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ABSTRACT 

Heart failure with a preserved ejection fraction (HFpEF) accounts more than 50% of all heart failure cases. 

In comorbid conditions associated with HFpEF such as obesity, hypertension and diabetes mellitus, chronic 

systemic inflammation has been proposed as the underlying causal mechanism of cardiac dysfunction. 

However, confounding factors associated with these comorbid conditions preclude the understanding of the 

independent contribution of inflammation to the molecular mechanisms underlying the different 

phenotypes of HFpEF. This thesis comprises a series of animal and cell culture studies designed to advance 

our understanding of the impact of systemic inflammation on the cellular pathways involved in the 

development of HFpEF.  

Left ventricular (LV) diastolic dysfunction is the primary abnormality associated with HFpEF. Both passive 

LV stiffness and active processes contribute to LV diastolic dysfunction. Cardiac fibrosis contributes to 

passive LV stiffness. Independent of confounding factors, the role of inflammation in cardiac fibrosis and 

its contribution to LV diastolic dysfunction remain uncertain. In the first study, using a model of collagen 

induced arthritis (CIA), I determined the role of systemic inflammation, and the effects of inhibiting 

circulating tumour necrosis factor alpha (TNF-α) with etanercept, on the mRNA expression of genes 

associated with myocardial fibrosis and markers of LV geometry and function measured by 

echocardiography in 70 Sprague-Dawley rats. I showed that after inoculating rats with collagen, 

inflammation caused an increase in the LV relative gene expression of pro-fibrotic genes including collagen 

I (Col1, p < 0.0001), lysyl oxidase (LOX, p = 0.002), and transforming growth factor β (TGFβ, p = 0.03) 

compared to control rats, consistent with the increased relative wall thickness, a marker of LV concentric 

remodelling. I also showed that the relative gene expression of matrix metalloproteinase 2 (MMP2), which 

degrades extracellular matrix components and contributes to collagen turnover, was increased after 

exposing rats to inflammation compared to controls (p = 0.04). Inhibiting circulating TNF-α prevented the 

inflammation-induced increased expression of pro-fibrotic genes, collagen turnover genes and development 

of LV concentric remodelling. Despite preventing the increased profibrotic gene expression and concentric 

remodelling, inhibiting circulating TNF-α did not prevent the inflammation-induced LV diastolic 

dysfunction. These data suggest that inflammation-induced fibrosis and dysregulated LV extracellular 

matrix remodelling contributes to LV concentric remodelling, and this process is mediated by TNF-α. 

However, inflammation-induced LV diastolic dysfunction is likely independent of myocardial fibrosis. 

Besides changes in the extracellular matrix composition, changes in the cardiomyocyte spring protein, titin, 

also contribute to LV passive stiffness and LV diastolic dysfunction. Therefore, in the second study I 

assessed the role of inflammation and inhibiting circulating TNF-α, on the genes regulating the molecular 
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pathways involved in titin phosphorylation in 73 Sprague-Dawley rats exposed to CIA and to TNF-α 

inhibition. LV relative mRNA expression of vascular cell adhesion molecule 1 (VCAM1, p = 0.007), 

pentraxin 3 (PTX3, p < 0.0001), and inducible nitric oxide synthase (iNOS, p = 0.0003) were increased in 

CIA rats compared to controls, indicating local microvascular inflammation and immune cell activation in 

response to collagen inoculation. In turn, the relative LV gene expression of sGCα2 and sGCβ2 were 

decreased, suggesting downregulation of the nitric oxide-regulated soluble guanylate cyclase-cyclic 

guanosine monophosphate (NO-sGC-cGMP) signalling pathway, implicated in titin phosphorylation. 

Inhibiting circulating TNF-α prevented collagen-induced changes in VCAM1, iNOS, sGCα2 and sGCβ2 

expression. Collagen inoculation increased the LV relative gene expression of PP5, which codes for the 

protein that dephosphorylates the N2B stretch element of titin, making it less compliant. Like the 

echocardiographic measures of LV diastolic dysfunction, inflammation-induced increased PP5 expression 

was not prevented by inhibition of TNF-α. These results suggest that inflammation-induced LV diastolic 

dysfunction may be mediated by increased PP5 expression and increased dephosphorylation of the N2B 

stretch element of titin that is independent of TNF-α signalling, rather than by titin phosphorylation via the 

TNF-α-induced downregulation of NO-sGC-cGMP signalling. 

Active processes within the cardiomyocyte contribute to the development of LV diastolic dysfunction. 

Recent evidence suggests subclinical systolic dysfunction in HFpEF, even when ejection fraction is normal. 

The impact of inflammation on active processes that may contribute to LV diastolic and early-stage systolic 

dysfunction is uncertain. In the third study, in 68 Sprague-Dawley rats exposed to CIA and subsequent 

TNF-α inhibition, and in a human adult cardiomyocyte cell line (AC16) exposed to TNF-α, I assessed the 

role of TNF-α on the expression of genes associated with the active cellular processes, including calcium 

homeostasis, oxidative stress, apoptosis and myosin heavy chain isoforms, that may be implicated in the 

active processes of impaired LV diastolic and systolic function. Inflammation did not alter the LV mRNA 

expression of SERCA2a or S100A1, genes involved in calcium handling in rats. In AC16 cells exposed to 

TNF-α, mRNA expression of SERCA2a was not altered. These results suggest that systemic inflammation 

and TNF-α does not impair calcium reuptake in LV diastolic dysfunction. In the CIA model, consistent 

with the preserved ejection fraction, systemic inflammation and inhibiting TNF-α did not alter the 

expression of markers of mitochondrial oxidative stress (SOD2) or apoptosis (BAX/Bcl2). In AC16 cells 

exposed to TNF-α, there was a small increase in expression of markers of apoptosis (BAX/Bcl2), however 

there was a substantial increase in the expression of SOD2, the superoxide dismutase that inactivates 

reactive oxygen species, which likely explains the minimal increase in apoptosis. Taken together, these 

results indicate that the energy-dependent active process is not compromised in the early stages of 

inflammation-induced cardiac dysfunction. Systemic inflammation impaired systolic function, as 
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myocardial deformation (global longitudinal strain) and motion (global longitudinal velocity) were 

impaired in the CIA rats. Consistent with this finding, systemic inflammation resulted in a shift in the 

expression patterns of myosin heavy chain (MyHC) genes from fast-twitch to slow-twitch, as the ratio of 

Myh6/Myh7 was decreased in the CIA rats, which may account for the impaired myocardial systolic 

function. Inhibiting circulating TNF-α prevented the inflammation-induced impairments in LV systolic 

function and the MyHC isoform shift. These results suggest that inflammation-induced systolic functional 

changes result from MyHC isoform shifts, which may be, at least in part, mediated by TNF-α.  

In addition to TNF-α, the inflammatory cytokine, interleukin 6 (IL-6), has also been implicated in 

inflammation-induced cardiac dysfunction. In the fourth study, in 68 Sprague-Dawley rats exposed to CIA, 

I investigated the role of IL-6, by using the IL-6 receptor blocker tocilizumab, on expression of genes 

implicated in the passive and active processes involved in LV diastolic and systolic dysfunction. Blocking 

circulating IL-6 did not prevent any of the inflammation-induced increases in LV relative mRNA 

expressions of pro-fibrotic genes, the genes involved in titin regulation, or the genes involved in the active 

mechanisms of myocardial relaxation or contraction. These findings are consistent with the 

echocardiographic results that showed blocking IL-6 did not prevent the inflammation induced increases in 

concentric remodelling (relative wall thickness), impaired relaxation (e’) or increased filling pressures 

(E/e’) or impaired myocardial deformation and motion. However, the inflammation induced increase in the 

LV mRNA expression of LOX, which codes for the enzyme that cross-links collagen, was partially offset 

in the IL-6 blocker rats, which may have contributed to the partial reduction in LV stiffness (e’/a’). Taken 

together, the effect of IL-6 receptor blockers on inflammation-induced changes in cellular mechanisms 

underlying LV diastolic and systolic dysfunction remain inconclusive, likely, in part, because of the 

complex signalling of IL-6 and the immunogenic effects of using a human monoclonal antibody.  

In conclusion, the findings reported in this thesis advance our understanding of several molecular 

mechanisms whereby inflammation induces LV diastolic and systolic dysfunction. Evidence is provided 

that circulating TNF-α is implicated in the development of LV fibrosis and the resultant concentric 

remodelling, but that LV concentric remodelling is not the main catalyst for the development of LV diastolic 

dysfunction. This thesis further showed that inflammation may induce hypophosphorylation of titin that 

contributes to LV diastolic dysfunction, likely via increased expression of PP5 and not primarily via TNF-

α mediated nitric oxide-mediated cGMP signalling. This thesis also provides evidence that diastolic calcium 

reuptake and the energy-dependent active process of diastolic relaxation is not compromised in the early 

stages of inflammation-induced LV diastolic dysfunction and that these processes do not contribute to early-

stage systolic dysfunction. Lastly this thesis provides evidence that TNF-α contributes to early-stage 

systolic dysfunction in HFpEF, by disrupting myocardial contractile properties.   
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PREFACE  

The management of heart failure with a preserved ejection fraction (HFpEF) is suboptimal, largely because 

of its complex pathophysiology. This limited understanding of HFpEF can be ascribed to its wide range of 

aetiologies and heterogeneous presentation. Systemic inflammation has recently been suggested as an 

underlying cause in the development of HFpEF. Yet, treatment approaches aimed at reducing inflammation 

failed to provide the desired clinical outcomes. Some of the reasons for these failures include treatments 

not targeting phenotypic variations and biological heterogeneity of HFpEF. Furthermore, certain failed 

trials where more than 80% of participants were obese or overweight suggested that comorbid intervention 

before HFpEF ensues may have been beneficial. Therefore, this thesis was prompted by a need to address 

the lack of understanding of the molecular mechanisms underlying inflammation-induced cardiac 

dysfunction in HFpEF, independent of comorbid conditions. 

Diastolic abnormalities are believed to be the main feature of HFpEF. Both passive LV stiffness and active 

processes contribute to LV diastolic dysfunction. Myocardial fibrosis and adverse extracellular matrix 

remodelling contributes to passive LV stiffness. Independent of confounding factors, the role of 

inflammation in myocardial fibrosis and its contribution to LV diastolic dysfunction remain uncertain. 

Therefore, I investigated the role of systemic inflammation and the effects of inhibiting circulating tumour 

necrosis factor alpha (TNF-α) with etanercept, on pro-fibrotic genes and genes involved in extracellular 

matrix remodelling in the development of myocardial fibrosis in a rat model of collagen-induced arthritis 

(CIA).  

Second, changes in cardiomyocyte spring protein, titin, which are believed to be initiated as a result of 

microvascular endothelial dysfunction, also contribute to LV passive stiffness. The phosphorylation status 

of titin isoforms contributes to cardiomyocyte compliance and is regulated by several intracellular 

pathways. Although dysregulated nitric oxide signalling which disrupts the soluble guanylate cyclase-cyclic 

guanosine monophosphate (NO-sGC-cGMP) signalling pathway, has been implicated in aberrant titin 

phosphorylation in a model of metabolic disorder-induced systemic inflammation, whether this signalling 

pathways is impacted in a model of systemic inflammation independent of the confounding factors is 

uncertain. Therefore, I investigated the role of inflammation and inhibiting circulating TNF-α, on genes 

involved in microvascular inflammation and titin phosphorylation in a rat model of CIA.  

Third, aside from passive processes, active processes in cardiomyocytes may result in impaired relaxation 

which contributes to LV diastolic dysfunction. Furthermore, although ejection fraction is preserved in 

HFpEF, evidence suggests that these patients do have subclinical systolic dysfunction. The mechanisms of 

subclinical systolic dysfunction in HFpEF are limited and indirect. Therefore, I investigated the effects of 
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inflammation and inhibiting circulating TNF-α on the expression of genes involved in several active energy 

dependent cellular processes that may impact LV systolic and diastolic function in the CIA rat model. To 

further delineate the role of TNF-α in these processes, I investigated the genes involved in active relaxation 

processes in a human adult cardiomyocyte cell line (AC16) exposed to TNF-α.  

Lastly, the inflammatory cytokine, interleukin 6 (IL-6), has also been implicated in the development of 

HFpEF. Some suggest that IL-6 is instrumental in adverse myocardial remodelling. However, these results 

are not supported by all studies, and indeed some suggest IL-6 has a protective effect in the heart. 

Furthermore, the role of IL-6 on passive cardiomyocyte stiffness and the active processes involved in LV 

diastolic and systolic dysfunction is unknown. Hence, in the fourth study in the CIA rat model, I investigated 

the effects of blocking circulating IL-6, using the IL-6 receptor blocker tocilizumab, on echocardiographic 

markers and expression of genes implicated in several passive and active processes involved in LV diastolic 

and systolic dysfunction.  

This thesis was compiled as a series of semi-independent chapters. In the first chapter, the thesis begins 

with a literature review that summarises the current knowledge and where I highlight the reasons for 

conducting the various experiments in this thesis. This is followed by a description of the research methods 

in chapter 2. Thereafter, each research question is presented in a separate chapter, each with its own abstract, 

introduction, results and discussion sections (chapters 3 to 6). Chapter 7 summarizes the main findings and 

highlights its relevance. Chapter 8 details the references cited in this thesis and the final chapter (9), 

provides the list of appendices. 
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CHAPTER 1: INTRODUCTION  
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1.1 Introduction  

Cardiovascular disease is the number one cause of death globally (WHO 2021). In low- to middle-income 

countries, such as South Africa, the prevalence and contribution of cardiovascular disease to deaths are 

increasing (Yuyun et al. 2020). Cardiovascular disease is a group of disorders of the cardiovascular system 

including coronary heart disease and rheumatic heart disease that often result in varying degrees of heart 

failure (WHO 2021). It is well established that traditional risk factors including old age, hypertension, 

diabetes mellitus, smoking and dyslipidaemia play a significant role in the development of cardiovascular 

disease (Petrie et al. 2018). Although chronic low-grade inflammation that accompanies comorbidities such 

as hypertension, obesity and diabetes mellitus has long been proposed as a risk factor for heart failure (Ross 

and Glomset 1976; Libby 2002), recently Paulus and Tschöpe proposed that the inflammation-induced 

molecular mechanisms, which ultimately lead to altered vascular and cardiac function, may be the driving 

factor in the development of HFpEF (Paulus and Tschöpe 2013). Furthermore, evidence suggests that 

disorders associated with chronic high-grade inflammation, such as rheumatoid arthritis and lupus 

erythematosus, markedly exacerbate the risk for cardiovascular events (Avina-Zubieta et al. 2012).  

Inflammation has particularly been implicated in the development of heart failure with a preserved ejection 

fraction (HFpEF). HFpEF has been described as the “single largest unmet need in cardiovascular medicine” 

and accounts for at least half of all cases of heart failure (Hamdani et al. 2021). Left ventricular (LV) 

diastolic dysfunction is a subclinical measure that often progresses to HFpEF (Wan et al. 2014). However, 

the pathophysiology of LV diastolic dysfunction is poorly understood (Lewis et al. 2017). Although there 

is some evidence to support the role of chronic inflammation in the pathogenesis of LV diastolic 

dysfunction, the exact mechanisms that mediate this role are uncertain. Moreover, the confounding effects 

of comorbid conditions limits understanding of the independent role of inflammation in the development 

of LV diastolic dysfunction (Paulus and Tschöpe 2013). Furthermore, although diastolic abnormalities are 

believed to be the main pathophysiological feature of HFpEF, clinical evidence also points to subclinical 

systolic dysfunction. However, the understanding of the mechanisms underlying subclinical systolic 

dysfunction in HFpEF is limited. 

The limited effective treatment strategies currently available for the management of HFpEF, underscore  

the need for a better understanding of the pathophysiology of this condition. Considering the strong 

association between inflammatory markers and HFpEF and LV diastolic dysfunction in cross-sectional 

clinical studies, the suggestion to explore anti-inflammatory drugs as potential therapeutic targets for 

HFpEF is warranted (Upadhya, Haykowsky, and Kitzman 2018). Nevertheless, the use of anti-

inflammatory drugs in the management of HFpEF has shown contradictory outcomes. Moreover, even in 
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those studies where anti-inflammatory drugs were associated with improved cardiac function, the 

mechanisms for these associations are unclear (Reina-Couto et al. 2021).  

Taken together, it has been proposed that systemic inflammation plays a central role in the pathophysiology 

of LV diastolic dysfunction and HFpEF (Paulus and Tschöpe 2013). However, the independent effect of 

inflammation on the different molecular pathways implicated in LV diastolic dysfunction is currently under 

investigation. Furthermore, subclinical systolic dysfunction may be present in HFpEF, however, the 

mechanisms are poorly understood. Lastly, as there are currently no effective treatment strategies for 

HFpEF (Upadhya, Haykowsky, and Kitzman 2018), a better understanding of the exact role of 

inflammation and the applicability of anti-inflammatory treatment in LV diastolic and systolic dysfunction 

is warranted.  

In the present thesis, I conducted a series of studies designed to advance our understanding of the impact 

of inflammation on the molecular pathways underlying the development of LV diastolic and systolic 

dysfunction, independent of comorbid conditions. I also explored the role of blocking circulating cytokines 

to further aid our understanding of the roles of specific cytokines within the signalling pathways that 

contribute to LV dysfunction. In the present chapter, I will highlight the different types of heart failure, and 

then focus on the role of LV diastolic dysfunction in the development of heart failure. Subsequently, I will 

discuss the pathophysiology and different phenotypes of LV diastolic dysfunction, as well as how systolic 

function is affected in the development of LV diastolic dysfunction. Thereafter, I will highlight what is 

currently known about the role of inflammation in the molecular pathways underlying the development of 

LV diastolic dysfunction and systolic dysfunction. In so doing, in the present chapter, I will highlight areas 

where there is a lack of evidence and where the studies conducted in the present thesis may contribute to 

the existing knowledge.  

1.2 Heart failure  

Congestive heart failure is a complex clinical syndrome defined as an inability of the heart to meet the 

systemic demands of circulation (Malik et al. 2022). Heart failure symptoms or signs result from either 

functional or structural cardiac abnormalities that lead to impaired ventricular filling or ejection of blood 

into the systemic circulation (Bozkurt et al. 2021; Malik et al. 2022). Estimates of the incidence of heart 

failure globally are unreliable, and largely reflect the epidemiology from high-income countries. 

Nevertheless, the estimated prevalence of heart failure world-wide ranges between 37 million and 64 

million cases, which amounts to 1-3% of the adult population (Malik et al. 2022; Ziaeian and Fonarow 

2016). In high-income countries, heart failure contributes to a significant proportion of cardiovascular 

mortality, and it amounts to more than 20 billion dollars in healthcare expenditure in the United States alone 
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(Ziaeian and Fonarow 2016). Although the evidence of heart failure prevalence in low- to middle-income 

countries is scarcer, it is well recognized that due to the epidemiological transition, there is a rapid shift 

from communicable to non-communicable diseases as the leading cause of death (Agbor et al. 2018). In 

sub-Saharan Africa, it has been predicted that non-communicable diseases, to which heart failure is a 

substantial contributor, will surpass HIV/AIDS as the biggest cause of death in the next decade (Keates et 

al. 2017; Mensah et al. 2015).  

In high-income countries, the primary driver for the heart failure burden is the ageing population. Indeed, 

more than 50% of patients hospitalized with heart failure in high-income countries are over the age of 75 

years (Ziaeian and Fonarow 2016). In contrast, in low- to middle-income countries, heart failure is mainly 

a disease of the middle-aged adult, with the mean age of admission for heart failure ranging between 50 

and 70 years, hence affecting mostly economically active individuals (Agbor et al. 2018; Agbor et al. 2020). 

Heart failure is further a major public health concern because it is associated with recurrent hospitalization, 

high morbidity and mortality, poor quality of life and loss of economic productivity (Agbor et al. 2020).  

Besides age, several risk factors, genetic factors and systemic diseases have been identified as causes of 

either structural or functional myocardial abnormalities that lead to heart failure. Altogether 17 primary 

aetiologies contribute to heart failure (Hawkins et al. 2009). Most of all heart failure cases can be attributed 

to four underlying causes namely, ischaemic heart disease, chronic obstructive pulmonary disease, 

hypertensive heart disease, and rheumatic heart disease (Ziaeian and Fonarow 2016). Historically, most 

heart failure cases were associated with ischaemic causes due to coronary artery disease and myocardial 

infarctions, which are disproportionately reported in high-income countries (Malik et al. 2022; Ziaeian and 

Fonarow 2016). In contrast, in low-income and middle-income countries especially in Africa, hypertensive 

heart disease, cardiomyopathy, myocarditis and rheumatic heart disease are the primary catalysts of heart 

failure (Agbor et al. 2020; Ziaeian and Fonarow 2016).  

Heart failure is diagnosed based on the signs and symptoms of the patient and on the presence of structural 

and functional cardiac changes. High resolution ultrasound imaging of the heart (echocardiography) is 

routinely used in the identification of cardiac structural and functional changes. Until recently, the primary 

cardiac functional change used to indicate the onset of heart failure was a reduced LV ejection fraction 

(LVEF), a measure of LV systolic chamber function. It is now well established that heart failure can exist 

even if LVEF is normal (Bozkurt et al. 2021). Hence, heart failure is classified into three subtypes based 

on the LVEF, which include heart failure with reduced ejection fraction (HFrEF, LVEF <40%), heart failure 

with mildly reduced ejection fraction (HFmrEF, LVEF 40 – 49%) and heart failure with preserved ejection 

fraction (HFpEF, LVEF ≥50%) (Bozkurt et al. 2021). HFrEF accounts for only about half of all hospital 
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admissions for heart failure. Between 44% and 72% of all cases of heart failure admission patients have 

normal systolic chamber function (LVEF) (Hogg et al. 2004; Simmonds et al. 2020). Despite a normal 

LVEF, the prognostic outcomes in these patients are as poor as heart failure with systolic chamber 

dysfunction. Moreover, current treatment strategies for managing HFpEF are largely unsuccessful (Lewis 

et al. 2017). Hence, the need to improve our understanding of the pathophysiology of HFpEF has been 

highlighted as a critical need in cardiovascular medicine. In this regard, the fundamental pathophysiological 

abnormality associated with the development of HFpEF is impaired LV diastolic function (Mohammed et 

al. 2012; Shah et al. 2014; Wan et al. Chen 2014; Westermann et al. 2008). Impaired LV diastolic function 

represents a subclinical cardiac alteration identified via echocardiographic assessment that is consistently 

associated with the development of HFpEF and adverse cardiovascular outcomes (Aurigemma et al. 2001; 

Wan et al. 2014). Impaired LV diastolic function leads to increases in filling pressures in the ventricle and 

ultimately to the clinical and pathological features of heart failure, which include exercise intolerance, 

pulmonary congestion and right-sided heart failure. Despite the identification of LV diastolic dysfunction 

as a predisposing condition to HFpEF, it has a broad range of aetiologies and has a heterogeneous structural 

and functional presentation (Lewis et al 2017). Therefore, in the next section I will briefly highlight the 

pathophysiology of LV diastolic dysfunction and the current approaches to quantify LV diastolic 

dysfunction. 

1.3 Characteristics of LV diastolic dysfunction  

During diastole, the ventricles relax to allow adequate LV filling with blood for the subsequent ejection 

phase. Both active and passive processes contribute to adequate myocardial relaxation (Borlaug and Kass 

2006). Active processes require adenosine triphosphate (ATP) to facilitate the removal of calcium (Ca2+) 

from the cytosol to allow for the dissociation of cross-bridges (Biesiadecki et al. 2014). Passive processes 

contribute to diastolic relaxation by means of adequate compliance to allow the ventricle to recoil 

(Biesiadecki et al. 2014). LV diastolic dysfunction arises when structural or functional LV abnormalities 

prevent myocardial relaxation leading to inadequate LV filling during diastole (Kapila and Mahajan 2009). 

The hallmarks of LV diastolic dysfunction are elevated LV end diastolic and left atrial pressures 

(Chinnaiyan et al. 2007; Lewis et al. 2017).  

Structural and functional cardiac changes in LV diastolic dysfunction are routinely diagnosed by 

echocardiography. In this regard, structural changes in the heart are determined by changes in cardiac 

geometry and LV mass. Using two-dimensional M-mode imaging the diameter of the interventricular 

septum wall and posterior wall, as well as the internal diameter, are measured to allow for calculation of 

the relative wall thickness (RWT) and LV mass. RWT describes the relationship between LV wall thickness 
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and chamber diameter (Lang et al. 2015). The RWT and LV mass are used to assess either concentric or 

eccentric remodelling patterns of the left ventricle. LV concentric remodelling is a subtle and early change 

in cardiac geometry associated with LV diastolic dysfunction (Cuspidi et al. 2002). Besides LV 

hypertrophy, left atrial dilatation is another frequently measured marker of LV diastolic dysfunction. Using 

echocardiography, left atrial diameter and volume is measured and used as an indicator of LV pressures. 

Nevertheless, substantial morphological heterogeneity has been reported in LV diastolic dysfunction and 

hence not all patients present with concentric remodelling patterns, increased LV mass or left atrial 

dilatation (Lewis et al. 2017).  

In addition to structural remodelling, echocardiography allows for the assessment of several functional 

diastolic measures. Briefly, mitral inflow velocity during early (E) and late (A) diastole using pulsed wave 

Doppler allows visualization of the phases of ventricular filling. In LV diastolic dysfunction, altered 

pressures in the ventricle and atrium alter the filling patterns of the ventricle. Therefore, changes in the E/A 

ratio may indicate impaired LV relaxation (Redfield et al. 2003). However, pulsed wave Doppler is rate 

and pressure dependent and is therefore not used in isolation as a measure of LV diastolic function. Tissue 

Doppler imagining (TDI) is used to measure tissue lengthening at the mitral annulus during early (e’) and 

late (a’) diastole (Nagueh et al. 2008; Park and Marwick 2011). As it is less rate and pressure dependent, a 

reduced e’ is considered one of the earliest markers of impaired LV relaxation. In addition, the ratio of e’/a’ 

is deemed a marker of LV stiffness. Furthermore, as the E wave is dependent on relaxation alone, the ratio 

of E/e’ is considered an index of LV filling pressures (Sharifov et al. 2016). Indeed, these echocardiographic 

measures of impaired relaxation (E/A and e’), LV stiffness (e’/a’) and increased filling pressures (E/e’) are 

reported in patients with LV diastolic dysfunction (Smiseth 2017) and are associated with the development 

of heart failure and adverse cardiovascular outcomes (Aurigemma et al. 2001; Redfield et al. 2003). 

Although reasonable consensus has been reached regarding its definition, LV diastolic dysfunction 

represents a broad cohort of patients with a wide range of comorbid conditions. Hence, the underlying 

disease mechanisms of LV diastolic dysfunction are heterogeneous and can be classified into different 

biological phenotypes. In the section below I will discuss the different phenotypes of LV diastolic 

dysfunction to identify potential cellular processes and mechanisms involved in the development of LV 

diastolic dysfunction.  

1.4 Phenotypes of LV diastolic dysfunction 

The lack of understanding the pathophysiology of LV diastolic dysfunction is attributed to the diversity in 

the cellular processes which may contribute to its development. In this regard, several cellular mechanisms 

involved in either active or passive processes of myocardial relaxation (Borlaug and Kass 2006), contribute 
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to impaired relaxation and increased myocardial stiffness that may ultimately lead to the development of 

LV diastolic dysfunction. In this section, I will briefly highlight the changes in passive and active processes 

of diastole that may contribute to impaired diastolic function.  

1.4.1 Cellular mechanisms that cause LV diastolic dysfunction by increasing passive stiffness 

1.4.1.1 Extracellular matrix remodelling and fibrosis  

Chamber stiffness, which represents ventricular passive elasticity, influences LV filling during diastole. 

One component that contributes to passive elasticity is the composition of the extracellular matrix. Adverse 

remodelling of the extracellular matrix contributes to increased LV stiffness and LV diastolic dysfunction 

(Borlaug and Kass 2006). The extracellular matrix consists mainly of a linked network of collagen and 

elastin fibres, which provides the structural integrity to the myocardium. Although many subtypes of 

collagen exist, the main isoforms found in the myocardial extracellular matrix are collagen I and III (Kular 

et al. 2014). Increased collagen I, the stiffer isotype, is believed to be the main pro-fibrotic extracellular 

matrix component of the diseased myocardium and is characteristic of myocardial fibrosis (Husse et al. 

2007; Lopez et al. 2012). Increases in collagen volume also result in concentric remodelling of the LV. 

Myocardial fibrosis and concentric LV remodelling are associated with increased LV stiffness and impaired 

LV relaxation (El Hajj et al. 2017; Gonzalez-Santamaria et al. 2016; Páramo 2017) and predict the 

development of heart failure (Krum et al. 2011).  Collagen is degraded by matrix metalloproteinases 

(MMPs), to ensure continuous turnover of the collagen network. Altered MMP expression and activity 

result in dysregulated collagen turnover that contributes to myocardial fibrosis and stiffness (Lopez et al. 

2012; Rodriguez et al. 2008; Skioldebrand et al. 2017). In addition to the collagen volume and turnover, 

cross-linking between collagen fibres also contributes to LV stiffness and LV diastolic dysfunction (Lopez 

et al. 2012). Cross linking of collagen occurs when covalent bonds form via lysine oxidation, which is 

catalysed by lysyl oxidase (LOX) (Nagueh 2021). Thus, it is well accepted that extracellular matrix 

remodelling, and LV fibrosis contribute to impaired myocardial relaxation and passive filling, ultimately 

contributing to LV diastolic dysfunction. Nevertheless, recent evidence has shown that LV diastolic 

dysfunction can develop independently of concentric remodelling (Lewinter and Meyer 2013; Lewis et al. 

2017). Therefore, factors predisposing the development of LV fibrosis and concentric remodelling and their 

roles in LV diastolic dysfunction remain a topic if interest. A further factor that confounds understanding 

of the role of extracellular matrix remodelling in LV diastolic dysfunction is that extracellular matrix 

remodelling is not the only cellular mechanism involved in passive LV stiffness.  
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1.4.1.2 Titin compliance in the regulation of myocyte stiffness 

Myocyte stiffness also contributes to LV relaxation. Titin compliance contributes to the passive elasticity 

of the ventricles and facilitates LV relaxation and filling during diastole. Titin is the giant cytoskeletal 

protein that is responsible for the elastic recoil of the myocardial sarcomere during diastole. Titin 

compliance and its spring-like capacity is regulated by post-transcriptional and post-translational 

modifications (Lewinter and Granzier 2014). Differential splicing results in two different isoforms, namely 

the N2B, which is the shorter and stiffer isoform, and the N2BA isoform, which is the longer and more 

compliant isoform. Although they co-exist within the sarcomere, an increased N2B:N2BA ratio has been 

associated with reduced compliance of the cardiomyocyte (Lewis et al. 2017). In addition, the 

phosphorylation state of these titin isoforms also contributes to its compliance (Zile et al. 2015). The N2B 

element of titin is phosphorylated to minimize resting tension (Sorop et al. 2018). Hypophosphorylation of 

the N2B element of titin has been associated with impaired LV relaxation and LV diastolic dysfunction 

(Zile et al. 2015). Although the contribution of titin hypophosphorylation to passive LV stiffness has 

received considerable attention in recent years, the molecular pathways leading to titin 

hypophosphorylation remain uncertain.  

1.4.2 Cellular mechanisms that cause DD by disrupting active relaxation 

1.4.2.1 Mitochondrial function  

Under normal physiological functioning the heart muscle has a high demand on mitochondrial function for 

energy in the form of ATP, which fuels cardiomyocyte active contraction and relaxation (Marelli-Berg and 

Aksentijevic 2019). During diastole, ATP facilitates relaxation by allowing the actin and myosin cross-

bridges to dissociate. Most of the ATP in myocardium is produced from mitochondrial oxidative 

phosphorylation (Rech et al. 2018). In HFpEF, cardiac energetic deficiencies contribute to impaired 

myocardial function (Phan et al. 2009) and altered energy reserve equilibrium has been associated with LV 

diastolic dysfunction (Heinonen et al. 2020). Changes in coronary vasculature and LV hypertrophy, which 

increase the oxygen diffusion distance, may reduce the oxygen supply to the cardiomyocyte. Moreover, 

with the increased resting tension associated with LV diastolic dysfunction, myocardial oxygen demand is 

increased, which further exacerbates dysregulation in oxygen and energy supply-and-demand, making the 

cardiomyocyte prone to hypoxia. Furthermore, production of myocardial reactive oxygen species (ROS) in 

HFpEF damages mitochondria, thereby contributing to deficiencies in ATP production (Hiebert et al. 2019). 

Therefore, reduced availability of ATP may contribute to LV diastolic dysfunction.  
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1.4.2.2 Calcium homeostasis  

Altered Ca2+ homeostasis has been implicated as the main process of impaired active cardiomyocyte 

relaxation in LV diastolic dysfunction (Pironti et al. 2018). During both systole and diastole, intracellular 

Ca2+ concentration is regulated by several Ca2+-handling proteins and ion channels (Sutanto et al. 2020). 

During systole, electric signals at the sarcolemma cause Ca2+ to move from the extracellular space into the 

cardiomyocytes through voltage-gated channels. This process induces Ca2+ release from the sarcoplasmic 

reticulum (SR) through the ryanodine receptor 2 (RyR2), thereby causing an increase in cytoplasmic Ca2+ 

concentrations, which drives actin-myosin cross-bridge formation and hence facilitates myocardial 

contraction. During diastole, myocardial relaxation is facilitated when Ca2+ is removed from the cytosol via 

several Ca2+ channels. In diastolic dysfunction, abnormal function of the Ca2+ ion channels responsible for 

Ca2+ homeostasis (Adeniran et al. 2015; Park and Oh 2013), results in increased cytosolic Ca2+ 

concentration, which leads to a persistent cross-bridge formation that increases resting diastolic tension and 

impairs myocardial relaxation (Lewis et al. 2017). Several Ca2+ ion channels and cellular mechanisms have 

been identified that contribute to the increased cytosolic Ca2+ concentrations during diastole. These include 

reduced expression and activity of sarcoplasmic/endoplasmic reticulum Ca2+ATPase 2a (SERCA2a), which 

moves Ca2+ from the sarcoplasm through reuptake into the sarcoplasmic reticulum (SR) (Lipskaia et al. 

2010; Park and Oh 2013); decreased sarcolemmal Ca2+ efflux due to abnormalities in the sodium-calcium 

exchanger and persistent leaking of Ca2+ from the SR via the RyR2 ryanodine receptor during diastole 

(Lewis et al 2017). However, whether these changes in Ca2+ channels are a cause, or a consequence of LV 

diastolic dysfunction is currently uncertain.  

1.5 Systolic function in HFpEF 

As indicated in the definition, in patients with HFpEF systolic function, as measured by systolic chamber 

pump function, is usually preserved and the condition is characterised by diastolic abnormalities (as 

discussed in the sections above). LVEF is the most common index of systolic function and is a measure of 

systolic chamber function (Borlaug et al., 2009). Systolic chamber function is largely preserved in LV 

diastolic dysfunction, because of the concentrically remodelled left ventricle (Pavlopoulos et al. 2008). 

However, other measures of systolic function can identify impairments in systolic myocardial function long 

before changes in systolic chamber pump function are detected. Midwall fractional shortening (FSmid), 

which measures the degree of systolic shortening in midwall fibres, together with TDI measures of 

shortening in the septal or lateral wall of the LV can be used to identify deformities of myocardial systolic 

function in concentrically remodelled hearts (Lang et al. 2015). Indeed, decreases in these more sensitive 

measures of systolic myocardial function have been reported in HFpEF (Yip 2002; Yu et al. 2002). 
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Nevertheless, both TDI-determined systolic function and midwall fractional shortening are angle dependent 

and are often preserved in patients with LV diastolic dysfunction, into the advanced stages of heart failure 

(Stokke et al. 2017). However, two-dimensional speckle tracking echocardiography (STE) has been 

advocated as an angle-independent measure of systolic function and hence a more sensitive index of 

myocardial systolic performance (Mor-Avi et al. 2011). STE affords a more comprehensive assessment of 

global and regional myocardial deformation and motion in different planes (Augustine et al. 2013; Leitman 

et al. 2004). Myocardial deformation has been shown in patients with HFpEF (Wang et al. 2007).  

Although clinical data denote the presence of abnormal LV systolic myocardial function in HFpEF, 

currently the cellular mechanisms underlying these observations are limited and indirect (Nagueh 2021). In 

hypertrophic cardiomyopathy, interstitial fibrosis has been implicated in impaired regional systolic 

dysfunction, as it may interfere with force generation and transmission, which ultimately results in 

decreased heart wall motion or hypokinesis (Maragiannis et al. 2018). In this regard, myocardial fibrosis 

has been associated with changes in expression patterns of different myosin heavy chain isoforms (Pandya, 

Kim, and Smithies 2006). In cardiomyocytes, myosin forms cross-bridges with actin and the cross-bridge 

activity is the basis for muscle contraction. Each myosin molecule is composed of four light chains and two 

heavy chains. Different myosin isoforms are associated with specific contractile properties (England and 

Loughna 2013). The α-isoform of mammalian cardiac myosin heavy chain (α-MyHC) is regarded as the 

‘fast-twitch’ isoform associated with higher ATPase activity compared with the β-isoform of mammalian 

cardiac myosin heavy chain (β-MyHC), which is considered the ‘slow-twitch’ isoform (Stuart et al. 2016). 

Although increased β-MyHC expression is traditionally considered a marker of hypertrophy, evidence 

suggests it is increasingly expressed in areas of fibrosis (Pandya, Kim, and Smithies 2006; Pandya and 

Smithies 2011). Moreover, due to their differential ATPase activities, cardiac MyHC isoform expression 

patterns influence myocardial energetics and contractile properties (Nakao et al. 1997). Indeed, in both 

human and rat failing hearts, β-MyHC is predominantly expressed, whereas healthy hearts have greater 

expression of α-MyHC (Nakao et al. 1997; Warren et al. 2003; Miyata et al. 2000). Furthermore, changes 

in MyHC isoform expression have been associated with impaired systolic function in HFpEF (Nakao et al. 

1997). Moreover, in hypertrophic cardiomyopathy mutations in the myosin heavy chain genes are 

associated with altered myocardial contractility and relaxation (Anderson et al. 2018). However, changes 

in MyHC isoform expression and contractile efficiency associated with fibrosis have not been shown in 

HFpEF. In addition to the speculation that fibrosis may cause changes in MyHC isoform expression 

patterns, fibrosis and altered collagen volume have also been associated with myocyte slippage in dilated 

cardiomyopathy (Kong, Christia, and Frangogiannis 2014). In contrast, others have shown that even in 
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patients with advanced cardiomyopathy there is no association between fibrosis and systolic dysfunction 

(Cordero-Reyes et al. 2014).  

Besides fibrosis, altered Ca2+ homeostasis has been suggested to contribute to systolic dysfunction in 

HFpEF (Eisner et al. 2020). Changes in Ca2+ handling and ion channel regulation are some of the hallmark 

features of systolic chamber dysfunction associated with HFrEF (Ge et al. 2019). Changes in Ca2+ 

homeostasis in HFrEF contribute to malignant arrhythmias and ultimately to cardiomyocyte apoptosis (Ge 

et al. 2019; Simmonds et al. 2020). There is a currently paucity of data to assess whether intracellular Ca2+ 

levels and changes in Ca2+ ion channels contribute to systolic dysfunction in HFpEF or not (Eisner et al. 

2020). Another major contributor to systolic dysfunction in HFrEF is myocardial mitochondrial 

dysfunction. In this regard, defects in mitochondrial function are strongly implicated in contractile 

dysfunction as it results in abnormal Ca2+ handling, increased ROS production and apoptosis (Brown et al. 

2017; Ge et al. 2019). Although impaired mitochondrial function has been implicated in LV diastolic 

dysfunction, whether it contributes to systolic dysfunction in HFpEF is unknown.  

Taken together, LVEF is maintained in patients with LV diastolic dysfunction, likely as a result of the 

compensatory concentric hypertrophy. However, changes in more sensitive measures of myocardial 

systolic function have been reported in patients with LV diastolic dysfunction. Currently there is no direct 

evidence to explain whether the cellular mechanisms associated with LV diastolic dysfunction also 

contribute to subclinical systolic dysfunction. Considering that systolic dysfunction in HFpEF patients 

portends a worse clinical outcome, a greater understanding of the pathophysiological mechanisms of 

systolic dysfunction in HFpEF is necessary.  

1.6 Systemic signals associated with the development of LV diastolic dysfunction 

It is well established that several traditional risk factors including advanced age, hypertension and diabetes 

mellitus are strongly associated with the development of LV diastolic dysfunction (Agbor et al. 2020; 

Ziaeian and Fonarow 2016). The pathophysiological mechanisms underlying the associations between these 

comorbid conditions and LV diastolic dysfunction have been the subject of research interest for several 

years. Although the pathophysiological mechanisms remain contentious, it has been proposed that these 

comorbid conditions induce a state of chronic systemic inflammation that is one of the underlying causal 

mechanisms for the development of LV diastolic dysfunction and HFpEF (Paulus and Tschöpe 2013). In 

the general population, inflammatory cytokines are strongly related to LV diastolic dysfunction and HFpEF 

(Deswal et al. 2001; Torre-Amione et al. 1996). Moreover, in patients with chronic systemic inflammation 

induced by auto-immune diseases such as rheumatoid arthritis and lupus erythematosus, the risk for 

developing HFpEF is doubled compared to the general population (Packer 2020). Indeed, in cross-sectional 
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studies in rheumatoid arthritis patients, increased concentrations of circulating inflammatory markers are 

independently associated with increased prevalence of LV diastolic dysfunction (Aslam et al. 2013; 

Crowson et al. 2013; GonzalezJuanatey 2004). Also, in a rodent model of systemic inflammation, we 

recently showed strong associations between circulating inflammatory markers and impaired LV diastolic 

dysfunction (Mokotedi et al. 2020). 

It has been suggested that inflammation may play a role in the various phenotypes of LV diastolic 

dysfunction (Van Linthout and Tschöpe 2017). In a model of comorbidity-induced inflammation, it was 

reported that inflammation affects several cellular processes involved in the development of LV diastolic 

dysfunction (Franssen et al. 2016). However, the confounding factors in comorbid conditions make it 

difficult to delineate the independent effects of inflammation on the cellular mechanisms underlying LV 

diastolic dysfunction. In this section, I will briefly highlight the current evidence that inflammation impacts 

cellular mechanisms underlying the different phenotypes of LV diastolic dysfunction.  

1.6.1 The role of inflammation in extracellular matrix remodelling and fibrosis 

Inflammation impacts several processes linked to extracellular matrix remodelling and the development of 

myocardial fibrosis. Increased expression of pro-inflammatory cytokines upregulates the cardiac expression 

of transforming growth factor β (TGFβ) (Villar et al. 2009; Westermann and Heymans 2014), which in turn 

activates cardiac fibroblasts that transdifferentiate into collagen-producing myofibroblasts. Fibroblasts are 

also known to produce LOX enzymes, which catalyse collagen cross-linking. Collagen that is cross-linked 

becomes resistant to degradation. Therefore, this inflammation-induced increase in myocardial collagen 

deposition and cross-linking is associated with stiffening of the myocardial extracellular matrix and 

pathological changes in LV geometry (Kuwahara et al. 2002; Villar et al. 2009) (Kuwahara et al. 2002; 

Villar et al. 2009). Cardiac macrophages have been identified as sources of profibrotic cytokines, TGFβ1 

and interleukin-10 in a mouse model of hypertension and advanced age (Hulsmans et al. 2018). Although 

macrophages are pro-inflammatory cells that are resident in both normal and diseased cardiac tissues (Heidt 

et al. 2014; Hulsmans et al. 2018), evidence of their contribution to extracellular matrix remodelling that 

leads to LV diastolic dysfunction and HFpEF in chronic inflammatory conditions, independent of 

comorbidities is lacking.  

Inflammation also impacts collagen turnover, which may contribute to adverse extracellular matrix 

remodelling. Some studies suggest that in the process of fibrosis, collagen deposition exceeds collagen 

degradation (Samak et al. 2016; Strassheim et al. 2019). This imbalance between collagen deposition and 

degradation leads to dysregulated collagen turnover, which contributes to myocardial stiffness (Goldsmith, 

Bradshaw, and Spinale 2013; Gonzalez-Santamaria et al. 2016; McKleroy, Lee, and Atabai 2013). In 
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contrast, in vivo studies using animal models have shown that inflammatory cytokines, such as TNF-α, 

induce the cardiac-specific production of matrix metalloproteinases (MMPs), which catalyse collagen 

degradation (Liu, Sun, and Sader 2006). ROS, which are regulated by inflammatory cytokines, have also 

been implicated in the increased production of MMPs. Although the main function of MMPs is degradation 

of extracellular matrix components, upregulated MMP expression stimulates the disordered production of 

collagen-I fibres (Li et al. 2000). Hence, upregulation of MMPs contributes to fibrosis and adverse 

extracellular matrix remodelling (Li et al. 2000; Liu, Sun, and Sader 2006). Although it has been suggested 

that low-grade inflammation induced by comorbidities is associated with some of the mechanisms involved 

in myocardial fibrosis and extracellular matrix remodelling (Paulus and Tschöpe 2013), the independent 

effect of inflammation on these processes and whether they contribute to LV diastolic dysfunction is 

uncertain.  

1.6.2 The role of inflammation in titin compliance 

In a paradigm proposed by Paulus & Tschöpe (2013), it was suggested that comorbidity-induced systemic 

inflammation is one of the main catalysts of passive myocyte stiffness. It was postulated that increased 

circulating levels of pro-inflammatory cytokines, such as TNF-α and interleukin-6 (IL-6), lead to 

microvascular endothelial inflammation measured by the increased expression of endothelial activation 

markers such as vascular cell adhesion molecule 1 (VCAM1), intracellular adhesion molecule 1 (ICAM1) 

and E-selectin. In turn, these adhesion molecules stimulate the production of ROS, which impacts the 

production of nitric oxide (NO) and hence decreases NO bioavailability (Paulus and Tschöpe 2013). Under 

normal physiological functioning, NO has a central role in the cyclic guanosine monophosphate (cGMP) 

pathway as the primary activator of soluble guanylate cyclase (sGC). When NO binds to and activates sGC, 

cGMP production is upregulated, promoting activation of protein kinase G (PKG) signalling. PKG 

phosphorylates titin, thereby ensuring the elastic recoil that is needed for cardiomyocyte compliance and 

effective myocardial relaxation. Decreased bioavailability of NO, dysregulates the NO-cGMP signalling 

pathway, which leads to the hypophosphorylation of the titin N2B isoform, which has been implicated in 

the development of LV diastolic dysfunction (Lewinter and Granzier 2014). Subsequent animal models of 

comorbidity-induced inflammation have indeed supported this paradigm (Franssen and Gonzalez Miqueo 

2016). Nevertheless, PKG is not the only regulator of titin function (Zile et al 2015). Indeed, several other 

protein kinases and phosphatases regulate titin phosphorylation (Franssen and Gonzalez Miqueo 2016; 

Krysiak et al. 2018; Zile et al. 2015). The impact of inflammation on the other regulators of titin 

phosphorylation, particularly phosphatases, is uncertain. Moreover, in comorbid conditions such as diabetes 

mellitus and hypertension, the effects of insulin and pressure overload, respectively, may stimulate cellular 
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signals that affect titin phosphorylation (Krysiak et al. 2018). Hence the independent effect of inflammation 

on the regulation of titin phosphorylation warrants investigation.  

1.6.3 The role of inflammation in calcium homeostasis 

Changes in intracellular Ca2+ concentrations are one of the primary mechanisms of active relaxation of the 

myocardium during diastole, as discussed above in section 1.4.2. However, the impact of inflammation on 

the cellular processes involved in Ca2+ homeostasis is controversial. As the activity of SERCA2a is central 

to maintaining cellular Ca2+ transients, several studies have focused on the effects of inflammation on 

SERCA2a expression and activity. Pro-inflammatory cytokines, such as TNF-α and interleukin 1β (IL-1β), 

have been shown to downregulate the mRNA and protein expression of the SERCA2a (Hedayat et al. 2010; 

McTiernan et al. 1997). It has been implied that the decreased expression of SERCA2a would decrease 

Ca2+ re-uptake into the SR during diastole and hence impair myocardial relaxation (Fredersdorf et al. 2012). 

In contrast, others have shown that inflammation does not affect the expression of SERCA2a (Pironti et al. 

2018) and that its expression contributes little to the regulation of diastolic Ca2+ transient in models of 

inflammation (Wagner, Maier, and Bers 2015). Instead, it has been proposed that inflammation-induced 

increased Ca2+ leakage from the SR via the RyR2 receptor, coupled with decreased plasmalemmal Ca2+ 

ATPase and impaired Na+/Ca2+ exchange, two major sources of Ca2+ efflux, may contribute more strongly 

to cardiac dysfunctions (Wagner, Maier, and Bers 2015). Aside from the expression of SERCA2a, some 

studies have reported that inflammation impacts the expression and phosphorylation of phospholamban, 

the Ca2+-handling protein that regulates the activity of SERCA2a (Combes et al. 2002). In contrast, others 

have shown no change in cardiomyocyte phospholamban expression when exposed to pathological 

concentrations of TNF-α (McTiernan et al. 1997). 

Considering the large demand on mitochondrial ATP production for the maintenance of Ca2+ homeostasis, 

it is important to consider the impact of inflammation on myocardial mitochondrial function. In HFrEF; 

resulting from conditions of ischemia, infection or toxicity, dysfunctional mitochondria produce 

pathological concentrations of ROS, which stimulate autophagy, apoptosis and necrosis, resulting in 

progressive cardiomyocyte loss (Hare 2001). Although basal concentrations of ROS are part of normal 

cellular functioning, pathologically increased levels of ROS create a cytotoxic environment that ultimately 

results in cell death (Peoples et al. 2019). Although the paradigm proposed by Paulus & Tschöpe (2013) 

(as discussed in section 1.6.2) suggested increased ROS production as a catalyst of endothelial dysfunction 

in comorbidity-induced inflammation and HFpEF, whether systemic inflammation directly impacts 

mitochondrial function, is currently uncertain. 
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Taken together, inflammatory cytokines may alter the cellular mechanisms involved in extracellular matrix 

remodelling, passive myocyte stiffness and active processes involved in LV relaxation. The resultant effects 

are increased myocardial stiffness, impaired relaxation and impaired LV filling that underlie the 

pathogenesis of LV diastolic dysfunction. However, the majority of the evidence to support the effect of 

inflammation on these cellular processes has been derived from cell culture models or animal models of 

comorbidity-induced inflammation. Therefore, currently the evidence that systemic inflammation in the 

absence of confounding comorbidity impacts these cellular processes in an in vivo model independent of 

comorbid conditions is lacking. Hence, in this thesis, I aimed to determine the independent effects of 

inflammation on the active and passive cellular mechanisms involved in LV diastolic dysfunction in an 

animal model of systemic inflammation, independent of comorbidities, where LV diastolic function was 

impaired. 

1.6.4 The role of inflammation in systolic dysfunction 

Although LV diastolic dysfunction is considered the predominant pathophysiology in HFpEF, several 

studies have shown that myocardial systolic function may also be impaired (as discussed in section 1.5). 

Considering the central role of inflammation in cellular mechanisms underlying the development of 

diastolic dysfunction, how is systolic function impacted by inflammation? Cross-sectional studies in the 

general population and in patients with auto-immune diseases have shown that circulating inflammatory 

markers are associated with TDI indices of systolic dysfunction, as well as with myocardial deformation 

and impaired motion (Lo Gullo et al. 2018). Moreover, we have recently shown that circulating 

inflammatory markers are strongly associated with impaired STE-derived measures of systolic function in 

an animal model of systemic inflammation in the absence of reduced ejection fraction (Mokotedi et al. 

2020; Rudominer et al. 2009).  

Regarding the mechanisms of inflammation-induced systolic dysfunction, in HFrEF, inflammation is 

associated with cardiomyocyte damage and loss by apoptosis (Simmonds et al. 2020). Inflammation is 

produced in the cardiomyocytes following a predisposing event such as ischaemia, toxicity or infection. 

This local inflammation has been associated with impaired Ca2+ homeostasis and mitochondrial 

dysfunction, which promote myocardial cell death (Ge et al. 2019). In contrast to HFpEF, it has been 

proposed that systemic inflammation drives the development of cardiac dysfunction due to an immune–

inflammatory activation in the heart that is strongly associated with the progression of LV diastolic 

dysfunction (Glezeva and Baugh 2014; Paulus and Tschöpe 2013). However, the mechanisms of systemic 

inflammation-induced systolic dysfunction are uncertain. Moreover, although several mechanisms of 

systolic dysfunction in HFpEF have been proposed; including aberrant Ca2+ handling, mitochondrial 
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dysfunction and fibrosis-induced changes in contractile protein properties and myocyte slippage (as 

discussed in section 1.5), there is currently no direct evidence that these mechanisms contribute to systolic 

dysfunction in HFpEF and secondly, whether inflammation directly impacts these mechanisms (Nagueh 

2021). Therefore, in the current thesis, in an animal model of systemic inflammation-induced LV diastolic 

dysfunction that is independent of comorbidities, I aimed to investigate the cellular processes that 

contribute to altered myocardial systolic function as indexed by STE measurements.  

1.7 Therapeutic interventions for the management of LV diastolic and systolic dysfunction in 

HFpEF 

Over the past decade, significant advances have been made in the management and treatment of HFrEF 

(Shah et al. 2014). However, therapies shown to benefit patient outcomes in HFrEF have consistently shown 

unsatisfactory results in HFpEF (Shah et al. 2014). The failure of these therapies in large outcome-based 

clinical trials may be a result of the heterogeneity of the phenotypes of HFpEF and the different systemic 

and myocardial signalling in HFpEF compared to HFrEF (Lewis et al. 2017; Paulus and Tschöpe 2013; 

Shah et al. 2014). Even controlling the underlying predisposing factors, mainly hypertension, using a 

variety of therapeutic interventions has proven unsuccessful in the treatment of HFpEF (Glezeva and Baugh 

2014; Paulus and van Ballegoij 2010). Considering systemic inflammation as a possible underlying cause 

for the development of LV diastolic function (Paulus and Tschöpe 2013), it has become increasingly 

recognised that treating chronic inflammation may be a more suitable strategy for treating HFpEF (Glezeva 

and Baugh 2014; Paulus and Tschöpe 2013). Despite the recognised role of inflammation in the 

mechanisms of LV diastolic dysfunction, therapeutic strategies aimed at improving inflammation or 

endothelial dysfunction using broad-spectrum anti-inflammatory or immune-modulatory approaches, such 

as anti-TNF-α therapy, or antioxidant therapy have not been effective (Gong et al. 2007; Heymans et al. 

2009; Massie et al. 2008; Redfield et al. 2013). Nevertheless, most of these therapeutics were used in 

patients with HFrEF. Moreover, in patients with auto-immune diseases characterised by chronic systemic 

inflammation, biologic disease modifying anti-inflammatory treatments that target specific inflammatory 

cytokines have shown significant improvements in disease progression (Kim et al. 2015). However, the use 

of these targeted anti-inflammatory treatments in managing HFpEF has been controversial. Some evidence 

suggests that anti-inflammatory treatment improves LV diastolic function in patients with rheumatoid 

arthritis (Omair et al. 2017). However, not all studies support these results (Baniaamam et al. 2018). 

Nevertheless, in animal models, targeting inflammation has shown promising results in managing specific 

pathways underlying LV diastolic dysfunction development (Gu et al. 2010; Heymans et al. 2005; 

Westermann et al. 2011). Taken together, the inefficient treatment strategies and poor outcomes for patients 

with HFpEF may be ascribed to the limited understanding of the pathophysiological mechanisms associated 
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with the development of LV diastolic dysfunction, as well as the “one-size fits-all” approach (Lewis et al. 

2017). Based on the experimental data that show a benefit of anti-inflammatory treatment on mechanisms 

of LV diastolic dysfunction, the precise identification of the inflammatory pathways that contribute to the 

pathogenesis of the different phenotypes of LV diastolic dysfunction should be identified to develop 

specific immune-modulating agents that could be used in managing HFpEF. Hence, in the current thesis I 

aimed to elucidate the role of different inflammatory modulators in the molecular pathways involved in an 

animal model of inflammation-induced LV diastolic and systolic dysfunction, by blocking specific 

circulating inflammatory cytokines. To further delineate the role of TNF-α on the molecular pathways 

involved in the development of LV diastolic and systolic function, I investigated the effect of exposing a 

human cardiomyocyte cell line (AC16 cells) to TNF-α.  

1.8 Problem statement  

The present thesis was designed to address uncertainties regarding the molecular mechanisms of systemic 

inflammation-induced LV diastolic and systolic dysfunction. It has been proposed that chronic systemic 

inflammation may be the underlying causal mechanism for the development of LV dysfunction associated 

with HFpEF in patients with comorbid conditions such as diabetes mellitus and hypertension. However, the 

impact of systemic inflammation on the molecular mechanisms of LV diastolic dysfunction is confounded 

by factors such as insulin-resistance and hypertension. Patients with chronic systemic inflammation due to 

auto-immune diseases also have increased prevalence of LV diastolic dysfunction and HFpEF. Moreover, 

some patients with HFpEF also exhibit impaired systolic myocardial function and the molecular 

mechanisms of inflammation-induced systolic dysfunction in HFpEF are poorly understood. Despite 

inflammation being implicated in the development of LV diastolic dysfunction, the use of anti-

inflammatory drugs in the management of these patients has shown contradictory outcomes, possibly owing 

to the limited understanding of the roles of specific cytokines in the pathophysiology of HFpEF. 

Considering the diverse aetiologies and heterogeneous presentation of LV diastolic dysfunction, a better 

understanding of the role of inflammation in the pathophysiological mechanisms underlying LV diastolic 

and systolic dysfunction is needed. Although human subjects are most desirable to understand the exact 

biology, human studies are largely cross-sectional with numerous confounders that limit the inference of 

cause and effect. The collagen-induced arthritis (CIA) rat provides a model of systemic inflammation that 

is independent of the confounding factors associated with comorbid diseases. It can be used to directly 

assess the effects of specific circulating proinflammatory cytokines on the molecular pathways in LV tissue 

that mediate development of the diastolic and systolic dysfunctions that lead to HFpEF. 
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1.9 Study aims 

The aims of the present thesis were therefore, to use a rat model of collagen-induced arthritis to determine 

the contributions of systemic inflammation, circulating TNF-α and circulating IL-6 to the molecular 

mechanisms involved in LV diastolic and systolic dysfunction by investigating the effects of: 

1. collagen-induced inflammation and inhibition of TNF-α on the development of fibrosis. 

2. collagen-induced inflammation and inhibition of TNF-α on the pathways that regulate titin 

phosphorylation. 

3. collagen-induced inflammation and inhibition of TNF-α on the active, energy dependent processes 

involved in LV relaxation and contraction and the effect of TNF-α on AC16 cardiomyocyte 

expression of genes important for these processes. 

4. collagen-induced inflammation and blockade of IL-6 on the development of fibrosis, the regulation 

of titin phosphorylation and the active processes of LV relaxation and contraction.  
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CHAPTER 2: MATERIALS AND METHODS 
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2.1 Experimental design and animal treatment  

Experimental procedures were approved by the Animal Ethics Screening Committee of the University of 

the Witwatersrand (AESC numbers: 2017/03/21C and 2019/02/10C). Procedures were performed in 

compliance with the Guide for the Care and Use of Laboratory Animals and reported in accordance with 

the ARRIVE guidelines. Three-month-old Sprague-Dawley rats were obtained from the Wits Research 

Animal Facility. Rats were randomly assigned into the control or experimental group using an online 

random number generator. Rats in the control group (n = 28, males n = 16; females n = 13) received a 

subcutaneous injection of saline (0.2ml), at the base of the tail. To induce systemic inflammation, rats in 

the experimental group were injected subcutaneously, at the base of the tail, with bovine type II collagen 

(2mg/ml in 0.05M acetic acid; Chondrex catalogue #20021, Redmond, WA, USA) emulsified in incomplete 

Freund’s adjuvant (1:1 volume, 0.2ml; Chondrex catalogue #7002, Redmond, WA, USA). A booster 

injection (0.1ml) was given seven and twenty-one days after the first immunization. Rats in the 

experimental group were further randomized into the collagen induced arthritis (CIA) group (n = 29, males 

n = 14; females n = 15), the TNF-α inhibitor group (anti-TNF-α, n = 16, males n = 8; females n = 8) and 

the IL-6 blocker group (n = 16, males n = 8, females n = 8). Following the onset of joint inflammation, the 

rats in the anti-TNF-α group received etanercept (10mg/kg), a TNF-α inhibitor, by intraperitoneal injection 

every three days for six weeks. The IL-6 blocker group received tocilizumab (8mg/kg), an IL-6 receptor 

blocker, by intraperitoneal injection once a week for 6 weeks. All rats inoculated with collagen also received 

1-4 mg/kg Tramazec daily, for pain relief.  

Body weight and disease severity of all rats were measured weekly. To confirm development of joint 

inflammation, rat hind paws were scored using a 0-4 grading scale (Winter et al. 1962). Hind paws were 

scored as follows, a score of ‘0’ reflected absence of swelling or focal redness of the paws; a score of ‘1’ 

reflected slight swelling with/without focal redness, a score of ‘2’ reflected mild-to-moderate paw oedema, 

a score of ‘3’ reflected the presence of pronounced oedema with limited use of the joint and a score of ‘4’ 

reflected the presence of excessive oedema with deformation and joint rigidity. The cumulative score for 

the hind paws of each rat (maximum score of 8) was used to represent the overall severity of inflammation. 

As the paw score is a subjective quantification of inflammation, the hind paw diameter at the metatarsal 

and ankle joint were also measured by digital calliper. Paw scores and paw thickness at the ankle joint and 

metatarsal joint were measured both prior to induction of inflammation and every second week thereafter 

for the duration of the study.  

Tail cuff blood pressure was measured using non-invasive blood pressure amplifiers (Biopac Systems, 

Santa Barbara, CA, USA). To measure the tail-cuff blood pressure, rats were placed in restraints with 
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adjustable restriction panels. Prior to commencement of recording blood pressure measurements, rats were 

habituated to restraints for two weeks. The tail of the rat was placed on heating pad for 10 minutes prior to 

measuring the blood pressure. Measurements were performed at midday and measured every two weeks. 

An average of three measurements were taken. 

For this study, 89 rats that are part of a larger study in which echocardiography was performed (Le Roux et 

al. 2022), were used for assessment of LV mRNA expression of genes involved in the passive and active 

processes of LV diastolic and systolic dysfunction. 

2.2 Echocardiography 

Following six weeks of drug treatments, rats were anaesthetized by intramuscular injections of ketamine 

(100 mg.kg-1) and xylazine (5 mg.kg-1) and echocardiography was performed by a single experienced 

operator who was not blinded to the experimental groups, using an ultrasound (Acuson SC 2000, Siemens 

Medical Solutions, USA, Inc.). Intra-observer studies were conducted on 20 echocardiographic exams. 

Pearson’s correlations for repeat measures for LV end diastolic diameter, septal wall thickness, posterior 

wall thickness, E, A, and e’ ranged between 0.82 and 0.94 (all 𝑝 < 0.001). The respective coefficients of 

variation ranged between 1.4% and 4.7% for all the aforementioned measures and there were no differences 

in the repeat measures on paired 𝑡-tests (all 𝑝 > 0.2). 

Using a high resolution (paediatric) ultrasound probe (10MHz) the parasternal long axis view of the LV 

was obtained. Using two-dimensional M-mode imaging, the left ventricular end diastolic diameter 

(LVEDD) and left ventricular end systolic diameter (LVESD), the interventricular septal thickness (IVST) 

and posterior wall thickness (PWT) were measured in systole (S) and diastole (D) according to the 

American Society of Echocardiography convention (Figure 2.1a) (Lang et al. 2015). LV end diastolic 

volume (LVEDV) and LV end systolic volume (LVESV) were calculated using the Teicholz formula 

(Teichholz et al. 1976). As a measure of systolic chamber pump function, LV ejection fraction (LVEF) was 

calculated as (LVEDV-LVESV)/LVEDV x 100 (Teichholz et al. 1976). Midwall fractional shortening 

(FSmid), as a marker of myocardial systolic function was calculated as [(LVEDD + PWT_D/2 + IVST_/2) 

- (LVESD + H_S/2)]/[LVEDD + PWT_D/2 + IVST_D/2)] x 100, where H represents the combined septal 

and posterior was thickness (de Simone et al., 1994). As a marker of concentric remodelling and LV fibrosis 

(Travers et al. 2016), LV relative wall thickness (RWT) was calculated as (IVST in diastole + PWT in 

diastole)/LVEDD) (Ganau et al. 1992).  

Diastolic function was measured using pulsed wave Doppler and Tissue Doppler Imaging. Mitral inflow 

velocity was measured in the apical four chamber view during early (E) and late diastole (A), with the 
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cursor placed at the mitral valve leaflet tips (Figure 2.1b). Tissue Doppler Imagining was used to measure 

tissue lengthening at the mitral annulus of the lateral wall during early (e’) and late (a’) periods of diastole 

(Figure 2.1c). A decreased e’ measurement is considered one of the earliest markers of impaired LV 

relaxation, and hence was used a marker of impaired relaxation in this thesis. As mitral inflow velocity (E) 

is dependent on both ventricular relaxation and left atrial force, while e’ is considered an index of relaxation, 

the E/e’ was calculated as an index of left ventricular filling pressures. The lateral wall e’/a’ ratio was 

calculated as an index of LV stiffness (Sharifov et al. 2016).  

Using STE, B-mode images were obtained to determine myocardial deformation (longitudinal strain and 

strain rate) and myocardial motion (longitudinal velocity and displacement) in the apical four chamber 

view, as a more sensitive measures of LV systolic function. B-mode video loops for analysis were selected 

based on the video quality and whether the endocardial and epicardial boarders were well defined. For 

minimization of beat-to-beat variability, five consecutive cardiac cycles were used for all measures. 

Automatic border detection software (Siemens Medical Solutions, USA, Inc.) was used to trace the 

endocardial and epicardial borders with manual adjustments to ensure optimal tracking in a frame-by-frame 

manner. Global longitudinal peak systolic strain, strain rate, displacements and velocities were calculated 

as the average of the six anatomical segments over three consecutive cardiac cycles (Weytjens et al. 2006) 

(Figure 2.1d).  

Following echocardiography, rats were terminated by thoracotomy, a blood sample was obtained after 

which the hearts were removed. The hearts were weighed using an analytical balance (Precisa Gravimetrics 

AG, Lucerne, Switzerland). The ventricles were dissected and weighed. The left ventricles were stored (-

80˚C) in RNAlater® (Ambion, Sigma Aldrich, Germany).  
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Figure 2.1. Representation of echocardiographic measures. Images showing M Mode measurement of 

left ventricular dimensions (a), pulse waved Doppler obtained from the mitral valve leaflet tips (b) the rate 

of tissue relaxation at the mitral annulus using tissue Doppler imaging (c), and speckle tracking analysis of 

left ventricle (d).  
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2.3 Circulating inflammatory markers  

Whole blood samples were collected into sterile vacutainer tubes with clot activators present for collection 

of serum. Vacutainers were incubated on ice for 30 minutes prior to centrifugation at 5000rpm for 10 

minutes (Universal 320, Hettich, Germany). Serum was collected, aliquots were made and stored at -80°C 

for further analysis. TNF-α, IL-6 and C-reactive protein (CRP) concentrations in serum were measured in 

duplicate by sandwich enzyme-linked immunosorbent assay (ELISA, Elabscience Biotechnology, USA). 

2.4 Cell culture and treatment of adult cardiomyocyte cell line (AC16) 

An immortalised adult human ventricular cardiomyocyte cell line, AC16 (Catalogue number 9Q019D; 

Sigma Aldrich, St. Louis, MO), was used as an in vitro model of inflammation to assess the direct effect of 

TNF-α on cardiomyocytes in the absence of other myocardial cell types. AC16 cells were maintained in 

HyClone Dulbecco’s Modified Eagle Medium (DMEM) + Ham’s F-12 (GE Healthcare, Chicago, IL), 

supplemented with 10% foetal bovine serum (FBS, Gibco; Thermo Fisher Scientific) and incubated at 37°C 

with 5% CO2.  

The cells were seeded into 12-well plates using serum-free + Ham’s F-12 supplemented with 5% Penicillin-

Streptomycin and allowed to reach ~85% confluence. Cells were then incubated with or without TNF-α 

(10µg/ml; Sigma Aldrich, St. Louis, MO) for 5 minutes (min), 8 hours (h) or 24 h with 4 wells per treatment 

and each experiment was performed three times.  

2.5 Preparation of cDNA for comparative gene expression using real time PCR 

Rat LV samples were homogenized by sonication and total RNA was extracted using an illustra™ Mini 

Spin RNA extraction kit (GE Healthcare, Buckinghamshire, UK). For cell culture experiments, cells were 

lysed, and total RNA was extracted using an illustra™ Mini Spin RNA extraction kit (GE Healthcare, 

Buckinghamshire, UK), according to the manufacturer’s instructions. The resulting RNA (2μl) was used to 

reverse-transcribe messenger RNA to produce cDNA using SuperScript™ IV VILO™ cDNA synthesis 

master mix (18µl, Thermo Fisher Scientific, Life Technologies, Carlsbad, USA). 

2.6 Comparative gene expression RT-PCR 

Comparative gene expression RT-PCR was performed in duplex reactions on duplicated plates using a 

StepOne Plus thermocycler (Thermo Fisher Scientific, Life Technologies, Carlsbad, USA) with cDNA 

(~2μg), pre-designed TaqMan® probe mixes for the selected reference gene (0.25μl,), pre-designed 

TaqMan® probe mixes for each gene of interest (0.5μl, TaqMan® gene expression assay) and TaqMan® 

advanced PCR master mix (5μl) in a final volume of 10μl. Cycling conditions consisted of an initial hold 
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at 50°C for 2 minutes, a hot start hold at 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds 

and 60°C for 1 minute. When results for individual rats were outside the detection range of the PCR assay 

in duplicate plates, these data points were excluded from the analysis. The fold-change in relative 

expression was then calculated as 2-ΔΔCt, using the delta-delta Ct method (Livak and Schmittgen 2001). 

For the assessment of extracellular matrix remodelling and fibrosis, comparative gene expression of the 

following genes was assessed using TaqMan® probes: Col1 which codes for collagen I protein 

(Rn01463848_m1), TGFβ (Rn99999016_m1), LOX which codes for lysyl oxidase protein 

(Rn01491829_m1), TNF-α (Rn00562055_m1), IL-6 (Rn01410330_m1), α smooth muscle actin (αSMA, 

Rn01759928_g1), CD68 (Rn01495634_g1), MMP2 (Rn01538170_m1) and MMP9 (Rn00579162_m1).  

For the assessment of the pathways involved in titin phosphorylation, comparative gene expression of the 

following genes was assessed using TaqMan® probes: VCAM1 (Rn00563627_m1), PTX3 which codes for 

pentraxin-3 protein (Rn01769850_m1), iNOS (Rn00561646_m1), PP1γ, which codes for protein 

phosphatase 1 (Rn04339209_m1), PP5, which codes for protein phosphatase 5 (Rn00669044_g1), sGCα2 

(Rn00675050_m1) and sGCβ2 (Rn01636981_m1), which code for the sGC alpha 2 and sGC beta 2 subunits 

respectively.  

To assess the contribution of active, energy dependent mechanisms of LV relaxation comparative gene 

expression of the following genes was assessed in LV tissues using TaqMan® probes: Myh6 which codes 

for α-MyHC (Rn00568304_m1), Myh7 which codes for β-MyHC (Rn00568328_m1), iNOS 

(Rn00561646_m1), SOD2 which codes for superoxide dismutase 2 (Rn00690588_g1), SERCA2a which 

codes for SERCA protein (Rn00568762_m1), BAX which codes for Bcl-2-associated X-protein 

(Rn01480161_g1) and Bcl-2 which codes for B-cell lymphoma 2 protein (ID: Rn99999125_m1). 

To further delineate the role of TNF-α in the active processes underlying LV diastolic and systolic function 

comparative gene expression of the following genes was assessed in AC16 cells using TaqMan® probes: 

TNF-α (Hs00174128_m1), IL-6 (Hs00174131_m1), SERCA2a (Hs00544877_m1), SOD2 

(Hs00167309_m1), Bcl-2 (Hs04986394_s1) and BAX (Hs00180269_m1) in duplex reactions with GAPDH 

(0.25µl) in duplicated plates.  

2.7 Reference gene selection 

The strategy for selecting the most suitable reference gene usually involves analysis of a panel of reference 

genes relative to a target gene for either a subset or all of the test samples, where the expression of the target 

gene is correlated with the degree of the intervention outcome (Cabiati et al. 2012). Several software 

programmes are available for testing the reliability of a reference gene, including BestKeeper (Pfaffl MW 
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2004), geNorm (Vandesompele J 2002) and NormFinder (Andersen CL 2004). While each software tool 

employs a unique algorithm, all are based on estimating the variance in cycle threshold (Ct) values of each 

reference gene across the different treatment groups or tissue types being investigated (St-Pierre, Grégoire, 

and Vaillancourt 2017).  

All RT-PCR sample reactions were performed in duplicate using pre-designed TaqMan® primer/probe 

mixes (TaqMan® gene expression assay; Applied Biosystems) and TaqMan® advanced PCR master mix 

(Applied Biosystems) on a StepOne Plus Real-Time PCR System (Thermo Fisher Scientific). No cDNA 

template was added to the negative controls. Four endogenous reference genes, HPRT1 (TaqMan® assay 

ID: Rn01527838_g1), Rpl32 (TaqMan® assay ID: Rn00820748_g1), Tbp (TaqMan® assay ID: 

Rn01455646_m1) and ACTB (TaqMan® assay ID: Rn00667869_m1), as described in table 2.1, were tested 

using samples of cDNA from all study groups (n=5 per group, n=20 total). IL-6 (TaqMan® assay ID: 

Rn01410330_m1) was used as the target gene in duplex reactions (final volume = 10μL) for each reference 

gene.  

Cycling conditions consisted of an initial hold at 50°C for 2 minutes, a hot start hold at 95°C for 10 minutes, 

followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute. The fold-change in relative expression 

was then calculated as 2-∆∆Ct (Livak and Schmittgen 2001). For BestKeeper analysis, Ct values were used 

to calculate the geometric and arithmetic means as well as standard deviation and coefficient of variance. 

The reference genes were subsequently ranked from most stable to least stable based on these outcomes 

(Pfaffl MW 2004). For NormFinder analysis, Ct values were used to calculate the geometric means of all 

reference genes and similarly ranked in terms of reliability (Andersen CL 2004). The data were then 

analysed using RefFinder, which uses a single data input to compute multiple algorithms equivalent to the 

most popular stability testing programs available including the delta Ct method, BestKeeper, Normfinder 

and geNorm to assign a value to each gene and subsequently calculate the geometric mean of the assigned 

values for an overall ranking of the potential reference genes tested (Panina et al. 2018). 

ACTB was excluded from the stability analysis altogether because it yielded numerous failed PCR reactions, 

which is consistent with an unstable reference gene. All analyses identified Hprt1 as the most suitable 

reference gene in LV heart tissue of the four animal groups in this study (Figure 2.2) and it was used as the 

endogenous reference gene for all RT-PCR analyses of the animal model. GAPDH (Hs99999905_m1, 

Thermo Fisher Scientific, Life Technologies, Carlsbad, USA) was selected using RefFinder software (as 

described above) as the most suitable reference gene for the cell culture experiments when compared with 

Hprt1 and Tbp. 
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Table 2.1. Description of candidate reference genes  

Reference 

Gene 

Full Gene Name Gene Function 

Hprt1 Hypoxanthine guanine 

phosphoribosyl-transferase 1  

Transferase has a central role in the generation of purine 

nucleotides (Molina et al. 2018) 

Tbp TATA-box binding protein Transcription factor involved in the initiation of 

eukaryotic mRNA synthesis (Cabiati et al. 2012) 

Rpl32 60S ribosomal protein L32 Component of the large subunit of ribosomal protein 

L32 

ACTB β-actin Component of cytoskeletal structures (Cabiati et al. 

2012) 

 

 

 

 

 

 

 

 

Figure 2.2. Comprehensive stability ranking of reference genes by RefFinder. All software analyses 

show that Hprt1 is the best-fit reference gene when compared with geomean stability rankings of Tbp and 

Rpl32. 
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2.8 Data analysis 

Statistical analyses were performed using SAS software, version 9.4 (SAS Institute Inc., USA). Normally 

distributed variables are expressed as mean ± standard error of the mean (SEM) and non-normally 

distributed variables are expressed as median (interquartile range, IQR). Differences in normally distributed 

variables between the groups were determined by two-way analysis of variance (ANOVA) with group and 

sex as the main effects, followed by Tukey post-hoc tests. For non-normally distributed variables group 

differences were determined by Kruskal-Wallis tests. As there were no differences in the molecular markers 

between males and females, results were combined. Associations were determined using Pearson’s 

correlations. To determine the independent contribution of molecular markers to LV remodelling, linear 

regression analysis was performed. Non-normally distributed variables were log transformed prior to 

inclusion in regression analysis. In the AC16 cells, differences between the cells not exposed to TNF-α 

(control) and those exposed to TNF-α (+TNF-α) were determined by two-way ANOVA with group and 

time as the main effects, followed by Tukey post-hoc tests. Results were considered statistically significant 

if p ≤ 0.05. 
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CHAPTER 3: INFLAMMATION-INDUCED LEFT VENTRICULAR FIBROSIS IS 

PARTIALLY MEDIATED BY TUMOUR NECROSIS FACTOR-ALPHA 

The data in this chapter forms part of a publication in Physiological Reports 

Manilall, A., Mokotedi, L., Gunter, S., Le Roux, R., Fourie, S., Flanagan, C.A., & Millen, A. M. E. 

(2021). Inflammation-induced left ventricular fibrosis is partially mediated by tumour necrosis factor-α. 

Physiological Reports, 9, e15062. 
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3.1 Abstract  

Objective: To determine the mechanisms of inflammation-induced LV remodelling and effects of blocking 

circulating TNF-α in a model of systemic inflammation. 

Method: Seventy Sprague-Dawley rats were divided into three groups: the control group, the CIA group, 

and the anti-TNF-α group. Inflammation was induced in the CIA and anti- TNF-α groups. Following the 

onset of arthritis, the anti-TNF-α group received the TNF-α inhibitor, etanercept, for six weeks. LV 

geometry and function were assessed with echocardiography. Circulating inflammatory markers were 

measured by ELISA and LV gene expression was assessed by comparative TaqMan® polymerase chain 

reaction.  

Results: The LV relative gene expression of pro-fibrotic genes, transforming growth factor β (TGFβ) (p = 

0.03), collagen I (Col1) (p < 0.0001), and lysyl-oxidase (LOX) (p = 0.002), was increased in the CIA group 

compared with controls, consistent with increased relative wall thickness (p = 0.0009). Col1 and LOX 

expression in the anti-TNF-α group were similar to controls (both, p > 0.05) and tended to be lower 

compared to the CIA group (p = 0.06 and p = 0.08, respectively), and may, in part, contribute to the 

decreased relative wall thickness in the anti-TNF-α group compared to the CIA group (p = 0.03). In the 

CIA group, the relative gene expression of matrix metalloproteinase 2 (MMP2) was increased compared to 

control (p = 0.04) and anti-TNF-α (p < 0.0001) groups, respectively.  

Conclusion: Chronic systemic inflammation induces fibrosis and dysregulated LV extracellular matrix 

remodelling by increasing local cardiac pro-fibrotic gene expression, which is partially mediated by TNF- 

α. Inflammation-induced LV diastolic dysfunction is likely independent of myocardial fibrosis. 
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3.2 Introduction  

LV diastolic dysfunction is a pre-clinical condition that often progresses to HFpEF (Wan et al. 2014). 

Although low-grade systemic inflammation is believed to be a causal mechanism underlying LV diastolic 

dysfunction development in patients with comorbid conditions such as diabetes mellitus, obesity and 

hypertension; other factors in these conditions confound understanding of the contribution of inflammation 

to development of LV diastolic dysfunction (Van Linthout and Tschöpe 2017). Patients with autoimmune 

conditions characterized by chronic systemic inflammation, have increased risk for developing LV diastolic 

dysfunction (Aslam et al. 2013). Indeed, models of systemic inflammation provide useful information about 

the mechanisms whereby inflammation contributes to development of diastolic dysfunction (Glezeva and 

Baugh 2014). 

Myocardial fibrosis contributes to concentric remodelling of the LV, which is characteristic of diastolic 

dysfunction. Myocardial fibrosis is characterized by extracellular matrix changes and hypertrophic growth 

of cardiomyocytes (Baum and Duffy 2011). Several factors, including increased collagen volume, collagen 

cross-linking, and disruption of collagen turnover contribute to formation of a stiffened extracellular matrix 

(El Hajj et al. 2017). Inflammation modulates the mechanisms of extracellular matrix remodelling and may 

thus contribute to the development of diastolic dysfunction (Goldsmith, Bradshaw, and Spinale 2013; Gu 

et al. 2015). Increased expression of pro-inflammatory cytokines has been associated with accelerated 

collagen formation (Porter and Turner 2009), increased collagen cross-linking (Suthahar et al. 2017) and 

altered collagen degradation, which ultimately lead to dysregulation of collagen turnover and LV fibrosis 

(Li et al. 2000). Although low-grade inflammation induced by comorbidities has been associated with these 

mechanisms of myocardial fibrosis and remodelling (Paulus and Tschöpe 2013), the effect of inflammation 

on these mechanisms of the LV remodelling and diastolic dysfunction, in the absence of confounding 

comorbidities is uncertain. 

Anti-inflammatory drug treatment in auto-immune conditions characterized by systemic inflammation is 

known to reduce disease progression. The effects of these drugs on myocardial remodelling and diastolic 

dysfunction have been contradictory (Kosmas et al. 2019). Some have shown that blocking circulating 

inflammatory cytokines positively impacts the cellular mechanisms implicated in myocardial remodelling 

(Kleveland et al. 2016; Li et al. 2017), while others have failed to show positive outcomes (Hartman et al. 

2016). Nevertheless, the beneficial effects were shown in systems that did not involve chronic inflammation 

(Kleveland et al. 2016; Li et al. 2017). We have recently shown that systemic inflammation induced 

concentric remodelling, diastolic dysfunction (Le Roux et al. 2022; Mokotedi et al. 2020) and increased 

collagen area fraction (Mokotedi et al. 2020) in the CIA rat model (Mokotedi et al. 2020). The aim of the 
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current study was to assess the molecular mechanisms of inflammation-induced cardiac fibrosis in LV 

diastolic dysfunction and to use the TNF-α inhibitor, etanercept, to assess the role of circulating TNF-α in 

development of fibrosis. 

3.3 Results  

3.3.1 Effect of collagen inoculation and anti-TNF-α treatment on body mass, blood pressure and 

circulating inflammatory markers 

The full characterisation of the animal model is reported elsewhere (Le Roux et al. 2022). Briefly, for the 

partially overlapping group of animals included in this thesis, the body mass was lower in the anti-TNF-α 

(p = 0.03) and the CIA rats (p = 0.002) compared to controls (Table 3.1). Blood pressure was similar 

between groups (Table 3.1). The paw scores were increased in both the CIA and anti-TNF-α groups 

compared to controls (both p < 0.05). The thickness of the ankle joint and tarsometatarsal joints were 

increased in the CIA group compared to controls (both p < 0.05). The joint thickness of both joints in the 

anti-TNF-α group were not different from controls (both p > 0.05), and the tarsometatarsal joint thickness 

was lower in the anti-TNF-α group compared to the CIA group (p = 0.01). Circulating inflammatory marker 

concentrations were higher in both groups of rats inoculated with collagen compared to the control group 

(p < 0.0001, Table 3.1). Circulating CRP concentrations were lower in the anti-TNF-α group compared to 

the CIA group (p = 0.04).  

3.3.2 Effect of collagen inoculation and anti-TNF-α treatment on tissue inflammatory markers  

Collagen inoculation did not affect LV relative mRNA expression of TNF-α (Table 3.1). The LV relative 

mRNA expression of IL-6 was higher in the CIA group (p = 0.001) than in controls (Table 3.1). Relative 

mRNA expression of IL-6 was similar in the anti-TNF-α and control rats (p = 0.06). Compared to the control 

rats, the relative mRNA expression of CD68, a marker of monocytes and macrophages present in the LV 

tissue, was higher in the CIA rats (p = 0.03), but not in the anti-TNF-α rats (p = 0.92). 
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Table 3.1. Body mass, blood pressure and circulating and tissue inflammatory markers in control, 

CIA, and anti-TNF-α groups 

Data are expressed as means ± SEM or median (IQR). CIA, collagen-induced arthritis, anti-TNF-α, 

collagen-inoculated and treated with tumour necrosis factor alpha inhibitor, SBP, systolic blood pressure, 

DBP, diastolic blood pressure, TNF-α, tumour necrosis factor alpha, IL-6, interleukin 6, CRP, C-reactive 

protein. * p < 0.05 versus control; *** p < 0.001 versus control , **** p < 0.0001 versus control † p < 0.05 

versus CIA. 

  

 Control CIA anti-TNF-α 

n 28 29 16 

Female n (%) 13 (46) 15 (52) 8 (50) 

Body mass (g) 460 ± 9 426 ± 9* 405 ± 12* 

SBP (mm Hg) 

DBP (mm Hg) 

128 ± 2 

87 ± 2 

130 ± 2 

88 ± 1 

131 ± 2 

86 ± 2 

Paw score  0  4 (3 – 6)**** 3.5 (2 – 5)**** 

Ankle joint thickness (mm) 8.6 ± 0.1 9.17 ± 0.1** 8.6 ± 0.2 

Tarsometatarsal joint thickness (mm) 5.0 ± 0.1 5.5 ± 0.1** 5.0 ± 0.1† 

Circulating inflammatory marker concentrations 

TNF-α (pg/ml) 93.9 ± 7.1 155.8 ± 3.9* 145.6 ± 2.9* 

IL-6 (pg/ml) 16.4 ± 2.1 29.9 ± 2.0* 27.8 ± 2.6* 

CRP (ng/ml) 0.10 ± 0.04 0.56 ± 0.04* 0.43 ± 0.05*† 

Tissue inflammatory marker expressions (mRNA) 

TNF-α 1.02 (0.71 - 1.27) 1.03 (0.85 - 1.28) 1.14 (1.04 - 1.47) 

IL-6 0.85 (0.65 - 0.93) 1.54 (0.88 - 2.22)* 1.04 (0.86 - 1.28) 

CD68 0.92 ±0.06 1.14 ±0.06* 0.96 ±0.07 
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3.3.3 Effect of collagen inoculation on LV geometry and LV relaxation 

The LV RWT was higher in the CIA group than in the control group (p = 0.0009, Figure 3.1a), showing 

that collagen inoculation induced concentric remodelling. The RWT in the anti-TNF-α-treated rats was 

lower than in the CIA rats (p = 0.03) and was not different from controls (p = 0.77, Figure 3.1a). Myocardial 

diastolic function was significantly impaired in the CIA and anti-TNF-α groups. LV relaxation, as indexed 

by a decreased e’, was impaired in both the CIA (p < 0.0001) and anti-TNF-α (p < 0.0001) groups compared 

to the control group (Figure 3.1b). LV lateral wall e’/a’ ratio was decreased in the CIA group (p = 0.04) 

and the anti-TNF-α group (p = 0.0001) compared to the control group (Figure 3.1c), indicating increased 

LV stiffness in both groups inoculated with collagen. Similarly, the E/’e ratio was significantly increased 

in the CIA (p = 0.0005) and anti-TNF-α (p = 0.0008) groups compared to the control group, suggesting an 

increased filling pressure in the groups inoculated with collagen (Figure 3.1d). Including body mass as a 

potential confounder in the analysis did not materially alter the results. 

3.3.4 Effect of collagen inoculation and anti-TNF-α treatment on extracellular matrix gene expression 

The relative mRNA expression of TGFβ, which codes for the protein that stimulates fibrosis in LV tissue, 

was higher in CIA (p = 0.03) and anti-TNF-α (p = 0.03) rats compared to control rats (Figure 3.2a). 

Treatment with etanercept did not impact the increase in relative mRNA expression of TGFβ that was 

induced by collagen inoculation (p = 0.92; Figure 3.2a). Since TGFβ is primarily produced by monocytes 

in the resolution phase of inflammation (Netea et al. 2017), I assessed the association between the 

expression of TGFβ and expression of the monocyte marker, CD68. The relative mRNA expression of 

TGFβ was not associated with CD68 expression (r (95%CI) = -0.004 (-0.27 - 0.28), p = 0.98). 

The relative mRNA expression of Col1, which codes for the extracellular matrix protein collagen 1, was 

higher in the CIA group (p < 0.0001), but not in the anti-TNF-α (p = 0.07) rats compared to the control rats 

(Figure 3.2b). The expression of Col1 was lower in the anti-TNF-α rats than in the CIA rats but did not 

reach statistical significance (p = 0.06). Consistent with the function of TGFβ in stimulating expression of 

collagen (Mollmann et al. 2010), Col1 expression was correlated with TGFβ expression in all groups (p = 

0.005; Figure 3.4a) and in the control and CIA rats (p = 0.02; Figure 3.4c). Since monocytes are the major 

source of TGFβ, I assessed the association between Col1 expression and CD68 expression. LV Col1 

expression was not associated with CD68 expression in all groups (p = 0.79, Figure 3.4b) or in the control 

and inflammation groups (p = 0.52; Figure 3.4d), consistent with no association of TGFβ expression with 

CD68 expression.  
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Figure 3.1. Echocardiographic measures of LV geometry and LV diastolic function. 

Echocardiographic measures of relative wall thickness (RWT) (a), e’ (b), e’/a’ (c) and E/’e (d) of control, 

CIA and anti-TNF-α rats. Data presented as means ± SEM; * p < 0.05 versus control; *** p < 0.001 versus 

control; ****p < 0.0001 versus control; †p < 0.05 versus CIA. 
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Figure 3.2. LV expression of extracellular matrix genes. Rats were inoculated with collagen (CIA) and 

treated with a TNF-α inhibitor (anti-TNF-α) before measurement of relative mRNA expression of TGFβ 

(a), Col1 (b), LOX (c) and αSMA (d). Results are expressed in arbitrary units normalized for the expression 

of the endogenous reference gene, HPRT1, using the ∆∆Ct method. Data presented as means ± SEM; * p < 

0.05 versus control; ** p < 0.01 vs control; ****p < 0.0001 versus control.  
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Figure 3.3. LOX and COL1 markers of extracellular matrix gene expression. Pearson’s correlations of 

TGFβ and CD68 with Col1 and LOX in all groups (a, b) and control vs CIA groups only (c, d). Open circles 

represent correlation coefficients and error bars represent 95% CI. 
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Compared to the control rats, relative mRNA expression of LOX, which codes for the enzyme that catalyses 

collagen cross-linking, was higher in the CIA rats (p = 0.002), but not in the anti-TNF-α rats (p = 0.26, 

Figure 3.2c). The expression of LOX was lower in the anti-TNF-α group than in the CIA group but did not 

reach statistical significance (p = 0.08). This suggests that blocking circulating TNF-α reduces 

inflammation-induced upregulation of LOX expression. Since LOX is expressed in fibroblasts that are 

regulated by TGFβ, which is produced by monocytes, I assessed the association between LOX expression 

and the expression of CD68 and TGFβ. The relative mRNA expression of LOX was associated with CD68, 

in all groups (p = 0.0002; Figure 3.3b) and in the control and CIA groups only (p = 0.0009; Figure 3.3d). 

The relative mRNA expression of LOX was associated with the relative mRNA expression of TGFβ in the 

control and CIA groups (p = 0.02; Figure 3.3c), but not when all groups were included in the analysis (p = 

177 0.06, Figure 3.3a). There were no differences between the groups in the LV relative mRNA expression 

of αSMA (Figure 3.2d). The mean ± SEM LV relative expression of Myh7 was higher in the CIA rats (1.25 

± 0.05) compared to the control rats (0.97 ± 0.05; p = 0.0005), showing collagen inoculation induced LV 

hypertrophy. Expression of Myh7 was lower in the anti-TNF-α group (0.91 ± 0.06) compared to the CIA 

group (p = 0.0002) and was not different from controls (p = 0.74). When determining the independent 

contribution of pro-fibrotic and hypertrophy gene expression markers to RWT, only Col1 was associated 

with an increased RWT (std β (95%CI) = 0.62 (0.22-1.02), p = 0.003; Figure 3.4). 

3.3.5 Effect of collagen inoculation and anti-TNF-α treatment on markers of collagen turnover  

The LV relative mRNA expression of MMP2, which codes for a protein that degrades ECM components 

and contributes to collagen turnover, was higher in the CIA group than in the control group (p = 0.04, Figure 

3.5a). LV relative mRNA expression of MMP2 in the anti-TNF-α group tended to be lower than the CIA 

group (p = 0.07) and was similar to the control group (p = 0.99). Since matrix metalloproteinases play an 

important role in regulating collagen turnover, and inflammation resulted in increased collagen production, 

it is not clear whether matrix metalloproteinase expression is likely to be stimulated by systemic 

inflammation or by local fibrosis. Therefore, I assessed the association between MMP2 expression and 

circulating inflammatory proteins and local LV expression of cytokines and pro-fibrotic genes. LV relative 

mRNA expression of MMP2 was not associated with circulating IL-6 (r (95% CI), 0.10 (-0.16-0.35); p = 

0.45), TNF-α (r (95% CI), 0.10 (-0.16-0.34); p = 0.46) or CRP (r (95% CI), 0.07 (-0.19-0.32); p = 0.61) 

concentrations (Table 3.2). MMP2 expression was associated with local LV expression of IL-6 (r (95% CI), 

0.42 (0.15-0.62); p = 0.002), TGFβ (r (95% CI), 0.48 (0.27-0.64); p < 0.0001) and Col1 (r (95% CI), 0.49 

(0.28-0.66); p < 0.0001) (Table 3.2). 
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Figure 3.4. Regression analysis of relative wall thickness with Col1, LOX, TGFβ, CD68, αSMA and 

Myh7 in left ventricular tissues of all rat groups. Open circles represent standardized beta coefficients 

and error bars represent 95% CI. 
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The LV relative mRNA expression of MMP9, was significantly lower in the anti-TNF-α group compared 

to the control (p = 0.001) and CIA (p < 0.0001) groups (Figure 3.5b), showing that blocking circulating 

TNFα decreases LV expression of MMP9. I also assessed the correlation of MMP9 expression with 

circulating inflammatory proteins and local LV expression of cytokines and pro-fibrotic genes. Local LV 

relative mRNA expression of MMP9 was only associated with LOX (r (95% CI), 0.34 (0.06-0.56); p = 0.02) 

(Table 3.2). Since matrix metalloproteinases increase extracellular matrix turnover, altered expression 

would be expected to affect myocardial stiffness. This is consistent with impaired LV relaxation (Figure 

3.1b), increased LV stiffness (Figure 3.1c) and increased LV filling pressures (Figure 3.1d).  
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Figure 3.5. LV expression of matrix metalloproteinase genes. Rats were inoculated with collagen (CIA) 

and treated with a TNF-α inhibitor (anti-TNF-α) before measurement of relative mRNA expression of 

MMP2 (a) and MMP9 (b) in left ventricular tissues of control, CIA and anti-TNF-α rats. Relative mRNA 

expression results are expressed in arbitrary units normalized for the expression of the endogenous 

reference gene, HPRT1, using the ∆∆Ct method. Data are from duplicate real time PCR experiments. Data 

presented as means ± SEM; * p < 0.05 versus control; ** p < 0.01 versus control; ††††p < 0.0001 versus 

CIA
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Table 3.2. Association between expression of matrix metalloproteinases and pro-inflammatory and pro-fibrotic genes 

 MMP2 versus MMP9 versus 

All groups (n = 77) Control and CIA (n = 62) All groups (n = 77) Control and CIA (n = 62) 

r(95%CI) p r (95%CI) p r (95%CI) p r (95%CI) p 

Circulating inflammatory proteins 

CRP 0.07 (-0.19-0.32) 0.61 0.17 (-0.13-0.44) 0.25 0.22 (-0.07-0.47) 0.13 0.34 (0.03-0.60) 0.03 

IL-6 0.10 (-0.16-0.35) 0.45 0.22 (-0.09-0.48) 0.15 0.13 (-0.15-0.40) 0.35 0.27 (-0.06-0.54) 0.10 

TNF-α 0.10 (-0.16-0.34) 0.46 0.25 (-0.05-0.50) 0.09 0.09 (-0.20-0.36) 0.55 0.25 (-0.08-0.53) 0.14 

Tissue inflammation genes  

IL-6 0.36 (0.09-0.59) 0.009 0.35 (0.04-0.60) 0.03 0.24 (-0.10-0.53) 0.16 0.19 (-0.11-0.46) 0.21 

TNF-α -0.13(-0.38-0.13) 0.32 -0.04 (0.34-0.26) 0.80 0.08 (-0.20-0.36) 0.57 0.29 (-0.04-0.56) 0.08 

Tissue fibrosis genes  

LOX 0.21 (-0.06-0.44) 0.13 0.22 (0.08-0.49) 0.15 0.34 (0.06-0.56) 0.02 0.44 (0.14-0.67) 0.005 

Col1 0.49 (0.28-0.66) < 0.0001 0.47 (0.22-0.66) 0.001 -0.15 (-0.41-0.12) 0.27 -0.16 (-0.45-0.16) 0.33 

Genes expressed by inflammatory cells 

TGFβ 0.44 (0.22-0.62) < 0.0001 0.45 (0.20-0.64) 0.001 -0.13 (-0.38-0.14) 0.34 -0.06 (-0.35-0.24) 0.70 

CD68 0.02 (-0.27-0.30) 0.91 -0.03 (0.36-0.30) 0.84 0.20 (-0.11-0.47) 0.19 0.23 (-0.13-0.53) 0.21 

Data are presented as r (95%CI). MMP2, matrix metalloproteinase 2; MMP9, matrix metalloproteinase 9; CIA, collagen-induced inflammation, 

CRP, C-reactive protein, IL-6, interleukin 6; TNF-α, tumour necrosis factor α; LOX, lysyl oxidase; Col1, collagen I; TGFβ, transforming growth 

factor β, CD68. significance indicated in bold.
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3.4 Discussion 

This study used a CIA model of systemic inflammation to investigate the molecular mechanisms of 

inflammation-induced diastolic dysfunction, focusing on LV fibrosis and extracellular matrix remodelling. 

I showed that the systemic inflammation resulted in local LV tissue inflammation, as evidenced by 

increased LV expression of IL-6 and inflammatory leukocyte infiltration, which were inhibited when 

circulating TNF-α was blocked. LV expression of TGFβ was increased in animals inoculated with collagen. 

Consistent with increased TGFβ expression, systemic inflammation resulted in increased LV expression of 

the collagen gene, Col1, and the lysyl oxidase enzyme gene, LOX. These results suggest that circulating 

TNF-α contributes to local LV inflammation, which increases collagen production and cross-linking, that 

may result in fibrosis. Thus, blocking circulating TNF-α prevents adverse LV remodelling by decreasing 

local LV inflammation. Systemic inflammation resulted in increased expression of matrix 

metalloproteinases, suggesting dysregulation of extracellular matrix turnover. Blocking TNF-α prevented 

the upregulation of matrix metalloproteinase expression. Despite the reduced collagen formation and 

collagen turnover in the anti-TNF-α group, blocking circulating TNF-α had no effect on echocardiographic 

measures of LV relaxation or LV stiffness, suggesting that additional factors that are not regulated by TNF-

α contribute to LV diastolic dysfunction. 

Circulating cytokines such as TNF-α drive inflammation in a receptor-mediated manner and exert 

pleiotropic effects on a number of different cell types (Paulus and Tschöpe 2013). These cells, in turn, 

produce acute phase proteins, such as CRP, vascular adhesion molecules, matrix metalloproteinases and 

growth factors (Ma and Xu 2013; Paulus and Tschöpe 2013; Pironti et al. 2018). Etanercept is a fusion 

protein that inhibits the action of TNF-α by mimicking the soluble form of the TNF-α receptor, which binds 

to TNF-α in circulation and blunts its effects (Ma and Xu 2013). In the current study, local expression of 

IL-6 in the LV was increased in the CIA group. This suggests that local IL-6 expression was upregulated in 

response to the increased circulating cytokines induced by collagen inoculation. Similarly, a previous study 

in mice with post-ischemic heart failure showed increased levels of circulating cytokines that were 

associated with the upregulation of genes that encode chemokine and cytokine receptors in cardiac tissues 

(Lachtermacher et al. 2010). The downregulation of cardiac IL-6 expression when TNF-α was blocked 

suggests that increased circulating TNF-α increases local expression of IL-6. There was no increase in local 

expression of TNF-α in any of the groups. TNF-α expression is a part of both normal and diseased 

physiology in the heart (Schumacher and Naga Prasad 2018). Transcription of TNF-α mRNA is regulated 

in response to complex signalling systems (Azzawi and Haselton 1999). Although elevated circulating 

TNF-α is considered a biomarker for cardiovascular disease, specific cardiomyocyte expression of TNF-α 

has been associated with more progressive forms of heart failure including systolic dysfunction, whereby 
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the relative gene dosage is proportional to disease severity (Francis 1999; Kubota et al. 2001; 

Lachtermacher et al. 2010). The unchanged TNF-α mRNA expression in this model may be explained by 

the effects of the intervention on the severity of cardiac dysfunction. Indeed, we and others have previously 

reported early-stage diastolic dysfunction or mild cardiovascular disease without systolic impairments in 

similar models (Le Roux et al. 2022; Mokotedi et al. 2020; Sanghera et al. 2019). 

In the present study, the increased relative mRNA expression of CD68 in the CIA group suggests 

macrophage infiltration of the heart tissues (Franssen et al. 2016). Although the fibroblast-stimulating 

growth factor, TGFβ, is broadly anti-inflammatory, it is primarily produced by macrophages (Netea et al. 

2017). Thus, the increased expression of CD68 is consistent with increased expression of TGFβ and IL-6 

in CIA rats, as macrophages are a source of both TGFβ and IL-6 (Hulsmans et al. 2018; Witasp et al. 2013). 

Although it did not reach significance, blocking circulating TNF-α tended to lower CD68 mRNA 

expression in the anti-TNF-α group compared with the CIA group. This suggests that circulating TNF-α 

may contribute to macrophage infiltration of the heart. Supporting this, blocking soluble TNF-α has been 

reported to suppress activation of macrophages in retinal inflammation (Robertson et al. 2003). Consistent 

with increased relative mRNA expression of CD68 in the CIA group, I showed increased local expression 

of TGFβ mRNA in this group. Increased expression of pro-inflammatory cytokines upregulates the 

expression of TGFβ in the heart, which in turn activates cardiac fibroblasts (Villar et al. 2009). Activated 

cardiac fibroblasts trans-differentiate into collagen-producing myofibroblasts, which express alpha smooth 

muscle actin as they mature (Lacalzada et al. 2011). Despite the upregulation of TGFβ mRNA in the CIA 

group, I did not show any differences in the mRNA expression of αSMA. αSMA is upregulated in response 

to myocardial injury during trans differentiation to myofibroblasts, but expression decreases after 21 days 

(Fu et al. 2018). Therefore, the unchanged αSMA expression in the current study may be explained by the 

relatively modest levels of inflammation and the time lapse between inoculation and termination. Therefore, 

the rate of transition to myofibroblasts may not have been high enough. Consistent with the role of TGFβ 

signalling in collagen production and cross-linking, I showed increased expression of Col1 and LOX in the 

CIA group and significant associations of the mRNA expression of TGFβ with both Col1and LOX 

(Goldsmith, Bradshaw, and Spinale 2013; Páramo 2017). Although, increased deposition of collagen I and 

collagen III in pro-fibrotic tissues is associated with a less compliant cardiac extracellular matrix, collagen 

I is more fibrillar and dense in composition compared to the weaker and less mature collagen III (Husse et 

al. 2007; Querejeta et al. 2004). I also showed increased expression of Myh7, which codes for the β-myosin 

heavy chain, a well-known marker of cardiac hypertrophy (Marian 2021) that has also been localized to 

areas of fibrosis in the heart (Pandya, Kim, and Smithies 2006). However, I showed that only expression of 

Col1 was associated with increased RWT. This suggests that fibrosis, rather than hypertrophy, may have 
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contributed to the increased concentric remodelling of the LV (Le Roux et al. 2022). Despite the increased 

expression of TGFβ in the anti-TNF-α group, blocking circulating TNF-α may have partially offset the 

inflammation-induced increase in the mRNA expression of Col1 and LOX. This suggests that TNF-α 

regulation of collagen deposition and cross-linking of extracellular matrix components may be independent 

of the effects of TGFβ. 

Besides the structural changes of LV geometry and evidence of fibrosis, circulating inflammatory markers 

impact LV extracellular matrix remodelling by altering the expression of matrix metalloproteinases (Baum 

and Duffy 2011). In the current study, the local relative mRNA expression of MMP2 was increased and the 

expression of MMP9 tended to be elevated in the CIA group compared to controls. The associations 

between the mRNA expression of MMP2 and IL-6, TGFβ and Col1 suggest that MMP2 is upregulated in 

response to tissue inflammation and collagen deposition, rather than to an increase in circulating 

inflammatory markers. This is consistent with previous studies that have shown that tissue inflammation 

and increased collagen deposition in the extracellular matrix is accompanied by increased expression of 

MMP2 and MMP9 (Li et al. 2000; Sivasubramanian et al. 2001). The main function of matrix 

metalloproteinases is the degradation of extracellular matrix components, particularly collagen, to promote 

extracellular matrix turnover (Liu, Sun, and Sader 2006). Yet, paradoxically, increased matrix 

metalloproteinase expression is associated with increased, rather than decreased deposition of fibrotic tissue 

(Li et al. 2000). This is because products of matrix metalloproteinase activity are known to stimulate 

collagen-1 synthesis (Li et al. 2000). Consequently, disordered deposition of collagen-1 disrupts 

extracellular matrix structure causing fibrosis and LV stiffness (Li et al. 2000). This is consistent with our 

demonstration that MMP2 expression is associated with Col1 expression. Tissue inhibitors of 

metalloproteinases (TIMPs) inhibit the activity of matrix metalloproteinases (Li et al. 2000). It has been 

suggested that an increased ratio of matrix metalloproteinases to TIMPs favours fibrosis and LV stiffness 

(Sivasubramanian et al. 2001). Thus, the increased expression of matrix metalloproteinases that I have 

shown is likely to override the effects of TIMPs. Taken together, the increased collagen deposition, 

increased collagen cross-linking, and increased matrix metalloproteinase expression may have contributed 

to impaired LV relaxation and increased LV stiffness in the CIA group in the current study. 

A recent study has shown that myocardial infarction caused alterations to elastin, which is another major 

component of the extracellular matrix that contributes to compliance (Yu et al. 2017). The contribution of 

elastin to passive stiffness in systemic inflammation requires further investigation. Other molecular 

pathways independent of extracellular matrix compliance, including cardiomyocyte titin compliance and 

Ca2+ handling may contribute to the LV diastolic dysfunction in this study (Lewinter and Granzier 2014; 

Lipskaia et al. 2010). This study has some limitations. The inclusion of male and female rats may have 
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reduced statistical power. Pharmacokinetic properties of the anti-inflammatory drug, which was designed 

for humans, may have immunogenic effects in rats (Filler et al. 2007). Because etanercept is used to treat 

rheumatoid arthritis, rather than heart failure, it is possible that it has poor bio-distribution into cardiac 

tissues and may not block locally produced TNF-α (Mann et al. 2008). Although diastolic function was 

measured using echocardiography in the current study, including measures of LV performance assessed by 

pressure volume loop analysis may have improved the interpretation of the results. Furthermore, performing 

echocardiography under anaesthesia may have impacted echocardiography measures. Lastly, although the 

presence of inflammatory cells in the heart was supported by mRNA expression of CD68 and IL6, this was 

not confirmed by histological analysis. 
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CHAPTER 4: PROTEIN PHOSPHATASE 5 MEDIATES INFLAMMATION-INDUCED 

LEFT VENTRICULAR DYSFUNCTION IN COLLAGEN-INDUCED ARTHRITIS 

 The data in this chapter forms part of a publication submitted to BMC Cardiovascular Disorders  

Manilall, A., Mokotedi, L., Gunter, S., Le Roux, R., Fourie, S., Flanagan, C.A., & Millen, A. M. E. 

(2022). Increased protein phosphatase 5 expression in inflammation-induced left ventricular dysfunction 

in collagen-induced arthritis in rats (Under review). 
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4.1 Abstract  

Objective: To determine the independent effects of inflammation on expression of genes that regulate titin 

phosphorylation in the CIA model of LV diastolic dysfunction. The TNF-α inhibitor, etanercept, was used 

to dissect the role of this pro-inflammatory cytokine in the pathways that regulate titin phosphorylation. 

Method: The effects of collagen-induced inflammation and subsequent TNF-α inhibition on mRNA 

expression of genes involved in regulating titin phosphorylation were investigated in 70 Sprague-Dawley 

rats. LV diastolic function was assessed with echocardiography. Circulating inflammatory markers were 

quantified by ELISA and relative LV gene expression was assessed by Taqman® polymerase chain 

reaction.  

Results: Collagen inoculation increased LV relative mRNA expression of vascular cell adhesion molecule 

1 (VCAM1), pentraxin 3 (PTX3), and inducible nitric oxide synthase (iNOS) compared to controls, 

indicating local microvascular inflammation. Collagen inoculation decreased soluble guanylate cyclase 

alpha-2 (sGCα2) and soluble guanylate cyclase beta-2 (sGCβ2) expression, suggesting downregulation of 

nitric oxide-soluble guanylate cyclase-cyclic guanosine monophosphate (NO-sGC-cGMP) signalling. 

Inhibiting TNF-α prevented collagen-induced changes in VCAM1, iNOS, sGCα2 and sGCβ2 expression. 

Collagen inoculation increased protein phosphatase 5 (PP5) expression. Like LV diastolic dysfunction, 

increased PP5 expression was not prevented by TNF-α inhibition. 

Conclusion: Inflammation-induced LV diastolic dysfunction may be mediated by a TNF-α-independent 

increase in PP5 expression and dephosphorylation of the N2-Bus stretch element of titin, rather than by 

TNF-α-induced downregulation of NO-sGC-cGMP pathway-dependent titin phosphorylation. The steady 

rise in number of patients with inflammation-induced diastolic dysfunction, coupled with low success rates 

of current therapies warrants a better understanding of the systemic signals and molecular pathways 

responsible for decreased titin phosphorylation in development of LV diastolic dysfunction. The therapeutic 

potential of inhibiting PP5 upregulation in LV diastolic dysfunction requires investigation.  
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4.2 Introduction 

HFpEF accounts for approximately 50% of heart failure cases (Simmonds et al. 2020). Chronic systemic 

inflammation associated with comorbid conditions such as obesity and diabetes mellitus has been 

implicated in the development of LV diastolic dysfunction, the condition that frequently precedes HFpEF 

(Franssen et al. 2016; Paulus and Tschöpe 2013; Van Linthout and Tschöpe 2017; Wan et al. 2014). It has 

been proposed that inflammation contributes to LV diastolic dysfunction by disrupting phosphorylation of 

the giant spring protein, titin (Franssen and Gonzalez Miqueo 2016). Decreased titin phosphorylation 

increases sarcomere tension contributing to deceased cardiomyocyte compliance and hence increases 

passive cardiomyocyte stiffness, impairing myocardial relaxation (Franssen and Gonzalez Miqueo 2016; 

Gerassimou et al. 2007; Kang, Kang, and Shin 2013; Luiking, Engelen, and Deutz 2010).  

Chronic systemic inflammation increases circulating concentrations of pro-inflammatory proteins that are 

thought to disrupt myocardial signalling and cardiomyocyte function by upregulating cardiac microvascular 

endothelial cell expression of cell adhesion proteins (Franssen et al. 2016; Paulus and Tschöpe 2013). These 

adhesion molecules enhance trans-endothelial movement of leukocytes and stimulate production ROS 

(Kong et al. 2018), which disrupt NO signalling (Franssen et al. 2016). NO released from endothelial cells 

enters cardiomyocytes, activating sGC to produce cGMP, which activates protein kinase G (PKG) (Mitrovic 

et al. 2011). Activated PKG phosphorylates multiple sites within the N2B spring element (N2B) of titin 

(Hamdani et al. 2017; Salcan et al. 2020). Phosphorylation of the N2B by PKG and other kinases decreases 

titin-based passive tension within cardiomyocytes (Koser et al. 2019). Thus, decreased NO availability has 

been proposed to result in hypophosphorylation of titin, which contributes to increased myocardial stiffness 

(Paulus and Tschöpe 2013).  

Titin function is also regulated by protein phosphatase enzymes, which dephosphorylate the N2B, 

increasing sarcomere tension. Protein phosphatases PP1 and PP2A have been implicated in inflammation-

induced dephosphorylation of titin in obese rats with HFpEF (Franssen et al. 2016). However, these 

phosphatases are stimulated by metabolic signals (Kleveland et al. 2016), hence their contribution to 

regulating titin phosphorylation independent of metabolic signals is uncertain. 

PP 5 specifically dephosphorylates the titin N2B. Increased expression of PP5 increased dephosphorylation 

of the titin N2B in vitro and in vivo and increased cardiomyocyte passive tension (Krysiak et al. 2018). It 

was suggested that “pathological triggers” may activate PP5 in heart disease (Krysiak et al. 2018). Although 

the proximal intracellular signalling molecules that activate PP5 have been reported (Krysiak et al. 2018; 

Neumann et al. 2021), it is unknown whether systemic inflammation affects PP5 activity or expression.  
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It has been suggested that inflammation associated with comorbid conditions such as hypertension, obesity 

and diabetes mellitus, causes LV diastolic dysfunction and HFpEF (Paulus and Tschöpe 2013). However, 

the effects of insulin, pressure and volume overload in these comorbidities confound understanding of the 

inflammation-induced effects on the protein kinase pathways that mediate phosphorylation of titin and the 

protein phosphatases that dephosphorylate titin (Rastogi et al. 2003). Nevertheless, patients with systemic 

inflammatory conditions, such as rheumatoid arthritis, are at increased risk of developing LV diastolic 

dysfunction and HFpEF, independent of comorbid diseases (Ahlers et al. 2020; Kim et al. 2017). Although 

inflammation has been directly linked to the development of LV diastolic dysfunction in patients with 

rheumatoid arthritis (Liang et al. 2010), the effects of TNF-α inhibitors on LV diastolic dysfunction and 

HFpEF have been contradictory (Baniaamam et al. 2018). Therefore, this study used the CIA rat model to 

determine the independent effects of inflammation on expression of genes that regulate titin 

phosphorylation and development of LV diastolic dysfunction. I also used the TNF-α inhibitor, etanercept, 

to dissect the role of this pro-inflammatory cytokine in the pathways that regulate titin phosphorylation. 

4.3 Results  

4.3.1 Body mass, blood pressure, markers of inflammation and diastolic function measures 

The characterization of the animal model and echocardiographic measures are reported in Table 3.1 and 

Figure 3.1 (Chapter 3).  

4.3.2 Effect of collagen inoculation and anti-TNF-α treatment on expression of genes involved in 

microvascular inflammation and immune cell activation  

The mean ± SEM relative LV mRNA expression of VCAM1, a marker of endothelial activation, was 

significantly increased in the CIA group (1.55 ± 0.08; p = 0.007), but not in the anti-TNF-α group (1.18 ± 

0.11; p = 0.98) compared to the control group (1.16 ± 0.09, Figure 4.1a). The relative mRNA expression of 

VCAM1 was significantly lower in the anti-TNF-α group compared to the CIA group (p = 0.03, Figure 

4.1a). The relative LV mRNA expression of PTX3, a marker of local inflammation, (median (IQR)) was 

significantly higher in the CIA (2.40 (1.74-4.06); p < 0.0001) and the anti-TNF-α (1.71 (1.48-2.00); p = 

0.001) groups compared to the control group (1.18 (0.43-1.3, Figure 4.1b). The relative mRNA expression 

of PTX3 in the anti-TNF-α group was significantly lower than in the CIA group (p = 0.05, Figure 4.1b). 

The relative mRNA expression of iNOS, a marker of infiltrating leukocytes, was significantly increased in  
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Figure 4.1. LV expression of microvascular inflammation and immune cell activation genes. Rats were inoculated with collagen (CIA) and 

treated with a TNF-α inhibitor (anti-TNF-α) before measurement of relative mRNA expression of VCAM1 (a), PTX3 (b) and iNOS (c) in left 

ventricular tissues of control, CIA and anti-TNF-α rats. Relative mRNA expression results are expressed in arbitrary units normalized for the 

expression of the endogenous reference gene, HPRT1, using the ∆∆Ct method. Data are from duplicate real time PCR experiments. Data presented 

as means ± SEM for VCAM1 and median and interquartile range for PTX3 and iNOS; ** p < 0.01 vs control, *** p < 0.001 vs control, **** p < 

0.0001 vs control, †p < 0.05 vs CIA.
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the CIA group (median (IQR); 1.26 (0.80 - 1.62); p = 0.0003) compared to the control group (0.76 (0.43 - 

0.78), but not in the anti-TNF-α group (0.88 (0.58-1.23); p = 0.10) (Figure 4.1c).  

4.3.3 Effect of collagen inoculation and anti-TNF-α treatment on expression of genes involved in the 

NO signalling pathway  

The mean ± SEM relative mRNA expression of sGCα2 (Figure 4.2a) and sGCβ2 (Figure 4.2b), the isoforms 

that code for the sGC enzyme that initiates NO-stimulated cGMP signalling, were significantly decreased 

in the CIA group (sGCα2: 1.10 ± 0.06; sGCβ2: 453.3 ± 44.8) compared to control group (sGCα2: 1.37 ± 

0.06, p = 0.02, sGCβ2: 641.8 ± 43.3, p = 0.01). The relative mRNA expression of sGCα2 and sGCβ2 in the 

anti-TNF-α rats (1.32 ± 0.09; p = 0.13, 674.9 ± 62.4, p = 0.90, respectively) were similar to controls. The 

relative mRNA expression of sGCβ2 was significantly increased in the anti-TNF-α group compared to the 

CIA group (p = 0.02). 

4.3.4 Effect of collagen inoculation and anti-TNF-α treatment on expression of protein phosphatase 

gene 

The mean ± SEM relative mRNA expression of PP1γ, the protein phosphatase previously implicated in 

titin phosphorylation, was not different between the three groups (p > 0.05, Figure 4.3a). The relative 

mRNA expression of the protein phosphatase PP5 was significantly higher in both groups of rats inoculated 

with collagen (CIA, 1.61 ± 0.09, p = 0.008; anti-TNF-α, 1.59 ± 0.11, p = 0.04), compared to the control 

group (1.24 ± 0.09, Figure 4.3b) and was not different between the CIA and anti-TNF-α groups (p > 0.05). 
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Figure 4.2. LV expression of sGC subunit genes. Rats were inoculated with collagen (CIA) and treated 

with a TNF-α inhibitor (anti-TNF-α) before measurement of relative mRNA expression of sGCα2 (a) and 

sGCβ2 (b) in left ventricular tissues of control CIA, and anti-TNF-α. Relative mRNA expression results are 

expressed in arbitrary units normalized for the expression of the endogenous reference gene, HPRT1, using 

the ∆∆Ct method. Data are from duplicate real time PCR experiments. Data presented as means ± SEM; * 

p < 0.05 vs control, †p < 0.05 vs CIA. 
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Figure 4.3. Expression of protein phosphatase genes. Rats were inoculated with collagen (CIA) and 

treated with a TNF-α inhibitor (anti-TNF-α) before measurement of relative mRNA expression of PP1γ (a) 

and PP5 (b) in left ventricular tissues of control, CIA and anti-TNF-α. Relative mRNA expression results 

are expressed in arbitrary units normalized for the expression of the endogenous reference gene, HPRT1, 

using the ∆∆Ct method. Data are from duplicate real time PCR experiments. Data presented as means ± 

SEM; * p < 0.05 vs control. 
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4.4 Discussion 

This study investigated the effects of chronic systemic inflammation, in the absence of metabolic 

confounders, on expression of genes involved in LV microvascular endothelial activation, NO-sGC-cGMP 

signalling and titin dephosphorylation, implicated in LV diastolic dysfunction. I showed that collagen 

inoculation increased LV expression of VCAM1, suggesting endothelial activation. Furthermore, I showed 

increased LV expression of PTX3 and iNOS indicating increased local tissue inflammation and leukocyte 

invasion. Supporting the role of decreased NO-dependent signalling in development of LV diastolic 

dysfunction, collagen inoculation decreased the expression sGCα2 and sGCβ2, which code for isoforms of 

the sGC enzyme that initiates NO-stimulated cGMP signalling. The increased expression of VCAM1, PTX3 

and iNOS, together with decreased expression of sCG were prevented by treatment with a TNF-α inhibitor. 

Taken together, these results show that increased circulating TNF-α stimulates vascular inflammation, 

increases LV tissue inflammation and disrupts NO-sGC-cGMP signalling, which may modulate 

cardiomyocyte elasticity likely by phosphorylating the titin N2B. However, the collagen-induced LV 

diastolic dysfunction is not reversed by blocking circulating TNF-α (Chapter 3), suggesting that TNF-α and 

hence, decreased NO-sGC-cGMP signalling is likely not the primary mechanism of inflammation-induced 

LV diastolic dysfunction. Collagen inoculation had no effect on expression of PP1γ, but it significantly 

increased expression of PP5, a major catalyst of titin dephosphorylation (Krysiak et al. 2018). Like the 

inflammation-induced LV diastolic dysfunction, the inflammation-induced upregulation of PP5 expression 

was not reversed by inhibiting circulating TNF-α. These results show that increased expression of PP5, 

may increase cardiomyocyte stiffness by decreasing the net phosphorylation level of the N2B stretch 

element of titin, which may partially mediate chronic systemic inflammation-induced LV diastolic 

dysfunction.  

A recent paradigm suggested that in response to increased circulating inflammatory cytokines, 

microvascular inflammation drives altered myocardial signalling that ultimately results in 

hypophosphorylation of the titin N2B and consequently decreased myocyte compliance (Paulus and 

Tschöpe 2013). The paradigm was supported by an obese diabetic rat model of metabolic risk-associated 

systemic inflammation, which showed evidence of microvascular inflammation and disruption of NO 

signalling (Franssen et al. 2016). Our model of collagen-induced systemic inflammation, which is 

independent of metabolic confounders, showed upregulated LV mRNA expression of VCAM1. VCAM1 is 

a glycoprotein that is expressed predominantly on the surfaces of endothelial cells and is activated by pro-

inflammatory cytokines (Kong et al. 2018; Szmitko et al. 2003). Microvascular inflammation resulting from 

increased expression of cell adhesion molecules, including VCAM1, promotes leukocyte transmigration 

(Brenes-Castro et al. 2018; Shiraki et al. 2016) and enhances ROS production that are characteristic of an 
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oxidative stress environment (Akhigbe and Ajayi 2021; Cerutti and Ridley 2017; Totoson et al. 2016). 

Supporting this, we previously showed that collagen inoculation increased CD68 expression in LV tissues, 

showing infiltration of leukocytes (Chapter 3). In the present study, PTX3 and iNOS expression was 

increased in CIA rats, further indicating leukocyte infiltration in the heart tissues and hence local 

inflammation. PTX3 is an acute-phase protein that is structurally similar to CRP (Ristagno et al. 2019), and 

is produced by inflammatory cells, such as monocytes and neutrophils, but it is also produced locally by 

vascular endothelial cells at the sites of inflammation (Witasp et al. 2013). Leukocytes that express iNOS 

are known for their production of ROS, which disrupt NO bioavailability by facilitating dissociation of 

endothelial NOS dimers (Wang et al. 2014; Witasp et al. 2013) and by reacting with NO to produce 

peroxynitrite (Gunnett et al. 2005). Thus, microvascular inflammation causes the transmigration of immune 

cells that increase local production of ROS, which interfere with NO–sGC signalling by reducing NO 

bioavailability (Ghosh, Wang, and McNeill 2004).  

NO diffuses into cardiomyocytes, where it activates sGC to produce cGMP, which activates PKG, one of 

the kinases that decrease sarcomere tension by phosphorylating the titin N2B region. Whereas decreased 

local NO concentrations would result in decreased NO-sGC-cGMP signalling, it has been reported that 

ROS also decrease the responsiveness of the NO-sGC-cGMP system to exogenous NO donors, suggesting 

that decreased activity or expression of sGC may further decrease cGMP signalling (Gerassimou et al. 

2007). ROS have been shown to disrupt cGMP production by oxidizing the haem required for NO to bind 

to sGC and by decreasing protein and mRNA expression of sGC subunits (Gerassimou et al. 2007; Mitrovic 

et al. 2011; Rogers et al. 2014). We have shown that systemic inflammation decreased mRNA expression 

of both the sGCα2 and sGCβ2 genes. This suggests that the decreased sGCα2 and sGCβ2 expression 

induced by collagen inoculation is likely mediated by increased ROS production and that the decreased 

expression will result in decreased NO-sGC-cGMP signalling (Peters et al. 2004).  

In the current study, blocking circulating TNF-α prevented the inflammation-induced upregulation of 

VCAM1, PTX3 and iNOS and therefore arguably inhibited pathological ROS production. Furthermore, 

blocking TNF-α also prevented the inflammation-induced downregulation of mRNA expression of sGC 

genes. Taken together, our results suggest that increased circulating TNF-α increases LV microvascular 

endothelial activation, which increases ROS production by endothelial cells and via immune cell 

transmigration. The resultant increased ROS decrease sGC expression and likely also decrease its activity 

(Gerassimou et al. 2007; Rogers et al. 2014). This will result in decreased cGMP signalling and hence 

decreased PKG phosphorylation of the titin N2B region. However, despite the impact of TNF-α blockers 

on microvascular inflammation and NO-dependent cGMP signalling, we have shown that LV diastolic 

dysfunction induced by collagen inoculation was not reversed by blocking circulating TNF-α (Le Roux et 
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al. 2022). This indicates that TNF-α and, decreased cGMP-stimulated phosphorylation of titin, may not be 

the primary mechanisms of LV diastolic dysfunction induced by systemic inflammation. In this regard, it 

is important to consider that kinases other than NO-dependent PKG phosphorylate the N2B region of titin 

(Lewis et al. 2017) and that the net phosphorylation state of titin is also regulated by the phosphatases that 

dephosphorylate the residues phosphorylated by the kinases, increasing titin stiffness (Herwig et al. 2020). 

Like protein kinases, protein phosphatases are also regulated by systemic and intracellular signalling 

pathways (Golden, Swingle, and Honkanen 2008). 

Phosphorylation and dephosphorylation of titin are part of normal cardiomyocyte contraction. Increased 

expression of protein phosphatases causes decreased net phosphorylation of cardiac proteins (Ferreira et al. 

2019). It has been suggested that increased expression of protein phosphatases PP1 and PP2A may 

contribute to the hypophosphorylation of titin, characteristic of LV diastolic dysfunction (Franssen et al. 

2016). In the present study, we showed that the relative mRNA expression of PP1γ, which codes for a major 

eukaryotic protein serine/threonine phosphatase that regulates a variety of cellular functions (Ferreira et al. 

2019; Kiss, Erdődi, and Lontay 2019; Weber et al. 2015), was not altered in response to systemic 

inflammation or TNF-α inhibitor treatment. This is in contrast to a previous study that reported increased 

PP1 protein expression in rats that developed diastolic dysfunction in a model of obesity-associated 

inflammation (Franssen et al. 2016). Considering the well-known impact of metabolic signals on the 

regulation of PP1 expression (Kiss, Erdődi, and Lontay 2019; Petersen and Shulman 2018), the increased 

PP1 expression in the prior study may be explained by the metabolic dysfunction likely to result from 

obesity (Franssen et al. 2016). Therefore, the unchanged expression of PP1γ in our model of systemic 

inflammation independent of metabolic dysfunction suggests that PP1 expression may not be directly 

regulated by chronic systemic inflammation.  

The N2B region of titin was recently found to also be dephosphorylated by PP5 (Krysiak et al. 2018). PP5 

is ubiquitously expressed in eukaryotic cells and its activity is enhanced by ROS (Golden, Swingle, and 

Honkanen 2008; Krysiak et al. 2018). PP5 expression was shown to be increased in tissue from end-stage 

failing human hearts and from dogs with LV diastolic dysfunction (Krysiak et al. 2018). However, the 

stimulus for the increased PP5 expression in diastolic dysfunction and heart failure was not explored. In the 

current study we showed that systemic inflammation, independent of metabolic dysfunction, increased 

relative mRNA expression of PP5 in collagen-inoculated rats with LV diastolic dysfunction. Our results 

suggest that systemic inflammation-induced LV diastolic dysfunction may, at least in part, be mediated by 

increased PP5 expression and hence dephosphorylation of titin. However, other phosphoprotein 

phosphatases such as PP2C (Gergs et al. 2019) and PP2A (Franssen et al. 2016), that were not measured, 

may also be involved in titin phosphorylation. Furthermore, molecular pathways independent of titin 
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compliance including myocardial fibrosis and Ca2+ handling may contribute to LV diastolic dysfunction in 

this study (Le Roux et al. 2022; Lewis et al. 2017). 

Importantly, in contrast to the NO-sGC-cGMP pathway, the inflammation-induced upregulation of PP5 

expression was not reversed by blocking circulating TNF-α. This suggests that the local PP5 expression 

may be regulated by a circulating inflammatory signal other than TNF-α. Although PP5 expression is 

known to be regulated by several intracellular signals (Krysiak et al. 2018; Neumann et al. 2021), the 

extracellular signals that stimulate these pathways to PP5 expression and activity require further 

investigation. Since both the upregulation of PP5 expression and the accompanying LV diastolic 

dysfunction are not mediated by TNF-α, our results suggest that diastolic dysfunction may, at least in part, 

result from increased expression of PP5, which increases cardiomyocyte stiffness by decreasing the net 

phosphorylation level of the N2B stretch element of titin, whereas disruption of the NO-sGC-cGMP 

pathway is likely less important.  

This study has some limitations. The inclusion of both male and female rats may have reduced statistical 

power. The use of mRNA expression may not reflect protein expression and function, hence direct measures 

of NO, ROS and titin phosphorylation may have strengthened the interpretations of this study. Although 

etanercept has been successfully used in previous animal models (Totoson et al. 2016), it is a human fusion 

protein, which may elicit an immunogenic response in rats. In summary, our results show that systemic 

inflammation induced by collagen inoculation, contributes to microvascular endothelial inflammation and 

reduced sGC subunit expression, possibly disrupting the NO-sGC-cGMP signalling pathway that increases 

titin phosphorylation. Our findings suggest that pathological downregulation of NO-sGC-cGMP signalling 

may not be the primary signal for hypophosphorylation of the titin N2B in HFpEF (Paulus and Tschöpe 

2013), since blocking circulating TNF-α prevented the inflammation-induced effects on NO-sGC-cGMP 

signalling but had no effect on LV diastolic dysfunction. Like LV diastolic dysfunction, the inflammation-

induced increase in PP5 expression was not prevented by inhibiting circulating TNF-α. Therefore, our 

results suggest that the activity of PP5 is likely a mediator of inflammation-induced LV stiffness and that 

inflammatory signals other than TNF-α regulate PP5 expression. Future studies should explore the systemic 

inflammatory signals responsible for increased PP5 expression. Furthermore, although etanercept treatment 

is useful for decreasing inflammatory symptoms in patients with rheumatoid arthritis, it may not modulate 

cardiac expression of PP5 and its effects on the development of HFpEF. The therapeutic potential of 

inhibiting PP5 in the management of LV diastolic dysfunction warrant investigation. 
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CHAPTER 5: THE ROLE OF TUMOUR NECROSIS FACTOR APLHA IN ACTIVE 

PROCESSES OF INFLAMMATION-INDUCED LV DIASTOLIC AND SYSTOLIC 

DYSFUNCTION 

The data in this chapter forms part of a manuscript that is in preparation for submission to the Journal of 

Cardiovascular Pharmacology. 

Manilall, A., Mokotedi, L., Gunter, S., Le Roux, R., Fourie, S., Flanagan, C.A., & Millen, A. M. E. 

(2022). (Manuscript in preparation). 
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5.1 Abstract 

Objective: To determine the effect of inflammation and inhibiting circulating TNF-α, on the mRNA 

expression of genes involved in Ca2+ handling, apoptosis, mitochondrial function and myosin heavy chain 

(MyHC) isoforms that may be involved in the development of LV diastolic dysfunction and myocardial 

systolic dysfunction in the CIA model.  

Methods: To elucidate the role of TNF-α in the active processes involved in LV diastolic and systolic 

dysfunction, inflammation was induced with a collagen-induced arthritis protocol with subsequent TNF-α 

inhibition in 68 Sprague-Dawley rats. To further elucidate the role of TNF-α in these processes, adult 

cardiomyocytes (AC16 cells) were exposed to TNF-α. In rats, LV function was assessed with pulsed wave 

Doppler, Tissue Doppler and speckle tracking echocardiography. Circulating inflammatory markers were 

quantified by ELISA. In rats and cell culture experiments, LV mRNA expression was assessed by Taqman® 

polymerase chain reaction relative to specified housekeeping genes. 

Results: Collagen inoculation and inhibiting circulating TNF-α did not affect relative mRNA expression 

of SERCA2a and S100A1 in rat LV tissues (all p > 0.05). Exposing AC16 cells to TNF-α also did not 

increase SERCA2a mRNA expression (p > 0.05), suggesting that neither systemic inflammation nor TNF-

α disrupt Ca2+ reuptake in LV diastolic dysfunction. Collagen inoculation and TNF-α did not affect BAX, 

Bcl-2 or SOD2 mRNA expression in LV tissue. In AC16 cells, TNF-α caused a slight decreased BAX 

expression at 24 hours (p = 0.046) and induced a small increase in the BAX/Bcl-2 ratio, only after 24 hours 

(p = 0.046), suggesting that mitochondrial function is likely intact. This may be explained by TNF-α 

induced upregulation of SOD2 at 8h and 24h (both p < 0.0001) in the AC16 cells. SOD2 is the gene that 

codes for superoxide dismutase that inactivates ROS and hence prevents ROS-induced apoptosis. However, 

exposure to inflammation results in the MyHC isoform shift from fast-twitch to slow-twitch, as the 

expression of Myh6 (p = 0.03) decreased while Myh7 expression (p = 0.0002) increased in the CIA group 

compared to controls. Inhibiting circulating TNF-α prevented the inflammation induced change in Myh6 

and Myh7 expression. Consistent with contractile gene changes, inflammation impaired LV global 

longitudinal strain (p = 0.03) and velocity (p = 0.04) in CIA rats compared to controls, that was offset by 

inhibiting circulating TNF-α.  

Conclusion: Inflammation and TNF-α is unlikely to affect Ca2+ reuptake or energy dependent active 

processes, and that these processes may not contribute to the development of LV diastolic or systolic 

dysfunction in models of systemic inflammation. TNF-α mediates inflammation-induced impairment in 

early systolic dysfunction, which may be ascribed to a change in myosin heavy chain contractile properties.  
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5.2 Introduction 

Increasing evidence supports a role for inflammation in the pathogenesis of cardiovascular diseases 

(Martinez & White, 2018). In particular, the role of inflammation in the development of HFpEF has 

received considerable attention (Paulus and Tschöpe 2013; Van Linthout and Tschöpe 2017). Considering 

the poor treatment outcomes of patients with HFpEF, using therapeutic options aimed at reducing heart 

failure symptoms (Pitt et al 2014), and the use of anti-inflammatory treatments in the management of 

HFpEF have been suggested (Glezeva and Baugh 2014). Although some studies using anti-inflammatory 

treatments in managing impaired cardiac function in patients with HFpEF have shown improved patient 

outcomes, this is not replicated by all studies (Baniaamam et al. 2018). Therefore, a clearer understanding 

of the mechanisms whereby inflammation contributes to HFpEF is required for optimal pharmacological 

treatments.  

The pathogenesis of HFpEF is complex as several phenotypes have been identified (Lewis et al 2017). 

HFpEF is believed to be mainly due to diastolic abnormalities (Nagueh 2021). Indeed, LV diastolic 

dysfunction is the subclinical measure that precedes HFpEF development (Wan et al. 2014). Diastolic 

function depends on both active and passive processes (Lewis et al. 2017). The active process requires 

mitochondrial ATP production for the detachment of actin-myosin cross bridges and removal of Ca2+ from 

the cytoplasm into the SR by SERCA2a (Biesiadecki et al. 2014). Decreased availability of energy for 

SERCA2a function due to mitochondrial dysfunction or reduced SERCA2a expression or activity impairs 

the ability of the SR to sequester Ca2+. The residual cytoplasmic Ca2+ increases diastolic tension and impairs 

cardiomyocyte relaxation (Adeniran et al. 2015; Biesiadecki et al. 2014; Lewis et al. 2017; Pironti et al. 

2018). Inflammatory cytokines have been shown to impair processes involved in intracellular Ca2+ 

transport, including the expression and activity of SERCA2 and phospholamban, in cultured cells (Combes 

et al. 2002; McTiernan et al. 1997). Regarding passive processes, ventricular filling during diastole is also 

influenced by chamber stiffness (Lewis et al 2017). Both adverse extracellular matrix remodelling (Zile et 

al. 2015) and hypophosphorylation of the giant spring protein, titin, (van Heerebeek and Paulus 2014) 

contribute to passive myocardial stiffness which affects the ability of the heart to relax during diastole. 

Using a CIA rat model, I have previously shown, that increased systemic inflammation increased pro-

fibrotic gene expression. The changes were prevented by treatment with a TNF-α blocker, showing that 

TNF-α contributes to LV fibrosis (Chapter 3). I further showed that systemic inflammation likely impaired 

titin phosphorylation, but that this was not mediated by TNF-α (Chapter 4). To our knowledge the impact 

of systemic inflammation and TNF-α on active relaxation processes in this model has not been reported. 
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Although it is thought that HFpEF is mainly due to diastolic abnormalities (Lewis et al. 2017), subclinical 

myocardial systolic dysfunction has recently been reported in patients with HFpEF, despite a preserved 

ejection fraction (Brucks et al. 2005; Fukuta and Little 2007; Jasemian et al. 2011; Yip 2002; Yu et al. 

2002). In patients with chronic systemic inflammatory conditions, subclinical systolic dysfunction has also 

been reported (Di Minno et al. 2020; Hamdy 2007; Midtbø et al. 2017; Sitia et al. 2010; Lo Gullo et al. 

2018), which were associated with circulating inflammatory markers (Hamdy 2007; Lo Gullo et al. 2018). 

Indeed, we have also shown associations between inflammatory markers and impaired myocardial systolic 

function as measured by STE in the CIA rat model (Mokotedi et al. 2020). The cellular processes underlying 

inflammation-induced impairments in myocardial deformation and motion are currently not known 

(Nagueh 2021). Although aberrant intracellular Ca2+ transport (Hedayat et al. 2010; Jozwiak et al. 2019) 

mitochondrial dysfunction and changes in the contractile protein properties contribute to HFrEF 

(Fitzsimons et al. 1998; Jozwiak et al. 2019; Marelli-Berg and Aksentijevic 2019; Nakao et al. 1997; 

Simmonds et al. 2020), whether these processes contribute to subclinical systolic myocardial dysfunction 

in HFpEF warrant investigation. Moreover, although TNF-α is one of the main drivers of altered cardiac 

function (Hedayat et al. 2010; Prabhu 2004; Tsai et al. 2015), the role of circulating TNF-α in the 

inflammation-induced changes in active relaxation and systolic dysfunction requires elucidation. Therefore, 

the current study aimed to determine the role of TNF-α in the active processes involved in LV relaxation 

and myocardial systolic dysfunction using a model of collagen-induced systemic inflammation with- and 

without- TNF-α blockade, and TNF-α treatment in a cardiomyocyte (AC16) cell line.  
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5.3 Results 

5.3.1 Body mass, blood pressure, markers of inflammation and diastolic function measures 

The characterization of the animal model and echocardiographic data are reported in Table 3.1 and Figure 

3.1 (Chapter 3). 

5.3.2 Inflammatory cytokine expression in LV tissue and AC16 cells 

Compared to controls (0.79±0.16), the LV relative mRNA expression of IL-6 was increased in the CIA rats 

(1.65 ± 0.13, p = 0.0004), but not in the anti-TNF-α rats (1.15 ± 0.23, p = 0.40, Figure 5.1a), suggesting 

that TNF-α mediates the inflammation-induced increase in IL-6 expression. To assess whether TNF-α 

directly stimulates expression of inflammatory cytokines in cardiomyocytes, AC16 cells were incubated 

with TNF-α. The AC16 cells showed increased relative mRNA expression of IL-6 after exposure to TNF-

α for 8h (27.99 ± 0.59) and 24h (30.13 ± 4.51), compared to the cells not exposed to TNF-α (8h: 1.72 ± 

0.33, 24h: 1.01 ± 0.01, both p < 0.0001, Figure 5.1c).  

There were no differences in TNF-α relative mRNA expression between any of the rats LV tissues (all p > 

0.05, Figure 5.1b).  However, in the AC16 cells, the relative mRNA expression of TNF-α was increased in 

the cells exposed to TNF-α after 8h (20.05 ± 2.70) and 24h (16.47 ± 1.37), compared to the control cells 

(8h: 1.21 ± 0.17, 24h: 1.35 ± 0.59, both p < 0.0001, Figure 5.1d). 

5.3.3 Expression of genes that regulate (diastolic) calcium sequestration  

The relative mRNA expression of SERCA2a, which codes for the transporter responsible for Ca2+ reuptake 

into the SR during diastole in LV tissues, was similar between the LV tissues of all the groups (p > 0.05, 

Figure 5.2a). The relative mRNA expression of S100A1, which codes for the Ca2+-binding protein S100A1 

that is considered a regulator of SR function, was not different between any of the groups (p > 0.05, Figure 

5.2b). Consistent with the LV tissue results, exposure of the AC16 cells to TNF-α did not affect expression 

of SERCA2a at 8h (p = 0.99) or 24h (p = 0.30) compared to the control cells (Figure 5.2c). 
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Figure 5.1. Expression of inflammatory cytokine genes in LV tissue and cardiomyocyte (AC16) cells. 

Rats were inoculated with collagen (CIA) and treated with a TNF-α inhibitor (anti-TNF-α) before 

measurement of relative mRNA expression of IL-6 (a) and TNF-α (b) in left ventricular tissues of control, 

CIA, and anti-TNF-α rat groups (left panel). AC16 cardiomyocytes were incubated without or with TNF-α 

(10 µg/ml) at 5min, 8h and 24h before determination of relative mRNA expression of IL-6 (c) and TNF-α 

(d) (right panel). Results are presented in arbitrary units normalized for the expression of the endogenous 

reference gene, HPRT1 for LV tissues and GAPDH for AC16 cells, using the ∆∆Ct method. Data presented 

as means ± SEM. For the AC16 cells, each data point represents the mean ± SEM for three independent 

experiments performed in quadruplicate. *** p < 0.001 versus control, **** p < 0.0001 versus control. 
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Figure 5.2. Expression of calcium handling genes in LV tissue and a cardiomyocyte cell line. Rats were inoculated with collagen (CIA) and 

treated with a TNF-α inhibitor (anti-TNF-α) before measurement of relative mRNA expression of SERCA2a (a) and S100A1 (b) in left ventricular 

tissue of control, CIA, and anti-TNF-α rat groups and expression of SERCA2a (c) in AC16 cells exposed to control conditions (0 µg/ml) or to TNF-

α (10 µg/ml) at 5min, 8h and 24h. Results are presented in arbitrary units normalized for the expression of the endogenous reference gene, HPRT1 

for LV tissues and GAPDH for AC16 cells, using the ∆∆Ct method. Data presented as means ± SEM. For the AC16 cells, each data point represents 

the mean ± SEM for three independent experiments performed in quadruplicate.  
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5.3.4 Effect of collagen inoculation and anti-TNF-α treatment on expression of genes involved in 

apoptosis  

The relative LV tissue mRNA expression of the pro-apoptotic marker; BAX (Figure 5.3a), and the anti-

apoptotic marker; Bcl-2 (Figure 5.3c) were not different between any of the rat groups (all p > 0.05). 

Consistent with these findings, the ratio of BAX to Bcl-2 was also not different between any of the rat groups 

(p > 0.05, Figure 5e).  

In the AC16 cells TNF-α caused a small decrease in relative mRNA expression of BAX at 24hr (0.82 ± 

0.07) compared to control cells (1.00 ± 0.05, p = 0.046) but had no significant effect at 8h (Figure 5.3b). 

The relative mRNA expression of Bcl-2 was decreased in TNF-α-stimulated cells at 8hr (0.72 ± 0.03) 

compared to control cells (1.00 ± 0.02, p = 0.04), and at 24hr (+TNF-α: 0.66 ± 0.10, control: 1.02 ± 0.12, p 

= 0.009, Figure 5.3d). The ratio of the relative mRNA expression of BAX/Bcl-2 was similar in TNF-α-

stimulated cells (1.20 ± 0.08) and control cells (1.00 ± 0.01, p = 0.22) at 8hr but was increased in the TNF-

α-stimulated cells at 24hr (1.29 ± 0.12) compared to control cells at 24hr (1.01 ± 0.07, p = 0.046, Figure 

5.3f), suggesting a slightly pro-apoptotic state in the AC16 cells exposed to TNF-α. 

5.3.5 Effect of collagen inoculation and anti-TNF-α treatment on expression of a gene involved in 

mitochondrial function 

The LV relative mRNA expression of SOD2, a marker of mitochondrial oxidative stress, was not different 

in LV tissues of any of the rat groups (p > 0.05, Figure 5.4a). In the AC16 cells exposed to TNF-α, SOD2 

mRNA expression was significantly increased in the TNF-α-stimulated cells compared to the cells exposed 

to control conditions at 8h (control: 1.01 ± 0.08, +TNF-α: 8.27 ± 0.19, p < 0.0001) and 24h (control: 1.01 

± 0.02, +TNF-α: 9.11 ± 0.41, p < 0.0001, Figure 5.4b). 
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Figure 5.3. Expression of apoptotic genes in LV tissue and a cardiomyocyte cell line. Rats were 

inoculated with collagen (CIA) and treated with a TNF-α inhibitor (anti-TNF-α) before measurement of 

relative mRNA expression of BAX (a), Bcl-2 (c) and the ratio of BAX/Bcl-2 (e) in LV tissues of control, 

CIA, and anti-TNF-α rat groups (left panel) and BAX (d), Bcl-2 (d) and ratio BAX/Bcl-2 (f) in AC16 cells 

exposed to control conditions (0 µg/ml) or to TNF-α (10 µg/ml) at 5min, 8h and 24h (right panel). Results 

are presented in arbitrary units normalized for the expression of the endogenous reference gene, HPRT1 for 

LV tissues and GAPDH for AC16 cells, using the ∆∆Ct method. Data presented as means ± SEM. For the 

AC16 cells, each data point represents the mean ± SEM for three independent experiments performed in 

quadruplicate. * p < 0.05 versus control, ** p < 0.01 versus control.  
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Figure 5.4. Expression of SOD2 in LV tissue and a cardiomyocyte cell line. Rats were inoculated with 

collagen (CIA) and treated with a TNF-α inhibitor (anti-TNF-α) before measurement of relative mRNA 

expression of SOD2 in LV tissues of control, CIA, and anti-TNF-α rat groups (a) and in AC16 cells (b) 

exposed to control conditions (0 µg/ml) or to TNF-α (10 µg/ml) at 5min, 8h and 24h. Results are presented 

in arbitrary units normalized for the expression of the endogenous reference gene, HPRT1 for LV tissues 

and GAPDH for AC16 cells, using the ∆∆Ct method. Data presented as means ± SEM. For the AC16 cells, 

each data point represents the mean ± SEM for three independent experiments performed in quadruplicate. 

**** p < 0.0001 versus control. 
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5.3.6 Effect of collagen inoculation and anti-TNF-α treatment on markers of LV systolic function  

LV ejection fraction (Figure 5.5a), a measure of LV systolic pump function, and midwall fractional 

shortening (Figure 5.5b), a measure of myocardial systolic function, were not different between the groups 

(all p > 0.05). The global longitudinal strain, a measure of LV deformation, was impaired in the CIA rats (-

16.7 ± 0.76) compared to the control rats (-19.6 ± 0.85, p = 0.03, Figure 5.5c). The global longitudinal 

velocity, a measure of LV motion, was impaired in the CIA rats (0.49 ± 0.03) compared to the control rats 

(0.59 ± 0.03, p = 0.04, Figure 5.5e). The global longitudinal strain and global longitudinal velocity were 

not different between the control and anti-TNF-α groups (both p > 0.05). There were no differences in 

global longitudinal strain rate (Figure 5.5d) and global longitudinal displacement (p > 0.05, Figure 5.5f). 

5.3.7 Effect of collagen inoculation and anti-TNF-α treatment on expression of genes involved in 

cardiac contractility  

The relative mRNA expression of Myh6, the fast-twitch isoform of myosin, was decreased in CIA rats 

(0.89±0.04) compared to controls (1.03±0.04, p = 0.03) and compared to the anti-TNF-α rats (1.11±0.05; p 

= 0.004, Figure 5.6a). The relative mRNA expression of Myh7, the slow-twitch isoform of myosin, was 

increased in CIA rats (1.25±0.05) compared to controls (0.96±0.05, p = 0.0002) and the anti-TNF-α rats 

(0.91±0.08, p = 0.0002, Figure 5b). The ratio of Myh6/Myh7 mRNA expression was decreased in CIA rats 

(0.79±0.06) compared to controls (1.13±0.07, p = 0.002), and compared to the anti-TNF-α rats (1.24±0.09, 

p = 0.0004, Figure 1c).  

  



70 

 

 

Figure 5.5. Echocardiographic measures of LV systolic function. Rats were inoculated with collagen to 

induce systemic inflammation (CIA) followed by treatment with a TNF-α inhibitor (anti-TNF-α) prior to 

STE measures of systolic function. Ejection fraction (a), midwall fractional shortening (b), global 

longitudinal strain (c), global longitudinal strain rate (d) global longitudinal velocity (e) and global 

longitudinal displacement (f) were measured in control, CIA, and anti-TNF-α rats. Data presented as means 

± SEM. * p < 0.05 versus control. 
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Figure 5.6. LV expression of contractility genes. Rats were inoculated with collagen (CIA) and treated with a TNF-α inhibitor (anti-TNF-α) before 

measurement of relative mRNA expression of Myh6 (a), Myh7 (b), the ratio of Myh6/Myh7 (c) in left ventricular tissues of control, CIA, and anti-

TNF-α rat groups. Relative mRNA expression results are expressed in arbitrary units normalized for the expression of the endogenous reference 

gene, HPRT1, using the ∆∆Ct method. Data are from duplicate real time PCR experiments. Data presented as means ± SEM; * p < 0.05 versus 

control, ** p < 0.01 versus control, †† p < 0.01 versus CIA. 
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5.4 Discussion 

I used a model of collagen-induced systemic inflammation with- and without- TNF-α inhibition, and TNF-

α treatment of a cardiomyocyte cell line to investigate the role of TNF-α in the development of 

inflammation-induced cardiac dysfunction. I show that systemic inflammation and TNF-α inhibition had 

no effect on the LV mRNA expression of the diastolic Ca2+-regulating genes, SERCA2a and S100A1, and 

TNF-α treatment had no effect on SERCA2a expression in AC16 cardiomyocytes. This indicates that 

systemic inflammation and TNF-α may not disrupt diastolic Ca2+ reuptake in the early stages of LV diastolic 

dysfunction. Systemic inflammation and TNF-α inhibition also did not affect expression of the pro- and 

anti-apoptotic genes, BAX and Bcl-2, whereas TNF-α stimulated a small decrease in BAX expression and a 

small increase in the BAX/Bcl-2 ratio in AC16 cells, suggesting minimal apoptosis. This minimal apoptosis 

indicates that mitochondrial function is likely intact and ATP production is not compromised. Taken 

together these results indicate that the energy-dependent active process of diastolic relaxation is not 

compromised in the early stages of inflammation-induced LV diastolic dysfunction. Systemic inflammation 

caused a small TNF-α-dependent increase in LV expression of the mitochondrial oxidative stress marker, 

SOD2 that was not statistically significant. However, TNF-α stimulated a robust increase in SOD2 

expression in AC16 cardiomyocytes. Since the SOD2 superoxide dismutase inactivates ROS and prevents 

ROS-induced apoptosis, the increased SOD2 expression likely accounts for the minimal increases in the 

BAX/Bcl-2 ratios. Since we have shown that TNF-α does not mediate LV diastolic dysfunction, we assessed 

whether TNF-α might contribute to HFpEF development by disrupting systolic function. STE results 

showed impaired global longitudinal strain and global longitudinal velocity in the CIA rats that were 

prevented by TNF-α inhibition. This shows that increased systemic concentrations of TNF-α mediate early-

stage systolic dysfunction. CIA rats also exhibited decreased mRNA expression of Myh6 and increased 

expression of Myh7, which resulted in an increased Myh6/Myh7 ratio that indicates a switch from the fast-

twitch to the slow-twitch MyHC isoform that may account for the systolic dysfunction. The changes in 

Myh6 and Myh7 expression were prevented by TNF-α inhibition, showing that the inflammation-induced 

changes in MyHC isoforms are mediated by circulating TNF-α. These results show that increased systemic 

TNF-α contributes to HFpEF development by initiating early-stage systolic dysfunction.  

During the systolic phase of the cardiac cycle, cytoplasmic Ca2+ is increased due to opening of sarcolemma 

and ER Ca2+ channels. This increased cytoplasmic Ca2+ induces Ca2+ release from the SR through the RyR2 

causing a further increase in cytoplasmic Ca2+ concentration that drives myocardial contraction. During 

diastole, myocardial relaxation is initiated when Ca2+ is pumped from the cytoplasm into the SR by the 

ATP-dependent SERCA2a (Lipskaia et al. 2010; Park and Oh 2013). S100A1 is a Ca2+-binding protein that 

enhances cardiac cycling by regulating both systolic and diastolic Ca2+-handling proteins; including 
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SERCA2a, RyR2 and cell surface Ca2+ channels (Remppis et al. 1996; Rohde et al. 2010; Wright et al. 

2009), making it an important regulator of cardiomyocyte contractility (Rohde et al. 2010). S100A1 also 

regulates mitochondrial ATP production and apoptosis (Duarte-Costa et al. 2014). It has been suggested 

that decreased expression of SERCA2a, which decreases Ca2+ uptake into the SR contributes to the 

development of LV diastolic dysfunction (Adeniran et al. 2015; Park and Oh 2013). The resulting increased 

cytoplasmic Ca2+ during diastole is thought to cause increased sarcomeric tension, which results in impaired 

myocardial relaxation (Adeniran et al. 2015; Lewis et al. 2017).  

We found no change in the mRNA expression of SERCA2a in CIA rats or in TNF-α-stimulated AC16 

cardiomyocytes, suggesting that impaired Ca2+ reuptake, due to decreased SERCA2a expression, may not 

be the main contributor to inflammation-induced impaired myocardial diastolic relaxation. This is 

consistent with the work of Pironti et al (2018) who showed no change in SERCA2a protein expression in 

mice with collagen antibody-induced arthritis (Pironti et al. 2018). The activity of SERCA2a protein is 

regulated by phospholamban, which inhibits SERCA2a Ca2+ transport in its dephosphorylated state 

(Combes et al. 2002). Thus, although we have shown no change in SERCA2a expression, there may be 

changes in the regulation of SERCA2a that may alter Ca2+ transients independent of a change in its mRNA 

expression. Nevertheless, it has previously been reported that exposure of cardiomyocytes to TNF-α did 

not alter phospholamban expression (Mc Tiernan et al 1997) and we have previously shown that expression 

of protein phosphatase 1, a regulator of phospholamban dephosphorylation (Lompré et al. 2010; 

MacLennan and Kranias 2003), was unchanged in CIA rats (Chapter 4). It has been reported that acute 

inflammation (LPS-induced sepsis), decreased SERCA2a expression (Tsai et al. 2015), while another study 

reported that SERCA2a plays a relatively minor role in Ca2+ transients in diastole (Wagner et al 2015). 

Instead, it was suggested that increased Ca2+ leak from the SR via the RyR2 and depressed Na+/Ca2+ 

exchanger and plasmalemmal Ca2+ ATPase activities may contribute more to impaired cardiac function 

(Wagner et al. 2015). In a model of collagen antibody-induced arthritis in mice cardiomyocytes, Ca2+ 

transients were impaired, but no changes in the expression levels of any of the Ca2+-handling proteins were 

reported (Pironti et al. 2018). Oxidation-dependent modifications of RyR2 channels and other Ca2+-

regulating proteins may have compromised Ca2+ homeostasis in their model (Pironti et al. 2018).  

I also found no change in the expression of S100A1, the gene that codes for the Ca2+-binding protein 

S100A1. Decreased mRNA and protein expression of S100A1 has been reported in experimental heart 

failure and in human hearts with cardiomyopathy (Pironti et al. 2018; Ritterhoff and Most 2012; Rohde et 

al. 2010) and were associated with disease severity, progression and mortality (Most et al. 2006). Mice 

subjected to myocardial infarction showed decreased S100A1 protein levels that were reported to have 

contributed to contractile dysfunction in these animals (Most et al. 2006). Taken together, the experimental 
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models in this thesis do not support changes in expression of the SERCA2a or S100A1 Ca2+ handling genes 

in the development of LV diastolic dysfunction.  

It is well known that TNF-α directly stimulates the extrinsic apoptosis pathway, which may ultimately lead 

to impaired myocardial contractility (Simmonds et al. 2020). TNF-α exposure caused apoptosis in primary 

rat cardiomyocytes (Krown et al. 1996) and overexpression of TNF-α has been linked to a dilated heart 

associated with systolic dysfunction with evidence of myocyte apoptosis in vivo (Bryant et al. 1998). 

Additionally, increased mitochondrial ROS production (Dubois-Deruy et al. 2020; Peoples et al. 2019) and 

prolonged elevation of cytoplasmic Ca2+ concentrations have been reported to contribute to cell death by 

the intrinsic, mitochondria-mediated apoptosis pathway (Hajnóczky, Davies, and Madesh 2003; Orrenius, 

Zhivotovsky, and Nicotera 2003). BAX and Bcl-2 are regulatory proteins of the apoptotic cell death 

pathway that have opposite functional roles. BAX is pro-apoptotic, Bcl-2 is anti-apoptotic and an increased 

ratio of BAX to Bcl-2 is associated with apoptosis (Gunnett et al. 2005; Krijnen PAJ 2002; Kubota et al. 

2001). I showed no changes in BAX or Bcl-2 LV mRNA expression between any of the rat groups, showing 

absence of apoptosis that is consistent with numerous reports that myocardial apoptosis is characteristic 

only of more progressive forms of cardiovascular disease, particularly myocardial infarction and end-stage 

heart failure (Kim and Kang 2010; Teringova and Tousek 2017). Exposure of AC16 cells to TNF-α, 

decreased BAX expression and moderately increased the BAX/Bcl-2 expression ratio. This minimal change 

in pro-apoptotic signalling indicates that apoptosis is unlikely to have disrupted mitochondrial ATP 

production that would impair active LV relaxation.  

Oxidative stress is thought to contribute to inflammation-induced HFpEF. Supporting this, we have 

previously shown a TNF-α-dependent increase in mRNA expression of iNOS in CIA rats (Chapter 4). 

Excess production of ROS stimulates apoptosis by disrupting mitochondrial integrity, but physiological 

increases in ROS modulate many cellular signalling pathways, including regulation of cardiomyocyte Ca2+ 

handling (Burgoyne et al. 2012). Elevated ROS levels induce increased expression of ROS-neutralising 

enzymes, including SOD2, which prevents conversion of superoxide to highly reactive free radicals (Miao 

and Clair 2009). Therefore, SOD2 is often used as a measure of oxidative stress. However, TNF-α and other 

cytokines directly increase SOD2 expression via activation of the NFκB transcription factor (Marelli-Berg 

and Aksentijevic 2019; Miao and Clair 2009). Therefore, the regulatory mitochondrial anti-oxidant protein 

SOD2 is often used as a measure of mitochondrial dysfunction and mitochondrial oxidative stress 

(Burgoyne et al. 2012). I found that collagen-induced upregulation of SOD2 expression in LV tissues was 

not significant, indicating minimal changes in mitochondrial ROS production. The increased iNOS 

expression that I previously reported may not produce enough ROS to induce a significant increase in SOD2 

expression.  
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I showed that TNF-α stimulated increased expression of SOD2 in AC16 cardiomyocytes. This is likely a 

direct effect of TNF-α receptor signalling (Miao and Clair 2009). Although it has been suggested that TNF-

α also stimulates mitochondrial ROS production in cardiomyocytes (Roberge et al. 2014), it is likely that 

the TNF-α-stimulated SOD2 expression protects against ROS-induced apoptosis, as shown by the minimal 

decrease in BAX expression and minimal increase in BAX/Bcl-2 ratio. The absence of a significant increase 

in SOD2 expression in the LV tissue of CIA rats, despite increased circulating TNF-α concentrations 

suggests insufficient TNF-α in the LV tissue, which may result from the absence of increased local TNF-α 

expression. A collagen antibody-induced arthritis (CAIA) mouse model showed upregulation of both SOD2 

and TNF-α expression in heart tissue. However, the mice showed impaired LV fractional shortening (Pironti 

et al. 2018), unlike the present study where ejection fraction and midwall fractional shortening were 

preserved. This suggests that increased expression of TNF-α in the heart and consequent induction of SOD2 

may be associated with more advanced cardiac dysfunction than is present in the CIA rats of the current 

study. 

It is well-known that increased circulating TNF-α contributes to development of HFpEF, but we have shown 

that TNF-α blockade does not prevent LV diastolic dysfunction in CIA rats, indicating that the diastolic 

dysfunction is not mediated by the increased circulating TNF-α (Chapter 3 and 4). Since subclinical systolic 

dysfunction has recently been reported in patients with HFpEF (Brucks et al. 2005; Fukuta and Little 2007; 

Kim and Kang 2010; Yip 2002; Yu et al. 2002) and with chronic systemic inflammatory conditions (Di 

Minno et al. 2020; Fine et al. 2014; Hamdy 2007; Lo Gullo et al. 2018; Sitia et al. 2010), I investigated 

whether increased circulating TNF-α might regulate systolic function in CIA rats. CIA rats showed early-

stage impairment of systolic function, indicated by impaired global longitudinal strain and global 

longitudinal velocity, despite preserved ejection faction and unchanged fractional shortening. The changes 

in myocardial deformation (global longitudinal strain) and motion (global longitudinal velocity) were 

prevented by TNF-α inhibition, which shows that TNF-α is an important contributor to early-stage systolic 

dysfunction that underlies the development of HFpEF. The preserved ejection faction and unchanged 

fractional shortening indicate that CIA rats in this study have earlier stage systolic dysfunction than was 

seen in the collagen antibody-induced arthritis mouse model of Pironti et al. (2018). Nevertheless, in the 

present study I showed impaired subclinical systolic function measures, including global longitudinal strain 

and global longitudinal velocity, in the rats exposed to inflammation.  

Sarcomeres are composed of myosin and actin filaments that allow for contraction and relaxation of 

cardiomyocytes (England and Loughna 2013). In mammalian ventricular myocardia, two MyHC isoforms 

have been identified. In the present study, in the LV tissues of CIA rats I showed decreased expression of 

Myh6 that encodes the α-MyHC, which is known as the ‘fast-twitch’ isoform. I also showed increased 
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expression of Myh7 that encodes the β-MyHC, which is known as the ‘slow-twitch’ isoform, and a 

decreased Myh6/Myh7 ratio that shows a shift to the slow-twitch isoform, suggesting altered sarcomeric 

structure. Although changes in the relative expression of these two isoforms are traditionally associated 

with hypertrophic phenotypes, they are also correlated with the contraction efficiency of the cardiomyocyte 

and determines systolic function (Fitzsimons et al. 1998). In non-failing hearts, the α-MyHC isoform is 

predominant. However, it has been shown that numerous pathological stimuli can induce an expressional 

shift in the MyHC composition of the rodent ventricle from α-MyHC to β-MyHC (Nakao et al. 1997). 

Similarly, previous studies have shown an altered ratio of α-MyHC to β-MyHC expression upon exposure 

to inflammatory cytokines (Combes et al. 2002; Pironti et al. 2018). I also showed that inhibiting circulating 

TNF-α prevented the inflammation-induced MyHC isoform shift, showing that increased circulating TNF-

α strongly contributes to the change in MyHC isoform. This result is consistent with the prevention of 

inflammation-induced changes in global longitudinal strain and velocity when inhibiting circulating TNF-

α. Therefore, the TNF-α-dependent changes in the MyHC may account for TNF-α-dependent early-stage 

impairments of systolic function.  

The main limitation of this study is the measurement of mRNA expression, which may not always correlate 

with protein expression and protein function, such as regulation of Ca2+ transients and the production and 

clearance of ROS, which must be investigated in future studies. 

 In summary, I have shown that collagen-induced systemic inflammation causes both diastolic and systolic 

dysfunction. I have also shown that both systemic inflammation and TNF-α have minimal effects on the 

expression of the genes, SERCA2a, BAX and Bcl-2, which are important in the active relaxation component 

of LV diastolic dysfunction, which may be associated with advanced myocardial dysfunction. Therefore, 

active processes of myocardial relaxation did not contribute to LV diastolic dysfunction in this study. 

Furthermore, I have shown that TNF-α inhibition prevented both the inflammation-induced MyHC isoform 

expressional shift and impaired myocardial deformation and motion. Therefore, early-stage systolic 

dysfunction in the CIA model likely resulted from the TNF-α mediated changes in MyHC isoform 

expression and hence increased circulating TNF-α may be an important contributor to the development of 

HFpEF, by initiating subclinical systolic dysfunction. 
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CHAPTER 6: THE ROLE OF INTERLEUKIN-6 IN PASSIVE AND ACTIVE PROCESSES 

OF INFLAMMATION-INDUCED LV DIASTOLIC AND SYSTOLIC DYSFUNCTION 
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6.1 Abstract  

Objective: To delineate the role of IL-6 in the molecular mechanisms responsible for inflammation-induced 

LV myocardial dysfunction. The IL-6 blocker, tocilizumab, was used to determine the role of this cytokine 

in the molecular pathways underlying the passive and active processes involved in the development of LV 

diastolic and systolic dysfunction. 

Methods: 73 Sprague-Dawley rats were divided into three groups: the control group, the CIA group and 

the IL-6 blocker group. Bovine type II collagen emulsified in incomplete Freund’s adjuvant was used to 

induce inflammation in the CIA and IL-6 blocker groups. Following the onset of arthritis, the IL-6 blocker 

group received an IL-6 receptor blocker, tocilizumab, for six weeks. Circulating inflammatory markers 

were measured by ELISA and relative LV mRNA gene expressions were assessed by Taqman® polymerase 

chain reaction. LV diastolic and systolic function were assessed by echocardiography. 

Results: Blocking circulating IL-6 did not impact circulating markers of inflammation or LV mRNA 

expression of inflammatory markers, as there were no differences between any of the circulating or tissue 

inflammatory markers between the IL-6 blocker group and the CIA group (p > 0.05). Blocking circulating 

IL-6 did not reverse inflammation-induced increases in the LV relative mRNA expressions of genes 

involved in fibrosis (TGFβ and Col1), collagen turnover (MMP2) or concentric remodelling (RWT). 

However, blocking IL-6 prevented the inflammation-induced increase in expression of LOX. Blocking 

circulating IL-6 did not prevent inflammation-induced upregulation of any of the genes involved in titin 

phosphorylation. Regarding the active processes, similar to the CIA group, there were no changes in the 

expression of genes involved in Ca2+ handling, mitochondrial function or apoptosis in the IL6-blocker 

group.  

Conclusion: The role of IL-6 in molecular mechanisms underlying LV dysfunction are inconclusive. 
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6.2 Introduction  

Although heart failure demonstrates substantial pathophysiological heterogeneity, a growing body of 

evidence points to the central role of inflammatory cytokines in the pathogenesis of diastolic and systolic 

dysfunction (Hanna and Frangogiannis 2020). In a recent study that investigated the predictive power of a 

wide range of biomarkers related to the different phenotypes of HFpEF, inflammatory markers were most 

strongly related to cases of heart failure that resulted in hospital admissions and death. However, of all the 

inflammatory biomarkers included in the analysis, only TNF-α and IL-6 were considered among the 

independent predictors of adverse cardiac outcomes, with IL-6 ranking amongst the top four predictive 

biomarkers related to cases of heart failure that resulted in hospital admissions and death (Chirinos et al. 

2020). Furthermore, in patients with auto-immune diseases such as rheumatoid arthritis, circulating 

concentrations of IL-6 are independently linked to LV diastolic dysfunction (Liang et al. 2010). Considering 

its crucial role in disease pathogenesis of conditions associated with inflammation and its involvement in 

the pathogenesis of heart failure, IL-6 is considered an attractive therapeutic target. However, clinical 

studies on the effects of blocking circulating IL-6 in cardiac function is scarce. In patients with rheumatoid 

arthritis without symptoms of myocardial dysfunction, treatment with an IL-6 receptor blocker, 

tocilizumab, has shown improvements in LV mass, EF, radial strain and expression of N-terminal pro-brain 

natriuretic peptide (Kobayashi et al. 2014; Kobayashi et al. 2016; Yokoe et al. 2018). Nevertheless, the 

effects of IL-6 receptor blockers in patients with LV dysfunction or HFpEF are unknown.  

IL-6 is a pro-inflammatory cytokine with pleiotropic effects on several processes including cell growth, 

apoptosis and survival in various organs (Zhao et al. 2016). However, the role of IL-6 in the passive and 

active cellular processes involved in LV dysfunction is controversial. In this regard, some have proposed 

that IL-6 is a key regulator of cellular processes involved in cardiac fibrosis and hypertrophy and hence, in 

extracellular matrix remodelling that may contribute to passive stiffness in the development of LV diastolic 

dysfunction. However, the role of IL-6 in cardiomyocyte compliance, which is another contributor to LV 

passive stiffness; and in Ca2+ handling, which is the main process involved in active LV relaxation, is 

uncertain. With regards to the role of IL-6 in fibrosis, Mendelez et al (2010) showed that intraperitoneal 

infusion of IL-6 in rats for seven days resulted in increased LV stiffness that was ascribed to increases in 

LV fibrosis and concentric hypertrophy (Meléndez et al. 2010). Others support the role of IL-6 in cardiac 

fibrosis, as collagen production and hence, the development of myocardial fibrosis was attenuated in IL-6 

deficient mice and IL-6 deficient cardiomyocytes (Zhao et al. 2016), but was enhanced in mice where IL-6 

was overexpressed (Hirota et al. 1995). In contrast, others showed that IL-6 is not necessary for the 

development of cardiac hypertrophy or dysfunction in IL-6 deficient mice (Kaminski et al. 2007; Lai et al. 

2012). Similarly, in cell culture, direct exposure of cardiac fibroblasts to IL-6 did not result in increased 
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collagen content (Siwik, Chang, and Colucci 2000). In addition, when blocking plasma IL-6, some have 

reported that the development of fibrosis was reduced in post-infarct hearts in mice (Kobara et al. 2010) 

and after viral-induced myocarditis (Savvatis et al. 2014). In contrast, another study showed that blocking 

plasma IL-6 did not prevent cardiac remodelling and fibrosis (Hartman et al. 2016). These authors further 

reported that blocking IL-6 may be detrimental as systolic function worsened in the group that received the 

IL-6 blocker compared to the no-treatment group (Hartman et al 2016). Similarly, others have proposed 

that IL-6 is necessary for cell-cell interaction in the heart and for myocardial regeneration; whereby the 

absence of IL-6 may be detrimental to normal cardiac function and cardiac regeneration following injury 

(Banerjee et al. 2009; Tang et al. 2018). In this regard, the loss of IL-6 function has been linked to increased 

fibrosis and apoptosis (Banerjee et al. 2009; Tang et al. 2018), which indicates that preventing IL-6-induced 

myocardial regeneration may impact both LV diastolic and systolic myocardial function. Taken together, 

although several studies have investigated the effects of IL-6 on extracellular matrix remodelling, there 

seems to be little consensus on whether it has detrimental or protective roles in cardiac function. This may 

be accounted for by the differences in experimental models and modes of drug administration that were 

employed in these investigations.  

Besides the controversial role of IL-6 in extracellular matrix remodelling, the understanding of its role in 

passive cardiomyocyte stiffens; including titin phosphorylation, and in the active processes of LV relaxation 

is limited. In this regard, one study showed that blocking the IL-6 receptor after viral-induced myocarditis 

improved titin phosphorylation that resulted in reduced myocyte stiffness (Savvatis et al. 2014). However, 

these results have not been replicated in models of chronic systemic inflammation. In addition, IL-6 has 

been associated with the regulation of SERCA2a expression in ventricular myocytes (Gloss et al. 2000; 

Tanaka et al. 2004; Wu et al. 2011). However, whether this translates to altered myocardial relaxation in 

vivo has not been confirmed. Therefore, the aim of this study was to evaluate the role of IL-6 in molecular 

processes underlying the development of LV diastolic and systolic dysfunction by blocking its effects, using 

an IL-6 receptor antagonist, in a rat model of chronic systemic inflammation.  

6.3 Results 

6.3.1 The effect of IL-6 blocker treatment on body mass, blood pressure and, circulating and LV tissue 

expression of inflammatory markers  

The characterization of the control and CIA rats is reported elsewhere (Le Roux et al. 2022). Briefly, for 

the partially overlapping subset of animals included in this study, body weight was lower in the IL-6 blocker 

group compared to the control (p < 0.001) and CIA (p = 0.01, Table 6.1) groups. There were no differences 

in systolic or diastolic blood pressure between the groups (all p > 0.05). Arthritis scores and the ankle and 
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tarsometatarsal thickness were increased in the IL-6 blocker group compared to controls (all p <0.05) and 

no different from the CIA group (all p >0.05). Tocilizumab had no effect on circulating inflammatory 

marker concentrations as the serum concentrations of TNF-α (p < 0.0001), IL-6 (p = 0.0003) and CRP (p < 

0.0001) were significantly increased in the IL-6 blocker group compared to the control group, but were not 

different to the CIA group (all p > 0.05). Blocking circulating IL-6 did not prevent CIA-induced local LV 

tissue inflammation, as the mRNA expression of IL-6 and PTX-3 were greater in the IL-6 blocker group 

compared to the control group (p = 0.04 and p = 0.006, respectively) and were not different from the CIA 

group (p = 0.92 and p = 0.64, respectively; Table 6.1). The local mRNA expression of CD68, a marker of 

leukocyte and macrophage infiltration, and of TNF-α, were not different from the control group (p = 0.83 

and p = 0.72, respectively) or the CIA group (p = 0.16 and p = 0.88, respectively).  

6.3.2 The effect of IL-6 blocker treatment on LV geometry, diastolic and systolic function 

Blocking circulating IL-6 had no effect on the inflammation-induced changes in echocardiographic 

measures of LV geometry, diastolic or systolic function (Table 6.2). In the IL-6 blocker group, similar to 

the CIA group, the RWT were increased compared to the control group, showing that blocking circulating 

IL-6 did not inhibit LV concentric remodelling induced by collagen inoculation (Table 6.2). Similar to the 

CIA group, the LV filling pressures (E/e’) were increased, while lateral e’, global longitudinal strain and 

global longitudinal velocity were impaired in the IL-6 blocker group compared to the control group (Table 

6.2). This indicates that blocking circulating IL-6 did not prevent the CIA-induced impairments in LV 

diastolic and systolic function. Although the e’/a’, a measure of LV stiffness, was impaired in the IL-6 

blocker group compared to the control group, the difference did not reach statistical significance (p = 0.10). 

Like the CIA group, ejection fraction and midwall fractional shortening, markers of systolic function, were 

not improved in the IL-6 blocker group compared to the control group. 
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Table 6.1. Body mass, blood pressure and circulating and tissue inflammatory markers in in control, 

CIA and IL-6 blocker groups 

Data presented as means ± SEM or median (interquartile range). CIA, collagen-induced arthritis, SBP, 

systolic blood pressure, DBP, diastolic blood pressure, TNF-α, tumour necrosis factor alpha, IL-6, 

interleukin 6, CRP, C-reactive protein.* p < 0.05 versus controls; ** p < 0.01 versus controls; *** p < 

0.0001 versus controls; †p < 0.05 versus CIA. 

  

 Control CIA IL-6 blocker 

n 28 29 16 

Female n (%) 12 (43) 16 (55) 8 (50) 

Body weight (g) 459.8 ± 9.5 425.5 ± 8.8* 384.1 ± 11.4**† 

SBP (mm Hg) 

DBP (mm Hg) 

128 ± 2 

87 ± 1 

130 ± 2 

88 ± 1 

129 ± 2 

91 ± 2 

Paw score  0 4 (3 – 6)**** 4.5 (2 – 7)**** 

Ankle joint thickness (mm) 8.6 ± 0.1 9.2 ± 0.1** 9.2 ± 0.2* 

Tarsometatarsal joint thickness (mm) 5.0 ± 0.1 5.5 ± 0.1** 5.6 ± 0.2* 

Circulating inflammatory marker concentrations 

TNF-α (pg/ml) 93.86 ± 7.18 155.77 ± 6.53*** 164.08 ± 8.75*** 

IL-6 (pg/ml) 16.42 ± 2.08 29.89 ± 2.05** 31.29 ± 2.74** 

CRP (ng/ml) 0.10 ± 0.04 0.56 ± 0.03*** 0.66 ± 0.05*** 

Tissue inflammatory marker expressions (mRNA) 

TNF-α 1.02 (0.71 – 1.27) 1.04 (0.85 – 1.28) 1.05 (0.92 – 1.31) 

IL-6 0.85 (0.65 – 0.93) 1.53 (0.85 – 2.06)** 1.64 (0.76 – 2.03)* 

CD68 0.92 ± 0.05 1.12 ± 0.05* 0.97 ± 0.07 

PTX-3 1.18 (0.43 – 1.30) 2.40 (1.74 – 4.06)*** 2.22 (0.92 – 2.97)** 
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Table 6.2. Echocardiographic measures of left ventricular myocardial remodelling, diastolic function 

and systolic function in control, CIA and IL-6 blocker rats. 

 Control 

(n = 25) 

CIA 

(n = 27) 

IL-6 blocker 

(n = 16) 

Myocardial remodelling    

Relative wall thickness 0.62 ± 0.02 0.73 ± 0.02** 0.71 ± 0.03* 

LV diastolic function 

Lateral e’ (cm/s) 4.52 ± 0.10 3.61 ± 0.10*** 3.62 ± 0.14*** 

e’/a’ 1.45 ± 0.06 1.23 ± 0.06* 1.28 ± 0.08 

E/e’ 25.12 ± 1.01 31.39 ± 0.98** 29.86 ± 1.27* 

LV systolic function 

Ejection fraction (%) 83.0 ± 1.3 82.3 ± 1.3 81.0 ± 1.7 

Midwall fractional shortening (%) 22.9 ± 0.7 22.1 ± 0.7 21.9 ± 0.9 

Global longitudinal strain (cm/s) -19.4 ± 0.8 -16.9 ± 0.8* -16.3 ± 0.9* 

Global longitudinal strain rate (%) -3.43 ± 0.16 -3.33 ± 0.15 -3.06 ± 0.20 

Global longitudinal velocity (cm/s) 0.58 ± 0.03 0.49 ± 0.03* 0.47 ± 0.04* 

Global longitudinal displacement (mm) 0.28 ± 0.02 0.22 ± 0.02 0.21 ± 0.03 

Data presented as means ± SEM. CIA, collagen induced arthritis; IL-6, interleukin-6; BW, body weight; 

LV, left ventricular; e’, peak velocity during early diastole; e’/a’, ratio of mitral annular lengthening in early 

and late diastole; E/e’, ratio of early diastolic filling to peak velocity during early diastole; * p < 0.05 

compared to control; ** p < 0.01 compared to control; *** p < 0.001 compared to control. 
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6.3.3 The effect of IL-6 blocker treatment on extracellular matrix gene expression  

Treatment with tocilizumab did not offset the inflammation-induced increases in mRNA expression of pro-

fibrotic genes. Compared to the control group, the IL-6 blocker group had a significantly greater LV mRNA 

expression of TGFβ (p = 0.01, Figure 6.1a) and Col1 (p = 0.0004, Figure 6.1c), which was similar to that 

of the CIA group (p > 0.05 for both). This shows that blocking circulating IL-6 did not prevent the 

inflammation-induced stimulation of fibrosis, consistent with the increases in RWT (Table 6.2). There were 

no differences in the LV mRNA expression of αSMA between the groups (Figure 6.1b), showing that neither 

the inflammatory protocol nor tocilizumab treatments resulted in the trans-differentiation of fibroblasts to 

myofibroblasts. Although the relative mRNA expression of LOX in the IL-6 blocker group was increased 

compared to controls, this increase was not statistically significant (p = 0.13). The CIA group showed an 

upregulation in LOX expression compared to controls (p = 0.0004, Figure 6.1d), suggesting that blocking 

circulating IL-6 may have partially offset the inflammation-induced collagen cross-linking. Similar to the 

CIA group, LV relative mRNA expression of MMP2 was increased in the IL-6 blocker group compared to 

the control group (p = 0.005, Figure 6.1e), showing that blocking circulating IL-6 did not prevent the 

inflammation-induced upregulation of collagen turnover. There were no differences in relative mRNA 

expression of MMP9 between the groups (all p > 0.05, Figure 6.1f).  

6.3.4 The effect of IL-6 blocker treatment on expression of genes involved in microvascular 

inflammation, immune cell infiltration and NO-signalling pathways  

The inflammation-induced increased LV relative mRNA expression of VCAM1 was not impacted by 

treatment with tocilizumab (p = 0.02 versus control, p = 0.86 versus CIA, Figure 6.2a), indicating that 

inflammation-induced microvascular inflammation is not offset by IL-6 blocker treatment. Consistent with 

the increased VCAM1 expression, LV relative mRNA expression of iNOS was greater in the IL-6 blocker 

group compared to the control group (p = 0.001) and not different from the CIA group (p = 0.24, Figure 

6.2b). Similar to the CIA group, the LV relative mRNA expression of sGCα2 and sGCβ2 were significantly 

decreased in the IL-6 blocker group compared to control group (p = 0.02 and p = 0.04, respectively; Figure 

6.2c and 6.2d). The relative mRNA expression of sGCα2 and sGCβ2 in the IL-6 blocker group were not 

different from the CIA group (p = 0.93 and p = 0.87, respectively), showing that blocking circulating IL-6 

did not impact the inflammation-induced decreased in expression of the genes that code for subunits of sGC 

enzyme. These results are consistent with the impaired relaxation (e’) and increased filling pressures (E/e’) 

reported in the IL-6 blocker rats (Table 6.2).  



85 

 

Control
(n=26) 

CIA
(n=29)

IL6-blocker
(n=16)

0.0

0.5

1.0

1.5

2.0

T
G

F


 m
R

N
A

 e
x
p

re
s
s
io

n ✱

✱

Control
(n=19) 

CIA
(n=19)

IL6-blocker
(n=14)

0.0

0.5

1.0

1.5

α
S

M
A

 m
R

N
A

 e
x
p

re
s
s
io

n

Control
(n=23) 

CIA
(n=28)

IL6-blocker
(n=16)

0.0

0.5

1.0

1.5

2.0

C
O

L
1
 m

R
N

A
 e

x
p

re
s
s
io

n

✱✱✱

✱✱✱

Control
(n=17) 

CIA
(n=28)

IL6-blocker
(n=14)

0.0

0.5

1.0

1.5

L
O

X
1
 m

R
N

A
 e

x
p

re
s
s
io

n

✱✱✱

Control
(n=25) 

CIA
(n=28)

IL6-blocker
(n=15)

0.0

0.5

1.0

1.5

M
M

P
2
 m

R
N

A
 e

x
p

re
s
s
io

n

✱✱

✱

Control
(n=24) 

CIA
(n=22)

IL6-blocker
(n=15)

0.0

0.5

1.0

1.5

M
M

P
9
 m

R
N

A
 e

x
p

re
s
s
io

n

a b

c d

e f

 

Figure 6.1. LV expression of extracellular matrix genes. Rats were inoculated with collagen (CIA) and 

treated with an IL-6 blocker before measurement of relative mRNA expression of TGFβ (a), αSMA (b), 

Col1 (c), LOX (d), MMP2 (e) and MMP9 (f) in left ventricular tissues of control, CIA and IL-6 blocker rats. 

Relative mRNA expression results are expressed in arbitrary units normalized for the expression of the 

endogenous reference gene, HPRT1, using the ∆∆Ct method. Data are from duplicate real-time PCR 

experiments. Data presented as means ± SEM; * p < 0.05 vs control;** p < 0.01 vs control; *** p < 0.001 

versus control. 
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Figure 6.2. LV expression of microvascular inflammation, immune cell activation and sGC subunit 

genes. Rats were inoculated with collagen (CIA) and treated with an IL-6 blocker before measurement of 

relative mRNA expression of VCAM1 (a), iNOS (b), sGCα2 (c) and sGCβ2 (d) in left ventricular tissues of 

control, CIA and IL-6 blocker rats. Relative mRNA expression results are expressed in arbitrary units 

normalized for the expression of the endogenous reference gene, HPRT1, using the ∆∆Ct method. Data are 

from duplicate real time PCR experiments. Data presented as means ± SEM for VCAM1, sGCα2 and sGCβ2 

and median and interquartile range for iNOS; * p < 0.05 vs control; *** p < 0.001 vs control. 
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The LV mRNA expression of PP1γ, the protein phosphatase previously implicated in titin phosphorylation, 

was not different between the three groups (p > 0.05; Figure 6.3a). The LV mRNA expression of the protein 

phosphatase PP5 was significantly higher in the IL-6 blocker group compared to the control group (p = 

0.02) but was not different from the CIA groups (p = 0.98; Figure 6.3b), suggesting that IL-6 may not be 

involved in the cellular pathways whereby PP5 contributes to the dephosphorylation of titin.  

6.3.5 The effect of IL-6 blocker treatment on gene expression of markers of calcium handling, oxidative 

stress and apoptosis 

The LV mRNA expression of SERCA2a and S100A1 in the IL-6 blocker group were not different from the 

control (p = 0.42 and p = 0.98, respectively) or CIA groups (p = 0.99 and p = 0.90; Figure 6.4a, 6.4b), 

indicating that neither inflammation nor IL-6 blocker treatment impacted Ca2+ handling in LV tissues. The 

LV mRNA expressions of pro-apoptotic gene; BAX, and anti-apoptotic gene; Bcl-2, were not different 

between any of the groups (all p > 0.05, Figure 6.4d, 6.4e). Consistent with these findings, the ratio of BAX 

to Bcl-2 was also not different between the groups (all p > 0.05, Figure 6.4f), showing that systemic 

inflammation and blocking circulating IL-6 did not impact apoptosis in LV tissues. In keeping with these 

results, the LV mRNA expression of SOD2, a marker of mitochondrial oxidative stress, was not different 

between any of the groups (all p > 0.05, Figure 6.4c). 

6.3.6 The effect of IL-6 blocker treatment on myocardial contractility genes  

The relative mRNA expression of Myh6, the gene that codes for the fast-twitch isoform of myosin, was 

decreased in the IL-6 blocker group compared to the control group (p = 0.02) and was not different from 

the CIA group (p = 0.87; Figure 6.5a). The relative mRNA expression of Myh7, the gene that codes for the 

slow-twitch isoform of myosin, was increased in the IL-6 blocker group compared to the control group (p 

= 0.002) and was not different from the CIA group (p = 0.74, Figure 6.5b). Consequently, similar to the 

CIA group, there was a decreased ratio of Myh6/Myh7 in the IL-6 blocker group compared to the control 

group (p = 0.003; Figure 6.5c). The increased expression of Myh7 is consistent with the findings of 

increased pro-fibrotic gene expression in the IL-6 group. Moreover, these findings confirm our previous 

reports that a switch in myosin isoform expression may contribute to impaired myocardial deformation, as 

we showed impaired global longitudinal strain and velocity in the IL-6 blocker group (Table 6.2). 
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Figure 6.3. LV expression of protein phosphatase genes. Rats were inoculated with collagen (CIA) and 

treated with an IL-6 blocker before measurement of relative mRNA expression of PP1γ (a) and PP5 (b) in 

left ventricular tissues of control, CIA and IL-6 blocker rats. Relative mRNA expression results are 

expressed in arbitrary units normalized for the expression of the endogenous reference gene, HPRT1, using 

the ∆∆Ct method. Data are from duplicate real time PCR experiments. Data presented as means ± SEM; * 

p < 0.05 vs control; ** p < 0.01 vs control.  
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Figure 6.4. LV expression of calcium handling, mitochondrial dysfunction and apoptotic genes. Rats were inoculated with collagen (CIA) and 

treated with an IL-6 blocker before measurement of relative mRNA expression of SERCA2a (a), S100A1 (b), SOD2 (c), BAX (d), Bcl-2 (e) and 

BAX/Bcl-2 ratio (f) in left ventricular tissues of control, CIA and IL-6 blocker rats. Relative mRNA expression results are expressed in arbitrary 

units normalized for the expression of the endogenous reference gene, HPRT1, using the ∆∆Ct method. Data are from duplicate real time PCR 

experiments. Data presented as means ± SEM. 
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Figure 6.5. LV expression of myocardial contractility genes. Rats were inoculated with collagen (CIA) and treated with an IL-6 blocker before 

measurement of relative mRNA expression of Myh6 (a), Myh7 (b) and Myh6/Myh7 ratio (c) in left ventricular tissues of control, CIA and IL-6 

blocker rats. Relative mRNA expression results are expressed in arbitrary units normalized for the expression of the endogenous reference gene, 

HPRT1, using the ∆∆Ct method. Data are from duplicate real time PCR experiments. Data presented as means ± SEM; * p < 0.05 vs control; ** p 

< 0.01 vs control. 
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6.4 Discussion  

This study investigated the role of IL-6 in the molecular pathways involved in the development of LV 

diastolic and systolic dysfunction in a rat model of systemic inflammation. The main findings of this study 

were that blocking circulating IL-6 with tocilizumab did not impact any of the inflammation-induced 

increases in circulating or local inflammatory markers or the local expression of genes involved in immune 

cell infiltration. Blocking circulating IL-6 also did not reverse the inflammation-induced upregulation of 

pro-fibrotic genes or genes involved in collagen turnover, similar to the CIA rats. However, blocking 

circulating IL-6 partially offset the inflammation-induced upregulation of LOX, a marker of collagen cross-

linking. Despite the partial prevention of collagen cross-linking, the increased pro-fibrotic gene expression 

likely contributed to the increased relative wall thickness and concentric remodelling seen in rats that 

received the IL-6 blocker, similar to results of the CIA group. In keeping with these findings, IL-6 blockade 

did not prevent the fibrosis-induced changes in myosin heavy chain isoform gene expression, which may 

have contributed to the impaired LV systolic function (LV deformation and impaired motion) seen in the 

IL-6 blocker group. This study also demonstrated that blocking circulating IL-6 did not reverse the 

inflammation-induced upregulation of the genes involved in titin phosphorylation, which likely contributed 

to the impaired LV diastolic function in the IL-6 blocker group. Furthermore, similar to the CIA group, the 

LV mRNA expression of genes involved in apoptosis, Ca2+ handling and mitochondrial function were not 

affected in the IL-6 blocker group, suggesting that these molecular mechanisms are unlikely to contribute 

to inflammation-induced LV diastolic or systolic dysfunction. Taken together, in a rat model of systemic 

inflammation-induced LV dysfunction, administering an IL-6 receptor antagonist was largely ineffective 

in reversing the inflammation-induced changes in passive and active processes underlying the development 

of LV dysfunction, and hence the role of IL-6 in these processes remains inconclusive.  

Several studies have shown that IL-6 is a key stimulus for cardiac fibrosis in various animal and cell culture 

models (Kaminski et al. 2007; Lai et al. 2012; Siwik, Chang, and Colucci 2000; Zhao et al. 2016). In 

contrast, our results showed that blocking circulating IL-6 did not prevent the inflammation-induced 

upregulation of pro-fibrotic genes including TGFβ, Col1 and MMP2. Indeed, others have also shown that 

IL-6 is not necessary for the development of LV fibrosis (Hartman et al. 2016; Hirota et al. 1995; Meléndez 

et al. 2010). The increased expression of pro-fibrotic genes in the present study, may have contributed to 

the increased RWT in the IL-6 blocker group, as we have previously shown (Chapter 3). The increased pro-

fibrotic gene expression is further consistent with the increased expression of Myh7 in the IL-6 blocker 

group that was similar to that of the CIA group. Myh7 is the gene that codes for the β-MyHC (England and 

Loughna 2013), which may have contributed to the impaired LV global longitudinal strain and velocity, 

which are indicators of early impairments in LV myocardial contractility despite preserved ejection 
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fraction. Moreover, none of the genes involved in Ca2+ handling, apoptosis or oxidative stress were 

impacted by blocking circulating IL-6. As these genes were also not affected in the CIA group, it remains 

uncertain whether these processes are in fact a cause or a consequence of LV diastolic or early-stage systolic 

dysfunction.  

In the present study, blocking circulating IL-6 did partially improved the inflammation-induced increase in 

LV mRNA expression of LOX, the gene that codes for lysyl oxidase, an enzyme implicated in collagen 

cross-linking (El Hajj et al. 2017). Although evidence for a co-regulation between LOX and IL-6 has been 

shown in pulmonary fibrosis, this has not previously been reported in cardiac tissue and hence, requires 

further investigation (Nguyen et al. 2021). Nevertheless, increased expression of LOX, and hence, increased 

collagen cross-linking (Páramo 2017) have been independently linked to increased myocardial stiffness 

(Gonzalez-Santamaria et al. 2016). Therefore, this partial attenuation of LOX expression, may have 

contributed to the slightly reduced e’/a’, an indicator of myocardial stiffness in the IL-6 blocker group 

(Nishimura and Tajik 1997; Smiseth 2017; Zerbib, Maizel, and Slama 2019). Nevertheless, blocking IL-6 

was not sufficient to prevent the inflammation-induced decreases in LV relaxation (lateral e’) or increases 

in filling pressures (E/e’), two other frequently used indicators of LV diastolic dysfunction (Nishimura and 

Tajik 1997; Smiseth 2017; Zerbib, Maizel, and Slama 2019). Considering we have previously shown 

(Chapter 3) that fibrosis is unlikely to be the main contributor to LV diastolic dysfunction, the results in 

this chapter further support a central role for titin phosphorylation in the development of LV diastolic 

dysfunction. We showed that blocking circulating IL-6 did not prevent the inflammation-induced 

upregulation of the genes involved in the pathways of titin phosphorylation including VCAM1, iNOS, 

sGCα2 or sGCβ2, suggesting that tocilizumab did not prevent the inflammation induced NO-cGMP-PKG 

signalling pathway, previously implicated in titin hypophosphorylation (Franssen and Gonzalez Miqueo 

2016). Furthermore, blocking IL-6 also did not prevent the inflammation-induced upregulation of PP5, 

which we have shown may play an important regulatory role in titin phosphorylation (Chapter 3). These 

results are in contrast to a previous study that showed improved titin phosphorylation when blocking 

circulating IL-6 in a model of Coxsackie virus B3 (CVB3)-induced myocarditis (Savvatis et al. 2014). 

However, these authors reported that blocking circulating IL-6 reduced downstream LV tissue immune cell 

infiltration and activation, as well as reducing the expression of other pro-inflammatory cytokines (Savvatis 

et al. 2014), which may have disrupted signalling pathways involved in titin phosphorylation. In contrast, 

in our study, blocking circulating IL-6 did not prevent immune cell infiltration and activation (IL-6, iNOS 

or CD68 expression).  

These largely negative results observed in the IL-6 blocker group may be explained by several reasons. 

First, IL-6 signalling is rather complex, and several studies have reported that it has both detrimental and 
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protective effects in the heart, depending on whether IL-6 interacts with the soluble or the membrane-bound 

forms of its receptor (Hanna and Frangogiannis 2020). In this regard, IL-6 is a member of the gp130 

cytokine family that includes several other cytokines that have been implicated in the pathophysiology of 

cardiovascular diseases, including IL-11, leukaemia inhibitory factor (LIF), and cardiotrophin-1. These 

cytokines signal via the common signalling receptor subunit gp130 (Hanna and Frangogiannis 2020; Rose-

John 2018), accounting for their overlapping biological functions (Garbers et al. 2013). Although the IL-

6R was believed to be specific for IL-6, other cytokines belonging to the gp130 cytokine family were also 

able to bind to the IL-6R and induce signalling (Garbers et al. 2012). Indeed, activation of gp130 signalling, 

in the absence of IL-6, have been associated with myocardial remodelling (Hirota et al. 1995).   

Second, IL-6 is able to signal via different mechanisms. Classic IL-6 signalling involves binding of IL-6 

cytokines to its receptors (IL-6Rs) on the cell surface, and the subsequent association of the IL-6/IL-6R 

complexes with gp130, causes dimerization and initiation of a signalling cascade (Hanna and Frangogiannis 

2020; Rose-John 2012, 2018). However, IL-6 is also able to signal in the absence of cell surface IL-6R. 

Disintegrin and Metalloprotease (ADAM) proteases cleave IL-6Rs from the cell surfaces to generate a 

soluble form of the IL-6R (sIL-6R). Most soluble receptors in the body act as antagonists as they compete 

with the membrane-bound receptor for the ligand (Hanna and Frangogiannis 2020). In contrast, the sIL-6R, 

acts as an agonist on cells that are not stimulated exclusively by IL-6. The sIL-6R binds IL-6 initiating 

gp130 signalling in cells that do not express IL-6R on their surfaces (Zhang et al. 2020). This mechanism, 

known as trans-signalling, expands the cellular actions of IL-6. The pro- and anti-inflammatory effects of 

IL-6 have been linked to the different signalling pathways, where trans-signalling has been implicated in 

pro-inflammatory signalling, while the classic-signalling mechanism may be responsible for anti-

inflammatory signals (Rose-John 2012). In this regard, it has been suggested that the in vivo role of IL-6 

depends on the stimulation of the different receptors in different experimental inflammatory models (Hanna 

and Frangogiannis 2020).  Although the relative contributions of these IL-6 signalling pathways in heart 

failure have not been systematically studied, studies have reported that the adverse effects of IL-6 on cardiac 

remodelling were dependent on the presence of the sIL-6R (Chou et al. 2018; Meléndez et al. 2010).  

The use of anti-IL-6 therapeutics is complicated by the classic- versus trans-signalling mechanisms of IL-

6 action. Tocilizumab functions by inhibiting IL-6 interactions with both soluble and membrane-bound 

forms of its cognate receptor, thereby downregulating IL-6-mediated signalling (Abdel-Maged et al. 2018). 

This means that tocilizumab blocks both classic- and trans-signalling pathways and therefore, blocks both 

pro- and anti-inflammatory activities of IL-6 (Rose-John 2012). Hence, in the current study, blocking IL-6 

with tocilizumab may have impacted both the pro- and anti-inflammatory signalling pathways.  
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Lastly, tocilizumab used in this study is a human monoclonal antibody and may have caused immunogenic 

effects in rats. In this regard, over the past four decades, recombinant DNA technology has progressed 

significantly from using hybridomas through to the chimeric, humanized monoclonal antibodies and finally, 

to the fully human therapeutic monoclonal antibodies currently available (Sheppard et al. 2017). However, 

these advances have been engineered for human applications rather than for animal disease models. While 

further humanization of antibody variable regions has led to a subsequent further decrease in 

immunogenicity, this has been tested for human tolerance only. Therefore, the application of tocilizumab, 

in this study, although being less immunogenic in humans (Sheppard et al. 2017), may well be more 

immunogenic in rats. This is supported by my results, which showed no downstream reductions in CRP 

concentrations or prevention of immune cell infiltration and activation. Indeed, other experimental models 

that have shown reduced circulating cytokine levels or cardio-protective effects of IL-6 blockers, used a rat 

anti-mouse IL-6R monoclonal antibody (Hartman et al. 2016; Kobara et al. 2010; Savvatis et al. 2014). 

Only one other experimental model of rheumatoid arthritis successfully used a human monoclonal IL-6 

antibody in rats. These authors reported reduced serum IL-6 concentrations and reduced inflammation-

induced joint damage (Abdel-Maged et al 2018). However, in the prior study, the drug was administered 

intraplanar, which may further explain the lack of effects in this current study.  

This study has further limitations. The inclusion of male and female rats may have reduced statistical power. 

Because tocilizumab is used in the treatment of rheumatoid arthritis, its bioavailability to cardiac tissues is 

uncertain and were not tested in the current study. The use of mRNA expression may not reflect protein 

expression and function, hence direct measures of the intracellular signalling intermediates and end 

products may have strengthened the interpretations of this study. 

In conclusion, anti-IL-6 treatment was not effective in reducing circulating cytokine concentrations and 

was largely ineffective in ameliorating the inflammation-induced upregulation of genes involved in the 

cellular pathways associated with LV diastolic dysfunction.  The effects of IL-6 receptor blockers on 

inflammation-induced changes in cellular pathways of cardiac dysfunction remain inconclusive and 

requires further investigation. 
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CHAPTER 7: SUMMARY AND CONCLUSION 
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7.1 Summary 

Treatment strategies for HFpEF are suboptimal, largely because of the diverse aetiologies and 

heterogeneous presentation of the disease. Therefore, a better understanding of the pathophysiological 

mechanisms underlying HFpEF development is needed. It has recently been proposed that chronic systemic 

inflammation may be the underlying causal mechanism for the development of HFpEF. Nevertheless, the 

use of anti-inflammatory drugs in the management of these patients has shown contradictory outcomes, 

which is likely due to the limited knowledge of the roles of specific cytokines in the pathophysiology of 

HFpEF. Therefore, in the current thesis, a series of investigations was performed to advance the 

understanding of the molecular mechanisms of systemic inflammation-induced LV diastolic and systolic 

dysfunction, and to elucidate the roles of TNF-α and IL-6 in these molecular pathways. 

7.2 Inflammation-induced LV fibrosis is partially mediated by TNF-α 

HFpEF is mainly characterised by diastolic abnormalities. During diastole, the ventricles relax to allow 

adequate LV filling with blood for the subsequent ejection phase. Both active and passive processes 

contribute to adequate myocardial relaxation (Borlaug and Kass 2006). LV diastolic dysfunction, the 

subclinical condition that often precedes HFpEF, has variable phenotypes that affect either active or passive 

processes of myocardial relaxation (Borlaug and Kass 2006). Pathological alterations in the molecular 

mechanisms underlying either the active or passive processes contribute to impaired relaxation and 

increased myocardial stiffness that may ultimately contribute to LV diastolic dysfunction. Myocardial 

fibrosis is characterized by changes in the extracellular matrix that contribute to passive myocardial 

stiffness and concentric remodelling of the LV, which is associated with LV diastolic dysfunction.  

In the present thesis, in an effort to understand the role of systemic inflammation, and specifically TNF-α, 

in extracellular matrix remodelling and its contribution to LV diastolic dysfunction, several molecular 

markers of cardiac fibrosis and collagen turnover were assessed in a rat model of collagen-induced arthritis, 

with- or without- inhibition of circulating TNF-α, using etanercept. Systemic inflammation caused local 

LV tissue inflammation in the form of increased mRNA expression of IL-6, which was prevented by 

inhibiting circulating TNF-α. This result is consistent with the increased mRNA expression of CD68, 

suggesting LV infiltration by macrophages, which produce both IL-6 and TGFβ. TGFβ is known to activate 

cardiac fibroblasts to produce collagen (Villar et al. 2009). Consistent with this, systemic inflammation 

increased LV mRNA expression of TGFβ and other pro-fibrotic genes, including Col1 and LOX. The 

increased pro-fibrotic gene expressions likely stimulated the upregulation of MMP2, which caused further 

dysregulation in collagen turnover, thereby contributing to an increase in RWT, a marker of concentric 

remodelling that is consistent with fibrosis. Although inhibiting circulating TNF-α prevented adverse LV 
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remodelling (prevented the increase in RWT) by decreasing local LV inflammation (prevented the 

increased mRNA expression of IL-6, CD68) and partially preventing the upregulation of pro-fibrotic genes, 

it did not prevent inflammation-induced LV diastolic dysfunction in the CIA rat model. An important 

implication of these findings is that myocardial fibrosis is mediated by TNF-α, but that fibrosis may not be 

the main driver for the development of LV diastolic dysfunction.  

7.3 The role of TNF-α in signalling pathways of titin phosphorylation 

Although fibrosis and extracellular matrix remodelling are key characteristics of passive stiffness in LV 

diastolic dysfunction, not all patients with HFpEF have concentric remodelling. Indeed, a recent paradigm 

suggested that systemic inflammation contributes to passive LV stiffness by affecting the compliance of 

the cardiomyocyte. In this regard, inflammation causes endothelial dysfunction in the microvasculature that 

results in the production of ROS, which decreases the bioavailability of NO. In turn, altered NO signalling 

causes dysregulated intracellular pathways in the myocardium that disrupt phosphorylation of the giant 

spring protein, titin (Paulus & Tschöpe, 2013). Aberrant titin phosphorylation affects cardiomyocyte 

compliance, which contributes to decreased passive elasticity of the sarcomere which ultimately impairs 

LV relaxation and filling during diastole (Lewinter and Granzier 2014).  

Therefore, in the second study the effect of inflammation and inhibition of circulating TNF-α on several 

genes involved in the regulation of titin phosphorylation, were investigated in an animal model of collagen-

induced inflammation. Collagen inoculation induced microvascular inflammation as vascular endothelial 

cell activation was increased, indicated by increased LV mRNA expression of VCAM1. The microvascular 

inflammation resulted in infiltration of leukocytes and local LV tissue inflammation as indicated by the 

increased LV mRNA expression of PTX3, iNOS and CD68. Leukocytes are sources of ROS, which, like 

metabolically-induced endothelial dysfunction, limits NO bioavailability and disrupts NO signalling 

(Franssen et al. 2016). Furthermore, LV mRNA expression of sGC subunit genes was decreased, likely 

disrupting NO-sGC-cGMP signalling, which phosphorylates titin. Inhibiting TNF-α reversed the 

inflammation-induced upregulated expression of VCAM1, iNOS, CD68 and the decreased expression of 

sGC subunit genes. This likely resulted in the inhibition of local pathological ROS production and improved 

NO-sGC-cGMP signalling. More importantly, I showed that inflammation resulted in increased LV mRNA 

expression of PP5, which increases passive cardiomyocyte stiffness by dephosphorylating titin. Increased 

PP5 mRNA expression was not reversed by TNF-α inhibition. Since TNF-α inhibition also did not prevent 

LV diastolic dysfunction, an important implication of these findings is that LV diastolic dysfunction results, 

at least partially, from the increased LV mRNA expression of PP5, which contributes to titin 

hypophosphorylation. Since the change in sGC subunit expression was prevented by inhibition of 
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circulating TNF-α, disruption of the NO-sGC-cGMP signalling pathway is likely less important in the 

development of LV diastolic dysfunction.  

7.4 The role of TNF-α in active processes of inflammation-induced LV diastolic and systolic 

dysfunction  

Besides passive LV stiffness, myocardial relaxation also depends on active processes. Thus far, the main 

active mechanisms proposed to affect active relaxation is the impaired reuptake of Ca2+ from the cytosol 

into the sarcoplasmic reticulum. However, other energy dependent processes, such as mitochondrial ATP 

synthesis, may also contribute to impaired LV relaxation. Furthermore, subclinical systolic dysfunction has 

also been reported in patients with HFpEF (Yip 2002; Yu et al. 2002), despite preserved ejection fraction. 

Inflammation has been implicated in subclinical systolic dysfunction in HFpEF (Lo Gullo et al. 2018), yet 

the understanding of the mechanisms of inflammation-induced subclinical systolic dysfunction is limited 

and indirect (Nagueh, 2021).  

Therefore, in the third study, the effect of inflammation with- and without- inhibition of circulating TNF-α 

on several genes involved in cellular processes of active LV myocardial relaxation and contraction, was 

investigated in our rat model of collagen-induced inflammation. I further elucidated the role of TNF-α in 

these processes in an adult human cardiomyocyte cell line (AC16). In this investigation, expression of Ca2+-

handling genes (SERCA2a and S100A1) was unchanged and therefore did not contribute to LV diastolic or 

systolic dysfunction in the CIA model. Further to this, mRNA expression of SERCA2a, was also not 

changed in vitro, suggesting that even direct exposure of cardiomyocytes to TNF-α may not disrupt 

expression of this Ca2+ handling gene. Systemic inflammation and TNF-α inhibition did not affect 

expression of the pro- and anti- apoptotic genes, BAX and Bcl-2 or superoxide dismutase SOD2. TNF-α 

stimulated a small decrease in BAX expression and a small increase in the BAX/Bcl-2 ratio in AC16 cells, 

suggesting a small increase in apoptosis. However, in the AC16 cells, TNF-α stimulated a robust increase 

in SOD2 expression, which suggests that ROS were inactivated and hence may explain the only small 

increase in apoptosis. Nevertheless, these results suggest that in collagen-induced systemic inflammation, 

mitochondrial function is likely intact and ATP production is not compromised. Hence it is unlikely that 

disruption of energy dependent processes contributes to diastolic relaxation or contractile dysfunction in 

the early stages of inflammation-induced LV dysfunction. Despite the preserved ejection fraction in the 

CIA rats, myocardial deformation and motion were impaired, indicating early-stage systolic dysfunction. 

This was consistent with the inflammation-induced change in MyHC isoforms from fast-twitch (myh6, α-

MyHC) to slow-twitch (myh7, β-MyHC) expression that is associated with impaired contractile properties 

of cardiomyocytes (Fitzsimons et al. 1998). Changes in systolic dysfunction and the mRNA expression of 
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MyHC isoform genes were both offset when circulating TNF-α was inhibited. An important implication of 

these findings is that inflammation-induced early-stage systolic dysfunction may be due to changes in the 

MyHC contractile properties, which is mediated by circulating TNF-α. Furthermore, the role of increased 

circulating TNF-α in development of HFpEF is likely mediated by impaired systolic function. 

7.5 The role of IL-6 in passive and active processes of inflammation-induced LV diastolic and 

systolic dysfunction 

Findings from the preceding studies raised the question whether other cytokines may be involved in the 

cellular processes of active and passive processes of relaxation and systolic dysfunction. Recently IL-6 was 

ranked among the top four predictive biomarkers related to cases of heart failure that resulted in hospital 

admissions and death (Chirinos et al. 2020). Furthermore, in patients with inflammatory conditions, 

circulating IL-6 concentrations are independently linked to LV diastolic dysfunction (Liang et al. 2010). 

Considering the important role of Il-6 in disease pathogenesis of both inflammatory conditions and heart 

failure, IL-6 is considered an attractive therapeutic target. However, the understanding of its role in the 

cellular processes underlying HFpEF is poorly understood.  

Therefore, in the fourth study, the role of IL-6 in the molecular processes underlying the development of 

LV diastolic and systolic dysfunction was investigated in the CIA rat model by blocking its effects, using 

the IL-6 receptor blocker, tocilizumab. I showed that anti-IL-6 treatment largely failed to ameliorate the 

inflammation-induced upregulation of genes involved in the cellular pathways associated with LV diastolic 

and systolic dysfunction. This may have been a result of the complex IL-6 signalling pathways involved in 

the heart, or the mechanism of drug action and administration in this study. It is possible that protective 

effects of the human antibody-based drug were overwhelmed by its immunogenic effects in rats. Therefore, 

the effects of IL-6 receptor blockers on inflammation-induced changes in cellular pathways of cardiac 

dysfunction remain uncertain. 

In summary and as depicted in Figure 7.1, my results suggest that systemic inflammation induces 

endothelial cell activation, which promotes infiltration of LV tissues by leukocytes causing ROS production 

and enhancing local tissue inflammation. Leukocytes produce IL-6 and TGFβ, which induce pro-fibrotic 

signals. Inhibiting circulating TNF-α partially inhibits fibrosis but not development of LV diastolic 

dysfunction. Local ROS production limits NO bioavailability, which degreases sGC activity. The increased 

ROS decreased sGC subunit expression, which likely disrupts NO-sGC-cGMP signalling and PKG 

phosphorylation of titin, which, in turn, may contribute to titin hypophosphorylation and cardiomyocyte 

stiffness. Although TNF-α inhibition partially prevents disruption of NO-sGC-cGMP signalling pathway,  
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Figure 7.1. Schematic depicting the effects of systemic inflammation and inhibition of circulating TNF-α on molecular markers of left 

ventricular diastolic and systolic dysfunction.
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the inflammation-induced PP5 hypophosphorylation of titin is independent of TNF-α. Active processes of 

LV relaxation are not impaired by systemic inflammation. However, TNF-α mediates the change in MyHC 

gene expression that likely impairs myocardial contractility, consistent with measures of systolic 

dysfunction in the CIA rats. 

7.6 Limitations and future recommendations 

The specific limitations of each study in this thesis have been addressed at the end of each chapter. However, 

the following limitations should be noted and addressed in future studies. Firstly, the use of mRNA 

expression analysis, which may not adequately represent the function of some of the markers that are 

regulated by post-transcriptional and post-translational mechanisms. Future studies must investigate the 

protein expression and functions of such markers and correlate the data with the mRNA expression data. 

Another limitation is that the CIA rats developed a mild form of LV diastolic dysfunction, which may have 

limited the investigation of the role of active processes in LV relaxation. Future studies should extend the 

CIA intervention period or consider extending it to the use of other, more severe inflammatory models. 

Another limitation is the use of tocilizumab as the IL-6 blocker, a humanized monoclonal antibody, which 

was developed for use in humans (Hashizume et al. 2015). Further to this, because tocilizumab was 

engineered specifically for treatment of rheumatoid arthritis, a disease of joint inflammation (Hashizume et 

al. 2015), it may have poor bio-distribution into heart tissues and therefore, not block the effects of local 

IL-6 expression. Future studies should investigate the confounding effect of comorbid conditions and other 

potential therapeutic agents, which have shown promise in recent literature. Although the 

echocardiographic techniques and measures performed in this study are widely accepted and validated, 

additional techniques including Simpson’s biplane and measures of tricuspid regurgitation jet velocity and 

diastolic strain rate should be considered for future studies. 

7.7 Conclusion  

In conclusion, the evidence presented in this thesis advances the understanding of the pathophysiological 

molecular mechanisms and the role of TNF-α in the development of inflammation-induced LV diastolic 

and systolic dysfunction. Evidence is provided that circulating TNF-α partially mediates the development 

of LV fibrosis and the resultant concentric remodelling, but that LV concentric remodelling is not the main 

mechanism for the development of LV diastolic dysfunction. Further evidence is provided to suggest that 

inflammation may contribute to LV diastolic dysfunction by inducing hypophosphorylation of titin via 

increased expression of PP5, rather than primarily via TNF-α mediated NO-sGC-cGMP signalling. This 

thesis also demonstrates that expression of the genes involved in the active process of diastolic relaxation, 

including Ca2+ removal, mitochondrial dysfunction and apoptosis was not compromised in LV diastolic 
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dysfunction and that these processes may not contribute to LV diastolic or early-stage systolic dysfunction. 

Finally, this thesis provides evidence that TNF-α impairs myocardial contractile properties by impacting 

MyHC isoform expression, thereby contributing to the development of early-stage LV systolic dysfunction.   
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