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Abstract

The impact of glucocorticoids on left ventricular (LV) morphology and function in animal models
and their interaction with metabolic syndrome (MetS) remain unclear. This study aimed to
determine the effects of glucocorticoids on LV structure and function and whether MetS
exacerbates these effects. Male Sprague Dawley rats were assigned to control, glucocorticoids
(GC), high fructose (HF) and glucocorticoids + high fructose (GC+HF) groups (n=10each). HF
and GC+HF groups received a 20% fructose solution, while GC and GC+HF groups received
10mg/kg intraperitoneal injections of methylprednisolone daily for 10 weeks. After 10 weeks, LV
function was assessed, and cardiac collagen content was determined. Relative wall thickness
was greater in the GC group compared to the control (p=0.01). The heart weight indexed to body
mass, LV weight indexed to body mass and the relative wall thickness were greater in the GC+HF
compared to the control (p=0.04; p=0.009; and p=0.01 respectively). The LV end-diastolic volume
was lower in the GC+HF group compared to the control (p=0.007) and the HF(p=0.01). The lateral
e’ was lower in the GC and GC+HF groups compared to the control (p=0.001 and p=0.005
respectively) and HF (p<0001 and p=0.0001). The E/e’ was greater in GC and GC+HF rats
compared to control (p<0.0001 and p=0.004, respectively) and HF (p<0.0001 and p=0.02,
respectively). Cardiac collagen content was greater in GC and GC+HF groups compared to

control (p=0.001 and p<0.0001 respectively).

In conclusion, glucocorticoid administration induced cardiac remodelling, impaired LV relaxation
and increased LV diastolic filing pressures. The presence of MetS resulted in concentric

hypertrophy, but did not worsen LV diastolic dysfunction.
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Chapter 1: Introduction



Cardiovascular disease (CVD) is a major cause of morbidity and mortality worldwide, accounting
for 17 million deaths annually (WHO, 2019). In South Africa, 1 in 6 deaths, or 17.3% of the total
annual deaths are attributable to CVD (Statistics South Africa, 2015). Traditional risk factors for
the development of CVD include obesity, hypertension, dyslipidaemia and diabetes (Tune et al.,
2017). Although much research has been conducted on the mechanisms underlying the
pathogenesis of CVD from these classical risk factors (Kannel, 2009; Liu and Li, 2015), recent
evidence proposes that metabolic abnormalities may play a particularly crucial role in the
development of heart disease (Lesnefsky et al., 2001; Tune et al.,, 2017). Central obesity,
dyslipidaemia, hypertension and dysglycaemia form a cluster of conditions, known as metabolic
syndrome (MetS) that infers a cumulative risk of CVD development (Dekker et al., 2005; Galassi
et al., 2006). The rapid increase in MetS is a major global concern, with the prevalence estimated
to be between 20 and 25% in the adult population worldwide (do Vale Moreira et al., 2020; Belete

et al., 2021).

Metabolic alterations associated with MetS also impact on substrate utilisation in cardiomyocytes
(Lopaschuk et al., 2021). Under physiological conditions, ongoing energy production in the heart
relies on glucose and fatty acids as fuel sources, with the latter considered to be the major
substrate consumed by cardiac tissue (Lopaschuk et al., 2021). With the onset of insulin
resistance and dysglycaemia, glucose uptake by cardiomyocytes is diminished and fatty acids
become an exclusive fuel source (Burkart et al., 2007). Excessive fatty acid oxidation induces
lipotoxicity, causing accumulation of fatty acids in the myocardial tissue and pronounced
mitochondrial dysfunction that is associated with oxidative damage (Lopaschuk et al., 2021).
Oxidative damage, in turn, activates various pro-inflammatory and pro-fibrotic pathways in cardiac
tissue (Codorfier-Franch et al., 2011). Elevated myocardial fatty acid oxidation has therefore been
implicated in several metabolic, morphological and functional changes in the heart (Borghetti et

al., 2018).



Glucocorticoids represent both the endogenous secreted hormone and exogenous therapies
commonly administered (Timmermans et al.,, 2019). As a class of therapeutic drugs,
glucocorticoids are widely utilised in non-endocrine and endocrine diseases (Schacke et al.,
2002). Glucocorticoids are used in a variety of anti-inflammatory and immunosuppressive
therapies, including allergic and haematological disorders, as well as kidney, intestinal, liver, eye,
and skin diseases (Timmermans et al., 2019). The main indications for long-term glucocorticoid
therapy are autoimmune and rheumatic diseases, bronchial asthma and suppression of host-

versus-graft reactions following organ transplantation surgery (Selyatitskaya et al., 2002).

Glucocorticoids were initially thought to have beneficial effects on heart disease through their
effects on inflammation and cellular proliferation (Thiemermann, 2002). However, the
administration of exogenous glucocorticoids deteriorates whole body energy metabolism and
induces metabolic disorders, including obesity, dyslipidaemia and insulin resistance (Jin et al.,
2021). As a result of alterations in cardiomyocyte substrate utilisation, excess exogenous
glucocorticoids may therefore exert unfavourable effects on cardiac metabolism. Recent evidence
suggests that glucocorticoids are highly involved in the pathogenesis of CVD (Jin et al., 2021).
Chronic glucocorticoid therapy is reported to be involved in cardiac hypertrophy and pathological

remodelling, which later impairs cardiac function (de Salvi Guimaraes et al., 2017).

The mechanisms whereby glucocorticoids induce cardiac remodelling are currently under
investigation. However, given the particularly high prevalence of MetS currently reported and the
potent effect that glucocorticoids have on whole body energy metabolism, further research should
be performed to determine the specific cardiac effects of glucocorticoid therapy in a population
with pre-established metabolic alterations. It is currently unclear whether adverse cardiac effects
are expected from glucocorticoid therapy, in a population with pre-existing metabolic conditions.
Therefore, further research is required to determine whether glucocorticoid therapy can

accelerate the development of cardiac dysfunction in the presence of MetS. The effects of



glucocorticoids on cardiac function, therefore, warrant further investigation, particularly in the

context of metabolic derangements associated with MetS.

This dissertation begins with a literature review in chapter 2, which highlights the current
knowledge in the literature on the effects of MetS and glucocorticoid therapies on cardiac function.
Chapter 3 outlines the methodological procedures used and Chapter 4 presents the results
obtained in the current study. Chapter 5 discusses the findings in the context of the current

literature and highlights the conclusion and limitations of the current study.



Chapter 2: Literature review



2.1. Metabolic syndrome as a major health concern

Since the first description of metabolic syndrome (MetS) by Gerald M. Raevan in the 1980s, the
definition and diagnostic criteria have been continuously amended (Sarafidis and Nilsson, 2006).
MetS has been defined as a cluster of interconnected metabolic abnormalities involving glucose
metabolism (diabetes mellitus), lipid metabolism (hypercholesterolaemia and dyslipidaemia),
elevated blood pressure, and central obesity by the International Diabetes Federation (IDF),
National Cholesterol Education Program Adult Treatment Panel - Il (NCEP ATP-IIl) guidelines,
and many others (Amihaesei and Chelaru, 2014; Dobrowolski et al., 2022). The most recent
guidelines define MetS as the presence of central obesity (2102 cm in males and =88cm in
females of sub-Saharan ethnicity) (Kim et al., 2011; Dobrowolski et al., 2022), with the presence
of two or more of the other components, including high blood glucose (5.6 mmoL/L; 2100 mg/dL),
hypertriglyceridaemia (21.7 mmolL/L; 2150 mg/dL), low high-density lipoproteins (HDL)-
cholesterol levels (<1.03 mmoL/L; <40 mg/dL) or high blood pressure (=130 mmHg systolic or 285

mmHg diastolic) (Dobrowolski et al., 2022).

While the global estimated prevalence of MetS is approximately 20-25%, there is limited available
literature on the prevalence of MetS in the South African context. Disparate prevalence rates of
between 5% and 62% have been reported (Mabetwa et al., 2022), with differences owing to the
diversity of the population and complications involving different MetS definitions being used.
Nevertheless, an increased MetS prevalence rate has been confirmed in South Africa, compared
to other areas of the world (Cameron et al., 2007; Erasmus et al., 2012; Beltran-Sanchez et al.,
2013; Bhanushali et al., 2013; Peer et al., 2016) as well as other African countries (Tran et al.,
2011; Kunbuma Tachang et al., 2012; Belfki et al., 2013; Magalhes et al., 2014). Within the
South African population, the MetS prevalence rate is also greater amongst African individuals
compared with Caucasians (Hoebel et al., 2014). Additionally, according to numerous studies,

the prevalence of MetS among adults ranges from 20% to 60%, with females experiencing a



higher prevalence than males (Lee et al., 2015). MetS is clinically significant not only because of
its high prevalence, but also because of its ability to predict the development of type 2 diabetes
mellitus (T2DM) and cardiovascular disease (CVD) (Haffner, 2007; Bodhini and Mohan, 2018).
T2DM is a clinical disorder that is caused by the combination of inadequate response to insulin
by insulin-sensitive tissue and the faulty functioning of beta cells(B-cell) resulting in reduced
insulin secretion (Galicia-Garcia et al., 2020) which is also considered as a metabolic disorder.
Beta cells are pancreatic cell responsible for the synthesis of pre-proinsulin which is activated into
insulin (Galicia-Garcia et al., 2020). Indeed, MetS significantly increases the risk of type-2
diabetes mellitus, CVD and all-cause mortality (Cornier et al., 2008). It is also related to other co-
morbidities including, non-alcoholic steatohepatitis, pro-thrombotic and pro-inflammatory
complications, and reproductive disorders (O’Neill and O’Driscoll, 2015). In light of the growing
prevalence of MetS, and the socioeconomic burden that it places on health systems (Bodhini and
Mohan, 2018), much research has focused on identifying potential risk factors for the

development of the syndrome.

2.2. Pathogenesis of metabolic syndrome

Clinical and epidemiological studies have shown that visceral obesity plays a critical role in the
development of MetS (Kahn et al., 2005; Genser et al., 2016). As a result, the presence of central
obesity is a necessary condition in the diagnosis of MetS (Reinehr et al., 2007). With obesity,
excessive adipose tissue synthesis is paralleled with inappropriate adipokine production and
adipose dysfunction (Longo et al.,, 2019). Aberrant adipokine concentrations results in the
dysregulation of a wide range of physiological processes (Longo et al., 2019) causing further
metabolic dysfunction, increased production of pro-inflammatory cytokines, and obesity (Leon-
Cabrera et al., 2013). Visceral obesity is therefore a primary risk factor for the development of

MetS.



Insulin resistance comprises the second important risk factor for the development of MetS
(Gallagher et al., 2010). Insulin resistance is strongly associated with obesity, and it predicts the
development of CVD and T2DM (Brown and Walker, 2016). Insulin promotes the uptake of
glucose by splanchnic and peripheral tissues (muscles) and suppresses hepatic glucose
production (Wilcox, 2005). Most of the insulin-dependent glucose removal occurs in skeletal

muscle (~75%), while adipose tissue contributes to a lesser extent (Saltiel and Kahn, 2001).

The binding of insulin to plasma membrane-bound receptors in peripheral target cells initiates a
coordinated anabolic response to nutrient availability. Upon binding of insulin to its receptor,
glucose transporter type 4 (GLUT-4) is stimulated to translocate to the cell membrane, via the
phosphatidylinositol 3-kinase (PI13K/Akt) pathway, to allow for the uptake of glucose into cells and
lowering of circulating plasma glucose concentrations (Petersen and Shulman, 2018). When
increased circulating insulin levels are necessary to achieve the integrated glucose-lowering

response, insulin resistance is present.

Insulin secretion in insulin-resistant, non-diabetic individuals will increase in proportion to the
severity of the insulin resistance, to maintain glucose within a normal range (Mezza et al., 2019).
Approximately one-fourth of adults with normal glucose tolerance show marked resistance to the
uptake of glucose upon stimulation by insulin (DeFronzo, 2004). Pancreatic p-cells are therefore
able to compensate for peripheral insulin resistance in the initial stages of the disease. However,

B-cell decompensation later leads to the development of T2DM (Rachdaoui, 2020).

In addition to the effect that insulin resistance has on whole-body glucose metabolism, insulin
also powerfully controls lipid metabolism (DeBose-Boyd and Ye, 2018). Insulin inhibits lipolysis in
individuals who are not insulin resistant and encourages the conversion of glucose that has been
absorbed by the cell into fatty acids for adipose tissue storage. (Chakrabarti et al., 2013). This
pro-lipogenic effect of insulin is largely mediated through the increased activity of endothelial

lipoprotein-lipase, which functions to take up lipoproteins in adipose tissue (Chakrabarti et al.,
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2013). Conversely, insulin resistance leads to increased lipolysis (Zhao et al., 2020), whereby
triglycerides are hydrolysed into glycerol and free fatty acids (FFA), for use as energy substrates.
The high concentration of plasma FFA noted in insulin resistance further impedes glucose
utilisation in muscle and the effect of insulin thereon. Therefore, a simultaneous increase in
lipolysis and a decrease in glucose uptake necessitates exclusive use of mitochondrial fatty acid

B-oxidation processes for energy production in tissues (Petersen and Shulman, 2018).

Owing to significantly increased rates of [B-oxidation, a cumulative increase in toxic lipid
intermediates occurs within the cells (Nishikawa and Araki, 2007). Excessive fatty acid oxidation
within the mitochondria results in uncontrolled production of reactive oxygen species (ROS)
production (Nishikawa and Araki, 2007). Increased production of ROS has been reported in
diabetic patients and animal models of diabetes (Asmat et al., 2016). ROS induces endoplasmic
reticulum stress and stimulates pro-inflammatory and pro-fibrotic responses (Farrell and O’Keane,
2016). Indeed, mitochondrial ROS production has been linked to the progression of several

diabetic complications (Farrell and O’Keane, 2016).

Besides significant increases in oxidative stress, MetS also alters lipid metabolism (Xu et al.,
2019). Insulin resistance induced by MetS also hinders the clearance of very-low-density
lipoprotein (VLDL) by inhibiting lipoprotein lipase activity (Heindel et al., 2017; Xu et al., 2019). As
triglyceride concentrations are increased, they are transferred to HDL to form triglyceride-rich
HDL (Heindel et al., 2017). Triglyceride-rich HDL patrticles are easily cleared by hepatic lipase,
which result in decreased circulating concentrations of HDL. The association between insulin
resistance and elevated triglycerides and low HDL concentrations has consistently been reported

in population-based studies, independent of sex and ethnicity (Howard, 1999).

Excessive visceral adiposity, insulin resistance and mitochondrial ROS production result in
chronic activation of the innate immune system, whereby macrophages are recruited to

adipocytes (Weisberg et al., 2003; Pop-Busui and Pietropaolo, 2011). The infiltrating

9



macrophages secrete additional cytokines that serve to maintain the chronic, low-grade
inflammatory state characteristic of obesity and MetS (Villarroya et al., 2018; Reddy et al., 2019).
The chronic low-grade inflammatory state, in conjunction with obesity, hyperinsulinaemia and
insulin resistance, hyperleptinaemia and sympathetic nervous system (SNS activation) further
contribute to increases in blood pressure (Satou et al., 2018; da Silva et al., 2020). Indeed, a
positive correlation exists between MetS and excessive sympathetic and renin-angiotensin-
aldosterone system (RAAS) activation (McHugh et al., 2019). Ongoing RAAS activation causes
vasoconstriction and fluid retention that leads to an increased workload on the heart and

contributes to CVD risk (Seravalle and Grassi, 2016).

Taken together, a specific pattern of metabolic alterations is commonly seen in individuals with
MetS. Recent research has focussed on gaining a better understanding of the aetiology of MetS.
Although not fully understood, the root causes of the syndrome are most likely to be energy-

dense, nutrient-poor diets, insufficient physical activity and circadian dysfunction (Standl, 2005).

2.3. Aetiology of metabolic syndrome

Epidemiological studies have reported significant increases in fructose consumption over the last
two decades, which parallel the noteworthy increases in MetS prevalence during the same period
(Taskinen et al., 2019; Semnani-Azad et al., 2020). Fructose consumption has increased
significantly, due to unchecked intake of sucrose and its use in the food industry as a sweetener
(Cozma and Sievenpiper, 2014). Although fructose is slightly sweeter than glucose, it has a lower
glycaemic index that elicits a blunted insulin response (Bantle, 2006). However, fructose has

potent effects on lipogenesis and adipogenesis (Hernandez-Diazcouder et al., 2019).

Upon intestinal absorption, fructose is metabolised by hepatic fructokinase to produce
glyceraldehyde 3-phosphate (G3P), which can act as a substrate for glycolysis, lipogenesis,
gluconeogenesis and/or glycogenesis (Mayes, 1993). Conversion of fructose to G3P is
unregulated in the liver, as the reaction occurs independent of insulin and does not receive
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negative feedback regulation from phosphofructokinase in the glycolytic pathway (Taskinen et
al., 2019). Excessive fructose consumption challenges the capacity of the liver, whereby
circulating fructose concentrations remain increased and peripheral tissues can absorb it.
Adipocytes lack fructokinase but will phosphorylate fructose to fructose-6-phosphate (F6P)
(Froesch, 1972), which is easily converted to glucose-6-phosphate (G6P) (Senesi et al., 2010).
This reaction triggers increased pyruvate conversion to acetyl-CoA, which further results in
greater acetyl-CoA and citrate cycling into fatty acid synthesis (Varma et al., 2015). Increased
acetyl-CoA cycling explains the lipogenic properties of fructose. High consumption of fructose is
therefore a key risk factor for the development of MetS and associated obesity (Lustig et al., 2012;
Chung et al., 2014). These metabolic impairments lead to a wide range of complications and

increase the risk for the development of T2DM and CVD.

2.4. Metabolic syndrome and cardiovascular disease

MetS is associated with a two-fold increase in CVD outcomes and a 1.5-fold increase in overall
mortality (Li et al., 2021). The association between MetS and CVD is largely attributed to
accelerated atherosclerosis, as a function of a low-grade inflammatory state paired with ongoing
dyslipidaemia (Reddy et al., 2019). The risk of acute myocardial infarction or stroke is, therefore,
3-fold increase in individuals with MetS, compared with those who do not have the syndrome
(Pop-Busui and Pietropaolo, 2011). Nevertheless, people with MetS also have a 2-fold risk of
developing heart failure (Ingelsson et al., 2006; Mottillo et al., 2010). The association between
MetS and heart failure has not been as well studied as with ischaemic heart disease, and further
research is ongoing. Recent reports suggest that heart failure is becoming a serious public health

concern, given the high risk of mortality among patients with MetS (Sharma et al., 2022).

2.5. Phenotypes of heart failure

Heart failure, in broader terms, typically presents with signs and symptoms such as fatigue,

oedema and dyspnoea. However, approximately half of patients with these symptoms do not

11



exhibit reductions in left ventricular (LV) ejection fraction. Owing to distinct differences in
aetiology, heart failure commonly occurs in two phenotypes, namely heart failure with a reduced
ejection fraction (HFrEF; EF < 50%) and heart failure with preserved ejection fraction (HFpEF, EF
2 50%) (EIGuindy and Yacoub, 2012). Importantly, the pattern of ventricular filling and remodelling

differs substantially between these phenotypes (Fukuta and Little, 2007).

HFrEF is characterised by systolic dysfunction due to impaired ATP production, myocyte slippage
or myocyte loss (Pinto et al., 2016). The primary drivers of HFrEF are neurohormonal activation

and eccentric cardiac remodelling (Yancy et al., 2013; Reddy and Borlaug, 2020).

In contrast to HFrEF, progression of HFpEF is not well defined and phenotypic expression can
differ significantly between individuals (Shah et al., 2015). However, diastolic dysfunction is
characteristic of HFpEF and is commonly present prior to the onset of clinical symptoms
associated with HFpEF (Zile and Brutsaert, 2002). Individuals with HFpEF demonstrate significant
impairments in myocardial relaxation that leads to increases in LV filling pressures (LeWinter and
Meyer, 2013). The reduction in myocardial relaxation is largely attributed to decreased LV
compliance, asynchronous relaxation, and increased passive stiffness (Pfeffer et al, 2019).
Moreover, HFpEF is commonly accompanied by impaired atrial function, dysregulated autonomic
tone, and endothelial dysfunction (Parikh et al., 2018). Importantly, although ejection fraction is

preserved in HFpEF, LV contractility may still be impaired (Tan et al., 2009).

To date, the underlying mechanisms of HFrEF have been extensively studied and treatment
strategies for HFrEF have proven effective to reduce the risk of hospitalisation and death in
patients with HFrEF (Haydock and Flett, 2022). However, the pathophysiology of HFpEF is still
poorly understood and current treatment strategies have failed to benefit patients with HFpEF
(Borlaug and Paulus, 2011; Shah et al., 2020). Studies have reported a significantly increased
prevalence of HFpEF in patients with MetS compared to those without it (Fuentes et al., 2007;

Celutkiené et al., 2018). Furthermore, impairments in myocardial relaxation worsen with the
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increasing burden of MetS (Fuentes et al., 2007). In this regard, the pathophysiology of HFpEF,

specifically in patients with MetS, warrants further investigation.

Before describing the pathogenesis of HFpEF in MetS, the section below briefly explains the
pathophysiology of diastolic dysfunction and describes how diastolic function is measured using
echocardiography.

2.6. Diastolic dysfunction as a preclinical measure of heart failure with a preserved

ejection fraction

2.6.1. Pathophysiology of diastolic dysfunction

Diastolic dysfunction is a complex combination of impaired active relaxation (requiring ATP) and
increased passive stiffness (Borlaug and Kass, 2006; Borlaug and Paulus, 2011; Sharma and
Kass, 2014). For effective active relaxation, calcium needs to be taken up from troponin C to the
sarcoplasmic reticulum by the sarcoplasmic reticulum ATPase (SERCA) pump, to allow for the
termination of cross-bridges through the release of myosin from actin (Bers, 2008).
Phospholamban is a protein that regulates the SERCA pump. The phosphorylation of
phospholamban increases SERCA pump activity, which in turn, increases calcium uptake into the
sarcoplasmic reticulum (Biesiadecki et al., 2014). In addition, calcium is removed by various ATP-
dependent calcium transporters from the cytosol to the extracellular space (Lewis et al., 2017).
Decreased availability of ATP, decreased phospholamban phosphorylation or irregularities in the
ion channels responsible for the uptake of calcium, increases cytosolic calcium concentrations,
which increases diastolic tension and impairs active relaxation (Brower et al., 2006; Lewis et al.,

2017).

Ventricular filling during diastole is also influenced by chamber stiffness, which represents the
passive elastic capacity of the ventricle (Brower et al., 2006; Frangogiannis, 2017). The
extracellular matrix and cardiomyocytes are the two main compartments that regulate myocardial
stiffness (Brower et al., 2006; Frangogiannis, 2017). The extracellular matrix is largely composed
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of collagen, which is important for the structural integrity of the heart. Small changes in the
synthesis and degradation of collagen leads to alterations in the passive mechanical properties
of the heart because collagen is a relatively stiff material (Frangogiannis, 2017). Passive stiffness
occurs due to alterations in collagen | to collagen Il ratios within the extracellular matrix, which
confers profibrotic changes (Spinale, 2002). Collagen | fibres increase the tensile stiffness of the
extracellular matrix in tissues, compared to the more flexible properties of the thinner collagen Il
fibres (Spinale, 2002). A greater disposition of collagen | compared to collagen Ill fibres increases
the stiffness of the ventricles (Spinale, 2002). Matrix metalloproteases (MMPSs) are predominantly
responsible for the degradation of extracellular matrix components such as collagen | fibres,
hence impairments in the synthesis or degradation of MMPs result in a further accumulation of

collagen | fibres in the heart with subsequent increased passive stiffness (Spinale, 2002).

In addition to changes in the extracellular matrix, intrinsic cardiomyocyte stiffness also contributes
to myocardial passive stiffness. During normal relaxation of the ventricles, titin acts as a
viscoelastic spring that is responsible for myocardial compliance (Zile and Brutsaert, 2002;
Fukuda et al., 2005). Titin has two isoforms namely, N2B which is the more rigid and N2BA which
is more compliant (Zile and Brutsaert, 2002; Fukuda et al., 2005). Increased expression of the
more rigid isoform (N2B) prevents myocardial recoil reducing cardiomyocyte compliance (Zile and
Brutsaert, 2002; Fukuda et al., 2005). Hence changes in titin isotypes affect myocardial stiffness

and contribute to diastolic dysfunction.

2.6.2. Assessment of diastolic function using echocardiography

Echocardiography is used to measure the velocity of blood flow across the mitral valve, using
pulse wave Doppler, to visualise the phases of LV filling (Mottram and Marwick, 2005; Henein
and Lindgvist, 2015; Mitter et al., 2017). From the mitral valve inflow velocity, the early (E) and
late (A) periods of the diastolic inflow can be obtained (Mottram and Marwick, 2005; Henein and

Lindqvist, 2015; Mitter et al., 2017). Since 70% of blood fills the ventricles during the rapid filling
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phase, the E wave represents the rapid early phase (Mottram and Marwick, 2005; Henein and
Lindqvist, 2015; Mitter et al., 2017). The remaining 30% of the blood filling the ventricles is due to
atrial contraction, which is represented by the A wave. The E/A ratio provides a clinically useful
index of myocardial filling (Mottram and Marwick, 2005; Henein and Lindqvist, 2015; Mitter et al.,
2017). At the early stage of diastolic dysfunction (mild diastolic dysfunction), LV relaxation
becomes impaired. In this instance, transmitral blood flow in the early period (E) is reduced
(Mottram and Marwick, 2005; Henein and Lindqvist, 2015; Mitter et al., 2017). When LV relaxation
is impaired, the heart relies more heavily on atrial contraction to compensate for the impaired left
ventricular relaxation (Mottram and Marwick, 2005; Henein and Lindqvist, 2015; Mitter et al.,
2017), which will produce a increased A wave compared to the E wave (Mottram and Marwick,
2005; Henein and Lindqvist, 2015; Mitter et al., 2017). As the diastolic function worsens, the left
ventricle becomes less compliant, and LV filling pressures increase (Mottram and Marwick, 2005;
Henein and Lindqvist, 2015; Mitter et al., 2017). Left atrial pressure, in turn, increases to
compensate for the increased LV filling pressures (Mottram and Marwick, 2005; Henein and
Lindgvist, 2015; Mitter et al., 2017). Increased left atrial filling pressures increase early ventricular
filling, whereby the E wave will again increase in comparison to the A wave (Mottram and Marwick,
2005; Henein and Lindgvist, 2015; Mitter et al., 2017). Thus, moderate to severe diastolic
dysfunction and severe diastolic dysfunction cause a pseudonormal pattern, when viewed with
pulsed Doppler echocardiography (Mottram and Marwick, 2005; Henein and Lindqvist, 2015;
Mitter et al., 2017). Because the E/A ratio may appear normal in moderate to severe diastolic

dysfunction, further echocardiographic measures need to be considered.

A more sensitive indicator of LV relaxation may be obtained by measuring tissue lengthening at
the mitral annulus, using tissue Doppler imaging in the apical 4 chamber view (Mitter et al., 2017).
Similar to pulsed wave Doppler, the peak relaxation velocities during early (e¢’) and late (a’)

diastole are obtained. Peak relaxation during early diastole (e’) is less dependent on pre-load and
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heart rate, and reductions in €’ may therefore be more sensitive in detecting diastolic dysfunction,
compared to trans-mitral flow (Mitter et al., 2017). Since the E wave is reliant on ventricular
relaxation and left atrial driving forces, whereas the €’ is determined by relaxation alone, the E/e’
ratio is considered an index of LV filling pressures or an index of LV stiffness (Mitter et al., 2017).
Therefore, the E/A and E/e’ are used to diagnose diastolic dysfunction, as these measurements
predict adverse cardiovascular outcomes and are associated with the development of heart

failure.

2.7. Pathogenesis of heart failure with preserved ejection fraction in metabolic syndrome

The pathogenic mechanisms underlying HFpEF in MetS are not well characterised. One
hypothesis proposes that exposure to comorbidities (such as obesity, hypertension and T2DM) in
MetS induces a systemic inflammatory state, which leads to excessive production of ROS that
ultimately causes hypertrophy, LV stiffness and diastolic dysfunction (Takimoto, 2012; van

Heerebeek et al., 2012; Paulus and Tschope, 2013).

Although MetS is a condition associated with low-grade systemic inflammation (Monteiro and
Azevedo, 2010; Thomas et al., 2018), it is also important to consider that MetS is characterised
by significant dysregulation in whole-body lipid metabolism. In MetS, adipose tissue stores
increase in size to store excess energy (Elks and Francis, 2010). With excessive adipose
expansion, lipids “spill over” into the circulation, which results in increased ectopic lipid deposition
and lipid uptake by non-adipose organs (Unger et al., 2010). When lipids accumulate in non-
adipose organs, cellular and tissue dysfunction (lipotoxicity) is induced (Leggat et al, 2021).
Lipotoxicity drives cellular dysfunction mainly through oxidative stress, mitochondrial dysfunction
and apoptosis (Leggat et al., 2021). The accumulated lipids serve as a substrate for energy
metabolism through the process of fatty acid oxidation (Leggat et al., 2021). Increased substrate
availability in MetS results in increased FFA in the circulation which significantly increases

myocardial FFA uptake and myocardial lipid deposition (Wu et al., 2020). Myocardial fatty acid
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oxidation subsequently increases, while glucose oxidation decreases. This shift in substrate
utilisation diminishes cardiac efficiency as more oxygen is required for the oxidation of fatty acids
(Lopaschuk, 1996; Boudina et al., 2007). Myocardial fatty acid oxidation is known to enhance
ROS production as fatty acid oxidation is less oxygen efficient than glucose oxidation which
results in the production of ROS by mitochondria (Lopaschuk et al., 2010). Production of ROS
can lead to reduced Nitric Oxide (NO) bioavailability by converting NO to peroxynitrite which could
contribute to the pathogenesis of HFpEF through reducing protein kinase G activity in the
cardiomyocytes, as discussed above. Furthermore, peroxynitrite reduces the phosphorylation of
phospholambam which in turn decreases SERCA pump activity and reduces calcium uptake into
the sarcoplasmic reticulum (Kohr et al.,, 2009). MetS modifies the availability of metabolic
substrates, such that myocardial FFA uptake and myocardial lipid deposition increases (Wu et

al., 2020).

Lipotoxicity in MetS further induces myocardial mitochondrial dysfunction and reduces ATP
availability, which may impair diastolic function (Leggat et al., 2021). Reduced ATP availability
may lead to impaired relaxation through reduced ATP-dependent calcium channel activity, which
may result in an inability to terminate cross-bridge activation during diastole, and subsequent
increases in diastolic pressure (Leggat et al.,, 2021). Finally, ROS-induced mitochondrial
dysfunction can lead to hypophosphorylation of titin and subsequent stiffening of cardiomyocytes

(Leggat et al., 2021).

It is evident that the presence of MetS may impair cardiac function through a variety of
mechanisms. While excess adiposity and dysregulated adipocytokine production significantly
impacts on metabolic homeostasis, certain hormones have also been implicated in cardiac
remodelling and dysfunction. Glucocorticoids regulate numerous important physiological
processes, including, water and electrolyte balance (Hawkins et al., 2012), the immune response

(de Bosscher and Haegeman, 2009; Cruz-Topete et al., 2016), growth (Donatti et al., 2011),
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reproduction (Whirledge and Cidlowski, 2017), mood and cognitive functions (Joéls, 2011;
Tatomir et al., 2014; Farrell and O’Keane, 2016), metabolism (Vegiopoulos and Herzig, 2007),
and development (Fowden and Forhead, 2015). Glucocorticoids are further intricately involved in
cardiovascular function (Nussinovitch et al., 2010; Cruz-Topete et al., 2016). A robust discussion
on the effect of glucocorticoid treatment on metabolism and cardiac function requires an
understanding of the function and signalling pathways of endogenous glucocorticoids, which will

be provided next.

2.8. Basic glucocorticoid physiology

Endogenous glucocorticoids are produced locally by the adrenal gland, along with
mineralocorticoids and androgenic sex hormones (Yasir et al., 2022). Circulating glucocorticoid
concentrations are closely controlled by the hypothalamic-pituitary-adrenal (HPA) axis, which is
the major neuroendocrine regulator (Vale et al., 1981; Antoni, 1986). Under basal unstressed
conditions, the adrenal glands release glucocorticoids in a circadian and ultradian rhythm, where
levels peak in the mornings (in diurnal animals). The activity of the HPA axis is further increased
upon physiological and emotional stress, to prepare the body to deal with and recover from
stressors (Vale et al., 1981; Antoni, 1986). Neuropeptide corticotropin-releasing-hormone (CRH)
which is produced in the hypothalamic paraventricular nucleus (PVN) is the main activator of the
HPA axis. The release of CRH, in turn, stimulates the corticotroph cells to synthesise
adrenocorticotropic hormone (ACTH) (Vale et al., 1981; Antoni, 1986). Circulating ACTH travels
to the adrenal cortex to stimulate the synthesis and secretion of cortisol in humans, and

corticosterone in rats (Dallman et al., 1987).

Circulating glucocorticoids terminates HPA activation through negative feedback and exerts the
intended physiological effects only once it binds to its receptor. In the bloodstream, glucocorticoids
are kept inactive by binding them to either corticosteroid-binding globulin or to a lesser extent,

albumin (Hammond, 2016). The inactive lipophilic glucocorticoid easily diffuses through the cell
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membrane, awaiting activation. The intracellular enzyme, 11B-hydroxysteroid dehydrogenase
1(11B-HSD 1) is responsible for activating cortisone to active cortisol, while hydroxysteroid
dehydrogenase 2 (11p-HSD2) reverses the reaction. Importantly, tissue-specific expression of
11B-HSD1 and 11B-HSD2 confers reliable spatial regulation by balancing the active and inactive

forms of glucocorticoid (Seckl et al., 2004).

Once activated, glucocorticoids bind their receptor, a member of the nuclear receptor family of
intracellular receptors, which also contain the androgen receptor, oestrogen receptor,
progesterone receptor and mineralocorticoid receptor (Germain et al., 2006). There is some
cross-reactivity between the glucocorticoid and mineralocorticoid receptors, as the
mineralocorticoid receptor can be activated by its own ligand and by glucocorticoids. However,

the glucocorticoid receptor is only activated by cortisol (Reul and de Kloet, 1985).

Upon binding of a glucocorticoid to its receptor, the ligand-receptor complex translocates to the
nucleus via a microtubule network (Galigniana et al., 1998). In the nucleus, the ligand-receptor
complex recognises and associates with specific deoxyribonucleic acid (DNA) target sites that
are linked to hormone-regulated genes (Heitzer et al., 2007). Glucocorticoids can be recruited to
target genes either through interaction with other DNA bound transcription factors or through
direct DNA binding, at elements termed glucocorticoid response elements (GREs). Once bound
to positive GREs, a macromolecular complex is quickly assembled that initiates the functioning of
the transcriptional machinery (Newton, 2000; Gjerstad et al., 2018). Mounting evidence also
suggests that cortisol is involved in non-genomic signalling (Tasker et al., 2005; Groeneweg et

al., 2012).

Glucocorticoids regulate a wide range of physiological processes, namely stress, inflammatory
and immune responses, with principal involvement in metabolism (Oakley and Cidlowski, 2013).
Although a complete discussion of the physiological function of glucocorticoids is beyond the

scope of this dissertation, a brief summary of the main functions will be provided next.
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Firstly, cortisol suppresses certain functions of the immune system, by promoting apoptosis of
proinflammatory T-cells (Thau et al., 2022), suppressing B-cell antibody production, and inhibiting
neutrophil recruitment during inflammation (Kadmiel and Cidlowski, 2013). The anti-inflammatory
properties of glucocorticoids are indeed well described. Secondly, cortisol mediates the stress
response (Thau et al., 2022). SNS activation results in the release of catecholamines from the
adrenal gland, which produce the fight or flight response (Thau et al., 2022). The hypothalamus
also subsequently activates the HPA axis, where the acute release of cortisol activates catabolic
reactions to provide energy to the body (Lee et al., 2015). In the presence of cortisol, pancreatic
B-cells increase glucagon and decrease insulin production. Cortisol stimulates gluconeogenesis
in liver cells, to increase blood glucose concentrations and availability of glucose to the brain
(Thau et al., 2022). To supply gluconeogenesis, muscle cells increase protein degradation while
simultaneously decreasing glucose uptake and consumption (Thau et al., 2022) Importantly, in

adipose tissue, cortisol increases lipolysis (Legeza et al., 2017).

Excess circulating glucocorticoid concentrations, therefore, has several adverse effects on
metabolism, as glucocorticoids play an important role in adipogenesis and adipokine production
(Legezaetal., 2017). Patients with excess circulating glucocorticoid concentrations, as in Cushing
syndrome, typically exhibit excess visceral adiposity, hypertension, dyslipidaemia, as well as
insulin resistance and/or T2DM (Stout et al., 2019). Similarly, selective inhibition of cortisol
activation, through 11p-HSD1 activity, improved various MetS parameters and suppressed

adipocytokine production in obese patients (Wang et al., 2012).

The anti-inflammatory, yet hypoinsulinaemic response to glucocorticoid signalling presents an
interesting conundrum when patients with insulin resistance require anti-inflammatory treatment
for systemic conditions. In this regard, several adverse effects have been reported following
employment of exogenous (pharmacological) glucocorticoids (Oray et al., 2016). While

glucocorticoid treatment may confer beneficial anti-inflammatory effects, they also induce
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hyperglycaemic responses that may contribute to the development of MetS, particularly if
administered on a chronic basis (Coutinho and Chapman, 2011; Geer et al., 2014). Individuals
consuming a high-fructose diet may therefore also be at an increased risk for developing MetS,
when receiving glucocorticoid treatment simultaneously. However, the exact effects of
pharmacological glucocorticoid treatment may not be identical to those of endogenous
glucocorticoid signalling (Borges et al., 1997; Croxtall et al., 2002; Elmore et al., 2004) and the
pharmacological industry has put much effort into separating the anti-inflammatory effects from
the unwanted metabolic effects. In this regard, further research is required to determine the effects
of glucocorticoid treatment, on metabolic parameters in individuals consuming a high fructose
diet. The effects of exogenous glucocorticoids on the development of cardiovascular
complications, particularly heart failure, in a population consuming a high fructose diet, therefore,

warrants further investigation.

2.9. Glucocorticoids' effect on cardiac function

Glucocorticoids are common anti-inflammatory and immunosuppressive agents that are
analogous to endogenous glucocorticoids (Ren et al., 2012; van Looveren et al., 2020). Various
synthetic glucocorticoids (e.g., Prednisolone, Methylprednisolone, Dexamethasone, Budesonide,
and Fluticasone) have been developed to serve as treatment for a variety of inflammatory and
autoimmune diseases (Timmermans et al., 2019). The structure of endogenous glucocorticoids
is preserved in the majority of synthetic glucocorticoids, with some modifications to side chains to
selectively optimise specific characteristics for therapeutic use (pharmacokinetics, bioavailability
and concurrent mineralocorticoid receptor activation (Timmermans et al., 2019). As such,
synthetic glucocorticoids are more potent, as they bind to the glucocorticoid receptor to a greater
extent and show minimal cross-reactivity with the mineralocorticoid receptor (Jung et al., 2006).

Importantly, some glucocorticoids such as dexamethasone do not require activation
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by11BHSD1/2, while others (prednisolone) do, which may significantly impact on bioavailability

(Konig et al., 2007).

Synthetic glucocorticoids exert potent anti-inflammatory effects by decreasing the release of
arachidonic acid from phospholipids and by inhibiting the production of cyclooxygenase (COX)
(Rook, 1999; Giugliano et al., 2003; Mallioris and Kounis, 2004). The inhibition of these two
enzymes strongly inhibits the production of pro-inflammatory mediators, including prostaglandins,
leukotrienes, eicosanoids, prostaglandin endoperoxides and thromboxane (Chaney, 2002;
Koutsojannis et al., 2004; Mallioris and Kounis, 2004). However, the main mechanism whereby
glucocorticoids reduce inflammation is by inhibiting nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) transcription, causing reduced expression of inducible nitric oxide
synthase (iNOS) and subsequently reducing cardiotoxic peroxynitrite levels (Ferdinandy and
Schulz, 2001; Mungrue et al., 2002). NF-kB is a transcription factor that regulates genes involved
in several immune and inflammatory response processes (Liu et al., 2017). Decreased NF-kB
activation further reduces expression of monocyte chemotactic protein (MCP), endothelial
leukocyte adhesion molecule 1 (ELAM-1), intercellular adhesion molecule 1 (ICAM-1), and
granulocyte-macrophage colony-stimulating factor (G-CSF) vascular cell adhesion molecule-1

(VCAM-1), resulting in decreased immune and endothelial cell activation (Thiemermann, 2002).

In addition to the anti-inflammatory effect of glucocorticoids, favourable immunomodulatory
functions have also been reported. Glucocorticoids exert an immunomodulatory effect on the
heart by upregulating CD95 and CD95 ligand expression, to induce apoptosis of monocytes,
macrophages and T-lymphocytes (Koutsojannis et al., 2004; Fan et al., 2009). However, some
exogenous glucocorticoids seem to protect the myocardium from apoptosis (Fan et al., 2009), by
blocking pro-apoptotic signals induced by cytokines, cyclic adenosine monophosphate (CAMP),
and tumour suppressors (Viegas et al., 2008). cAMP is an ATP derivative which plays an

important role of a second messenger in signal transduction (Serezani et al., 2008).
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Despite their widespread clinical use to suppress inflammation, little is known about the effects of
exogenous glucocorticoids on cardiac physiology and pathology (Oakley and Cidlowski, 2015).
Several molecular pathways involved in glucocorticoid-mediated cardioprotection and immune
modulation have been reported (Ren et al., 2012; van Looveren et al., 2020). However, long-term
administration of exogenous glucocorticoids associated with glucocorticoid excess results mostly
in cardiovascular complications (Hattori et al., 2013). Indeed, exogenous glucocorticoid
administration was found to be associated with heart failure, in a large population-based study
(Souverein et al., 2004). While most studies report an acute cardioprotective effect of exogenous
glucocorticoids in ischaemia reperfusion injury (Enc et al., 2006; Fan et al., 2009; Tokudome et
al., 2009), recent reports suggest that chronic use of exogenous glucocorticoids elicits cardiac
hypertrophy and pathological remodelling (Jin et al., 2021; Tanaka et al., 2021). Exogenous
glucocorticoids also induce LV diastolic dysfunction, LV atrophy and fibrosis (Young et al., 2007;

Mihailidou et al., 2009; Yiu et al., 2012; Hattori et al., 2013).

The mechanisms whereby exogenous glucocorticoids induce negative effects on cardiac function
are currently under investigation. However, further research is required to determine whether the
adverse effects of glucocorticoids on cardiac structure and function are exacerbated in MetS
associated with a high fructose diet. Given the significant increase in fructose consumption and
the rising prevalence of undiagnosed insulin resistance, further research is required to determine
whether MetS individuals are at an increased risk for glucocorticoid-induced cardiac dysfunction,
particularly diastolic dysfunction and HFpEF. This study, therefore, aimed to determine whether
glucocorticoid therapy exacerbates cardiac remodelling and dysfunction when administered to

Sprague Dawley rats undergoing a high fructose diet to induce MetS.

2.10. Problem Statement
Cardiometabolic disease is the principal cause of death worldwide and is a major cause of

mortality in South Africa. Excess adiposity, insulin resistance, and dyslipidaemia converge to form
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metabolic syndrome (MetS), which significantly increases the risk of developing T2DM and CVD.
The majority of research on MetS has focussed on understanding the mechanisms underlying the
development of atherosclerosis and ischaemic heart disease. However, persons with MetS are
also at an increased risk of developing heart failure, particularly heart failure with a preserved
ejection fraction (HFpEF). The mechanisms underlying the development of heart failure with a

preserved ejection fraction (HFpEF) are not fully understood and require further elucidation.

Individuals with MetS typically demonstrate a specific metabolic phenotype with significantly
increased circulating insulin and triglyceride concentrations despite normal fasting blood glucose
concentrations. Alterations in substrate utilisation place individuals who have MetS at increased
risk of dysglycaemia, particularly in the context of pharmacological treatment practices. One class
of drugs commonly prescribed for a variety of autoimmune and inflammatory conditions, is
glucocorticoids. Although glucocorticoids confer anti-inflammatory and anti-proliferative benefits,
they may also promote hyperglycaemic responses. The negative metabolic effects reported
following glucocorticoid treatment may be enhanced in patients with MetS. Further investigation
is required to determine whether glucocorticoid treatment may adversely affect the metabolic

profile of individuals with MetS.

In addition, glucocorticoids have been implicated in the development of cardiac remodelling and
dysfunction. However, direct evidence to support these effects in animal models remains limited.
While several non-invasive methods can be used to assess cardiac morphology and function in
humans, direct assessments of end-organ damage, such as cardiac fibrosis, typically require
tissue samples, which cannot be obtained in human studies for ethical reasons. Consequently,
animal studies provide a valuable platform for investigating the mechanisms underlying the effects
of glucocorticoid treatment on left ventricular (LV) morphology and function, as well as for
assessing long-term outcomes. By conducting this investigation in rodents, specific research

guestions related to glucocorticoid-induced LV morphology and function can be addressed, and
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valuable insights can be gained that can further inform clinical studies and contribute to a better
understanding of the effects of glucocorticoids on cardiovascular health. Moreover, it is not
currently known whether the presence of MetS may exacerbate adverse cardiac remodelling and
dysfunction, following glucocorticoid treatment. Due to the confounding effects present in human
studies, it becomes difficult to accurately assess this relationship. Therefore, further research in
animals is necessary to determine whether pre-existing MetS may accelerate cardiac remodelling
and dysfunction with glucocorticoid treatment, without any confounding effects encountered in

human studies.

2.11. Aim and objectives

This study aimed to determine the effects of glucocorticoids on LV structure and function in male
Sprague Dawley rats. In addition, the present study determined whether the consumption of a
high fructose diet (as a model of MetS) exacerbated the glucocorticoid-induced changes in LV

morphology and function in male Sprague Dawley rats.

The specific objectives of the current study are to determine

1. the effects of glucocorticoids on cardiac morphology and function in male Sprague Dawley
rats.

2. whether a high-fructose diet induced MetS in male Sprague Dawley rats.

3. whether the effects of glucocorticoids on LV structure and function are exacerbated by the

consumption of a high fructose diet (as a model of MetS) in male Sprague Dawley rats.

2.12. Hypotheses
Hi: Glucocorticoid administration induces concentric remodelling, impairs LV relaxation, and
increases LV diastolic filling pressures. In addition, the presence of MetS results in concentric

hypertrophy which worsens LV diastolic dysfunction.
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Ho: Glucocorticoid administration does not induce concentric remodelling, impair LV relaxation, or
increase LV diastolic filling pressures. In addition, the presence of MetS does not result in

concentric hypertrophy and does not worsen LV diastolic dysfunction.
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3.1. Animals and ethical clearance

Forty, three-month-old, male Sprague-Dawley rats were obtained from the Wits Research Animal
Facility (WRAF) at the University of the Witwatersrand. Sprague Dawley rats were chosen due to
their common use in biomedical research, including cardiovascular studies, ensuring
comparability and drawing upon existing knowledge. The selection of 3-month-old rats aligns with
the practice of studying disease progression and intervention effects. At this age, rats exhibit
stable cardiovascular physiology, enabling reliable comparisons and investigating long-term
effects of glucocorticoid treatment on cardiac health. In addition, male rats are often preferred in
cardiovascular research due to their hormonal profile, which provides a more consistent baseline
compared to female rats, whose oestrous cycle can introduce additional variability in experimental
outcomes. Hence, we used male rats to minimise the potential confounding factors related to

hormonal fluctuations, leading to more robust and interpretable results.

Rats were housed individually in temperature-controlled rooms (23 = 2°C) with a 12-hour light-
dark cycle and allowed free access to commercial rat chow, plain drinking water or a 20% fructose
solution, depending on the treatment group. All experimental procedures were approved by the
Animal Research Ethics Committee of the University of the Witwatersrand (AREC approval

number: 2021/04/06/C).

3.2. Experimental design

The current study was a randomised controlled experimental intervention study. The rats
underwent a two-week habituation period before undergoing experimental procedures. During
this period, body mass, water intake, and food intake were measured once a week and blood
pressure was measured twice a week. After the two-week habituation period, rats were randomly
divided into the control (n=10), glucocorticoids (GC; n=10), high fructose (HF; n=10) and
glucocorticoids + high fructose (GC+HF; n=10) groups. Previous studies of a similar nature have

shown that a sample size of n=10 is adequate to provide statistical power for analysis. All
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experimental groups had ad libitum access to food and drinking liquid throughout the study. Rats
in the HF and GC+HF groups received a 20% fructose solution in drinking water while rats in the
control and GC groups received tap water. Rats in the GC and GC+HF groups received 10mg/kg

daily injections of methylprednisolone for ten weeks.

Body mass, water intake, food intake, blood glucose, blood triglyceride concentrations, and blood
pressure measurements were taken at baseline and following the 10-week intervention period.
Before termination, rats were fasted overnight, and an oral glucose tolerance test (OGTT) was
conducted. Thereafter, rats were anaesthetised, and cardiac function was assessed using
echocardiography. Following echocardiography, rats were terminated, whereafter blood and
tissue samples were collected and stored at -80°C for further analysis. A summary of the

experimental design is outlined in Figure 3.1 below.
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40 male 3-month-old Sprague Dawley rats

t=-2 weeks, body weight and non-invasive measurement of BP

Control Glucocorticoids High Fructose Glucocorticoids
(n=10) (GC; n=10) (HF; n=10) + High fructose
(GC+HF; n=10)

Body weight, water intake, food intake, non-invasive blood pressure, blood glucose and triglyceride

measurements at baseline and at termination

Oral glucose tolerance test before termination

t=10 weeks, termination

Echocardiography, cardiac histology, circulating cholesterol, insulin and high sensitivity C-reactive

protein concentrations

Figure 3. 1 Experimental design to address the effects of a high fructose diet and glucocorticoid intervention on cardiac morphology

and function in male Sprague Dawley rats
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3.2.1. 20% fructose solution preparation

The rats in the HF and GC+HF groups received a 20% fructose solution after the habituation
period. The fructose solution was prepared by mixing warm water and fructose in a 1:5 ratio.
Briefly, 200g of fructose (Granulated fruit sugar, Nature’s Choice, South Africa) was weighed
using a digital scale (Snowrex Electronic Scale, Clover Scales, Johannesburg) and mixed in 1
litre of warm water. Fresh fructose solution was prepared every week and was allowed to cool for
at least 1 hour before administration. To distinguish the normal tap water from the fructose
solution, a blue food dye was used to colour the fructose solution and a red food dye was used to

colour the tap water.

3.2.2. Drug intervention
Following the two-week habituation period, the rats in the GC and GC+HF groups received
intraperitoneal injections of methylprednisolone, a glucocorticoid (Methylprednisolone, Xixia

Pharmaceuticals, Gauteng) at a dosage of 10 mg/kg daily for ten weeks.

3.3. Measurement of body mass, food intake and water intake

To assess body mass, food intake and water intake, the rats were kept in individual cages. The
rats were weighed at baseline and termination using a digital scale (Snowrex Electronic Scale,
Clover Scales, Johannesburg). The weekly baseline and terminal food intake for each rat was
determined by adding 500g of food at the beginning of the week and subtracting the remaining
amount of food left in the cage from the total amounts supplied at the beginning of the week. The
weekly baseline and terminal water intake for each rat were determined by filling the water bottles
with either fructose water or plain water. The water bottles were weighed at the beginning of the
week using a digital scale (Snowrex Electronic Scale, Clover Scales, Johannesburg), and the
amount of remaining water in the bottles was subtracted from the total amount supplied at the

start of the week.
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3.4. Measurement of blood pressure

Blood pressure was measured at baseline and at termination using a non-invasive tail-cuff
machine (Biopac Systems, Santa Barbara, CA, USA). To measure the blood pressure, rats were
placed in restrainers, and their tails were heated using a heating pad to ensure maximum blood
flow to their tails. After the rat tails were heated, the cuff of the blood pressure machine was
positioned at the base of the tail and blood pressure measurements were taken. To avoid diurnal

variation, all blood pressure measurements were taken at midday.

3.5. Fasting glucose and triglyceride concentrations

Rats were fasted overnight, and blood glucose and triglyceride concentrations were determined
from a drop of blood obtained from the tail vein using a pinprick. Blood glucose concentrations
were measured using a calibrated glucometer (Contour Plus Meter, Bayer, Isando-Johannesburg,
South Africa). Blood triglyceride concentrations were determined using a calibrated Accutrend

GCT meter (Roche, Mannheim, Germany).

3.6. Oral glucose tolerance test

Before termination, rats were fasted overnight for 12 hours whereafter a drop of blood was
obtained from the tail vein using a pinprick. Fasting blood glucose concentrations were
determined using a calibrated glucometer (Contour Plus Meter, Bayer, Isando-Johannesburg,
South Africa). Immediately thereafter, the rats were gavaged with 2 g.kg-1 glucose and blood

glucose measurements were repeated at 15, 30, 60, 120 and 180 minutes.

3.7. Echocardiography

Echocardiography was performed by an experienced observer, according to the American Society
of Echocardiography conventions (Sahn et al.,1979). Before performing echocardiography, the
rats were anaesthetised with oxygen (3-1% inhalation) and isoflurane. The rats were placed in
the left lateral decubitus position with their anterior chest shaved. An ultrasound linked to a high-

resolution probe(10MHz) was used to perform the echocardiography (Affiniti CVx, Philips
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Healthcare, Andover, Massachusetts). Two-dimensional directed M-mode echocardiography in
the parasternal long-axis view was used to determine the dimension of the left ventricle. Posterior
wall thickness (PWT), internal diameter, septal wall thickness, LV end-systolic diameter (LVESD),
and the LV end-diastolic diameter (LVEDD) were measured during diastole and systole (Figure
3.2). Relative wall thickness (RWT) was calculated as ((PWT in diastole x 2)/LVEDD) (Ganau et

al., 1992).

LV systolic function was determined by calculating LV ejection fraction (EF) using the Teichholz
method (Teichholz et al., 1976) and LV endocardial fractional shortening (FSend) using the

equation LV (EDD-ESD)/EDD (Teichholz et al.,1976), respectively.

LV diastolic function was determined from the mitral valve inflow patterns using pulsed Doppler
imaging. In the apical 4-chamber view, the early (E) and late (A) diastolic inflow velocity were
obtained with the sample volume placed at the mitral valve leaflet tip. The ratio of early to late
diastolic inflow (E/A), was recorded as a marker of relaxation (Figure 3.3). To determine diastolic
function using tissue Doppler imaging (TDI), peak myocardial tissue lengthening velocities during
early (e’) and late (a’) diastole were recorded at the lateral mitral annulus in the apical four-
chamber view (Figure 3.4). Data were expressed as €’ (an index of myocardial relaxation), e’/a’

(an index of myocardial stiffness) and E/e’ (an index of LV filling pressure).
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Figure 3. 2 Example of a 2-D M mode in the parasternal long-axis view indicating left ventricular

dimensions.

Intraventricular septal wall thickness during diastole (IVST D); Left ventricular end-diastolic
internal diameter (LV EDD); Posterior wall thickness during diastole (PWT D); Intraventricular
septal wall thickness during systole (IVST S); Left ventricular end-systolic internal diameter (LV

ESD); Posterior wall thickness during systole (PWT S).
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Figure 3. 3 Example of an echocardiographic image showing trans-mitral inflow velocity in early

and late diastole using pulse wave Doppler.

Early diastolic filling velocity (E); Late diastolic filling velocity (A).
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Figure 3. 4 Example of an echocardiographic image showing the rate of tissue relaxation at the

mitral annulus using tissue Doppler imaging.

Early diastolic mitral annulus velocity (e’); Late diastolic mitral annulus velocity (a’).
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3.8. Terminal procedures

After echocardiography, a thoracotomy was performed, and blood was drawn directly from the
heart. Thereafter, blood was collected into serum tubes for serum and ethylenediaminetetraacetic
acid (EDTA) tubes for plasma. The blood in serum tubes was allowed to clot for 2 hours at room
temperature. Blood was then centrifuged at a speed of 3400rpm for 15 minutes, and serum and
plasma were collected and stored at -80°C until assayed. The hearts and visceral fat of the rats
were sampled, weighed, and stored at -80°C until assayed. The visceral fat mass relative to body
mass (%BM) was calculated using the formula: Relative visceral fat mass = [visceral fat mass (g)

/terminal body mass (g)] x 100.

3.8.1. Circulating insulin concentrations

The concentration of insulin in plasma was measured using a rat insulin enzyme-linked
immunosorbent assay (ELISA) kit (Elabscience ®, Rat INS(Insulin) ELISA kit, Wuhan, Hubei
Province, China) according to the instructions provided by the manufacturer. The lower detection
limit for insulin was 6.25 pg/ml with a coefficient of variation of <10%. Insulin resistance was
estimated by computing the homeostatic model assessment index (HOMA-IR) according to the
equation HOMA-IR= fasting insulin (ng/mL) x fasting blood glucose (mmol/L)/22.5 (Divi et al.,

2012).

3.8.2. Circulating cholesterol concentrations

Plasma cholesterol concentrations were determined using a colorimetric-based clinical chemistry
analyser (IDEXX VetTestR Clinical Chemistry Analyser, IDEXX Laboratories Inc., USA) as per

the manufacturer’s instructions.

3.8.3. Circulating high-sensitivity C-reactive protein concentrations
High-sensitivity C-reactive protein (hs-CRP) serum concentrations were measured using ELISA

kits (Elabscience Biotechnology Co. Ltd, Wuhan, China) according to the instructions provided by
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the manufacturer. The lower detection limit for hs-CRP was 7.81 pg/ml with a coefficient of

variation of <10%.

3.8.4. Cardiac tissue total collagen content

To quantify the degree of fibrosis in left ventricular tissue samples, tissue samples were fixed in
10% buffered formalin and routinely processed for paraffin embedding. Five ym thick tissue
sections were deparaffinised, rehydrated, and stained with a 0.1% Sirius Red solution dissolved
in agueous saturated picric acid for 60 min at room temperature. After washing in two changes of
acidified water, slides were dehydrated in 100% ethanol, cleared with xylene, and mounted with
DPX mounting medium. The samples were analysed using a Zeiss Axioskop 2 Plus microscope
equipped with a Zeiss AxioCam (Zeiss, Peabody, MA, USA). Tissue sections viewed under bright-
field and polarized light were obtained with a 10x objective lens (x100 magnification). Using
ImageJ software, the collagen area fraction was calculated for each tissue section by dividing the

collagen area by the total tissue area.

3.9. Statistical analysis

Data are expressed as means = SEM. Data analysis was performed using SAS software, version
9.4 (SAS Institute Inc., USA). A repeated-measures analysis of variance (ANOVA) followed by a
Tukey post hoc test was used to determine the differences in body mass, food intake, water
intake, blood pressure, blood glucose and triglyceride concentrations between the groups. A one-
way analysis of variance (ANOVA) followed by a Tukey post hoc test was used to determine
differences in echocardiographic measures, circulating hs-CRP and insulin concentrations and
the total collagen content between the groups. Differences with a p-value smaller than 0.05 was

considered statistically significant.
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Chapter 4: Results
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4.1. Food intake, water intake, body mass, visceral fat mass and blood pressures

Table 4.1 shows the food intake, water intake, body mass, visceral fat mass and blood pressures
(mean + SEM) of the control, GC, HF and GC+HF groups. The water intake was significantly
higher in the HF and GC+HF groups at termination compared to baseline (both p<0.0001). At
termination, the water intake was significantly higher in the HF and GC+HF compared to the

control and GC groups (both p<0.0001).

The body mass was significantly higher in all the groups at termination compared to baseline (all
p<0.001). At termination, the body mass was significantly higher in the HF group compared to the
control, GC and GC+HF groups (p=0.0049, p<0.0001 and p=0.04 respectively). At termination,

the body mass was significantly lower in the GC group compared to the GC+HF group (p=0.02).

At termination, the visceral fat mass was significantly higher in the HF and GC+HF groups
compared to the control group (p=0.002 and p=0.03 respectively). The visceral fat mass was
significantly lower in the GC group compared to the HF group (p=0.03). There were no significant
differences in the visceral fat mass between the control and GC groups (p=0.73). The visceral fat
mass relative to body mass (%BM) was significantly higher in the HF and GC+HF groups
compared to the control group (both p=0.04). The %BM in the GC group was numerically higher

than that of the control group but was not statistically significant (p=0.06).

Food intake and blood pressure were similar between the groups at baseline and at termination

(all p>0.05).
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Table 4. 1 Food intake, water intake, body mass, visceral fat mass and blood pressure in the control, GC, HF and GC+HF groups.

Control (n=10) GC (n=10) HF (n=10) GC+HF (n=10)
Baseline
Food intake (g, for 7 days) 162 +8 155+ 8 164 + 8 157+ 8
Water intake (ml, for 7 days) 318 £13 299 £ 13 325+13 327 £13
Body mass (g) 467 £ 7 4737 477+ 7 464 + 7
Systolic blood pressure (mm Hg) 127 +1 127+ 1 127+ 1 1271
Diastolic blood pressure (mm Hg) 89+2 89+2 88+ 2 87+x1
Termination
Food intake (g, for 7 days) 1738 156 + 8 177 +8 178+ 8
Water intake (ml, for 7 days) 320+ 14 206 + 131 445 + 132* 446 + 142+
Body mass (g) 539 +7+2 510 + 72T 577+ 72 545 + 72af#
Visceral fat mass (g) 9.34 + 0.56 10.16 + 0.56T 12.50 + 0.56* 11.75 £ 0.59*
Visceral fat mass (% BM) 1.73+ 0.11 201+ 0.11 2.16 + 0.11* 2.17 + 0.11*
Systolic blood pressure (mm Hg) 127 +1 127+ 1 126+ 1 126 £ 1
Diastolic blood pressure (mm Hg) 8812 8712 87+ 2 88+2

Data expressed as means + SEM. “p<0.05 at termination vs baseline.

*p<0.05 vs control; p<0.05 vs GC; Tp<0.05 vs HF. GC: glucocorticoids group; HF: high fructose group; GC+HF: glucocorticoids and

high fructose

41



4.2. Triglyceride and cholesterol concentrations

Figure 4.1 shows the blood triglyceride and cholesterol concentrations (mean + SEM) of the
control, GC, HF and GC+HF groups. The blood triglyceride concentrations were significantly
higher at termination compared to baseline in the GC (2.13 £ 0.11 mmol/L vs 1.71 + 0.11 mmol/L;
p=0.0001), HF (2.95 + 0.11 mmol/L vs 1.64 + 0.11 mmol/L; p=0.0001), and GC+HF groups (2.55
+ 0.11 mmol/L vs 1.41 + 0.01 mmol/L; p=0.02). At termination, the blood triglyceride
concentrations were significantly higher in the GC (2.13 £ 0.11 mmol/L), HF (2.95 + 0.11 mmol/L)
and GC+HF (2.55 £ 0.11 mmol/L) groups compared to the control group (1.59 + 0.11 mmol/L)
(p=0.02, p=0.0001 and p=0.0001 respectively). At termination, the blood triglyceride
concentrations were significantly lower in the GC group (2.13+0.11 mmol/L) compared to the HF

group (2.95+0.11 mmol/L; p<0.0001).

The cholesterol concentrations were significantly higher in the GC (63.89+2.58 mg/d; p=0.02) and
GC +HF (63.11+2.58 mg/dL; p=0.03) groups compared to the control group (52.22+2.58 mg/dL).
There were no significant differences in the cholesterol concentrations between the control and

HF groups and between the GC and GC+HF groups (p>0.05).
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Figure 4. 1 Blood triglyceride (A) and cholesterol (B) concentrations in the control, GC, HF and GC+HF groups.

2p<0.05 at termination vs baseline. *p<0.05 vs control; Tp<0.05 vs HF. GC: glucocorticoids group; HF: high fructose group; GC+HF:

glucocorticoids and high fructose group
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4.3. Blood glucose concentrations

Figure 4.2 shows the fasting glucose concentrations at baseline and at termination, and the
glucose concentrations from the oral glucose tolerance test (OGTT) (mean = SEM) in the control,
GC, HF and GC+HF groups. Fasting glucose concentrations were similar between the groups at

baseline and at termination (all p>0.05; Figure 4.2A).

During administration of the OGTT (Figure 4.2B), the blood glucose concentrations were
significantly higher in the control group after 30 minutes (5.96 + 0.44 mmol/L) compared to
baseline (0 minutes) (3.40 = 0.44 mmol/L; p=0.04). The blood glucose concentrations were
significantly higher in the GC group (7.13+0.43 mmol/L) after 30 minutes compared to baseline
(3.60+0.43 mmol/L; p<0.0001). The blood glucose concentrations were significantly higher in the
HF group after 30 (7.26 = 0.43 mmol/L; p<0.0001) and 60 minutes (6.13 £ 0.44 mmol/L; p=0.04)
compared to baseline (0 minutes: 3.64 + 0.44 mmol/L). The blood glucose concentrations were
significantly higher in the GC+HF group after 15 (8.19 + 0.47 mmol/L; p<0.0001), 30 (10.47 + 0.46
mmol/L; p<0.0001) and 60 minutes (6.13 + 0.44 mmol/L; p=0.04) compared to baseline (0
minutes: 3.59 = 0.46 mmol/L) There were no significant differences in the glucose concentrations

between the control, GC and HF groups throughout the different time points (all p>0.05).

The blood glucose concentrations were significantly higher in the GC+HF group compared to the
control group after 15 (8.19 £ 0.48 mmol/L vs 5.48 + 0.43 mmol/L; p=0.02) and 30 minutes (10.48
+ 0.46 mmol/L vs 5.96 + 0.43 mmol/L; p<0.0001). The glucose concentrations were significantly
higher in the GC+HF group compared to the GC group after 15 (4.99+0.43 mmol/L vs 8.19+0.46
mmol/L; p=0.0002) and 30 minutes (7.13£0.43 mmol/L vs 10.48+0.46 mmol/L; p<0.0001). The
glucose concentrations were significantly higher in the GC+HF group compared to the HF group
after 15 (8.19 £ 0.48 mmol/L vs 5.56 = 0.43 mmol/L; p=0.03) and 30 minutes (10.48 £ 0.46 mmol/L

Vs 7.26 £ 0.43 mmol/; p=0.001).
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Figure 4. 2 Fasting glucose concentrations at baseline and at termination (A) and the glucose concentrations following the oral glucose

tolerance test (B) in the control, GC, HF and GC+HF groups. *p<0.05 GC+HF vs control; #p<0.05 GC+HF vs HF 'p<0.05 GC+HF vs

GC.GC: glucocorticoids group; HF: high fructose group; GC+HF: glucocorticoids and high fructose group.
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4.4. Insulin and HOMA-IR

Figure 4.3 show the plasma insulin concentrations and the HOMA-IR (mean + SEM) in the control,
GC, HF and GC+HF groups. The plasma insulin concentrations were significantly higher in the
HF (275.50 + 9.03 pg/ml; p=0.01) and GC+HF (268.35 £ 9.03 pg/ml; p=0.05) groups compared
to the control group (233.99 * 9.03 pg/ml; Figure 4.3A). The plasma insulin concentrations were
significantly higher in the HF (275.50 + 9.03 pg/ml; p=0.01) and GC+HF (268.35 £ 9.03 pg/ml;

p=0.05) groups compared to the GC group (227.48 £ 9.03 pg/ml; Figure 4.3A).

The HOMA-IR was significantly higher in the HF group (0.4 + 0.02) compared to the control

group (0.3 £ 0.02; p=0.04; Figure 4.3B).
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Figure 4. 3 Fasting insulin concentrations (A) and the HOMA-IR (B) in the control, GC, HF and GC+HF groups.

*p<0.05 vs control; #p<0.05 vs GC. GC: glucocorticoids group; high fructose group; GC+HF: glucocorticoids and high fructose group.
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4.5. High-sensitivity C-reactive protein concentrations

Figure 4.4 shows the high sensitivity C-reactive protein (hs-CRP) concentrations (mean = SEM)
of the control, GC, HF and the GC+HF group. The hs-CRP concentrations were significantly
higher in the HF group (165.96 + 8.01 pg/ml) compared to the control and GC group (131.13 +
8.01 pg/ml; p=0.02 and 127.46 + 8.01 pg/ml; p=0.01 respectively). There were no significant

differences in the hs-CRP concentrations between the control, GC and GC+HF groups (p>0.05).
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Figure 4. 4 Circulating high sensitivity C-reactive protein (hs-CRP) concentrations in the control,

GC, HF and GC+HF groups.

*p<0.05 vs control #p<0.05 vs GC. GC: glucocorticoids group; HF: high fructose group; GC+HF:

glucocorticoids and high fructose group.
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4.6. Cardiac geometry

Table 4.2 shows the cardiac geometry of the control, GC, HF and GC+HF groups. The heart
weight was significantly higher in the HF and GC+HF groups compared to the control group
(p=0.002 and p=0.02 respectively). The heart weight was significantly lower in the GC group
compared to the HF and GC+HF groups (p<0.0001 and p=0.0006 respectively). There were no
significant differences in the heart weights between the HF and GC+HF groups (p>0.05). The
heart weight indexed to body mass was significantly higher in the GC+HF group compared to the

control (p=0.04) and the GC (p=0.047) groups.

The LV weight was significantly higher in the GC+HF group compared to the control (p=0.009)
and the GC (p=0.007) groups. The LV weight was significantly higher in the HF group compared
to the GC group (p=0.04). There were no significant differences in the LV weight between the
control and HF groups and between the HF and GC+HF groups (all p>0.05). The LV weight
indexed to body mass was significantly higher in the GC+HF group compared to the control group

(p=0.03). There were no further differences between the groups.

There were no significant differences in the LV posterior wall thickness in diastole and systole
between the control, GC, HF and GC+HF groups (all p>0.05). The relative wall thickness was
significantly higher in the GC and GC+HF groups compared to the control group (p=0.001 and
p=0.008 respectively). There were no significant differences in the relative wall thickness between
the GC, HF and GC+HF groups (all p>0.05). The LV end-diastolic volume was significantly lower
in the GC+HF group compared to the control (p=0.007) and the HF group (p=0.01). There were
no significant differences in the LV end-diastolic volume between the control and GC groups (all

p>0.05).

4.7. Left ventricular systolic function
There were no significant differences in LV ejection fraction or endocardial fractional shortening

between the groups (all p>0.05).
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4.8. Left ventricular diastolic function

The early diastolic filling velocity (E) was significantly higher in the GC and HF groups compared
to control (p<0.0001 and p=0.009 respectively). The E was also significantly higher in the GC
group when compared to HF and GC+HF groups (both p<0.0001). The ratio of early to late
diastolic filling velocity (E/A) was significantly higher in the HF group compared to the control
group (p=0.03). There were no further significant differences in the E/A between the groups (all

p>0.05).

The peak velocity during early diastole at the mitral annulus (e’) was significantly lower in the GC
(p=0.0013) and GC+HF (p=0.0050) groups compared to the control group. The e’ was significantly
lower in the GC (p<0001) and GC+HF (p=0.0001) groups compared to the HF group. There were

no significant differences in the e’ between the GC and GC+HF groups (p>0.05).

The ratio of early to late mitral annulus flow velocity (e’/a’) was significantly lower in the GC and
GC+HF groups compared to the control (p=0.0005 and p=0.02 respectively) and the HF
(p<0.0001 and p=0.0005 respectively) groups. There were no significant differences in the e’/a’
between the control and HF groups (p>0.05). The index of LV filling pressures (E/e’) was
significantly higher in the GC and GC+HF groups compared to the control (p<0.0001 and p=0.004
respectively) and the HF (p<0.0001 and p=0.02 respectively) groups. There were no significant
differences in the E/e’ between the control and HF groups (p>0.05). There were no significant
differences in late diastolic filling velocity (A) and the peak velocity during late diastole (a’)

between the groups (all p>0.05).
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Table 4. 2 Left ventricular geometry, diastolic and systolic function of the control, GC, HF and GC+HF groups

Control (n=10) GC (n=10) HF (n=10) GC+HF (n=10)

Cardiac geometry

Heart weight 1.47 £ 0.05 1.40 + 0.041 1.70 £ 0.05* 1.65 + 0.05**
Heart weight/body mass x10° 2.74 + 0.08 2.73+0.08 2.94 + 0.08 3.04 + 0.08*
LV weight 0.85+ 0.03 0.85 + 0.03f 0.98 + 0.03 1.01+ 0.03**
LV weight/body mass x103 1.58+ 0.06 1.67 £0.06 1.69+ 0.07 1.86 + 0.07*
LV end-diastolic diameter (cm) 0.76x 0.02 0.72+ 0.02 0.76x 0.02 0.68+ 0.02*t
LV end-diastolic posterior wall 0.18+ 0.006 0.20£0.006 0.22+0.006 0.20+0.006
thickness (cm)

LV end-systolic diameter (cm) 0.41+0.02 0.34+0.02 0.41+0.02 0.39+0.02

LV end-systolic posterior wall 0.31+0.01 0.34+0.01 0.31+0.01 0.31+0.01
thickness (cm)

Relative wall thickness 0.47+0.02 0.59+ 0.02* 0.54+ 0.02 0.56+ 0.02*
LV end-diastolic volume (ml) 0.98+0.05 0.83+£0.05 0.97+0.05 0.71+0.05*1
LV end-systolic volume (ml) 0.18+0.03 0.16£0.03 0.18+0.03 0.18+0.03
Left ventricular systolic function

Ejection fraction (%) 81.86+3.62 87.47+3.44 81.72+3.62 75.28+3.62
Endocardial fractional shortening 45.94+2.01 45.79+2.01 45.81+2.01 52.80+1.91

%

(Lef)t ventricular diastolic function

E (cm/s) 90.96+1.86 111.89+1.76* 100.32+1.86**  93.95+1.86"
A (cm/s) 85.56+4.38 90.89+4.38 75.58+4.38 81.93+4.38
E/A 1.08+0.07 1.28+0.07 1.36+0.07* 1.16+0.07

e’ (cm/s) 5.99+0.17 5.04+0.16*" 6.29+0.17 5.13+0.17*1
a’ (cm/s) 5.70+0.28 6.49+0.26 5.48+0.28 5.86+0.28
e'la’ 1.07+0.05 0.78+0.05*" 1.16+0.05 0.86+0.05*"
E/e’ 15.24+0.62 20.29+0.59*t 16.15+0.62

18.36+0.62*t
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Data expressed as means + SEM. *p<0.05 vs control; #p<0.05 vs GC; Tp<0.05 vs HF. GC: glucocorticoids group; HF: high fructose

group; GC+HF: glucocorticoids and high fructose group; LV: left ventricle.
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4.9. Left ventricular total collagen content

Figure 4.5A shows significant collagen accumulation in the GC and the GC+HF groups compared
to the control group as shown by the higher red staining of cardiac tissue sections visualised
under bright-field microscopy. Figure 4.5B shows cardiac tissue sections under polarised light,
where thin fibres appear green and thick collagen fibres appear red or orange. Figure 4.5C shows
the total collagen content of the groups (mean = SEM). The total collagen content was significantly
higher in the GC (16.67 + 1.81%; p=0.001) and GC+HF (21.50 + 1.81%; p<0.0001) groups
compared to the control group (6.05+1.81%). The total collagen content was significantly lower in
the HF group (11.89 + 1.81 %) compared to the GC+HF group (21.50 £ 1.81%; p=0.003). There
were no significant differences in the total collagen content between the HF and control groups

and between the GC and GC+HF groups (both p>0.05).
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Figure 4.5 Total collagen content in left ventricular tissue of the control, GC, HF and GC+HF
groups. Representative picrosirius red stained micrographs imaged at x100 magnification viewed
in (A) bright-field and under (B) polarised light. (C) Total collagen content (% area fraction)
calculated from picrosirius red stained LV sections (n=10 per group). *p<0.05 vs control; #p<0.05
vs GC+HF
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Chapter 5: Discussion
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In the present study, we investigated the effects of glucocorticoids on cardiac structure and
function and determined whether the consumption of a high fructose diet (as a model of MetS)
exacerbated the glucocorticoid-induced changes in LV morphology and function in male Sprague
Dawley rats. The main findings of the study are that administration of glucocorticoids may have
caused cardiac remodelling, impaired LV relaxation, and increased LV filling pressures.
Glucocorticoid-induced diastolic dysfunction occurred independent of changes in blood pressure.
The presence of MetS was confirmed in rats consuming a high fructose diet as indicated by the
higher body mass, visceral fat mass, circulating triglycerides, hs-CRP and insulin concentrations,
and HOMA-IR scores. Glucocorticoid-induced cardiac remodelling was enhanced in the presence
of MetS. However, glucocorticoid-induced diastolic dysfunction was not augmented in rats with

MetS.

5.1. The effects of glucocorticoids on cardiac remodelling

In the present study, the administration of glucocorticoids resulted in significant alterations to
cardiac geometry. Glucocorticoid treatment resulted in a higher the relative wall thickness
compared to the control group. However, the heart and LV weights were similar between the
control and the GC groups. These results suggest that the administration of glucocorticoids may
have caused concentric remodelling. Our results are consistent with previous studies reporting
that glucocorticoid treatment increased the relative wall thickness without increasing the LV mass
index in normotensive patients (Muiesan et al., 2003; Toja et al., 2012). However, in other studies,
increases in relative wall thickness were accompanied by greater LV mass indexed to body mass
(Oui et al., 2015; Tanaka et al., 2021). During the concentric remodelling process, relative wall
thickness increases prior to detectable increases in LV mass (Gaasch and Zile, 2011). It is
therefore likely that administration of glucocorticoids for a longer period may have led to more
significant changes in the LV mass and that long term glucocorticoid treatment may result in the

development of concentric hypertrophy (Tanaka et al., 2021).
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The molecular mechanisms whereby glucocorticoids promote cardiac remodelling have not been
completely elucidated. However, studies have reported that glucocorticoid-induced hypertension
may gradually cause pressure overload leading to heart failure through LV remodelling rather
than the attenuation of myocardial function (Tanaka et al., 2021; Kamenicky et al., 2014).
Kamenicky et al., (2014) demonstrated that relative wall thickness was associated with increased
systolic blood pressure in patients with Cushing’s syndrome compared to controls (Kamenicky et
al., 2014). However, other studies have shown that relative wall thickness, LV mass index or
geometry are not related to blood pressure in patients with Cushing’s syndrome (Fallo et al., 1994;
Avenatti et al., 2017) or with the administration of exogenous glucocorticoids (Smith et al., 2004;
Oui et al., 2015; Takano et al., 2015; Tanaka et al., 2021). Endogenous glucocorticoids are well-
accepted to cause increases in systolic blood pressure, mainly through the co-activation of the
mineralocorticoid receptor in the kidney (Whitworth et al., 2000; Isidori et al., 2015). However, the
hypertensive response to synthetic exogenous glucocorticoids is considerably decreased,
through modification of certain functional groups to reduce mineralocorticoid co-activation
(Grossmann et al., 2004). Therefore, recent studies suggest that glucocorticoids have a limited
potential to induce hypertension directly (Panoulas et al., 2008; Yasir et al., 2022). Individuals
prescribed long term glucocorticoids are suggested to be at an increased risk of hypertension,
largely through glucocorticoid-induced weight gain, visceral adiposity and lipodystrophy (Fardet
et al., 2007; Fardet et al., 2012). Moreover, threshold dose-response patterns have been reported
following glucocorticoid administration, where hypertensive responses were noted only at
increased dosages (Panoulas et al.,, 2008; Yasir et al., 2022). In the present study, blood
pressures were similar in the control and GC groups, therefore our results suggest that concentric
remodelling may have been caused by mechanisms other than pressure overload in the heart.
Taken together, these findings indicate that the effects of hypertension on concentric remodelling
with the administration of glucocorticoids remain to be fully elucidated and might depend, at least
in part, on the dose or duration of glucocorticoid administration (Tanaka et al., 2021).
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In the present study, the administration of glucocorticoids resulted in a higher LV total collagen
content (a marker of cardiac fibrosis) in addition to the increased relative wall thickness. Indeed,
increased myocardial fibrosis has been linked to LV concentric remodeling (Gaasch and Zile,
2011; Konstam et al., 2011). In clinical studies, Yui et al., (2012) showed increased collagen
deposition in normotensive patients with Cushing’s syndrome (Yiu et al., 2012). The authors
reported that LV mass and blood pressure were not correlated to the increased myocardial fibrosis
in these patients, which suggests that glucocorticoid-induced myocardial fibrosis significantly
contributes to the development of cardiac concentric remodelling, independent of LV hypertrophy

(Yiu et al., 2012).

The mechanism whereby exogenous glucocorticoid treatment promotes fibrosis is specific to
heart tissue (Oakley and Cidlowski, 2015). As the circulating concentration of glucocorticoids is
considerably increased than aldosterone, mineralocorticoid receptors in cardiomyocytes are
primarily activated by glucocorticoids (Jia et al., 2017). In mineralocorticoid target tissues, 113-
HSD2 inactivates glucocorticoids, permitting aldosterone to compete for binding of the
mineralocorticoid receptor and exert its effect (Chapman et al., 2013). However, in the heart, the
expression of 113-HSDL1 is particularly low (Gray et al., 2017) and consequently, the active
glucocorticoid can co-activate the mineralocorticoid receptor (Whitworth et al., 2000; Isidori et al.,
2015). Under pathological conditions (excess glucocorticoid levels), experimental studies have
shown that glucocorticoids occupy mineralocorticoid receptors in cardiomyocytes (Young et al.,
2007; Mihailidou et al., 2009), resulting in the accumulation of ROS (Funder, 2007; Mihailidou et
al., 2009), which can, in turn, induce fibrosis in cardiac tissue (Young et al., 2007; Mihailidou et
al., 2009; Omori et al., 2014; Jia et al., 2017). In the present study, relative wall thickness was
associated with increased LV total collagen content (r=0.54; p=0.0004; data not shown). This
association remained materially unaltered even after adjusting for systolic and diastolic blood

pressure (partial r=0.54; p=0.0005: data not shown). Therefore, taken together, our results show
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that the administration of glucocorticoids increased myocardial fibrosis, which may have affected
the myocardial remodelling processes, independent of elevated blood pressure. Future molecular
studies should investigate whether the administration of glucocorticoids can promote myocardial

fibrosis and remodelling through the activation of mineralocorticoid receptors in cardiomyocytes.

5.2. The effects of glucocorticoids on diastolic function

In the present study, the administration of glucocorticoids impaired diastolic function, as measured
by pulse Doppler and Tissue Doppler Imaging. The administration of glucocorticoids impaired LV
relaxation as indexed by increased E, reduced lateral €’ and e’/a’. Glucocorticoid therapy further
increased LV filling pressures as indexed by the increased E/e’, compared to the control group.
In addition, lateral €', e’/a’, and the E/e’ were all associated with increased total collagen content
(r=-0.44 p=0.0058, r=-0.41 p=0.01 and r=0.45 p=0.0045 respectively: data not shown). While the
measurement of trans-mitral inflow velocity is corroborated using pulsed wave Doppler, Tissue

Doppler Imaging measures are more sensitive (Mitter et al., 2017).

Our results are in agreement with other clinical and experimental studies that reported diastolic
dysfunction following the administration of glucocorticoids (Toja et al., 2012; Hattori et al., 2013;
Ohtake et al., 2014; de Salvi Guimarées et al., 2017; Tanaka et al., 2021). Administration of
glucocorticoids may impair the active processes of LV relaxation by decreasing the
phosphorylation of phospholamban and by reducing Na*/Ca?* exchanger protein levels (de Salvi
Guimaraes et al., 2017), which impairs SERCA activity and leads to abnormal active LV
relaxation. In addition, glucocorticoid administration impairs passive LV relaxation by promoting
excessive collagen production and deposition through alterations in MMP activity, that in turn,
increases myocardial fibrosis (Bal et al., 2009; Roy et al., 2009; Tanaka et al., 2021).
Glucocorticoid-induced impaired LV active and passive processes may therefore lead to
increased LV filling pressures.
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In the current study, the E/A ratio in the GC group was similar to the control group despite
increased LV filling pressures. This suggests that a pseudonormal filling pattern may have been
present, as increased filling pressures may have resulted in a compensatory increase in early
diastolic filling (E). Therefore, in the present study the administration of glucocorticoids could have

caused moderate to severe diastolic dysfunction.

The mechanisms by which glucocorticoid administration leads to impaired LV relaxation and
increased filling pressures are currently not well elucidated. However, in addition to activating
mineralocorticoid receptors within the myocardium, which may lead to myocardial stiffness and
diastolic dysfunction, excess glucocorticoid administration may impair diastolic function through
increased lipogenesis. In the present study, the administration of glucocorticoids increased
circulating triglyceride and cholesterol levels, despite having no effect on insulin signalling.
Indeed, lipid accumulation is now recognised as one of the most important metabolic
abnormalities that may contribute to the development of diastolic dysfunction (DeMarco et al.,
2013). Increased than normal circulating triglyceride and cholesterol levels may result in
dyslipidaemia and ectopic deposition of lipids in the myocardium, which may increase cardiac
steatosis (Lopaschuk et al., 2007; Zhang and Ren, 2011). Cardiac steatosis may alter substrate
metabolism, characterised by greater fatty acid 3-oxidation, enhanced ROS production, and
decreased oxygen efficiency (Lopaschuk et al.,, 2010). This may lead to reduced NO
bioavailability, decreased SERCA-mediated calcium uptake into the sarcoplasmic reticulum, and
stiffening of cardiomyocytes (Kohr et al., 2009). Therefore, it is likely that the impaired LV
relaxation and increased filling pressures in the current study may also be due to increased
lipogenesis with the administration of glucocorticoids. Future molecular studies will need to
determine whether the administration of glucocorticoids cause lipid over storage (steatosis), ROS

generation in cardiomyocytes, and subsequent development of diastolic dysfunction.
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5.3. The high fructose diet as a model of metabolic syndrome

In the present study, a ten-week high fructose diet increased the body mass, visceral fat mass,
and visceral fat mass relative to body mass, compared to the control group. In addition, the high
fructose diet increased circulating triglyceride and insulin concentrations, and caused insulin
resistance, as measured by the HOMA-IR score. These results suggest that the consumption of
the high fructose diet promotes MetS through the development of three pathological
characteristics, namely: increased visceral adiposity, dyslipidaemia, and insulin resistance. Our
results confirm numerous previous studies that have reported increased visceral adiposity,
dyslipidaemia and insulin resistance following the consumption of a high-fructose diet (Jurgens et
al., 2005; Bocarsley et al., 2010; Sadowska and Rygielska, 2019; Fakhoury-Sayegh, 2019;

Kitagawa et al., 2020).

Growing evidence suggests that a high fructose diet induces MetS by causing rapid de novo
lipogenesis, hepatic lipid accumulation, and visceral obesity, which all contribute to reduced
sensitivity to insulin (Lanaspa et al.,, 2012; Crescenzo et al., 2013; Sanglesa et al., 2017).
Fructose is absorbed from the intestines into the portal blood through facilitated diffusion by the
glucose transporter 5 (GLUT5) on the luminal side and by glucose transporter 2 (GLUT2) on the
basolateral side (Douard and Ferraris, 2008; Tappy and Le, 2010). This route of absorption
causes increased fructose uptake by the liver via specific hexose transporters (Rutledge and
Adeli, 2007; Softic et al., 2020). Fructose is phosphorylated by fructokinase to form fructose 1-
phosphate which then undergoes hydrolysis to form three-carbon molecules, including
dihydroxyacetone phosphate, glyceraldehyde and glycerol 3-phosphate (Rutledge and Adeli,
2007). These three-carbon molecules can then be converted to glucose through
gluconeogenesis, but more commonly they are used for the synthesis of glycerol and fatty acids,
which generate triglycerides through esterification (Rutledge and Adeli, 2007; Taskinen et al.,

2019; Softic et al., 2020). As the pathways involved in the conversion of fructose to triglycerides
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are largely unregulated, the consumption of a high fructose diet commonly results in excessive
triglyceride synthesis and adiposity (Rutledge and Adeli, 2007; Taskinen et al., 2019; Softic et al.,
2020). The mechanisms whereby fructose consumption alters adipose content have been

described in the literature.

Fructose consumption also increases hepatic de novo lipogenesis, which in turn upregulates the
production and secretion of very-low-density lipoproteins (VLDLSs) (Rutledge and Adeli, 2007;
Taskinen et al., 2019; Softic et al., 2020). Circulating VLDLs are then hydrolysed and
resynthesised as triglycerides within adipose tissue (Rutledge and Adeli, 2007; Taskinen et al.,
2019; Softic et al., 2020). Increased consumption of fructose not only increases triglyceride and
VLDL production, but also increases peroxisome proliferator-activated receptor y (PPARY)
expression, which induces adipogenesis (Zhang et al., 2017). Furthermore, high fructose
consumption stimulates glucocorticoid activation by increasing 11p-HSD1 expression in
adipocytes (London and Castonguay, 2011). Increased, 11B3-HSD1 activity not only converts 11-
dehydrocorticosterone to the active corticosterone form, but also promotes white adipose tissue
expansion and accumulation of fat in visceral adipose tissue (London and Castonguay, 2011;
Prince et al.,, 2017). High-fructose consumption-induced glucocorticoid activation further
stimulates pro-adipogenic and pro-lipogenic factors such as PPARYy and sterol response element
binding proteins (SREBP-1) (Galitzky and Bouloumié, 2013) which augments fat accumulation in

visceral adipose tissue.

With increasing visceral adiposity, high levels of non-esterified fatty acids may be taken up by the
liver through the portal system, where they may be stored as triglycerides (Stanhope and Havel,
2008). Accumulation of triglycerides in the liver interferes with the insulin signalling pathway and
may cause hepatic insulin resistance (Seppéala-Lindroos et al., 2002; Morino et al., 2006). Hepatic
lipid accumulation stimulates the production of diacylglycerol (DAG), which activates novel protein

kinase C (nPKC) (Newton, 2003). Activation of nPKC is associated with decreased insulin
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receptor substrate 1 (IRS-1) tyrosine phosphorylation (Itani et al., 2002; Yu et al., 2002; Dey et
al., 2006), which impairs insulin signalling. In addition, activation of nPKC can cause serine
phosphorylation of IRS-1 and IRS-2 via the phosphorylation of downstream signalling molecules,
extracellular signal-regulated kinase (ERK)1/2 and c-JUN NH.-terminal kinase (JNK), which may
also impair insulin signalling and cause insulin resistance (Strack et al., 1997; Gao et al., 2004).
The impaired insulin signalling in the liver leads to decreased glycogenolysis, glycogen synthesis
and increased gluconeogenesis (Stanhope and Havel, 2008), which in turn results in insulin
secretion as a compensatory response (Stanhope and Havel, 2008). Furthermore, increased
circulating FFA and triglycerides can cause DAG production, nPKC activation and impaire insulin
signalling in skeletal muscle (Stanhope and Havel, 2008). This results in whole-body insulin

resistance which may lead to the development of T2DM.

In the present study, the consumption of a high fructose diet also increased the circulating hs-
CRP concentrations compared to the control group. Indeed, a high-fructose diet leads to
hypertriglyceridaemia and obesity which can cause oxidative stress and the production of
proinflammatory cytokines including TNF-a, IL-6 and IL-18 (Wei and Pagliassotti, 2004). These
proinflammatory cytokines, in turn, stimulate the production of CRP in the liver, a sensitive and
reproducible marker of inflammation (Halcox et al., 2014). The increased production of CRP
stimulates JNK and ERK1/2 activity which increases the serine phosphorylation of IRS-1 leading
to impaired insulin signalling and consequently insulin resistance (D’Alessandro’s et al., 2007;
Rutledge and Adeli, 2007; Softic et al., 2020). A chronic inflammatory state is indeed characteristic
of insulin resistance. Therefore, taken together, our results show that consumption of a high
fructose diet induces MetS by increasing visceral adiposity and by causing hypertriglyceridaemia,
and insulin resistance. Future studies should identify the exact molecular mechanisms whereby

a high fructose diet induces MetS.
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5.4. The effects of glucocorticoids on cardiac remodelling and diastolic function in a
model of MetS

In the present study, the administration of glucocorticoids in a model of MetS increased the heart
and LV weights indexed to body mass, compared to the control and the GC groups. The increased
relative heart weights in the GC+HF group was accompanied by an increased relative wall
thickness that was similar to the GC group. However, the administration of glucocorticoids in a
model of MetS reduced LV end-diastolic volume and the end-diastolic diameter compared to the
control group. These results suggest that the administration of glucocorticoids in a model of MetS
may have caused concentric hypertrophy. While the administration of glucocorticoids may have
caused increased collagen deposition and fibrosis in rats fed a normal diet, the concomitant
presence of MetS certainly amplified cardiac hypertrophic responses. Therefore, it is likely that
the cumulative effects of glucocorticoids and MetS largely drive cardiac remodelling through
compounding metabolic derangements (Lelis et al., 2020). Indeed, in the present study glucose
tolerance was further impaired in the GC+HF group. Studies conducted on the effects of
glucocorticoids on cardiac structure and function in models of MetS are very limited. Nonetheless,
clinical studies have reported concentric hypertrophy in patients with Cushing’s syndrome who
have adverse metabolic outcomes (increased visceral adiposity, dyslipidaemia and impaired
glucose tolerance) (Takagi et al., 2009; Toja et al., 2012; Avenatti et al., 2017). In addition, these
studies reported that remission of hypercortisolism reversed abnormalities in LV mass
measurements and resolved concentric hypertrophy in a proportion of patients (Pereira et al.,
2010; Toja et al., 2012). The administration of glucocorticoids in dietary animal models of MetS
has been shown to reduce inflammation, but also to accelerate metabolic abnormalities, whereby
visceral adiposity, hypertriglyceridaemia and insulin resistance occurred within a shorter time
compared to the dietary models alone (Giddings et al.,1985; Gounarides et al., 2008; Huang et
al., 2016; Tsai et al., 2019). However, to the best of our knowledge, this is the first study to report
that glucocorticoids induce concentric hypertrophy in an in vivo dietary model of MetS.
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The mechanisms whereby administration of glucocorticoids cause concentric hypertrophy in
models of MetS are yet to be investigated. However, clinical studies have reported associations
between increased cardiac fibrosis, abnormal glucose metabolism and lipogenesis with
concentric hypertrophy (Pereira et al., 2010). This, therefore, suggests that metabolic alterations
that may have been caused by glucocorticoids, including hyperglycaemia and steatosis within the
heart, induces structural and fibrotic modifications that may also impair cardiac function (Takagi
et al., 2009; Pereira et al., 2010). In addition, glucocorticoids not only bring about adverse
metabolic effects, but they may directly impact cardiac signalling negatively. Takagi et al., (2009)
reported that serum cortisol was independently associated with LV mass index in patients with
Cushing’s syndrome (Takagi et al., 2009). Indeed, studies have reported that endogenous cortisol
may be involved in the development of LV hypertrophy by increasing the entry of cardiomyocytes
into the cell cycle thereby leading to cardiomyocyte proliferation (Giraud et al., 2006) and by
increasing the expression of angiotensinogen mRNA to promote cardiomyocyte hypertrophy
(Lumbers et al., 2005). The findings of the study cited above suggest that abnormal cortisol
regulation may be an important risk factor for cardiac hypertrophy in patients with Cushing’s
syndrome. Future molecular studies need to investigate the molecular mechanisms associated
with glucocorticoid-induced concentric hypertrophy in a population with established metabolic
alterations. In addition, future studies should further investigate whether employment of

exogenous glucaocorticoids exert the same effects.

In the present study, although the administration of glucocorticoids in a model of MetS may have
caused concentric hypertrophy, glucocorticoid-induced diastolic dysfunction was not exacerbated
by exposure to MetS, as there were no significant differences in the lateral €', e’/a’ and E/e’
between the GC and GC+HF groups. Clinical studies have reported that glucocorticoids impair
LV relaxation and increase LV filling pressures in patients with Cushing’s syndrome and that the

effects are reversed following Cushing’s syndrome treatment (Pereira et al., 2010; Toja et al.,
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2012). However, these glucocorticoid-induced diastolic impairments have not been shown in pre-
clinical models of MetS. Therefore, to the best of our knowledge, this is the first study to report
that glucocorticoid-induced diastolic dysfunction is not worsened in a diet-induced in vivo model

of MetS.

This study has important implications. We found that glucocorticoids induced moderate to severe
diastolic dysfunction, independent of the metabolic profile. Although no further impairments in
diastolic function were noted in the presence of MetS, moderate to severe diastolic dysfunction
was already present following employment of glucocorticoids. However, the presence of MetS
components significantly worsened cardiac remodelling. While glucocorticoid administration may
have caused diastolic dysfunction, MetS may exert severe negative effects on the extracellular
matrix that, when combined with glucocorticoids, may result in LV hypertrophy. It is widely
accepted that the presence of LV hypertrophy predicts cardiovascular morbidity and mortality,
even after adjustment for cardiovascular risk factors including age, obesity, smoking,
dyslipidemia, diabetes and blood pressure (Bornstein et al., 2022). While the adverse effects of
glucocorticoids have been extensively reported, the cumulatively increased risk for CVD in

patients with MetS receiving glucocorticoid treatment, may not be as apparent.

We show that rats receiving glucocorticoid treatment in the presence of MetS developed
significant reductions in LV end-diastolic volume. These changes in LV end-diastolic volume are
consistent with impaired diastolic filing and a fibrotic, hypertrophic LV response. The LV
hypertrophy noted in GC+HF rats increased the myocardial oxygen demand, in hearts that were
already metabolically compromised. It is therefore likely that in this study, although the diastolic
dysfunction was not further impaired, the risk for systolic dysfunction associated with overt heart
failure, was significantly increased. Although LV ejection fraction is one the most commonly used
indices of systolic function in clinical practice, it is dependent on chamber size and pressure

(Borlaug et al., 2009). LV ejection fraction is therefore a better indicator of ventricular-arterial
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coupling, rather than contractility (Borlaug et al., 2009). Thus, the use of more sensitive
echocardiographic parameters (Speckle Tracking Imaging (STE)) in this study, may have
detected early LV systolic dysfunction (Dandel et al., 2009), which can yield important information
for clinical risk stratification and management. In this regard, studies have reported that subclinical
LV systolic dysfunction is present in patients with Cushing’s syndrome (Pereira et al., 2010; Yiu
et al., 2012). Compared to controls, patients with Cushing’s syndrome showed concentric LV
remodelling, while myocardial deformation properties (LV circumferential and longitudinal strain
and strain rate) where significantly impaired, indicating the presence of subclinical LV systolic

dysfunction (Pereira et al., 2010; Yiu et al., 2012).

Previous research has suggested that myocardial systolic function may be compromised before
any noticeable changes in systolic chamber function (ejection fraction), as the presence of
concentric remodelling may aid in maintaining chamber function (Shah, 2013). In this regard,
studies have reported that ejection fraction is preserved by the hypertrophied myocardial wall in
HFpEF, while concentric cardiac remodelling increases myocardial tissue stress and strain (Yiu
et al., 2012; Adeniran et al., 2015). Therefore, in the present study, the concentric hypertrophy
may have maintained the ejection fraction within adequate ranges. However, it is unknown
whether myocardial strain was affected which may have caused a reduction in systolic
performance. Future studies should therefore include more sensitive measures of systolic function

to elucidate the role of glucocorticoids on early systolic performance in a model of MetS.

5.5. Limitations

The present study has further limitations. The current study made use of methylprednisolone
which exhibits stronger glucocorticoid anti-inflammatory activity (5x more potent) than cortisol
(Sardana and Sachdeva, 2022). While modifications to the synthetic methylprednisolone induces
greater beneficial anti-inflammatory effects, it is not certain to which extent it affects cardiac

structure and function, when compared to endogenous cortisol in patients with Cushing’s

68



syndrome (who have high circulating cortisol levels). However, several studies have reported
myocardial remodelling and diastolic dysfunction with similar dosages of methylprednisolone in
other experimental models (Oui et al., 2015; Tanaka et al., 2021). In addition, other studies have
reported myocardial remodelling and diastolic dysfunction independent of cortisol levels in
patients with Cushing’s syndrome, which suggests that the duration of exposure to high levels of
glucocorticoids might be more significant than the magnitude of circulating hormone
concentrations (Muiesan et al., 2003). While intraperitoneal injections have been shown to cause
less stress compared to other routes of administration, there is still a possibility that it could have
influenced the results, particularly considering that the control group did not receive any injections.
To address this concern and maintain consistency in the experimental procedures, future
experiments will involve administering saline intraperitoneal injections to the control group. This
approach will minimise the potential confounding effects of the injection procedure itself.
Furthermore, to evaluate the potential impact of stress on the results, corticosterone
concentrations will be measured in all groups to ensure that any observed effects are indeed
attributable to the specific treatment conditions rather than stress-related factors.

In the current study, we used a non-invasive approach rather than catheter-based systems to
measure blood pressure. Future studies should assess blood pressure using invasive catheter-
based methods as these methods are more sensitive and provide direct and continuous
measurements of arterial pressure. In addition, echocardiography was only performed once at
termination. Future studies should conduct longitudinal echocardiographic assessments with
multiple time points to provide a more comprehensive understanding of the temporal changes in
echocardiographic parameters. Furthermore, although the present study did not show any
changes in LV systolic function using LV ejection phase indices (LV fractional shortening and
ejection fraction), there may have been pre-clinical systolic function impairments (myocardial
deformation and motion) with the administration of glucocorticoids. Future studies should use two-
dimensional Speckle Tracking Echocardiography, since it is considered to be a more sensitive
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index of myocardial systolic performance and may provide additional information on LV
myocardial deformation and motion (Dandel et al., 2009). Moreover,the effects of glucocorticoids
on cardiac morphology and function were assessed in male rats. Future studies should determine

whether the administration of glucocorticoids impair cardiac structure and function in female rats.

5.6. Conclusion

In conclusion, the evidence presented in this dissertation adds to our understanding of the role of
glucocorticoids on cardiac structure and function in a model of MetS. The present study showed
that the administration of glucocorticoids may have caused concentric remodelling and impaired
LV diastolic function, independent of hypertension and LV hypertrophy. These findings add to the
evidence that glucocorticoids can mediate myocardial remodelling and diastolic dysfunction,
which may lead to HFpEF. Furthermore, we show that glucocorticoid-induced diastolic
dysfunction was not exacerbated by exposure to MetS, however cardiac remodelling did progress
to concentric hypertrophy. Taken together, patients with MetS receiving glucocorticoid therapy
may be at an increased risk for developing HFpEF. Given the high prevalence of obesity, insulin
resistance, dyslipidaemia, T2DM and MetS, regular echocardiographic screening is
recommended following the administration of glucocorticoids, particularly in patients with potential
metabolic alterations. Future studies should elucidate the molecular mechanisms whereby

glucocorticoids impair cardiac function in patients with MetS.
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Appendix A: Animal ethics certificate

UNIVERSITY OF THE

ANIMALS RESEARCH ETHICS COMMITTEE (AREC) WITWATERSRAND,

JOHANNESBURG

STRICTLY CONFIDENTIAL

CLEARANCE CERTIFICATE NUMBER: 2021/04/06/C

APPLICANT: Dr L Mokotedi
School: School of Physiology; Department: N/A; Location: WRAF

PROJECT TITLE: Effect of inflammation, a high-fructose diet and anti-inflammatory drugs on
cardiometabolic function in male Sprague Dawley rats exposed to collagen-induced arthritis.
Category: C; Species and Numbers involved: 90X 3 month old, male Sprague Dawley Rats

Approval is hereby given for the use of animals for the research project named above and
described in the application reviewed by a quorate meeting of the AREC held on 28 Apr 2021.
This approval remains valid until 12 May 2023 and is conditional to the following (if blank there
are no special conditions):

Condition 1 Condition 2 Condition 3 Condition 4

All material changes to the approved research must be reported to the AREC before they are
implemented. Failure to do so will invalidate this clearance certificate.

An annual progress report must be provided to the AREC.

The use of these animals is subject to AREC guidelines on the use and care of laboratory
animals, is limited to the procedures described in the application and is subject to additional
conditions listed below:

1, the Chair of the AREC (or my designated representative) am satisfied that the proposed
research is ethical as gd by local law, international standards and University policy.

7 /‘/ Date: 13 May 2021

-
(BEputy Chairperson of the AREC)

Signed:

| am satisfied that the persons listed in this application are competent to perform the
procedures described in the application, in the context of Section 23 (1) (c) of the veterinary
and Para-veterinary Professions Act (19 of 1982).

WA

Signed: _ Date: 13 May 2021
(Registered Veterinarian)

CC: Student supervisor: «Titlel» «initials1» «Supervisor_surnamen
Director Wits Research Animal Facility (WRAF): Dr Kim Jardine
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Appendix B: Animal ethics modifications and extensions of experiments

LESC 2012 MEE

Please note that only typewritten applications will be accepted.

UNIVERSITY OF THE WITWATERSRAND

ANIMAL ETHICS SCREENING COMMITTEE
MODIFICATIONS AND EXTENSIONS TO EXPERIMENTS

a. Marme: Lebogang Mokotedi
k. Departmert: School of Physiology
C. Experiment to be modified / extended AESCHNO
Criginal AESC number 2021 o4 06C
COther MEEs 4
d. Project Title: Effect of inflammation, a high fructose diet and anti-inflammatory drugs on
cardiometabolic function in male Sprague Dawley rats exposed to collagen induced
arthritis.
Mo. Species
=} MNMumber and species of animals originally approved: a0 5D
f. MMurmber of additional animals previously allocated on ME&E = 20
g Total number of animals allocated to the experiment to date: a0
h. Mumber of animals used to date: a0

i Specific modification / extension requested;
- addition of a group of animals receiving Prednisalone alone (r=10)

j. raotivation for modification / extension:

Inthe study design, we had a group with fructose alone and a group with prednisolone & fructose,
From preliminary analysis, we have seen that the fasting blood glucose concentration is greater in
the rats receiving prednizolone & fructose (4.87+ 0.38) comparedto the rats receiving fructose alone
(4,49 +0.39; p=0.03]. A5 a result, we would like to measure the glucose concentration in a group with
prednisolone alone to attest the additive effects of both interventions. We would therefore like to
reguest 10 more 5D rats, The duration of the interventions as well as all other procedures will remain
unchanged.

Date: 10/12,/2021

Signature:

RECOMMENDATIONS  Approved: 10 additional Sprague Dawley rats to receive prednisolone at dose
used in comparative group.

Date: 15 December 2021 Sighature: Lol e
PP AREC Chalman
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