 0.50) or fibrosis (CVF: r = 0.03, p = 0.87).  

In the long-term groups (Figure 4.6B), IL- 1β was associated with impaired 

relaxation (E/A: r = 0.35, p = 0.01; average e’: r = 0.29, p = 0.047), increased LV 

passive stiffness (e’/a’: r = 0.34, p = 0.02), impaired myocardial deformation (r = -

0.32, p = 0.03) and fibrosis (CVF: r = 0.38, p = 0.008), but not with RWT (r = -0.05, p 

= 0.75), LV filling pressure (E/e’: r = -0.08, p = 0.60) or the other markers of 

myocardial strain (CS: r = 0.05, p = 0.70; CSR: r = 0.18, p = 0.22; LSR: r = -0.13, p = 

0.38). 
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Figure 4.6 Associations between inflammatory cytokine IL- 1β and measures of cardiac geometry, LV diastolic function and systolic function in 

the (A) short-term and (B) long-term groups.  

Pearson’s correlation analysis was performed to determine the associations. IL- 1β, interleukin- 1β; RWT, relative wall thickness; E/A, ratio of 

early to late mitral inflow velocity; e’, early annular tissue velocity; e’/a’, ratio of early to late annular tissue velocity; E/e’, ratio of early mitral 

inflow velocity to early annular tissue velocity; CS, circumferential strain; CSR, circumferential strain rate; LS, longitudinal strain; LSR, 

longitudinal strain rate; CVF, collagen volume fraction area. 
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4.7 Relationship between collagen volume and echocardiographic markers of 

LV structure and function 

To determine whether changes in the structural properties of the LV were 

associated with changes in the echocardiographic parameters, a Pearson’s correlation 

analysis was performed. In the short-term groups (Figure 4.7A), CVF was associated 

with impaired relaxation (e’: (r = -0.51, p = 0.006) and impairments in myocardial 

deformation (CS: r = 0.53, p = 0.004; CSR: r = 0.44, p = 0.02; and LS: r = 0.42, p = 

003), but not with RWT (r = 0.3282, p = 0.095). 

In the long-term groups (Figure 4.7B), CVF was only associated with impaired 

relaxation (E/A: r = 0.33, p = 0.02), but not with RWT (r = 0.0944, p = 0.53) or any 

marker of myocardial strain (CS: r = 0.10, p = 0.49; CSR: r = 0.21, p = 0.15; LS: r = -

0.04, p = 0.75; LSR: r = 0.04, p = 0.77). 
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Figure 4.7 Associations between collagen volume fraction and measures of cardiac geometry, LV diastolic function and systolic function in the 

(A) short-term and (B) long-term groups.  

Pearson’s correlation analysis was performed to determine the associations. RWT, relative wall thickness; E/A, ratio of early to late mitral inflow 

velocity; e’, early annular tissue velocity; e’/a’, ratio of early to late annular tissue velocity; E/e’, ratio of early mitral inflow velocity to early 

annular tissue velocity; CS, circumferential strain; CSR, circumferential strain rate; LS, longitudinal strain; LSR, longitudinal strain rate.
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Chapter 5: Discussion



 

68 

 

The present study investigated the short- and long-term effects of acute LPS-

induced inflammation on cardiac geometry and function as well as whether pre-

existing hypertension was exacerbated by the effects of inflammation on cardiac 

function. Our main results are that in both normotensive and hypertensive rats, after 

24 hours, there was increased inflammation as indicated by increased IL- 1β 

concentrations. The increased concentrations of IL- 1β was associated with impaired 

LV relaxation (decreased E/A and e’) and increased LV passive stiffness (decreased 

e’/a’), independent of changes in body weight or blood pressure. In the hypertensive 

rats, only LPS administration resulted in additional impairments in LV systolic function, 

as measured by decreased pump function (reduced LVEF and FSend) as well as global 

myocardial deformation (decreased circumferential and longitudinal strain). Impaired 

systolic function measures mentioned above were related to the change in collagen 

volume.  

In the long-term, a single LPS administration did not result in persistent systemic 

inflammation, as IL- 1β concentrations were no different from control rats after six 

weeks. Furthermore, there were no differences in body weight, blood pressure or any 

of the echocardiographic parameters between the LPS and control rats in either of the 

rat strains. However, in the hypertensive rats there were increased heart weight and 

heart weight normalised to body weight, impaired systolic function (decreased LVEF, 

LVOT VTI and FSend) and impaired myocardial deformation (decreased circumferential 

strain, circumferential strain rate, longitudinal strain and longitudinal strain rate), 

compared to the normotensive rats. Interestingly, there were no differences in LV 

diastolic parameters between normotensive and hypertensive rats. Although exposure 

to acute LPS-induced inflammation with pre-existing hypertension did not compound 
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the hypertension-induced changes in LV systolic function, it did contribute to increased 

fibrosis (collagen content). Taken together, these results suggest that in the short-

term, acute exposure to high-grade inflammation impacts both LV systolic and diastolic 

function. In addition, rats predisposed to hypertension have a more pronounced 

inflammation-induced cardiac dysfunction. An acute exposure to high-grade 

inflammation did not have significant effects on the rats, beyond the impact of 

hypertension, on cardiac function. However, an acute exposure to high-grade 

inflammation may cause structural changes in the long-term that may be associated 

with impaired myocardial deformation, an early subclinical change in systolic function.  

5.1 The effects of acute LPS administration on systemic inflammation, body 

weight and blood pressure  

LPS triggers inflammation in a receptor-mediated manner, resulting in the 

activation of downstream signalling pathways (Zhang et al., 2017). LPS binds to toll-

like receptor (TLR)- 4, which in turn activates the nuclear factor- κB (NF- κB) signalling 

pathway (Ghosh & Hayden, 2008). Activation of these pathways increases the cellular 

inflammatory response, which is mainly responsible for the release of pro-

inflammatory cytokines (Wang et al., 2017). NF- κB exists as a complex and is 

localised in the cytosol, bound to its inhibitor, IκB, in healthy cells (Ghosh & Hayden, 

2008). LPS-induced injury triggers phosphorylation of the NF- κB complex mediated 

by IκB kinase complex (IKK), which degrades IκB, and releases the NF- κB complex 

to translocate into the nucleus and promote expression of target genes, including IL- 

1β (Hou et al., 2015). Indeed, in the present study, a single dose of LPS induced 

inflammation, as seen by increased IL- 1β concentrations in the short-term. These 

results are in line with previous studies where the effects of LPS were determined 
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within 24 hours of administration in vivo (Weil et al., 2011; Zhao et al., 2016; Zhang et 

al., 2017; Zhang et al., 2018; Li et al., 2018; Xiao et al., 2021). The increases in 

systemic inflammation in the present study had no effect on either body weight or 

blood pressure within 24 hours. In previous animal models of septic shock, it was 

shown that cardiac output and systemic vascular resistance were decreased (Mulligan 

et al., 2012; Clerc et al., 2018). Sepsis initially results in vasodilation and increased 

capillary permeability due to the inflammatory mediators released as part of the 

immune reaction (Ince et al., 2016; Bermejo-Martin et al., 2018). The hypovolemia and 

reduced peripheral resistance occur as a result of the vasodilation, leading to a 

reduction in stroke volume and the increase in heart rate as a compensatory 

mechanism (Clerc et al., 2018). Nevertheless, it is probable that the reduced cardiac 

output was due to the depleted intravascular volume which was associated with the 

lack of fluid replacement (Clerc et al., 2018). Therefore, it has been suggested that 

LPS causes LV dysfunction mainly via temporary haemodynamic changes (Lew et al., 

2013). In the present study, the dose of LPS was low (1 mg/kg) compared to the 

majority of previous studies that used 10 mg/kg, which may not have resulted in the 

typical septic shock symptoms previously observed. Despite the impairments in 

cardiac function induced by inflammation that will be discussed later, it may be that 

blood pressure was maintained by an increase in the sympathetic nervous system 

activity (Clerc et al., 2018).  

Despite the short-term effects of LPS administration being similar to previous 

reports (Weil et al., 2011; Zhang et al., 2017; Xiao et al., 2021), when the animals in 

the present study recovered for six weeks after a single dose of LPS, there were no 

differences in serum IL- 1β concentrations between the LPS and control groups. This 
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suggests that the acute inflammatory response was resolved after six weeks. Indeed, 

it is well accepted that LPS-induced sickness behaviour resolves within 72 hours 

(Ortega-Gómez et al., 2013). Similarly in the present study, when monitoring the 

animals for sickness behaviour, all rats recovered and showed no sickness behaviour 

(appendix A) within 3-5 days after the LPS administration.  

In the present study, one week after LPS administration, body weight did tend 

to decrease in both normotensive and hypertensive rats. It has been well accepted 

that in animals with an acute infection, there is a decrease in food and water intake 

during the acute sickness response (Harden et al., 2006). Nevertheless, once the 

sickness behaviour was resolved, increases in body weight were similar between the 

groups for the duration of the study. Chronic injections of LPS did not change body 

weight compared to the control group (Asgharzadeh et al., 2018a). Similarly, there 

were no differences in blood pressure between the LPS and control groups of the 

respective rat strains. However, as expected, the blood pressure in the SHR were 

significantly higher compared to their WKY counterparts.  

5.2 The short- and long-term effects of LPS administration and hypertension on 

LV geometry and myocardial fibrosis 

In the present study, exposure to LPS for 24 hours had limited effects on any 

changes in cardiac structure. Although there were trends towards an increased septal 

wall thickness and a decreased LV internal diameter, these differences were not 

significant. Nevertheless, LPS administration did increase the heart weight, even after 

adjusting for body weight. Interestingly, in the SHR that received LPS, there was a 

significant increase in the collagen volume fraction compared to the control SHR. 

These results suggest that LPS may lead to structural changes in the heart that may 
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be worsened by the effects of pressure overload induced by hypertension. 

Additionally, we did not show any rat strain-specific effects in the cardiac geometry 

variables in the short-term groups. These results are inconsistent with previous 

evidence that showed significant differences in cardiac geometry (increased LV mass, 

interventricular septal wall thickness at end-diastole, LV posterior wall thickness at 

end-diastole and relative wall thickness) in 11-week-old SHR compared to age-

matched WKY rats (He et al., 2021). Changes in cardiac geometry were shown to 

begin from 12 weeks after birth (Kokubo et al., 2005), which we did not observe in our 

4-month-old SHR. A previous study suggested that the development of LV 

hypertrophy, which is responsible for the increased LV wall thickness, begins from five 

months (Li et al., 2019). It is possible that the changes in LV wall thickness in the 

present study may have required an extended study duration beyond six weeks. 

In the long-term rats, there were overall significant rat strain effects on the heart 

weight and normalised heart weight. These results are consistent with several 

previous studies showing similar effects in SHR compared to WKY rats in cardiac 

weight (Miguel-Carrasco et al., 2010; Eiler et al., 2011; He et al., 2021). Interestingly, 

CVF was increased in the SHR exposed to LPS compared to their WKY counterparts 

and compared to their control SHR. Furthermore, there were no differences in CVF 

between the SHR-Control and WKY-Control rats. These results suggest that the initial 

exposure to inflammation may have initiated adverse cardiac remodelling in the 

hypertensive, but not normotensive rats.  

It is well established that pressure overload induced by hypertension drives 

significant changes in myocardial structure, leading to the development of myocardial 

hypertrophy (increased relative wall thickness and increased LV mass) or fibrosis 
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(Wachtell et al., 2000). However, in the present study we did not observe an increase 

in CVF in the hypertensive control rats compared to normotensive rats in the long-term 

groups. Hence, it is likely that this response was triggered by the initial inflammatory 

response. Indeed, LPS-induced inflammation causes cardiac fibrosis as a primary 

effect, without pre-existing cardiac injury (Lew et al., 2013; Asgharzadeh et al., 2018b). 

Systemic inflammation causes the migration and infiltration of leukocytes into the 

endothelium, as well as increased production of tumour growth factor- β, resulting in 

the differentiation of cardiac fibroblasts into myofibroblasts that produce collagen 

(Paulus & Tschöpe, 2013). Through the action of TLR- 4, LPS triggers the expression 

of collagen type I and III, with more expression of the rigid type I compared to the more 

compliant type III, resulting in increased fibrosis (Kasner et al., 2011). In addition to 

increased collagen type I expression, inflammation promotes increased collagen fibre 

cross-linking, which contributes to fibrosis and is positively associated impaired LV 

diastolic function (López et al., 2012).  

There are two main patterns of how collagen accumulates to form myocardial 

fibrosis; reparative fibrosis which replaces dead cardiomyocytes and forms fibrotic 

scars as well as reactive fibrosis which occurs without cell loss (López et al., 2015). 

Although reparative fibrosis occurs to repair the myocardium and prevent further 

damage, apoptosis has been reported to play a role in wound healing processes 

(Johnson & DiPietro, 2013). Apoptosis is responsible for eliminating damaged cells 

and maintaining tissue homeostasis (Chen & Lau, 2010). High levels of apoptosis have 

been reported in several cases of fibrosis (Johnson & DiPietro, 2013). However, in the 

present study, we did not measure apoptosis and hence we are unable to make firm 

conclusions on the type of fibrosis. Although it was not statistically significant, in the 
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SHR that received LPS in the long-term, there was a decreased RWT compared to 

the SHR-Control rats. These results suggest a more eccentric remodelling pattern, 

which is characterised by decreased relative wall thickness (Nistri et al., 2008), instead 

of a concentric pattern.  

Although previous studies used repeated administrations of LPS, they showed 

similar CVF results as the present long-term SHR-LPS rats (Lew et al., 2013; 

Asgharzadeh et al., 2018a, 2018b; Wu et al., 2018; Katare et al., 2020), others have 

reported no changes in CVF in the first week after LPS administration (Lew et al., 

2014). Similarly, others have shown that daily LPS administration increased CVF after 

two weeks (Katare et al., 2020). Although another study reported increased expression 

of fibrotic-related genes in the short-term (Xianchu et al., 2018), it is unlikely that this 

would translate into collagen changes after 24 hours. In this regard, sepsis patients 

usually present with increased permeability of the vessels and tissue oedema in 

various organs due to the initial inflammatory cell infiltration (Lee & Slutsky, 2010). 

Hence, in the present study, the initial changes in wall thickness and heart weight in 

the rats in the short-term groups may be explained by myocardial oedema, a common 

but underexplored feature of sepsis. Future studies should investigate the potential 

causes of the changes in cardiac remodelling after acute, short-term LPS 

administration.  

Taken together, the present study showed that acute LPS administration 

resulted in adverse cardiac remodelling that may be due to oedema in the short-term, 

and fibrosis in the long-term. However, only in rats predisposed to hypertension did 

the inflammation cause the adverse effects. It is well established that adverse ECM 

remodelling contributes to impaired LV diastolic and systolic dysfunction (Zhang et al., 
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2024). However, several studies have also shown that LV diastolic dysfunction may 

develop without myocardial hypertrophy (Zile et al., 2011). Therefore, we further 

explored the acute and chronic effects of acute LPS administration on LV diastolic and 

systolic function. 

5.3 The short- and long-term effects of LPS administration and hypertension on 

LV diastolic function 

It is well accepted that systemic inflammation impacts cardiac function, both in 

acute and chronic inflammatory conditions (Peng et al., 2021). Indeed LPS-induced 

inflammatory mediators, including IL- 1β, have been shown to impact cardiac function 

(Xiao et al., 2021). In the present study, acute LPS administration resulted in impaired 

LV relaxation as measured by a reduced E/A and decreased mitral annular 

lengthening velocity in early diastole (e’) in the short-term. A decreased e’ is 

considered one of the earliest markers of impaired LV relaxation, and unlike the E/A 

ratio, is not dependent on filling pressures (Nagueh et al., 1997). Several studies 

reported impaired relaxation as indicated by decreased e’ (Sturgess et al., 2021; Soni 

et al., 2022). Similar to our results, previous studies have consistently reported LV 

diastolic dysfunction in response to LPS administration (Joulin et al., 2009; Clerc et 

al., 2018). Furthermore, LPS administration resulted in an increase in LV passive 

stiffness, as indexed by a decreased e’/a’ in the short-term. Interestingly, these 

changes did not translate into changes in LV filling pressure (E/e’). In contrast, a study 

reported no differences in LV passive stiffness as indexed by e’/a’ in the LPS group 

compared to the control group (Soni et al., 2022). The younger mice used in the 

previous study (Soni et al., 2022), had not been exposed to hypertension, possibly 

explaining the inconsistency with our results. It is well established that hypertension 
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causes increased LV passive stiffness via LV hypertrophy (Lundin et al., 1983). As 

previously mentioned, inflammation may be a trigger for hypertension-induced cardiac 

structural and functional changes. Importantly, the impairments in LV diastolic function 

were more pronounced in hypertensive animals that received LPS compared to their 

WKY counterparts. This result is not surprising, as we have already explained that 

hypertension is one of the main driving factors for the development of LV diastolic 

dysfunction (Lundin et al., 1983).  

In the long-term rats, acute LPS-administration did not impact LV diastolic 

function. This is not surprising as the IL- 1β concentrations returned to baseline levels 

at the time of termination. Indeed, others have suggested that the acute changes in 

LV diastolic function resulting from acute inflammation are reversed once the 

inflammation has resolved (Van Tassell et al., 2013). Nevertheless, in hypertensive 

rats, LV relaxation (septal e’) was impaired compared to the normotensive rats. 

However, there were no differences in LV passive stiffness (e’/a’) or LV filling 

pressures (E/e’), between the hypertensive and normotensive rats. These results 

contrast with previous animal studies where SHR demonstrated increased LV passive 

stiffness and impaired LV filling pressures compared to WKY rats associated with 

concentric hypertrophy (Lundin et al., 1983; Conrad et al., 1995). However, in the 

present study, we did not show an increase in RWT in hypertensive rats, which may 

explain the lack of increases in LV passive stiffness and filling pressure, as previously 

mentioned. Even so, it is well accepted that long standing hypertension is associated 

with abnormal LV relaxation, which may be due to functional, not just structural 

changes (De Simone et al., 2005).  
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LV diastolic dysfunction is driven by impairments in both active relaxation and 

LV passive stiffness (Franssen & González Miqueo, 2016). In active relaxation, Ca2+ 

handling plays a key role in maintaining diastolic function (Biesiadecki et al., 2014). 

Evidence suggests that inflammation impairs relaxation by reducing the expression of 

Ca2+ regulation proteins in vitro, including the SERCA pump, which directly results in 

impaired relaxation (Combes et al., 2002). Changes in the ECM, largely driven by 

changes in collagen volume and change in the phosphorylation of titin, contribute to 

passive LV stiffness (Zile et al., 2015). In this regard, in a rat model of HFpEF, it has 

been shown that inflammation resulted in titin hypophosphorylation, thus resulting in 

increased LV passive stiffness (Franssen et al., 2016). Additionally, inflammation 

triggered collagen gene expression and dysregulated collagen turnover, resulting in 

the accumulation of collagen in human and animal studies of LV diastolic dysfunction 

(Westermann et al., 2011; Manilall et al., 2021). 

In the present study we showed similar associations between inflammation and 

LV diastolic dysfunction markers. Even in the acute inflammatory response, the 

present study shows that inflammation contributes to these mechanisms of impaired 

LV diastolic function. We showed significant associations between IL- 1β 

concentrations and impaired relaxation (e’) and increased LV passive stiffness (e’/a’) 

in the short-term rats. Interestingly, we also showed that CVF was associated with 

impaired relaxation (e’), but not with LV passive stiffness (e’/a’). As previously 

mentioned, it is unlikely that after 24 hours collagen content would change, and hence 

it may be that the fluid shifts and cardiac oedema induced by the inflammation may be 

responsible for the impaired relaxation.  
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In long-standing comorbid conditions such as hypertension, the induction of a 

systemic proinflammatory state has been associated with LV diastolic dysfunction 

(Paulus & Tschöpe, 2013). Although in the present study there were no differences in 

the IL- 1β concentrations between the WKY and SHR rats in the long-term, we showed 

a significant association between IL- 1β concentrations and impaired relaxation (E/A 

and e’) and increased LV passive stiffness (e’/a’), but not increased filling pressure 

(E/e’). Interestingly, the CVF was associated only with relaxation (E/A), and not LV 

passive stiffness or filling pressure. These results suggest mechanisms other than 

inflammation- induced changes in ECM remodelling may contribute to hypertension-

induced LV diastolic dysfunction. In this regard, in other models of chronic 

inflammation in our laboratory, we have shown changes in the molecular pathways 

involved in titin phosphorylation in response to inflammatory stimuli (Manilall et al., 

2022). Further studies are needed to explore the molecular pathways involved in 

hypertension-induced LV diastolic dysfunction, and the mediating role of inflammation.  

5.4 The short- and long-term effects of LPS administration and hypertension of 

LV systolic function 

The relationship between hypertension, inflammation and impaired LV diastolic 

dysfunction is well established (Paulus & Tschöpe, 2013). However, in hypertension-

induced LV diastolic dysfunction, it is presumed that systolic function is preserved, as 

indicated in the diagnosis of HFpEF (Borlaug, 2020). In our laboratory we have 

previously shown that in chronic inflammation, despite maintaining an adequate 

systolic pump function, there are impairments in myocardial deformation, a preclinical 

measure of systolic dysfunction (Mokotedi et al., 2020; Manilall et al., 2023). Moreover, 

in severe sepsis, often due to myocardial apoptosis, pump function may be impaired 
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(Sturgess et al., 2010). Therefore, in this model of acute high-grade inflammation we 

also investigated the LV systolic function.  

The present study showed that in the short-term, hypertension reduced global 

systolic function as indexed by a decreased LVEF and FSend. Although there were no 

differences in LVEF between SHR and WKY rats at five and seven months in a 

single study (Fu et al., 2022), other studies reported that hypertension significantly 

reduced LVEF and FS at 5 months (Kokubo et al., 2005; He et al., 2021). However, 

LVEF and FSend are load-dependent indices of systolic function and can be 

influenced by cardiac geometry (Balija & Lowry, 2011; Marwick, 2018).  

Nevertheless, these global systolic dysfunction changes in the hypertensive 

rats translated to a reduced ejection of blood into the aorta, as shown by a reduced 

LVOT VTI and Vmax. LVOT VTI is a marker of cardiac output and a determinant of 

adequate systemic tissue perfusion (Gola et al., 1996). An animal model showed that 

pressure overload drives the development of concentric hypertrophy to compensate 

for the increased wall stress caused by the long-standing increased blood pressure 

(Sasayama et al., 1976). However, in chronic hypertension, concentric hypertrophy 

often progresses to ventricular dilation, which results in impaired pump function and 

reduced cardiac output (Grossman, 1991; Drazner, 2011; Tan et al., 2017). Our 

results suggest that in addition to systolic dysfunction, hypertension reduced the 

ability of the heart to meet the metabolic demands of the body by reducing systemic 

tissue perfusion. However, these changes were likely accelerated by the initial 

inflammatory stimulus as observed in the short-term rats.  

Cardiac muscles contain fibres extending in three different planes, longitudinal, 

helically and in rings (Chu et al., 2016). These fibres are important for the different 
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ways the heart can undergo deformation during systole, as LV contraction involves 

reducing the diameter of both the short- and long-axis of the LV chamber (Alam et al., 

2000; Li et al., 2014). Therefore, STE is able to detect myocardial deformation in 

different planes and axes, and can recognise LV longitudinal and circumferential 

motion (Chu et al., 2016).  

In the present study, acute LPS-induced inflammation reduced myocardial 

deformation (longitudinal and circumferential strain) in SHR-LPS compared to control 

in the short-term. Previous studies have reported contradictory results, where one 

reported a decline in myocardial deformation (Chu et al., 2016), in line with our results, 

and another study reported no differences in both longitudinal and circumferential 

deformation in response to LPS (Clerc et al., 2018). Previous studies showed that 

myocardial strain measurements can be used to detect early changes in systolic 

function compared to LVEF or FS, showing dysfunction at 6 hours after LPS treatment 

(Chu et al., 2015). Indeed, myocardial strain analysis has been used to report reduced 

systolic deformation with normal LVEF that indicated normal systolic function, 

demonstrating the sensitivity and precision of myocardial strain measurements 

(Stokke et al., 2017). Although they were both affected in our study after 24 hours, it 

was previously shown that LV deformation is first impaired in the longitudinal direction, 

as demonstrated by impaired longitudinal strain, compared to circumferential strain 

(Miyoshi et al., 2013). However, another study reported that circumferential strain was 

better associated with LVEF than longitudinal strain (Fu et al., 2022).  

Interestingly in the short-term, IL- 1β concentrations were not associated with 

changes in myocardial deformation or motion. However, CVF was significantly 

associated with circumferential and longitudinal strain. As previously mentioned, it is 
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unlikely that the changes in CVF are attributed to fibrosis, but rather to cardiac 

oedema. Indeed, others who have reported acute decreases in global longitudinal 

strain deformation also attributed the marked systolic dysfunction to acute oedema 

(Hestenes et al., 2014; Sun et al., 2021). Furthermore, our results showed that acute 

LPS-induced inflammation had no effect on LV systolic function in the long-term, which 

suggested that inflammation-induced LV systolic dysfunction was reversed once the 

inflammation was resolved (Van Tassell et al., 2013).  

Nevertheless, we showed that hypertension caused a decrease in both global 

systolic function as indicated by a decreased LVEF, FSend and LVOT VTI in the long-

term groups. In addition, in hypertensive rats, there was also a reduced longitudinal 

and circumferential strain compared to normotensive controls. Previous evidence 

showed that longitudinal and circumferential strain was similar in 3-month-old SHR 

compared to the WKY rats, but significantly decreased in 5-month-old SHR compared 

to WKY rats (Fu et al., 2022). In the present study, we showed that hypertension-

induced impaired myocardial strain, which was observed in 4-month-old SHR 

compared to WKY rats of the same age. Together, these results suggest that 

hypertension may begin to drive myocardial deformation from four months of age in 

SHR.  

Hypertension and inflammation have been associated with increased collagen 

volume and cross-linking as well as myocardial fibrosis in the myocardium (Kasner et 

al., 2011; Westermann et al., 2011). It has been suggested that increased fibrosis is 

responsible for the early systolic dysfunction as measured by reduced myocardial  

strain (He et al., 2021). Interestingly, the changes in myocardial strain seen in SHR 

occurred without changes in cardiac geometry or LV passive stiffness. In this regard, 
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although inflammation was strongly associated with change in the CVF in the long-

term rats, it was not associated with changes in RWT or with changes in longitudinal 

or circumferential strain. However, IL- 1β concentrations were associated with 

impairments in longitudinal strain. These results suggest that inflammation may 

contribute to impaired myocardial deformation, independent of ECM remodelling. 

Indeed, we have previously shown in chronic inflammation that changes in myocardial 

strain may be related to functional changes in the myosin heavy chain responsible for 

myocardial contractions (Manilall et al., 2021). Nevertheless, further investigations are 

needed to determine the molecular mechanisms responsible for systolic functional 

changes in inflammation and hypertension. 

5.5 Study limitations and future perspectives 

LPS levels in the serum were not measured, as such, we cannot compare our 

results with human sepsis studies. As a result, our data cannot be interpretated in the 

human context. Although rats have allowed us to study the effects of LPS, according 

to our study designs, these rats have small heart sizes which limit adequate STE 

measurements. STE has numerous analysis indexes and includes multiple motion 

indicators. Many indicators could be considered in the present study without the 

information of global myocardial strain in all planes and axes. Although associations 

were demonstrated between circulating inflammatory markers and impaired cardiac 

function, the direct casual effect of inflammation on impaired cardiac function can only 

be implied. Future studies should consider the measurement the several mediators in 

the inflammatory pathways involved in LPS-induced inflammation. Similarly, the 

measurement of fibrosis using CVF needs to be reevaluated, especially in short-term 

cases. Although we nominate oedema to be the primary effect in the short-term, future 
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studies ought to investigate the possible reasons for cardiac remodelling in the short-

term, or find well-established methods in measuring the extent of the oedema.  
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Chapter 6: Conclusion
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Our results provide us with understanding of how LPS-induced inflammation 

hypertension collaborate to induce significant impact on cardiac structure and function. 

We showed that LPS induced inflammation in the short-term, which reduced mitral 

filling patterns, LV relaxation and LV passive stiffness without alterations in LV filling 

pressure. Furthermore, the LPS-induced inflammation impaired systolic function by 

reducing stroke volume measures and reducing myocardial deformation. The diastolic 

and systolic dysfunction driven by inflammation that we observed occurred 

independent of alterations in cardiac geometry. Concentrations of IL- 1β were 

associated with impaired LV relaxation and passive stiffness, measures of LV diastolic 

dysfunction. Additionally, we conclude that LPS-induced inflammation may have 

caused the development of myocardial oedema in the short-term, which resulted in 

the structural alterations seen with the increased heart weight. 

Although we showed increased CVF in our results, we conclude that there is no 

fibrosis present in the short-term groups, as the process takes 1-2 weeks to complete. 

The acute changes in increased CVF are therefore, not a result of fibrosis and may be 

attributed to other mechanisms such as oedema, oxidative stress and apoptosis. 

Myocardial oedema affects the ECM, resulting in the impairments in LV diastolic and 

systolic function we see in the short-term groups. Hypertension, which may have been 

maintained by the sympathetic nervous system, together with the inflammation, 

reduced LV diastolic and systolic function without structural remodelling. Hypertension 

is, therefore, the main driver of diastolic dysfunction, and subsequent heart failure with 

a preserved LVEF. Additionally, hypertension may be driving these effects via ECM 

changes with or without an inflammation trigger. In contrast to existing evidence of 
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heart failure with a preserved LVEF, we showed that hypertension and inflammation 

reduce systolic function, which is detected using early detection measures. 

In the long-term, we showed that the inflammatory process is resolved after six 

weeks, which also reduced the inflammation-induced decline in LV diastolic and 

systolic function seen in the short-term groups. However, we observed changes to LV 

structural and functional changes, which we attribute to hypertension and 

hypertension-induced ECM remodelling. Hypertension independently caused 

impaired myocardial strain in the short-term, which was accompanied by changes to 

cardiac structure as well as impaired systolic function in the long-term. Although 

inflammation is associated with the impaired LV diastolic and systolic function in the 

long-term, LPS-induced inflammation may have triggered the hypertension-induced 

changes seen in cardiac structure and function in the long-term. 

In conclusion, we demonstrated that acute inflammation caused by LPS led to 

detrimental remodelling of the heart, which may have been the result of oedema in the 

short-term and fibrosis in the long-term. Furthermore, the negative consequences of 

inflammation were limited to rats who were predisposed to hypertension. 
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Appendix B Assessment sheet used when monitoring animal sickness behaviour 

during the habituation period and after LPS administration. 

 Score 

Behavioural observations  

 Activity  

Reluctant to move 1 

Lethargy/apathy 2 

Persistent immobility  3 

 Posture  

Normal 0 

Huddled 1 

 Breathing  

Normal 0 

Laboured 1 

Gasping 2 

 Grooming  

Lack of grooming 1 

Rough coat, nasal discharge 2 

Very rough coat 3 

 Orbital tightening  

Orbital tightening not present 0 

Orbital tightening moderately present 1 

Orbital tightening obviously present 2 

Vocalisation  

Vocalisation on handling 1 

Vocalisation, tense and nervous on 

handling 

2 

Vocalisation on moving/spontaneous 3 

Stool  
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Normal 0 

Diarrhoea 1 

Blood on bedding 2 

 Eating / drinking  

Yes 0 

No 1 

 Clinical signs  

 Body weight  

Normal <3% weight loss 0 

3-7% weight loss 1 

8-11% weight loss 2 

12-15% weight loss 3 

>15% weight loss for longer than 5 days HEP 

Eyes  

Bright          0 

Red rimmed 1 

Dim 2 

 Nose  

Clear 0 

Discharge 1 

HEP: humane endpoint implemented. Animals will be humanely killed when the total 

assessment score is ≥ 22 for more than 3 consecutive days. In case of severe weight 

loss (>15%), the animal will be humanely killed. 


