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ABSTRACT

Cardiovascular disease (CVD) is the leading cause of death of people with obesity and type 2
diabetes (T2DM). According to a statistical report from the World Health Organization
(WHO), approximately 17.9 million people die annually because of CVD and diabetic
cardiomyopathy (DCM), a disease of the heart muscle occurring in the absence of coronary
artery disease or hypertension. Although not fully elucidated, the pathophysiology of DCM
includes myocardial left ventricular hypertrophy, impaired calcium handling, energy
metabolism, inflammation, apoptosis and myocardial fibrosis. DCM was discovered over 40
years ago, however, its subclinical detection remains a hurdle, especially in resource-poor
environments and for unreferred diabetics. To date, there is no effective diagnostic treatment
to detect DCM preclinically. Diagnostic biomarkers can be used for the early detection of
individuals at risk of developing CVD. Therefore, this study aimed to identify potential

diagnostic biomarkers that may detect DCM at the asymptomatic stage.

To achieve this, an in silico prediction pipeline was developed to identify biomarkers associated
with T2DM and CVDs. To eliminate bias, a p<6 x10° was used to select the top 5 in silico
predictive genes that were differentially expressed. These included Ubiquitin Specific
Peptidase 34 (USP34), Electron Transfer Flavoprotein Subunit Beta (ETFf), Lysyl oxidase-
like 2 (LOXL2), Zinc finger with KRAB and SCAN domains 4 (ZKSCAN4) and Insulin-like
growth factor 1(IGF1)) for further analysis. Thereafter, a Leptin receptor-deficient diabetic
mouse model (Lepr®®), with a phenotype including obesity, insulin resistance and T2DM,
and its homozygous control Lepr?®- were used to evaluate diagnostic biomarkers measured
against the known N-terminal-pro B-type Natriuretic Peptide (NT-proBNP), a marker of
hypertrophy, and the gold standard Tissue Doppler Imaging (TDI) echocardiography. Gene
expression analysis showed significant differences in LOXL2 (role in the regulation of
extracellular matrix linked to fibrosis) and IGF1(role in myocardial hypertrophy) when the

db/db

Lepr were compared to their Lepr®* counterparts. Serum protein expression showed a

significant increase in LOXL2 and a decrease in ETF(B (role in mitochondrial fatty acid
oxidation and adenosine triphosphate (ATP) production) protein expression. Serum protein
expression data correlated with Tissue Doppler echocardiography showing reduced left

db/db

ventricular diastolic function in Lepr mice when compared to the Lepr®-. Haematoxylin



and Eosin stain and Masson’s Trichrome stain did not show any significant differences in the
microanatomy of the heart tissue.

However, marked myocardial derangements were observed following anti-LOXL2 and anti-
ETFB immunostaining. Functional analysis using an in vitro H9¢c2 model allowed for LOXL2
and ETFB knockdown. Messenger ribonucleic acid (mRNA) levels of transforming growth
factor-beta (TGFp), involved in fibrosis signalling and transcriptionally regulated by LOX, and
collagen 1al (Collal), a known marker of fibrosis, were significantly increased compared to
the scrambled control. Furthermore, western blotting experiments of knockdown of ETFf
showed a significant decrease in Collal expression, suggesting collagen production requires
energy for its execution. The receiver operating characteristic (ROC) curve analysis was used
to determine the sensitivity and specificity of the identified markers. LOXL2 and ETF had an
area under the curve (AUC) of 0.813 with a cutoff value of 0.824, indicating the good predictive
power of the model with biomarkers being robust when used together. Altogether, these data
suggest that LOXL2 and ETFf can be potential biomarkers to detect DCM in diabetic patients

during the asymptomatic phase.
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Chapter 1

Literature Review

1.1 Introduction

The current global prevalence of diabetes mellitus (DM) is 537 million. This number is projected to
increase to 783 million by 2045 (Figure 1) (Webber, 2021). It is further estimated that 23.% in
America people between the ages of 20 to 79 years have diabetes but are unaware of their condition
(Centers for Disease Control, 2022). This increased prediction of both known diabetic and
undiagnosed diabetic cases is of great concern since failure to address this health issue may lead to
harmful complications such as developing cardiovascular diseases (CVDs). Cardiovascular diseases
are defined as a group of myocardium and blood vessel disorders and kill 17.9 million individuals
annually while contributing to 31% of all global deaths(World Health Organisation, 2021).
Furthermore, the risk of developing cardiovascular disease is known to increase with age, with
individuals older than 40 years having a 75% greater risk of heart failure (HF) and 2-4 times
likelihood of dying due to HF.
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Figure 1.1: Global distribution of adults (20-79) living with diabetes mellitus, also showing the
three countries with the highest number of diabetic individuals in 2015. The following countries
namely; China, India and the Unites States of America (USA) had the highest number of individuals
with diabetes mellitus 109 million, 69.2 million and 29.3 million respectively. The colours show the
number people between 20 and 79 with diabetes mellitus in each area/country. (Picture adapted from
(Zheng et al., 2018)
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In 2016, coronary artery disease (CAD) was the leading cause of death from cardiovascular disease
(43.2%) in the United States, followed by stroke (16.9%), high blood pressure (9.8%), HF (9.3%),
diseases of the arteries (3.0%), and other cardiovascular diseases (17.7%) (Association, 2019). In sub-
Saharan Africa (SSA), the number of deaths from CVD has increased to more than 50% over the past
three decades, with ischemic heart disease, stroke and hypertensive heart disease being the leading

causes of death in this region (Yuyun et al., 2020).

Any stress on the heart is detrimental as cardiac cells are terminally differentiated and therefore unable
to regenerate. As such, diabetes/ischemic heart disease can cause cardiac muscle cells to die, resulting
in decreased heart function and an inability to pump blood in the body effectively. This is especially
true in diabetic cardiomyopathy (DCM), a unique clinical entity with poor clinical outcomes. DCM is
a nebulous CVD complication independent of CAD and hypertension (Lee & Kim, 2017; Lorenzo-
Almorés et al., 2017). DCM limits the ability of the heart to effectively circulate blood in the body,
causing HF with oedema in the lungs and legs (Boudina et al., 2007, Boudina & Abel, 2010). The
latter results from the impairment of normal pump function of the heart over time, causing reduced left
ventricular relaxation and impaired filling (Borlaug & Paulus, 2011, Paulus & Dal Canto, 2018). This
heart impairment is also referred to as HF with preserved left ventricular ejection fraction (HFpEF, i.e.
EjectionFraction>50%). The pathophysiology of DCM involves hyperglycaemia, hyperlipidaemia,
systemic inflammation, fibrosis and apoptosis (Paulus & Dal Canto, 2018). The onset of DCM/HFpEF
is asymptomatic, thus making it difficult to diagnose, preventing the implementation of corrective
treatment, which will pre-empt HF complications (Asghar et al., 2009).

Other cost-effective methods of detecting DCM at the asymptomatic stage would be advantageous,
especially in resource-poor countries. Biomarkers, which are defined as measurable features of an
organism that represents a physiological state, are good candidates. However, to date, there are no
prognostic marker(s) available to detect asymptomatic onset of DCM, although several imaging
techniques to detect this cardiac phenotype, including Tissue Doppler Imaging (TDI) echocardiography,
speckle tracking imaging and cardiac magnetic resonance imaging (MRI) are available to individuals
who are not referred (Ledn et al., 2016; Lorenzo et al., 2013). These imaging technologies are non-
invasive and allow for ‘real-time’ visualization of the functional and structural properties of the heart.
However, not all public health facilities have access to such technologies. In addition, due to financial
constraints on the national health system, TDI echocardiography is not routinely performed and is
therefore only performed on referred cases of diabetes. Therefore, asymptomatic detection of DCM

goes undocumented and unnoticed and will only be detected at an advanced stage.

In the last decade, an increasing body of knowledge came to the forefront associating certain genes with

early onset of HF, some of which included N-terminal prohormone of brain natriuretic peptide (NT-



pro-BNP), cardiac troponin T (cTnT), suppression of tumorigenicity 2 (ST2) and left bundle branch
block (LBBB) to name a few (Hogas et al., 2017, Piek, Du, de Boer, & Silljé, 2018, Grodin & Tang,
2013). However, none of the markers could detect DCM either in its asymptomatic stage or early
enough to implement corrective treatment. As such, all diagnosed T2DM patients are automatically
placed on a treatment regime that includes cardioprotective agents such as angiotensin-converting
enzyme (ACE)-inhibitors, $-blockers, statins, or sodium-glucose cotransporter-2 (SGLT2)-inhibitors.
The Sodium-glucose cotransporter-2 inhibitor is a glucose-lowering drug that acts by preventing
glucose reabsorption from the kidneys. The drug has been reported to be the most effective in protecting
the diabetic myocardium from a hyperglycaemic insult, thus making it an ideal prescription anti-diabetic
drug. Since SGLT2-inhibitors are known to cause dehydration and urinary tract infection (Mordi et al.,
2017), medical practitioners will only prescribe the drug to patients with confirmed cardiovascular

gvents.

Since TDI echocardiography analysis is only performed in referred diabetic cases, having a biomarker
that can be used routinely to guide clinical decisions on when to initiate treatment using SGLT2-
inhibitors would be useful. Highlighting again the importance of identifying such a prognostic marker,
which could also aid in identifying this complex disease. In this project, we sought to bridge the gap in
understanding the current pathology, pathophysiology, imaging technology and biomarkers used for
early detection of DCM to identify a panel of potential biomarkers that could be used routinely for
asymptomatic detection of DCM. To achieve this, an in silico prediction pipeline was used to identify
potential biomarkers described in previous studies conducted in diabetic and CVD patients. Once these
putative biomarkers are identified, experimental studies will be conducted in a mouse models to

determine whether these biomarkers are associated with the early onset of diabetic cardiomyopathy.

1.2 History and evidence of DCM existence

As early as 1881, Leyden commented on HF being a common and notable complication of diabetes
mellitus (DM), while Mayer said that the disease could be traced to abnormalities in cardiac metabolism
(Asghar et al., 2009). However, it was not until 1972 that Rubler and co-workers observed a distinct
clinical entity where cardiac dysfunction was present in post-mortem tissue of four diabetic patients in
the absence of CAD or hypertension, thereby confirming the existence of this nebulous (Murarka &
Movahed, 2010, Nunes, Soares, Pereira, & Reis, 2012). Several reports then confirmed the presence of
this entity (Toedebusch et al., 2018). Although there is mounting evidence supporting the existence of
DCM in the literature, contrasting views on its existence remain (Bugger, 2015). Most of the structural,
histological, and mechanical and biochemical features associated with DCM are not unique to the
disease state but are common features of most myocardial diseases. Therefore, the nebulous nature and

misclassification of the disease continue. However, subsequent studies confirmed that this entity occurs



in different populations (Bertoni et al., 2003; Rodeheffer & Chen, 2008; Shaver et al., 2016). Bonito
and co-workers confirmed the presence of DCM in its asymptomatic stage using TDI echocardiography
in 40 non-obese normotensive T2DM patients (Di Bonito et al., 2005). A 43-month follow-up study of
2 737 older individuals showed that people with diabetes were 1.3 times more likely to develop HF than
those without diabetes (Aronow et al., 1999). Furthermore, diabetic women were five times more likely
to develop DCM than their non-diabetic counterparts (Kannel et al., 1974). In a hospital-based study
conducted on 837 individuals living in the United States, diabetes was significantly correlated with
nonischemic systolic dysfunction. Diabetes-related cardiomyopathy was observed in more cases than
they had anticipated (Bertoni et al., 2003).

1.3 Epidemiology and prevalence of DCM population-based studies

The prevalence of DCM varies depending on the population surveyed. The prevalence is currently
estimated to be between 12%-60% among people with type 2 diabetes (Fuentes-Antras et al., 2015). A
nationwide study conducted in Olmstead County, Minnesota, showed that the prevalence of DCM was
increasing annually at a rate of 1% in relation to HF (which can be termed diastolic/preserved ejection
fraction or systolic/reduced ejection fraction), suggesting HFpEF (diastolic) could become the most
common type of HF in the future (Owan et al., 2006). A large hospitalisation study in the United States
(The Get With The Guidelines-Heart Failure (GWTG-HF)) showed that the proportion of HF patients
with HFpEF hospitalised patients increased from 33% to 39% between 2005 and 2010 (Oktay et al.,
2013). However, HF was reported to increase by 1.44% in an ltalian population while increasing
proportionally with age (Savarese & Lund, 2017). In a cross-sectional study of diabetic patients, the
authors showed that nearly half of normotensive T2DM patients presented with increased LV
hypertrophy compared to the normotensive control population (Oktay et al., 2013). This supports the
notion that DCM is asymptomatic and therefore still understudied in most countries and possibly
misdiagnosed. Age and sex have also been shown to be risk factors for DCM, with higher incidences
of DCM in women and the elderly (Maric, 2010). Older diabetic individuals have also been shown to
be 1.3 times more likely to develop congestive heart failure than their nondiabetic counterparts. Owan
(2006) confirmed this, showing an increase in DCM prevalence over 15 years, while mortality rates
remained unchanged (Owan et al., 2006). Diabetes was projected to affect about 40.7 million people in
sub-Saharan Africa by 2015; however, more than two-thirds of these people remain undiagnosed
(Mercer et al., 2019). It is estimated that approximately 50% of patients with T2DM have
echocardiography detectible abnormalities, but there have not been any appropriate comparisons of

these with matched background populations (Huson et al., 2019).



1.4 Normal heart function and cardiac cycle

The heart is a hollow muscular organ about the size of a closed fist. During a typical lifetime, the heart
beats about 100,000 times a day and 2,5 billion times overall. The heart has four chambers, two
ventricles and two atria. The atria are upper chambers, the right atrium receives venous blood
(deoxygenated blood) from the different sources, including the inferior and superior vena cava, anterior
cardiac veins and coronary sinus, and the left atrium receives oxygenated blood from the pulmonary
veins (Anderson, 1993). After passing through the right atrioventricular orifice (tricuspid valve), blood
flows into the right ventricle and is pumped into the lungs via the pulmonary arteries. At the same time,
wastes are removed, and oxygen is substituted. The oxygenated blood returns to the left atrium through
the pulmonary veins and passes through the left atrioventricular orifice (mitral valve) into the ventricle
of the left. During contraction, blood flows into the arterial system. The cardiac cycle is the sum of all
the cardiac events occurring from the beginning of one heartbeat to the next. It consists of the following
events: ventricular diastole (relaxation) and ventricular systole (contraction). During ventricular
diastole blood flows from the atria through the open tricuspid and mitral valves into the relaxed
ventricles. During ventricular diastole, the aortic and pulmonic valves are closed. During diastole, about
70-75% of the blood flows by passive diffusion from the atria through the open tricuspid and mitral
valves and into the ventricles even before the atria contract. Approximately 25-30% of ventricular filling
is from atrial contraction. The mitral and tricuspid valves are shut during ventricular systole, while the
relaxed atria are filled with blood. The aortic and pulmonic valves open due to increased ventricular
pressure. Effective atrial contraction is lost in myocardial diseases like DCM, resulting in reduced
cardiac output (CO) (Figure 1.2).
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Figure 1.2: The cycle of the heart and cardiac output: the cardiac cycle consists of several phases,
including atrial systole, isovolumic contraction, ventricular- systole and diastole. (Adapted from

https://thephysiologist.org/study-materials/the-cardiac-cycle-and-cardiac-output/)

1.5 The three stages of diabetic cardiomyopathy

DCM has three stages: the early stage, the middle stage, and the late stage (Figure 1.3). The
asymptomatic early stage is characterised by cardiac hypertrophy, diastolic dysfunction, and normal
ejection fraction (EF) (Boudina et al., 2007, Battiprolu, Gillette, Wang, Lavandero, & Hill, 2010).
Moreover, free fatty acid levels are elevated at the molecular level, calcium homeostasis is distorted,
and glucose uptake and oxidation are suppressed. In the middle stage, the LV wall is thickened, and the
LV mass is elevated (Boudina & Abel, 2010, Li, Lv, Li, & Yu, 2012). This is intertwined with diastolic
and systolic dysfunction with a 50% reduction in EF. As the disease progresses from the middle to the
late stage, it is associated with macrovascular alterations and cardiac necrosis that damages both systolic
and diastolic functions and culminates in HF (Jia et al., 2018).

http://etd.uwc.ac.za/
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Figure 1.3: Stages of diabetic cardiomyopathy: DCM has four stages: metabolic dysregulation of
ions, lipids, and calcium. This is followed by a second stage, where the myocytes have increased
apoptosis, fibrosis and remodelling. A third stage is when the heart has hypertrophied, diastolic and

systolic dysfunction are increased, and a fourth stage culminates in heart failure.

1.5.1 Stage 1

1.5.1.1 Metabolic disturbances
The heart is a metabolically active organ with high mitochondria content and needs a constant supply

of high-energy substrates to maintain normal cardiac function. Seventy per cent of the substrates are
triglycerides and long-chain fatty acids in a healthy heart, with approximately 30% derived from
glucose and lactate. Interestingly, in the foetal heart, glucose oxidation (90%) is the primary energy
source, while in the adult heart, oxidation of fatty acid becomes the preferred energy substrate (70%)

7
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(Stanley et al., 2005). The most notable change during the development of DCM is the hypertrophied
heart that almost entirely relies on fatty acid oxidation (70-90%) (Stanley et al., 2005). Indeed, in times
of stress, the nondiabetic heart will revert to a foetal state where glucose oxidation will be used as the
preferred substrate since glucose as a substrate uses less oxygen per molecule of adenosine triphosphate
(ATP) produced (Athéa et al., 2007, Schilling & Mann, 2012). Various studies have reported on the
hearts’ inability to shift between substrates to adapt to stress conditions, such as chronic
hyperglycaemia. In various animal models, this phenomenon prevails with increased gene expression
observed in fatty acid oxidation (FAO) and mitochondrial oxidative phosphorylation pathways. As a
result, the diabetic heart is more susceptible to glucose and lipid-induced cardiac injury (Saunders et
al., 2008). Thus, the observed inflexibility of the metabolism can directly be linked to hyperinsulinemia,
hyperlipidaemia, and hyperglycaemia.

1.5.1.2 Glucotoxicity
Glucotoxicity refers to the adverse effects of poor glycaemic control due to impaired B-cell function,

leading to increased insulin resistance with worsening glycaemic control. Insulin resistance, with
sustained chronic hyperglycaemia, is known-to impair cardiac insulin metabolic signalling. Chronic
hyperglycaemia can induce a protein glycation reaction that increases advanced glycation end products
(AGEs). Increased AGE deposition subsequently contributes to augment connective tissue crosslinking,
fibrosis, cardiac stiffness and impaired left ventricular diastolic dysfunction (LVDD) (Leroith, 2002).
LVDD is one of the earliest cardiac changes in patients with DCM. In DCM, insulin-stimulated glucose
uptake is reduced due to inhibition of glucose transporter. type 4 (GLUT4), which is known to facilitate
glucose transport across the plasma membrane. Chronic hyperglycaemia promotes the overproduction
of reactive oxygen species (ROS) that induce apoptosis while activating the enzyme poly (ADP-ribose)
polymerase-1 (PARP). This diverts glucose from the glycolytic pathway towards the hexosamine
biosynthesis pathway, the polyol pathway, and protein kinase C, increasing AGEs (Battiprolu et al.,
2010). Advanced glycosylation end products formation has been found to form irreversible crosslinks
within or between many proteins, including the calcium (Ca?*)-ATPase sarco-endoplasmic reticulum
(SERCAZ2a) and the Ca?* release channel, ryanodine receptor 2 (RyR2), causing their inactivation and
resulting in abnormal cardiac relaxation and contractility. Increased hexosamine biosynthesis also
reduces the expression and function of SERCAZ2, resulting in impaired excitation-contraction coupling

and myocardial relaxation (Schilling & Mann, 2012).

Interestingly, AGEs interact with their receptors, including AGE and galectin-3 (GAL 3), and up-
regulate them. This activates transcription factors like nuclear factor kB (NF-xf) (Schilling & Mann,
2012), which causes myocardial damage by triggering several gene dependent pathways to induce pro-
inflammatory cytokine production such as tumour necrosis factor-alpha (TNFa). Chronic

hyperglycaemia also activates the polyol pathway by being converted to sorbitol through aldose
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reductase in the presence of nicotinic acid adenine dinucleotide phosphate (NADPH) that is oxidized to
NADP* (Yan, 2014). NADPH is important for the generation of reduced glutathione (an essential ROS
scavenger in the body). As the polyol pathway relies on increased NADPH use, the redox balance in
the cells is lost. Consequently, increased oxidative stress can result in DNA damage and cardiomyocyte
apoptosis. Sorbitol also glycates proteins that leads to AGESs formation, which results in tissue injury in

diabetes.

1.5.1.3 Hyperlipidaemia and lipotoxicity
Increased lipolysis in the adipocytes and elevated lipogenesis contributes to increased circulating fatty

acids and triglycerides in diabetic patients. Additionally, insulin stimulates the transport of fatty acids
to cardiomyocytes. Due to increased intracellular fatty acids, the myocardium quickly adapts by
promoting fatty acid use (An & Rodrigues, 2006). However, when the amount of fatty acids is greater
than their oxidative capacity in the cardiomyocytes, these are stored as lipids like triglycerides, saturated
fatty acids, and ceramide, resulting in lipotoxicity. Aggregation of triglycerides and ceramides triggers
oxidative stress and cardiomyocyte apoptosis, leading to cardiac dysfunction and organ failure (Bayeva
et al., 2013; Boudina & Abel, 2010). Several studies have confirmed that augmented fatty acids
stimulate lipotoxicity and contribute to DCM pathogenesis. A significant increase in fatty acid delivery
with elevated lipid storage, lipotoxic cardiomyopathy, and contractile impairment was observed in

cardiac-specific overexpression of lipoprotein lipase (LPL) (An & Rodrigues, 2006).

Moreover, elevated fatty acid use by cardiac-specific overexpression of PPAR-o causes
cardiomyopathy and impaired cardiac function. Conversely, reduced expression of PPAR-a and PPAR-
v leads to decreased cardiac lipid accumulation and cardiomyopathy in diabetic animals (Van De Weijer
et al., 2011). Similarly, in obese ZDF rats, using a PPAR-y agonist reduced plasma lipids and led to
decreased myocardial ceramides and triglycerides and improved cardiac function (Zhou et al., 2000).
This has been corroborated by Van de Weijer et al. (2011), who reported that increased ceramides affect
cardiac function(Van De Weijer et al., 2011).

1.5.1.4 Mitochondrial energy metabolism
Mitochondria play an important role in the cellular bioenergetics of cardiomyocytes and are essential

for normal functioning due to the high energy demands of the beating heart. Mitochondria make up 20—
30% of the cell volume of cardiomyocytes, but their number can increase with enhanced myocardial
energy requirements. Mitochondria are dynamic organelles that generally meet the energy needs of the
tissue. The production of myocardial energy is primarily in the form of mitochondria-generated ATP to
bridge nutrient metabolism and oxidative respiration. The heart consumes 6 kg of ATP per day, most
of which is produced by mitochondrial oxidative phosphorylation, fed by lipid and carbohydrate

catabolism and used for various biological events (Lopaschuk et al., 2018). Although there are



contrasting views on the specific mitochondrial electron transport chain (ETC) site affected by T2DM
in human and animal models, cardiac mitochondria are more susceptible to T2DM-induced ETC
dysfunction than kidneys and liver (Sivitz & Yorek, 2010). Heart samples of T2DM patients showed

decreased mitochondrial palmitoylcarnitine oxidation (Berthiaume et al., 2019).

Significant data support the role of mitochondria in cardiac function, but little information is available
on the dynamic regulation of mitochondrial biogenesis in cardiomyocytes. Mitochondria are a major
energy source for cells and mediate biological responses, including cell proliferation and death.
Changes in mitochondrial biogenesis and function have been documented in metabolic syndrome and
diabetes. Clinical and experimental findings suggest a 30—70% reduction in phosphocreatine and total
creatine levels in heart failure (Bugger & Abel, 2010). Myofibrillary creatine kinase activity in heart
failure drops to approximately 50% of normal levels. In general, cardiac dysfunction is accompanied
by defects in all three energy metabolism components in cardiomyocyte mitochondria: substrate
metabolism, oxidative phosphorylation, and the transfer and use of energy. These interactions can be
further complicated in the metabolic syndrome, exacerbating metabolic dysregulation and
mitochondrial dysfunction, reinforcing the other abnormalities (\Ventura-Clapier, Garnier, & Veksler,
2008, Athéa et al., 2007).

This is illustrated in metabolic/diabetic cardiomyopathy, wherein the initial manifestations of diastolic
dysfunction are more pronounced in the presence of endothelial dysfunction. It is well validated that
various components of metabolic syndrome, including insulin resistance, contribute to mitochondrial
dysfunction. However, the extent of mitochondrial dysfunction iin the metabolic risk constellation
associated with metabolic syndrome and the relationship to metabolic cardiomyopathy is not well
known. Under routine physiological conditions, the myocardial function depends on the continued
recycling of ATP from mitochondrial oxidative phosphorylation (Chong et al., 2017). Maladaptation of
mitochondria due to loss and/or reduced efficiency of mitochondria results in a series of events such as
decreased ATP synthesis, abnormal accumulation of metabolic intermediates, and ROS production, all

of which may contribute to the impaired mechanical functions of the heart.

The results of a wide range of studies support the pivotal role of mitochondrial dysfunction, the
reduction of mitochondrial biogenesis in metabolic cardiomyopathy pathogenesis. For example, DCM
is associated with the intracellular accumulation of toxic intermediates, such as Acyl-CoA and
acylcarnitine, which affect the mitochondrial ATP / ADP ratio and lead to a decreased metabolic
function of the mitochondria. Decreased gene expression of the mitochondrial regulatory protein
PGCla was found to be associated with dysfunction of the human heart (Duncan et al., 2007).
Mitochondrial alterations may underlie several aspects of the observed metabolic cardiac phenotype,

such as altered handling of Ca?*, interstitial fibrosis, cellular and subcellular remodelling and
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cardiomyocyte loss. In humans and animals with metabolic syndrome, reduced mitochondrial
biogenesis was demonstrated, coinciding with reduced ATP levels and dysfunctional transport of
mitochondrial electrons (Duncan, 2011). Mitochondrial quality is controlled through balanced fusion
and fission events that continuously alter mitochondrial morphology. By undergoing fission,
mitochondria become fragmented while fusion facilitates the formation of an interconnected elongated
network (Galloway & Yoon, 2015).

Through the interaction of fusion and division, mitochondria adapt metabolism to the cell’s energy
requirements, allowing mixing of mitochondrial DNA (mtDNA), lipids, proteins, and metabolites. This
enhances communication with the endoplasmic reticulum (ER) or separates dysfunction or depolarized
mitochondria away from the healthy network causing its clearance (Nishida & Otsu, 2017). Fusion and
fission are controlled by mitochondrial fusion and fission proteins: mitofusins (MFN1 and MFNZ2) and
optic atrophy 1 (OPA1) facilitate mitochondrial fusion while dynamin-related protein 1 (DRP1)
facilitates fission by interacting with fission protein (FIS1) (Galloway & Yoon, 2015, Dorn 11, 2016).
MFN2 expression is decreased in skeletal muscles in obese Zucker rats and obese and diabetic patients
(Dorn 11, 2016). In diabetic hearts, changes in-mitochondrial numbers may reflect mitochondrial
fusion/fission. Using isolated cardiac cells, a previous study showed that mitochondrial fission played
a role in high glucose-induced apoptosis (Duncan, 2011). Additionally, several cardiac-derived cells
exposed to high levels of glucose showed fragmented mitochondria and increased cell death. When a
dominant-negative DLP1 (dynamin-like protein) was overexpressed thus inhibiting mitochondrial

fission, mitochondrial morphology, ROS and cell death were normalized (T. Yu et al., 2008).

1.5.1.5 Impaired calcium (Ca?*) handling
One of the major abnormalities in diabetes-induced heart failure is the abnormal handling of

intracellular Ca?* (Davia et al., 2001). This disruption of Ca?* handling is due to changes in the function
of the sarcoplasmic reticulum (SR), a major regulator of myocardial contraction, encoded by
sarco/endoplasmic reticulum calcium ATPase cardiac isoform 2a (SERCAZ2a). Overexpression of
SERCAZ2a has been shown to reduce contractile dysfunction and ventricular arrhythmias in
ischaemic/reperfusion injury models, making SERCA2a one of the most promising targets for HF
treatment (Davia et al., 2001). As such, Ca?* is crucial during chamber contraction and relaxation. In
cardiomyocytes, cytosolic Ca?" influx stimulated by activation of voltage-dependent L-type Ca?*
channels on membrane depolarization induces Ca?* release through the Ca?* channels (Ryanodine
receptor 2 (RyR2)) of the sarcoplasmic reticulum (SR) (Belke & Dillmann, 2004). Ca?* then diffuses
through the cytosolic space to reach the contractile proteins, binding to troponin C’s myofilament
protein (Boudina & Abel, 2010). As Ca?* binds to the troponin C, the Ca* starts the sliding of thin and
thick filaments, which ends in sarcomeric shortening and muscle contraction. Muscle relaxation is

initiated by RyR2 closure accompanied by Ca?* being dissociated from the troponin complex. The
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concentration gradient then goes back to diastolic levels through activation of SR and re-uptake of Ca?*
into the SR by SERCAZ2a (Falcdo-Pires & Leite-Moreira, 2012). Ca?* and other ion homeostasis are
altered in diabetic cardiomyocytes, and the mechanism by which Ca?* is stimulated include; decreased
ATPases activity, reduced ability of the SR to take up Ca?* and decreased activities of other exchangers
like Na*/Ca?" and the sarcolemmal Ca?* ATPase (M. K. Kim et al., 2010).

In DCM patients, elevated cytosolic Ca?" is mediated either by calcium overload in the cytosol or
decreased Ca2+ efflux (Belke & Dillmann, 2004). Increased cytosolic Ca?* entry is due to disruption of
voltage-controlled L-type calcium channels (LTCC), sodium-calcium exchanger (NCX) and store-
operated calcium entry (SOCE). In human cardiomyocytes, cytosolic Ca?* influx is mainly through the
LTCC, while LTCC phosphorylation is increased in DCM. This has been associated with SR Ca?* via
RyR2 leak. Store-operated calcium, a mechanism of calcium release-activated calcium channels (Orai-
1) in the sarcolemma, detect intracellular Ca?* reduction and open to allow extracellular Ca?* influx.

This phenomenon can change in response to pathological cardiac remodelling.

Furthermore, decreased Ca?* efflux through the sarcolemma from the cytosol is mainly due to a
defective NCX (Falcdo-Pires & Leite-Moreira, 2012). Excess sodium in the cytosol restricts Ca?* efflux
from the cell using NCX and can lead to the exchanger working in reverse mode. Conversely, in DCM,
NCX is less sensitive to extruding intracellular Ca?* resulting from weakened transmembrane sodium
gradient. Several studies have shown upregulation of NCX in HF, which is speculated to be an early
adaptive response to compensate for SERCA2a downregulation and subsequent contractile depression
(Ottolia et al., 2013; Schillinger et al., 2003). However, sustained NCX induction is dysregulated and

gives rise to reduced SR Ca?* content due to elevated Ca?* removal.

A salient feature of DCM is elevated end-diastolic cytosolic Ca?* levels and the lengthening of Ca?
transient during diastole (M. K. Kim et al., 2010). This is primarily due to reduced SR Ca®* resulting in
SERCAZ2a dysfunction. SERCAZ2a expression is enzymatically regulated by Protein Kinase A (PKA)
through serine-16 phosphorylation of Phospholamban (PLN), and DCM patients have been shown to
have decreased SERCAZ2a expression. In it, the dephosphorylated form, PLN, inhibits SERCA2a
expression in cardiac tissue, decreasing SR Ca?* influx. To date, no differential PLN protein expression
has been observed. However, certain studies have observed reduced levels of PLN mRNA in dilated or
ischemic cardiomyopathy (Belke & Dillmann, 2004). Decreased expression of SERCA2a in DCM
increases the ratio of PLN to SERCAZ2a and increases the inhibition of SERCA2a. At the same time,
decreased PLN phosphorylation is associated with increased protein phosphatase 1 (PP1), which
regulates Ca?* cycling and contractility and cardiac response to B-adrenergic stimulation. PLN
mutations have been associated with increased cardiac hypertrophy and reduced EF (Falcdo-Pires &
Leite-Moreira, 2012).
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1.5.2 Stage 2

1.5.2.10xidative stress
Oxidative stress leads to the development and progression of myocardial insulin resistance, diabetic

cardiomyopathy, and subsequent HF. Mitochondrial ROS occurs through oxygen metabolism in
complexes I and Il within the ETC (Huynh et al., 2012). The major electrochemical protein gradient is
utilised to synthesise ATP under normal physiological conditions. The genes ETFa, ETFp and ETF-
ubiquinone oxidoreductase (QO) play a significant part in shuttling electrons between Acyl-CoA
substrates to ubiquinone, connecting fatty acid oxidation and certain amino acids to the mitochondrial
respiratory system (Boudina et al., 2007). However, under stress conditions such as hyperglycaemia
and insulin resistance, increased nicotinamide adenine dinucleotide (NAD) and flavin adenine
dinucleotide (FAD) flux to the mitochondrial respiratory chain causing hyperpolarization of the
mitochondrial inner membrane, inhibiting electron transport in the complex Il and excessive ROS
production (Cai & Kang, 2001, Battiprolu et al., 2010). Additionally, NAD phosphate oxidase (NOX)
is another important source of cardiomyocyte ROS (Figure 1.4). High levels of NOX activity have been
observed in diet-related obesity and systemic myocardial insulin resistance (Asghar et al., 2009). The
elevated renin-angiotensin-aldosterone system (RAAS) — mediated NOX activity may also directly
promote cardiac fibrosis by activating profibrotic transforming growth factor f/SMAD 2/3 signalling
pathway. Other ROS sources include elevated xanthine oxidase (XO), microsomal P-450 enzyme
activity and nitric oxide (NO) synthase uncoupling. Increase cardiac tissue ROS is not limited to the
polyol pathway flux, AGE formation, AGE receptor expression and activation of its ligands, PKC

signalling, and hexose pathway (Murarka & Movahed, 2010, Duncan, 2011).
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Figure 1.4 Oxidative stress in DCM. In the cytosol, angiotensin 1l (Ang I1) binds to the angiotensin
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receptor 1 (AT1R) and induces a number of signalling pathways including the protein kinase C (PKC),
mitogen-activated protein kinase (MAPK) and NADPH oxidase 2/4 (NOX), increasing the production
of reactive oxygen species (ROS). In turn these signalling pathways activate the cascade of
hypertrophic and/or fibrotic transcription factor proteins and pathways. Concurrently, Hyperglycaemia
leads to reduced Glucose transporter type 4 (GLUTA4) translocation, glycolysis, pyruvate
dehydrogenase (PDH) and pyruvate. From aerobic respiration, increased glucose-6-phosphate (Glc-6-
Ph) causes increased production of advanced glycation end products (AGES), ribose-5-phosphate (Rib-
5-Ph) and is nicotinamide adenine dinucleotide phosphate hydrogen (NADPH). NADPH activates the
NOX 2/4 pathway which activates the production of ROS. Similarly, xanthine oxidase (XO), nitric
oxide and p-450 cause an increase in ROS production. In the mitochondrion, the pyruvate is used to
produce acetyl coenzyme A (Acyl-CoA) and is either fed into the tricarboxylic acid (TCA) cycle while
its by-products nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2)
are use in the electron transport chain (ETC) to produce adenosine 5'-triphosphate (ATP).

1.5.2.2Myocardial interstitial fibrosis
Interstitial/perivascular fibrosis is one of the structural features of DCM. The extracellular matrix

(ECM) comprises about 300 proteins involved in tissue homeostasis, organ development, inflammation,
and disease. These include fibrous proteins (collagen, elastin, fibronectins and laminins) and
proteoglycans (heparan sulphate, hyaluronic acid and keratin sulphate). The main site of secretion and
assembly of these proteins are fibroblasts, which form the framework of the mechanical structure of the
tissue network (Murarka & Movahed, 2010). The heart is composed primarily of collagen, with fibrillar
collagen types I and 111 found in the interstitium and nonfibrillar collagen types 1V and VI, fibronectin

and laminin found mainly in the basement membrane. Under normal physiological conditions, the ECM
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is regulated through degradation and remodelling by numerous enzymatic proteins such as matrix
metalloproteinases (MMPs), tissue inhibitors of metalloproteinases (TIMPSs), crosslinking
transglutaminases and enzymes like lysyl oxidases (LOX) and lysyl like oxidases (LOXL) (Phillip et
al., 2015). In the diabetic heart, increased left ventricular wall rigidity is a distinct feature of myocardial
fibrosis, characterised by decreased LV function (Fan et al., 2012), which is attributed to the reduced

activity of MMP and TIMPs resulting in ECM accumulation.

Additionally, diabetes increases the insoluble form of collagen, further stiffening the heart (Phillip et
al., 2015). Fibrosis-related genes that increase myocardial content and ECM gene, type I, 111, and VI
expressions, especially collagen deposition, are often observed in human studies and are closely
associated with LV diastolic filling disorders (Asbun & Villarreal, 2006). Diabetes-induced myocardial
fibrosis coincides with increased levels of transforming growth factor B, which differentiates fibroblasts
to myofibroblasts and increases collagen production (TGF-B1), its TGF-B receptor II and its
downstream effector connective tissue growth factor (CTGF). A study by Yang et al. (2016) showed
that LOX is regulated by TGF-B1, which is in turn interconnected to the phosphatidylinositol 3-kinase
(PI3K)/Akt and SMAD pathways since TGF-B1 expression decreased when PI3K was inhibited (Yang
etal., 2016).

1.5.2.3 Inflammation
In the diabetic heart, mild chronic inflammation is a common consequence of obesity, and clear

evidence suggests that the activated inflammatory responses are a major contributor to DCM pathology
(Lorenzo et al., 2013). During this process, several kinases are activated, such as P38 mitogen-activated
protein kinases (p38-MAPK), nuclear factor-kB (NF-kB) and c-jun NH2, which mediates the
inflammatory response linked to T2D and subsequent development of DCM (Kaneto, Nakatani,
Kawamori, Miyatsuka, & Matsuoka, 2004, Nishida & Otsu, 2017). The activation of NF-kB is
associated with the increased release of cytokines such as tumour necrosis factor alpha (TNF-a), which
is often involved in heart damage, thereby intensifying adverse effects in the diabetic heart (Lorenzo et
al., 2013). Apart from the pro-inflammatory response, increased expression of these kinases is further
enhanced by increased circulating levels of triglycerides, LDL and VLDL lipoproteins (Nishida & Otsu,
2017). For example, in a study done by Gordillo-Moscoso et al. (2013), it was argued that in diabetic
patients, vascular inflammation results from changes in lipid profile and not glycaemia (Gordillo-
Moscoso et al., 2013).

In addition, the accumulation of data indicates an important inflammatory component in the
pathogenesis of DCM, where plasma concentrations of inflammatory mediators such as TNF-a, IL-6,
IL1-p and NF-kB, exacerbate insulin resistance, resulting in muscle cell contractile function. Also,

excessive production of IL-6 has been shown to promote LV dysfunction during acute myocardial
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infarction (D. Westermann et al., 2006). The inflammatory response appears to be associated with DCM
development, but its presence and severity vary between the early and long-term stages of the disease
(Ares-Carrasco et al., 2009). Additionally, Ares —Carrasco and co-workers (2009) showed myocardial
fibrosis and apoptosis are characteristics of myocardial damage secondary to long-term experimental
diabetes using normotensive and spontaneously hypertensive rats (SHR) with T1DM induced by
streptozotocin. However, inflammation was modulated by the expression of anti-inflammatory
molecules, IL-10, and antioxidants. Moreover, Westermann’s study showed that increased cytokines
lead to LV dysfunction in diabetic patients. This was observed through an inverse correlation between
the maximum ventricular pressure rise (dP/dtmax) and TNF-a. Also, they observed increased cardiac
protein levels of TNF-a, IL1-f and other pro-inflammatory cytokines like IL-6 and TGF-f (D.
Westermann et al., 2006).

Some typical characteristics of DCM and hypertensive cardiomyopathy include functional and
structural changes that contribute to the impairment of heart tissue. In addition, these findings suggest
that activation of PPARa as a compensatory response to metabolic, apoptotic and hypertrophic
impairment could reduce cardiac hypertrophy at such a stage of diabetes and hypertension. Therapeutics
with PPARa agonists may have beneficial anti-hypertrophic effects on hypertensive DCM in this sense
(Dirk Westermann et al., 2007). These interesting recent findings, using SHR without TIDM compared
to T1DM, strengthen and expand previous suggestions in patients with T2DM, in which the presence
of hypertension increased changes in myocardial and vascular cells observed in patients with diabetes.
Therefore, DM-induced changes in myocardial cells and capillaries lead to myocardial cell injury,
interstitial fibrosis, and impairment of systolic and diastolic ventricular function when diabetes and

hypertension coexist.

In a mouse model of streptozotocin-induced DCM, the additive effect of diabetes and hypertension may
explain the beneficial effects of antihypertensive drugs such as irbesartan, an antagonist of angiotensin
type 1 receptors (Dirk Westermann et al., 2007). Additionally, evidence suggests that the production of
monocyte chemotactic protein-1, which provides a molecular link between hyperglycaemia,
inflammation and DCM, mediates cardiomyocyte apoptosis induced by hyperglycaemia (Chavali et al.,
2013). Yu et al. indicated that diastolic dysfunction caused by hyperglycaemia might be mediated in
part by the inhibitory factor of macrophage migration, suggesting that the NF-kB pathway may be
involved (X. Y. Yu et al., 2011). In the same study, the authors also demonstrated the inhibitory factor
effects of macrophage migration in the abnormal upregulation of G protein-coupled receptor kinase 2,
which can be associated with the constant activation of f1-adrenergic receptors and the development of
HF. Another critical factor in the modulation of inflammation during DCM development is the

activation of RAAS, which augment Ang Il expression whilst increasing vasoconstriction and
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inflammation. Ang Il may induce the release of cytokines, which also stimulate the production of PAI-
1 and pro-inflammatory transcription factors, such as NF-kB, which in turn regulate the adhesion
molecules (VCAM-1 and ICAM-1) and the expression of several cytokines, as mentioned above
(Hernandez-Presa et al., 1997; Schieffer et al., 2000).

1.5.2.4 Apoptosis
Apoptosis, autophagy, and necrosis are three categories of cell death. Apoptosis is a highly controlled

and programmed cell death process that causes intracellular suicide. Cell death is essential for proper
tissue development, embryonic development, and normal cell turnover (Marin-Garcia, 2016).
Apoptosis causes significant cellular morphological, energy-dependent biochemical changes, including
cell shrinkage, chromatin condensation, protein cleavage, DNA breakdown, plasma membrane
blebbing, and apoptotic body formation. This can be initiated via intrinsic or extrinsic pathways (Blanco
& Blanco, 2017). Several mechanisms such as hyperlipidaemia, oxidative stress, and hyperglycaemia
may increase the rate of cardiomyocyte apoptosis in diabetics. Hyperglycaemia-induced cardiomyocyte

apoptosis occurs through activation of caspase-3 stimulated by mitochondrial cytochrome-c (cyt-c).

Moreover, ROS-induced DNA damage induces p53-dependent apoptosis by inducing pro-apoptotic
members such as Bcl-2-associated X protein (Bax) while inhibiting anti-apoptotic members of the Bcl-
2 family, thereby stimulating the apoptosis mitochondrial pathway (Schilling & Mann, 2012). The pro-
apoptotic protein Bax is induced and- inserted into the mitochondrial membrane to form a channel for
the release of cyt ¢ / APAF-1/caspase-9 containing apoptosome complex. The caspase-3 effector cleaves
cellular proteins and DNA and causes cell death. Activated caspase-3 may result in DNA fragmentation
by activating specific nuclease caspase-3-activated DNase (CAD), allowing CAD to enter the nucleus,
leading to fragmentation of DNA. As a result, the phosphatidylserine membrane, which is a
phospholipid embedded in the cytosol-oriented plasma membrane, is inverted and exposed on the cell
surface. Phosphatidylserine plays the role of an ‘eat me* signal, attracting the apoptotic cells (Blanco &
Blanco, 2017).

1.5.3 Stage 3

1.5.3.1 Diastolic and systolic dysfunction
Left ventricular diastolic dysfunction is a major feature of DCM and occurs before systolic dysfunction.

Diastole is the period during which the heart muscle cannot generate enough force to contract, returns
to its non-contracted length, and cannot generate another force. Therefore, diastolic dysfunction begins
when the heart fails to generate enough force to contract and relax rhythmically, and each cycle becomes
long, slow, or incomplete (Zile & Brutsaert, 2002). Left ventricular diastolic function is measured by
the transmitral Doppler (measuring mitral valve blood flow using Pulse wave Doppler) and TDI

(Borghetti et al., 2018). The following parameters are used to measure the degree of diastolic function:
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the early ventricular filling wave (E wave) and late ventricular filling wave (A wave), which are
commonly reported as the (E/A) ratio, the isovolumetric relaxation time (IVRT), E-wave deceleration
time (EDT) and A wave duration (A-dur) (Aneja et al., 2008). The degree of diastolic dysfunction is
then characterised using the parameters mentioned above either as: normal pattern, impaired relaxation
(grade 1), psuedonormal pattern (grade Il) or restrictive pattern (grade Il1), as shown in Figure 1.4.
Patients presenting with grade | diastolic function show reduced E/A ratio <1, caused by decreased
early and elevated late diastolic flows. Elevated IVRT and EDT are also observed in these patients.
Patients with grade Il diastolic dysfunction show an E/A ratio of >1 due to elevated left atrial pressure
resulting from defective LV relaxation. Filling pressures are increased to maintain normal cardiac
output, resulting in impaired LV relaxation. Additionally, grade 111 diastolic function is characterised
by an E/A ratio of >2, leading to advanced diastolic HF (Gilca et al., 2017). Furthermore, the ratio
between the early passive transmitral inflow velocity (E) and medial mitral annulus velocity (e”) are
used to measure changes in left ventricular filling pressure (Borghetti et al., 2018).
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Function Dysfunction Dysfunction Dysfunction
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Figure 1.5: Echocardiographic classification of diastolic dysfunction. Showing the progression of
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diastolic dysfunction, from normal, impaired relaxation (grade I), pseudonormal (grade Il), reversible
restrictive (grade I1), in the mitral inflow and TDI of mitral annular motion. (adapted from Bursi et
al., 2017)

1.5.3.2 Left ventricular hypertrophy
Left ventricular hypertrophy (LVH), defined as the thickening and enlargement of the left ventricular

muscles of the heart, is an important condition that develops in response to various stresses (Katholi &
Couri, 2011). Hypertension is arguably the largest stressor associated with LVH. However, increasing
evidence suggests that diabetes induces pathological responses that result in remodelling the left
ventricle, leading to LVDD (Levy et al., 1996). LVDD can be detected using echocardiography, and
studies conducted on diabetic patients using this technology confirmed a strong correlation between

diabetes incidence, increased LV mass and LVH without the co-occurrence of hypertension (Boudina
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& Abel, 2010; Murarka & Movahed, 2010; Schilling & Mann, 2012). It has been reported that LV mass
indexes above 125 g/m? and 110 g/m? correlating to increased LVH in men and women, respectively.
Moreover, obesity has been shown to increase the risk of LVH in the absence of elevated blood pressure.
In line with this, it has been shown that cytokines secreted from adipose tissue tend to increase cardiac
hypertrophy in high fat/Western diets(Anthony et al., 2019; Fuster et al., 2016). Furthermore, insulin
resistance, accompanied by a compensatory hyperinsulinemic response, is one of the conditions
associated with abnormal glucose metabolism and significantly affects the development of LVH (Nkum
etal., 2014). As such, diabetes-induced LVH is associated with structural modifications characteristic
of DCM. The latter results in an increase in a systemic inflammatory response, which is positively
correlated with an increase in serum markers such as; fibrinogen, highly sensitive C-reactive protein
(hs-CRP), and microalbuminuria. Increased levels of the inflammatory markers are associated with
subclinical LVDD in patients with CVD risk (Masiha et al., 2013; Torun et al., 2012). Apart from
inflammation, diabetes-induced oxidative stress can alter the function of the Karp channels in the
myocardium, inducing cardiac hypertrophy by triggering an enzyme S6 kinase involved in myocardial
remodelling (Masiha et al., 2013).

1.6. Treatment strategies for HF

1.6.1 Glycaemic control

In many clinical trials, effective glycaemic management is associated with improved outcomes for
diabetic microvascular complications. In addition, studies focused on achieving glycemic control in
animal models have been shown to delay the progression of DCM. For example, in a prospective study
performed by Murarka & Movahed et al. (2010), strict glycaemic control in diabetic patients decreases

the onset of ventricular dysfunction.

As such, medications such as glucagon-like peptide 1 (GLP-1) are used to manage glycaemic levels in
people with diabetes. This drug has both biological and synthetic mimetic agents that have short and
longer half-lives, respectively. The synthetic GLP-1 medications used for obese T2DM patients are
linked to weight loss and glycemic control advances. These medications promote insulin secretion,
increase nitric oxide-induced vasodilation, and increase the heart’s glucose utilisation (Gupta, 2013;
Lee & Kim, 2017; Y. Li & Rosenblit, 2018). Dipeptidyl peptidase 4 (DPP-4) inhibitors catalyse
endogenous GLP-1 and prolong their effects. Sitagliptin use leads to glucose uptake in non-ischemic
cardiomyopathy patients. In obese and insulin-resistant mouse models, DPP-4 inhibitors have been
shown to prevent fibrosis and oxidative stress, thus preventing myocardial diastolic dysfunction and
cardiac hypertrophy (Godinho et al., 2015; Gupta & Kalra, 2011). However, the role of these inhibitors
in DCM is not fully understood.

19



Metformin is a first-line anti-diabetic drug that improves glucose uptake via the insulin-independent
AMPK signalling pathway. Metformin increases cardiac autophagy and ameliorates the effects of DCM
in animal models (Inzucchi, 2005; Lee & Kim, 2017). Metformin was also shown to reduce mortality
while improving the clinical outcomes in overweight patients with HF and T2DM, regardless of the
increased risk of lactic acidosis (Ingelsson et al., 2010). However, the effectiveness of Metformin in
protecting diabetic myocardium declines over time. In contrast to the latter, Whittington et al., 2013
demonstrated that chronic exposure to metformin could be cardioprotective through the AMP-activated
protein kinase (AMPK)/ peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-
1a)/ mitofusin 2 (Mfn-2) pathway (Whittington et al., 2013). In rat hearts, administration of metformin
caused increased AMPK activity, which is thought to be behind the metformin’s cardioprotective
effects, led to the reduction of infarct size (Solskov et al., 2008). A study conducted on leptin receptor
deficient db/db mice showed that administering metformin in low doses at the time of reperfusion,
increases chances of survival and protects the heart against ischemia-induced HF by ameliorating
mitochondrial function through the AMPK pathway in conjunction with endothelial nitric oxide
synthase (eNOS) and PGC-1a (Gundewar et al., 2009).

1.6.2 Lifestyle changes

Patients with type 2 diabetes suffer from uncontrolled cardiovascular and metabolic functions such as
dysglycaemia, dyslipidaemia, arterial hypertension, obesity and reduced cardiorespiratory fitness
(CRF) (Kemps et al., 2019). There is crosstalk between these functions, which are further influenced
by the patient’s lifestyle, genetic and epigenetic background. An inactive lifestyle encourages adipose
tissue lipid storage, where chronic excess calorie intake exceeds energy expenditure through exercise
(Figure 1.5) (Vettor & Conci, 2017). Due to this, plasma free fatty acid levels increase, causing cellular
stress such as peripheral insulin insensitivity, elevated inflammatory activation in diverse tissues,
vasculature dysfunction and skeletal muscle metabolism. Therefore, regular physical activity and a

balanced diet can ameliorate DCM (Pappachan et al., 2013).
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Figure 1.6: Energy imbalance in T2DM patients resulting from the accumulation of calories due to

energy not being expended in exercise, activities and increased resting calories

1.6.5 Lipid-lowering medications

Statins are blood lipid-lowering medications used in diabetics because of their high likelihood of
developing atheroma. Low-density lipoprotein cholesterol (LDL-C) particle size is reduced in diabetic
individuals and is a risk factor for atherogenic events with almost normal plasma levels. Statins reduce
cardiovascular mortality and events in diabetic patients, including vascular risk factors in many clinical
trials (Chogtu, 2015; Karlsson et al., 2018). A study by Al-Rasheed and co-authors (2017) on diabetic
rat hearts showed simvastatin stopped hyperglycaemia/hyperlipidaemia-induced oxidative stress and
increased antioxidant defences (Al-Rasheed et al., 2017). Chronic use of fluvastatin treatment has been
shown to reduce cardiac dysfunction in rats with streptozotocin-induced DM, which was thought to be
attributed to reduced oxidative stress (Shida et al., 2014). Additionally, statins are helpful as a first-line
medication to prevent the establishment of cardiovascular disease. Atorvastatin decreases myocardial
fibrosis, intra-myocardial inflammation and ameliorates LV function in rat models of DCM without its
LDL-C lowering effect (Akahori et al., 2014; Antonopoulos et al., 2012). Simvastatin and fluvastatin
have been shown to have a cardioprotective effect on DCM (Al-Rasheed et al., 2017; Shida et al., 2014).

1.6.6 Sodium-glucose cotransporter 2 (SGLT2) inhibitors

There is increasing evidence that SGLT2 inhibitors possess both reno- and cardioprotective effects.
Trials using SGLT2 inhibitors have shown approximately 30% reduced risk of hospitalisation due to
HF and reduced risk of CV related mortality. This was more pronounced in patients with systolic
dysfunction before treatment (Packer, 2020). Sodium-glucose cotransporter inhibitors achieve reno-

and cardioprotection by stimulating a transcriptional response mimicking cellular starvation, inducing
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sirtuin 1 (SIRT1)/AMPK and inhibiting protein kinase B (Akt)/ mammalian target of rapamycin
(mTOR) signalling, promoting autophagy without glucose or insulin and activate low energy sensors
without affecting SGLT2 proteins. Furthermore, they trigger SIRTL/AMPK and inhibit Akt/mTOR
signalling, causing a decrease in oxidative stress, ameliorating mitochondrial structure and function
while repressing inflammation, restricting coronary microvascular injury, and increasing activity
contractile performance and halting the development of cardiomyopathy. Also, the AMPK/SIRT1
induction and autophagic flux are associated with the downregulation of ion exchangers involved in the
pathogenesis of diabetic renal and cardiac diseases (Packer, 2020).

Additionally, other findings have linked SGLT2 inhibitors to myocardial ion homeostasis in T2DM,
also protecting the heart against myocardial remodelling (Kaplan et al., 2018). It was recently
demonstrated that SGLT2 inhibitor empagliflozin inhibits the sodium hydrogen exchanger in
cardiomyocytes, resulting in decreased cytoplasmic Na* and Ca?* levels while synergistically causing
an increase in mitochondrial Ca®" levels. However, since the heart lacks SGLT2 receptors, the
mechanism by which sodium hydrogen exchanger functions in cardiomyocytes is still unknown (Verma
& McMurray, 2018). Results from the Empagliflozin Cardiovascular Outcome Trial in Type 2 Diabetes
Mellitus Patients (EMPA-REG OUTCOME) showed reduced primary composite myocardial outcome
and death versus placebo use, with genital infections being the primary side effect (Striepe et al., 2017).
Dapagliflozin was shown to confer cardioprotection in angiotensin Il stressed diabetic mice. This
resulted in decreased ROS and regulated Ca?* transport through its membrane channels. Additionally,
there was reduced fibrosis and inflammation due to the cardioprotection while systolic function was
ameliorated (Arow et al., 2020). Another side effect associated; with SGLT2 inhibitors is diabetic
ketoacidosis (DKA), although it has been observed in 2 in 1000 patients (Fralick et al., 2021). Taken
together, even though there are treatment strategies that are available for T2DM individuals that could
aid early corrective treatment of these individuals, early detection at the asymptomatic stage is currently
a hurdle that has to be overcome. One of the ways in which this would be made possible is by
discovering biomarkers that would be sensitive and specific for the detection of DCM at its

asymptomatic stage.

1.6.7 Angiotensin receptor neprilysin inhibitor (ARNI)

Angiotensin receptor neprilysin inhibitor (ARNI) constitutes of neprilysin inhibition and angiotensin
type 1 receptor blockade (A. H. Kim et al., 2022). All biological active natriuretic peptides including
atrial natriuretic peptide (ANP), B-type natriuretic peptic and C-type natriuretic peptide) are inhibited
by the neprilysin inhibitor while the angiotensin type 1 receptor blockade inhibits the renin angiotensin
system (Wachter et al., 2020). ARNI has been shown to have therapeutic effects in patients with Heart
failure with reduced ejection fraction (HFrEF) as validated by the Prospective Comparison of

Angiotensin Receptor—Neprilysin Inhibitor with Angiotensin-Converting—Enzyme Inhibitor to
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Determine Impact on Global Mortality and Morbidity in Heart Failure (PARADIGM-HF) trial, which
showed at 20% reduction in CVD mortality or hospitalization with ARNI administration (Y. Wang et
al., 2019). However, the PARAGON-HF study showed no significant differences in both the rate of
hospitalization and CVD mortality in patients with HFPEF (Solomon et al., 2019).

1.6.8 Angiotensin-converting enzyme inhibitor (ACEi) and angioten receptor blockers
(ARBS)

Angiotensin I1 (ANG 11) is a vasoconstrictor that also stimulates the production of the proteins
causing cardiomyocyte hypertrophy and the formation of collagen in the fibroblasts
culminating in myocardial fibrosis. ACE inhibitors inhibit the conversion of angiotensin ANG
I to ANG I, thus reducing it levels in the circulatory system and tissue concentration (Bell &
Goncalves, 2019). Additionally, ACE inhibitors increase the production of bradykinin and
prostacyclin level which leads to nitric oxide (NO) release causing the reduction of both

cardiomyocyte hypertrophy and myocardial fibrosis.

ARBs also reduce the impact of ANG Il on the cardiovascular system and inhibit the interaction
of ANG Il with its angiotensin Il type 1 receptor (AT 1) (Kanwar et al., 2016). ABRs are
commonly prescribed to patients with no tolerance for ACE inhibitors or ARNI due to adverse
effects that these have. However, no study has shown decreased in all-cause mortality
following the use of ARBs (Yusuf et al., 2003)

1.6.9 Beta blockers

Both beta blockers and ACE inhibitors have been shown to reduce mortality and
hospitalizations in patients with diabetes mellitus. In contrast to non-selective beta-blockers
which have adverse effects on glycaemic control and increased probability of future diabetes,
selective beta blockers (bisoprolol, carvedilol and nebivolol) have reduces occurrences of these
(Rosano et al., 2017). However, the use of beta blockers has been linked to hypoglycaemia and
increased probability of cardiovascular events in diabetic patients (Tsujimoto et al., 2017). In
HF patients with an EF of 50% or more, B-blocker usage was linked to elevated risk of

hospitalizations (Silverman et al., 2019).
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1.7 Current diagnostic methods

Recent data suggest that non-invasive imaging techniques, for DCM diagnosis, are available
in clinical practice (Korosoglou & Humpert, 2007). They provide structural and functional
information related to tissue and organ physiology. They provide information on early
detection concerning disease pathology, progression and interventions (Maya & Villarreal,
2010). In clinical settings, echocardiography is regarded as a diagnostic method for detecting
early changes of myocardial structure and function and is especially relevant in DCM
(Korosoglou & Humpert, 2007). A recent publication in Cardiovascular Diabetology by
Lorenzo-Almords and co-workers gave a brief discussion on the primary imaging systems used
to detect DCM, as well as the drawbacks associated with each technique (Lorenzo-Almoros et
al., 2017). This section summarises these modalities and additional information relevant to

their use in a clinical setting.

1.7.1 Echocardiography

Echocardiography is a non-invasive diagnostic tool for detecting structural cardiac alterations and is the
current gold standard for detecting DCM. Using this technique, early functional changes in diastolic
filling and ventricular hypertrophy can be observed (Nishimura & Tajik, 1997). Conventional Doppler
uses 2-dimensional (2D) imaging which allows calculation of the E/A ratio. Its reduction is essential
for detecting increased LV mass and diastolic dysfunction, a prominent phenotype of DCM (Lorenzo-
Almoro6s et al., 2017). While Tissue Doppler Imaging (TDI) detects early LVDD, Speckle tracking
echocardiography (STE), on the other hand, is a qualitative and quantitative analysis of tissue
degeneration and motion. Speckle tracking echocardiography is used to measure the speckle in relation
to interference patterns and acoustic reflection in 2D and 3D echo images (R. Li et al., 2014), where

LV dysfunction is observed through longitudinal and circumferential strains.

In the late and middle stages of DCM, diastolic and systolic dysfunction are observed respectively using
strain-to-strain rate. Both TDI and STE have been used in both animal and human studies. Although
previously identified at 12 and 18 weeks in rats, echocardiography assessment has shown that LV
systolic dysfunction coupled with reduced velocity of circumferential fibre shortening may develop 30
days after induction of T2DM using streptozotocin (Wichi et al., 2007). In human studies, a cohort of
1030 type 2 diabetic patients, echocardiographic abnormalities were recorded in 49.8% of patients, LV
hypertrophy (21%), left atrial enlargement (19.6%), and mainly associated with a high prevalence of
diastolic dysfunction (19.4%) (Jergensen, Jensen, Mogelvang, et al., 2016). Using STE, Loncarevic and
colleagues demonstrated that in comparison with nondiabetic subjects, diabetic patients without

hypertension or coronary disease displayed increased LV mass, impaired LV relaxation and lower LV
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gjection fraction (Loncarevic et al., 2016). However, echocardiography has been shown to have

limitations overcome by other diagnostic imaging methods such as MRI.

1.7.2 Magnetic resonance imaging

Magnetic resonance imaging has a broader range of spatial and temporal resolution for evaluating LV
ejection fraction and myocardial mass distribution, which echocardiography lacks. For example, the
gradient-echo-MRI and phase-contrast-MRI produce a display of the cardiac cycles by radiofrequency
pulses and electrocardiogram. This includes visualization of moving fluids and heart valve velocities
(Ferreira et al., 2013). Diastolic dysfunction and LV mass are observed using phase MRI in the early,
middle and late stages of disease progression, respectively (Table 1.2). Another example is tagged-
MRI, which detects cardiac abnormalities through radiofrequency pulses along cycles using strain rates
and torsion recoveries (Moore et al., 2000). Increased LV mass and volume is observed in the middle
stage and diastolic dysfunction in the late stage (Widya et al., 2013). Nevertheless, a few drawbacks
associated with MRI have been identified, including its tendency to cause claustrophobia, its limited
use on pacemaker patients, and its underestimation of diastolic dysfunction as reviewed by

Lorenzo-Almorés (Lorenzo-Almords et al., 2017).

Magnetic resonance imaging studies performed four weeks after the induction of T2DM in mice have
shown significant myocardial morphology and functionality deficits. These defects include increased
LV end-systolic diameter and volume, reduced LV ejection fraction and cardiac output, decreased LV
circumferential shortening as well as diminished LV peak ejection and filling rates (Shah et al., 2014).
Despite slight recording of LV volumes, mass and gjection fraction and echocardiographic indices of
diastolic function when using echocardiography, MRI has detected impaired LV dysfunction and
reduced peak systolic circumferential strain in these patients. Furthermore, these findings were
consistent with impaired myocardial energy metabolism and steatosis in these patients. These results
suggest that MRI can be a powerful technique to assess LV remodelling and information relevant to
fibrosis, intramyocardial motion, triglyceride content, and myocardial energetics (Lorenzo-Almoréds et
al., 2017; Shah et al., 2014). However, as with echocardiography, the precise time of development of

these complications in diabetic subjects is inconsistent.

1.7.3 Multi-slice computed tomography and nuclear imaging techniques

Multi-slice computed tomography (multi-slice CT) and nuclear imaging are increasingly being studied
as imaging modalities for detecting DCM. Multi-slice CT calculates ventricular function parameters by
assessing changes in cardiac volume. This is accomplished by using reconstructed X-ray images for
cross-sectional tomography. Multi-slice computed tomography can detect end-stage DCM by

measuring calcification and systolic dysfunction (Barsanti et al., 2015; Bax et al., 2007). Although
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radiation exposure and the use of contrast media may influence multi-slice CT to diagnose DCM, it has
emerged as one of the most exciting technological revolutions in cardiac imaging as it can successfully
detect ischemic heart disease. It has also been suggested that the X-ray tomography technique can be
more suitable in pre-clinical studies in which animals are terminated post-experiments to avoid the
probability of cancer due to radiation exposure (Kalisz & Rajiah, 2017). Therefore, the rapid
developments in multi-slice CT scanners have made it possible for them to be potentially used in

patients with suspected DCM cases over the last few years.

Some nuclear imaging techniques used to measure cardiac autonomic dysfunction include gated-single
photon emission computed tomography (G-SPECT) and positron emission tomography (PET). G-
SPECT uses y- emitting radioisotopes and the electrocardiogram to acquire heart contractions over the
interval from one early ventricular depolarization (R wave) to the next, while PET extricates y-rays
emitted indirectly by a positron-emitting radionuclide and formulates 3D images by computer
tomography analysis (Barsanti et al., 2015). Both G-SPECT and PET detect early metabolic changes
and perfusion changes in the late stage. As with multi-slice CT, limited research has been reported on
the potential use of nuclear imaging to detect early-stage cardiac complications associated with DCM.
However, these imaging techniques are also not freely available to prediabetic and T2DM patients to
assess the possible occurrence of DCM. This is due to high costs and a lack of trained personal,

especially in resource developing countries.
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Table 1.1 Summary of imaging techniques, their advantages and disadvantages

Imaging technique

Advantages

Disadvantages

Echocardiography

Magnetic resonance imaging

Observe changes in diastolic filling and ventricular hypertrophy.
Conventional Doppler has parameters to calculate the E/A ratio
used to detect LV mass and diastolic dysfunction.

STE measures speckle resulting from interference patterns and
acoustic reflection in 2D and 3D images.

STE conducts a qualitative and quantitative analysis of tissue
degeneration and motion.

Longitudinal and circumferential strains show the degree of LV
dysfunction.

Stain to strain rate measures diastolic and systolic dysfunction in
the middle and late stages of DCM.

TDI and STE can be used in early DCM detection.

Contains spatial and temporal resolution to evaluate LV ejection
fraction and myocardial mass distribution.

Gradient-echo-MRI and phase-contrast-MRI use radiofrequency
pulses and electrocardiogram to show cardiac cycles, myocardial
valve velocity and moving fluids.

Phase MRI gives a clear indication of diastolic dysfunction and

LV mass in all phases of disease progression.

No spatial and temporal resolution

May cause claustrophobia.
Pacemaker patients cannot use it.
Underestimates diastolic dysfunction.

Multi-slice computed tomography detects end-stage DCM.
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Multi-slice
tomography

imaging

and

Tagged MIR uses radiofrequency pulses, strain rates and torsion
recoveries to detect cardiac abnormalities.
Early metabolic changes and late perfusion alteration can be
detected using G-PECT and PET

computed Calculates ventricular function through cardiac volume changes

nuclear by making x-ray images

Radiation exposure

28



1.8 Potential biomarkers for DCM

1.8.1 Biomarkers and their significance

Biomarkers are defined as measurable features of an organism that represents a particular physiological
state. In medical research, biomarkers are often molecules released within bodily fluids, such as serum,
urine or blood, used for disease identification. Biomarkers have several functions. They enable early
and timely detection of the condition, act as an indicator of disease prognosis and monitor response to
interventions (Strimbu & Tavel, 2010). While conventional diagnostic methods like echocardiography
may be specific and sensitive, this non-invasive diagnostic point of care tool is not always routinely
used due to the healthcare-related cost. Ongoing research has been conducted in many fields for
biomarker discovery, including Alzheimer’s disease (Hampel et al., 2018), periodontal disease
(Tsuchida et al., 2018) and cancer (Bratulic et al., 2019) in search for biomarkers that would detect
these diseases at their inception stages. An example of this is the breast cancer type 1 susceptibility
protein (BRCAL/BRCAZ2), which has been used to detect breast cancer development (Przybytkowski et
al., 2020; Walsh et al., 2016). Similarly, in DCM, a few biomarkers have been associated with detecting

this disease and are reviewed below.

1.8.2 Metabolic biomarkers

1.8.2.1 Insulin-like growth factor binding protein 7 (IGFBP-7)
Insulin-like growth factor-binding protein 7 (IGFBP-7) is a protein that modulates the structure of

insulin-like growth factor 1 (IGF-1). This adaptive response is associated with increased expression of
IGFB-7 and IGF-1 and blocks downstream; PISK/AKT signalling, which is important for insulin
signalling. Compared to IGFBP, IGFBP-7 has a lower binding affinity to IGF-1 (Evdokimova et al.,
2012; Verhagen et al., 2014). Serum IGFBP-7 levels were found to be increased in patients with heart
failure with reduced ejection fraction (HFrEF) and heart failure with preserved ejection fraction
(HFpEF) (Hage et al., 2018). Therefore, IGFBP-7 is an interesting biomarker, especially for individuals
with HFpEF (Barroso et al., 2016). Furthermore, IGFBP-7 has been correlated with diastolic
dysfunction, one of the important traits of HFpEF, to insulin resistance and risk of metabolic syndrome,

which was linked with chronic low-grade inflammation (Piek et al., 2018).

1.8.3 Cardiac biomarkers of contractility in DCM

1.8.3.1 Cardiac troponins
Troponin is a complex of three proteins secreted in the blood in response to cardiac muscle injury. These

proteins include Troponin I (Tnl), C (TnC) and T (TnT) in striated muscles. Troponins modulate Ca?*
mediated contact between actin and myosin. TnC is the Ca?* binding subunit in the complex, and its
interaction with Tnl and TnT is essential for myocardial contraction (Johnston et al., 2017). TnT

regulates the interaction of the different troponin complexes with the thin filaments, while Tnl
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inhibits ATP-ase activity of actomyosin. Tnl and TnT myocardial specific isoforms are sensitive
necrosis markers and are routinely used in clinical practice. Furthermore, in human myocardial biopsies,
Tnl and TnT are known to be phosphorylated, causing reduced myofilament function and Ca?
sensitivity (Varughese et al., 2010; Vikhorev & Vikhoreva, 2018). Apart from the troponins, Activin A

has also been shown to regulate heart contractility.

1.8.3.2 Activin A
Autocrine and paracrine molecules may be released by epicardial adipose tissue (EAT). Interestingly,

isolation of these secreted factors in patients with T2DM induced contractile dysfunction and insulin
resistance in primary rat cardiomyocytes (Wu et al., 2012). Protein kinase B/Akt is a key regulator of
myocardial glucose uptake and activates an insulin-mediated phosphorylation by activin A and
angiopoietin-2. Activin A, which belongs to the TGF family, is released by T2DM patients from
cultivated EAT biopsies that inhibited insulin action through Akt pathway blockage (Lin et al., 2016).
In T2DM patients, plasma activin A levels were indirectly proportional to myocardial glucose
metabolism and proportional to LV mass, reflecting this molecule‘s unfavourable role in early human
DCM (Fitzpatrick et al., 2009).

Table 1.2 Summary of biomarkers associated with DCM

Biomarker type Examples Preclinical detection
Metabolic biomarkers IGFBP-7 Yes
Biomarkers of contractility Tnl, TnC and TnT No
Activin A Yes
Biomarkers of hypertrophy NT-proBNP, ANP No
CT-1 Yes
ST2L and sST2 No
Pro-steatosis myocardial H-FABP Yes
biomarker
Fibrosis associated biomarkers Gal-3 Yes
HE4 No
MMPs No
GDF-15 No
CHI3L1 or YKL-40 No
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1.8.4 Biomarkers of hypertrophy

1.8.4.1 Natriuretic peptides
Diabetic-induced hypertrophy is a condition within the myocardium that increases protein synthesis and

reactivation of foetal genes. This adaptive response is associated with increased expression of atrial
natriuretic peptide (ANP) and B-myosin heavy chain (Table 1.3). However, the perpetual expression of
these responses leads to myocardial dysfunction. Therefore, early detection of pro-hypertrophic
inducers could aid in the prognosis of subclinical DCM. As such, the natriuretic peptide family, brain
natriuretic peptide (BNP) and N-terminal proBNP (NT-proBNP) have been linked to increased HF
incidence (Nakagawa et al., 2018; Nishikimi et al., 2006). However, the half-life of BNP is about 20
minutes and is higher than that of ANP, while NT-proBNP remains in the system longer than 120
minutes (Raizada et al., 2007). Since ANP clears faster in the system, BNP and NT-proBNP are thus
used as biomarkers. Elevated NT-proBNP levels have been associated with 96% of cases of TIDM
patients, while increased ANP levels have been shown after early diastolic dysfunction. Nonetheless,
both peptides could only detect diastolic dysfunction in symptomatic diabetic patients with restrictive
filling or pseudonormal mitral flow and not in asymptomatic patients (Dahlstrém, 2004; Nakagawa et
al., 2018).

1.8.4.2 Cardiotrophin-1 (CT-1)
Another biomarker that has been investigated extensively is cardiotrophin-1 (CT-1), which belongs to

the gp130 cytokine family. CT-1 is produced primarily from cardiomyocytes after oxidative and
mechanical stress or renin-angiotensin-aldosterone (RAA) system and is currently being explored as an
alternative biomarker. Cardiotrophin-1 can control myocardial hypertrophy, fibrosis, contractility and
ischemia by lowering cell proliferation, apoptosis, oxidative stress, and inflammation because of janus
kinase/signal transducer and activator of transcription (JAK/STAT) and mitogen-activated protein
kinase (MAPK) pathways. In addition, Cardiotrophin-1 has been reported to stimulate cardiovascular
remodelling and HF (Abdul-Ghani et al., 2017; Hishinuma et al., 1999). CT-1 is also a key regulator of
myocardial glucose metabolism by elevating insulin-stimulated glucose uptake. In T2DM patients,
elevated CT-1 levels are proportional to basal glycaemia and left ventricular hypertrophy. Additionally,
increased CT-1 levels have also been shown in patients showing impaired glucose tolerance or those
newly diagnosed with diabetes (Abdul-Ghani et al., 2017; Watanabe et al., 2018). Conversely, low
concentrations were shown in non-diabetic obese and overweight individuals. CT-1 expression is not
limited to DCM, and increased expression has been demonstrated in other cardiomyopathies such as in
ischemia (Brar et al., 2001).
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1.8.4.3 Suppression of Tumorigenicity 2 (ST2)
ST2 is a member of the interleukin-1 receptor family, which is expressed in the fibroblasts, ventricular

endothelial cells and cardiomyocytes. There are two forms: a membrane-bound (ST2L) and a soluble
circulating form (sST2) (Aimo et al., 2017; Gl et al., 2017). Interleukin-33 (IL) 33 is a ligand for ST2
that is a mediator of inflammation in several diseases like asthma, rheumatoid arthritis, pulmonary
fibrosis and collagen disease (Gl et al., 2017). The 1L-33/ST2 system has also recently been shown to
play a role in CVD pathogenesis. The ST2L is an interleukin-33 that reduces fibrosis and hypertrophy
in response to cardiac stress. In in vivo and in vitro models have shown that ST2L transduces the effects
of interleukin-33, while surplus soluble sST2 is associated with cardiac fibrosis and ventricular
dysfunction (Aimo et al., 2017). Both ST2L and sST2 are upregulated in fibroblasts and cardiomyocytes
after myocardial infarction.

1.8.4.4 Human epididymis protein 4 (HE4)
The human epididymis protein 4 (HE4), also known as the wap four-disulphide core domain 2 (WFDC2

or WAP-4C), is a novel biomarker showing prognostic value in acute heart failure (Piek et al., 2017,
2018). The primary function of HE4 has yet to be elucidated but is currently associated with increased
fibrosis (Zhang et al., 2018). In acute and chronic HF patients, the amount of HE4 expressed has been
correlated to its severity. At the same time, the expression of HE4 s and Gal-3 were associated with
organ fibrosis. However, increased HE4 serum levels have also been associated with tissue and organ
injury other than from HF, such as ovarian cancer and chronic kidney disease (Piek et al., 2017; Zhang
et al., 2018). This marker is not specific to heart failure as increased HE4 plasma levels were linked
with several cancer types, including ovarian cancer and chronic kidney disease (CKD) (Innao et al.,
2016; Nagy et al., 2012).

1.8.4.5 Matrix metalloproteinases (MMPs)
The matrix metalloproteinases (MMPs) are a family of extracellular proteins regulated by inflammatory

signals to mediate changes in the extracellular matrix. MMPs are important in vascular remodelling and
play a key role in advancing atherosclerotic plaque rupture and the development of cardiomyopathy.

As such, there are different groups of MMPs, namely interstitial collagenases (MMP-1, -8, -13, and -
14), stromelysins (MMP-3, -7, -10, and -11) and macrophage elastase (MMP-12). MMP-2, MMP-8,
and MMP-9 have been identified as proteases that form part of the atherosclerotic plaque rupture and
clinical events by degrading structural components of the plaque matrix (Naito et al., 2009). However,
tissue inhibitor of MMP (TIMPS) antagonists prohibits their activity and TIMP-1 and MMP-9 are linked
with CVD death, HF or both (Papazafiropoulou & Tentolouris, 2009). MMP-9 is elevated in myocardial
fibrosis and HF. In mice, pharmacological and genetic inhibition of MMPs improves cardiac
remodelling (Yamamoto & Takai, 2009). MMP-2 also increases post-myocardial infarction and is an

independent predictor of all-cause mortality in post-acute coronary syndrome (DeLeon-Pennell et al.,
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2017). Increased MMP-2 levels are concomitant to ischemic cerebrovascular events (H. Y. Kim & Han,
2006). Contrary to MMP-2, elevated MMP-8 levels are linked to unstable plaque phenotype. MMP-7
and MMP-12 plasma levels are increased in T2DM and are associated with severe atherosclerosis and
elevated CAD events (Olejarz et al., 2020).

1.8.4.6 Growth differentiation factor-15 (GDF-15)
The growth differentiation factor-15 (GDF-15), also known as macrophage inhibitory factor-1, is a

divergent member of the transforming growth factor-p cytokine superfamily, known for reflecting
vascular endothelium damage resulting from oxidative stress and inflammation (Kumric et al., 2021).
GDF-15 has been shown to predict mortality and CVD events in community-dwelling elderly
individuals and patients who undergo cardiac surgery (L. Daniels et al., 2011; Doerstling et al., 2018).
However, little research has been done on GDF-15 in diabetes. GDF-15 levels have been reported to
increase T1DM and have been independently linked with CVD hospitalization or mortality (Adela &
Banerjee, 2015). In the Relaxin for the Treatment of Acute Heart Failure (RELAX-AHF) study, patients
with acute HF showed elevated GDF-15 levels, correlated with increased adverse outcomes (Cotter et
al., 2015).

1.8.4.7 Chitinase-3-like protein 1 (CHI3L1 or YKL-40)
Chitinase-3-like protein 1 (CHI3L1 or YKL-40) is a glycoprotein whose plasma levels are increased in

diabetic or obese patients, including those with myocardial infarction. Plasma levels are proportional to
the insulin resistance of and fatty acids and triglycerides in T2DM patients. YKL-40 plays a role in the
proliferation and differentiation of cells and can protect the heart by stopping inflammation, apoptosis,
tissue remodelling and fibrosis. YKL-40 is a p38 and JINK MAPK inhibitor that inhibits TNF-a-and IL-
1-induced inflammatory responses, reducing MMP expression. YKL-40 production is controlled by
NF-kB and the protein specificity 1 (Spl). SP 1, PPARa and nuclear receptor subfamily 2 group F
member 2 (NR2F2) are involved in reducing FA usage in the hypertrophied heart. Therefore, YKL-40

is a prospective DCM biomarker, which could be used to prevent or treat the established condition.

However, although there are several biomarkers linked to DCM, they have not been used commercially
or as drug targets for improving diabetic cardiomyopathy. Most biomarkers can detect DCM, but there
is still an avenue of DCM that requires extensive study, which is its asymptomatic stage because most
DCM biomarkers are either sensitive or specific and seldom fulfil both criteria. Early identification of
DCM at the asymptomatic stage would enable corrective treatment for these patients, thus preventing
the progression of the disease to the HF stage in which nothing can be done to remedy both functional
and structural changes in the heart. From the biomarkers reviewed above, the following biomarkers
show promise in forming part of the biomarker panel: IGFBP-7, Activin A, CT-1, H-FABP, and Gal-3
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has been associated with the early stage of DCM, sST2 an indicator of diastolic dysfunction, and HE4

is a fibrosis marker, although not specific to DCM or CVDs.

1.8.5 Pro-steatosis myocardial biomarkers for DCM

1.8.5.1 Heart-type fatty acid-binding protein (H-FABP)
Fat deposition in the myocardium might be a protective response to provide fuel storage for oxidation

and prevent exposure to harmful lipid metabolites like ceramides. In DCM, an imbalance between lipid
storage and lipid oxidation can cause mechanical dysfunction. Lipid droplet quantification in
cardiomyocytes using MRI has been linked to cardiac steatosis. However, it could not be correlated to
diastolic dysfunction (Lorenzo-Almordés et al., 2017). For this reason, pro-steatosis factors released
from the myocardium could aid in early DCM identification. Heart-type fatty acid-binding protein (H-
FABP) is a 15 kDa cytoplasmic protein that balances long-chain fatty acid in myocardial tissues. H-

FABP is mainly expressed in the skeletal muscle, liver, kidney and myocardial tissue.

Compared to cardiac troponin, which has a shorter half-life, H-FABP is observed in the bloodstream
for approximately 12-14 hours (Suresh et al., 2018). H-FABP shuttles fatty acids to the mitochondria
for catabolism and ATP production. After lipid transport, H-FABP is upregulated and found in the
sarcolemma but cannot be detected in the serum of healthy individuals. Following myocardial injuries
like myocardial infarction, systolic dysfunction or HF, H-FABP is released into the plasma.
Remarkably, H-FABP’s presence leads to early myocardial injury in T2DM patients (Ho et al., 2018;
Lorenzo-Almorés et al., 2017). However, although sensitive to DCM, this biomarker lacks specificity

for this disease state.

1.8.6 Fibrosis associated biomarkers

1.8.6.1 Galectin-3 (Gal-3)
During DCM development, extracellular matrix (ECM) protein deposition impairs contractility and

ultimately leads to cardiac stiffness and advancement towards HF. Therefore, ECM proteins could be
useful biomarkers for early identification, diagnosis, and prevention of fibrosis in DCM. The galectin-
3 (Gal-3) is a member of the lectin family proteins, and its expression is increased in multiple organs,
including the heart and is involved in the development of fibrosis. Elevated plasma Gal-3 levels have
been observed in HF and DCM and are linked to cardiac dysfunction and reduced LV filling pressures
(De Boer et al., 2011). Animal studies confirmed the involvement of Gal-3 in cardiac remodelling with
both knockdown and pharmacological restriction of Gal-3, culminating in decreased myocardial
remodelling and fibrosis. Since HF affects multiple organs, these organs could indirectly increase Gal-
3 plasma levels in HF patients. Gal-3 is expressed in multiple organs and various cell types such as

macrophages, eosinophils, neutrophils, and mast cells (De Boer et al., 2010, 2011). Several animal
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studies have shown that Gal-3 is involved in renal fibrosis, chronic obstructive pulmonary disease

(COPD), and many cancer types (Feng et al., 2017).

Thus, plasma Gal-3 levels correlate with increased cardiac Gal-3 production as well as
concomitant multi-organ and tissues and comorbidities like obesity (Suthahar et al., 2018).
Regrettably, both clinical and animal studies linking Gal-3 to HF have given conflicting
outcomes. Some clinical studies have shown that Gal-3 levels were not proportional to
echocardiography parameters. In patients with dilated and inflammatory cardiomyopathy,
biopsy results did not correlate to plasma levels. Gal-3 is not cardiac, and it is unknown which
organs and/or tissues lead to elevated plasma levels and how much HF contributes (Filipe et
al., 2015; Meijers et al., 2016). However, de Boer and co-workers reported that Gal-3 had a
strong predictive value for heart failure with preserved ejection fraction independent of NT-
proBNP (De Boer et al., 2011).1.9

1.9 Rodent models of T2DM

Rodents, particularly mice and rats have been widely used to study the pathophysiological
mechanisms underlying the development of DCM (Lee & Kim, 2021). This is owing to their
genomes which are possess a 99% sequence homology to that of humans and both having about
30, 000 protein coding genes. Additionally, mice are the preferred model because of their short
breeding cycle and the ability to alter their genetic code either to gain or lose function (Lee &
Kim, 2021; Tate et al., 2019). Although there are numerous animal models that are covered
with respect to T2DM, in the present study we review the ones that could potential surrogates
to study of DCM.

1.9.1 C57BLKS/J db/db mice

C57BLKS/J db/db mice have a mutation on chromosome 4 restricting the expression of the
leptin receptor and are used to study metabolic abnormalities like obesity, dylipidemia and
T2DM. Because of the vast differences in pathophysiology of T2DM the results obtained are
comparable but cannot be fully translated to humans (Faita et al., 2018). However, these mice
are characterized by overweight, insulin resistance, high plasma cholesterol and triglycerides,
and hyperglycaemia by six weeks after birth, resulting from impaired peripheral insulin action
and a steady B-cell failure. Furthermore, they develop hepatic steatosis that could become non-
alcoholic steatohepatitis (NASH) (Takahashi et al., 2012). Apart from this, low grade
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inflammation can lead to cardiovascular damage in the form of atherosclerosis or altered

cardiac structure and function (Eguchi & Manabe, 2014).

A relevant role in the complex pathophysiology of cardiovascular damage during the course of obesity
and type 2 diabetes is certainly played by low-grade inflammation, strong promoter of atherosclerosis

but also able to drive abnormalities in cardiac function and structure (Faita et al., 2018).

1.9.2 Leptin-deficient Lep®/Lep® (ob/ob) mouse

The Lep®®®® mouse model is derived from a spontaneous mutation in 1949 by the Jackson
Laboratory which exhibits adverse obesity. It was only in 1994 that the mutated protein was
identified as leptin (King, 2012). An increase in weight is observed from 2 weeks and
simultaneously develop hyperinsulinemia. Around 4 weeks the mice become hyperglycaemic
with a steady increase in hyperglycaemia until it reaches its peak between 3-5 months, where
a rapid decrease is observed as the mice age. Additionally, these mice experience
hyperlipidaemia, are unable to regulate temperature and are prone to a sedentary lifestyle. The
ob/ob mouse have also been classified as infertile (Kleinert et al., 2018). Since these mice are
leptin deficient, once leptin is administered, many of their diabetic manifestations including
hyperglycaemia and hyperinsulinemia are corrected before the obesity, suggesting obesity
plays a secondary role in their pathogenesis. Contrary to this, human obesity is due to lifestyle
and manifold genetic inheritance, while T2DM patients usually have aberrated leptin levels,

these are probably secondary T2DM development (B. Wang et al., 2014)

1.9.3 Cardiomyocyte-selective insulin receptor knockout (CIRKO)

The insulin receptors in CIRKO mice are ablated shortly after birth (Hu et al., 2003) and are
often used to observe the effect of reduced insulin signalling without systemic metabolic
alterations (Riehle & Bauersachs, 2019). Numerous studies have observed a decrease in heart
size when substrate usage had been altered (Belke et al., 2002; Lopez-Izquierdo et al., 2014;
Sena et al., 2007). Also, these mice display metabolic features like increased glycolysis and
reduced FA oxidation, which is characteristic of DCM, and foetal patterns of myosin genes

(Lopez-lzquierdo et al., 2014).
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1.10 Conclusion

Cardiovascular death associated with diabetes is a major cause of the global disease burden, with
diabetics having a two to four-fold increased risk of HF than non-diabetics. Coronary artery disease is
the leading cause of cardiovascular disease in Western countries. However, the disease dynamics differ
in SSA with cardiomyopathy, contributing to approximately 30% of all cases. In addition, diabetic
patients who develop cardiomyopathy have a worse survival prognosis than non-diabetic patients. Early
screening for DCM can prevent or delay the progression of HF. However, there are currently no
biomarkers that can detect the early onset of DCM. TDI- and Speckle Tract Imaging (STI)
echocardiograph analysis are the only imaging technologies available to detect asymptomatic DCM.
However, in South Africa (SA), TDI is performed only in tertiary health care institutions.

Thus, early detection of diabetic HF is undocumented, unnoticed, and only recognized at an advanced
stage, leading to increased HF mortality. In line with the pathogenesis, since the current imaging
techniques are not accessible, especially in resource-poor countries, several studies have been
conducted in search of biomarkers that would detect diabetic cardiomyopathy at its asymptomatic stage.
Understanding both the mechanisms and pathogenesis of DCM paved the way for discovering
biomarkers to identify this disease at the asymptomatic stage to enable corrective treatment and lengthen
life span. Although this search progresses, many of these biomarkers are either not available, not
specific to the heart, or not associated with the asymptomatic stage. Therefore, the search for biomarkers
with the criteria mentioned above continues, and perhaps a panel of biomarkers could be a prospective

solution in detecting DCM at this critical stage.

10. Background to the current study

A key challenge in the management of DCM is early diagnosis and timeous treatment of the disease.
This will prevent the early onset of cardiomyopathy and prolong death due to HF in the diabetic
population. SA is a resource-poor country, with limited access to diagnostic equipment and trained
research physicians, especially in rural areas. In the absence of sufficient resources, an effective
approach to perform large-scale diagnosis and risk profiling of patients are required. Implementing a
“point-of-care” diagnostic test/biomarker throughout SSA could be an alternative when

echocardiography facilities are unavailable or inaccessible.

Therefore, this study hypothesises that Biomarkers identified in this study will aid in identifying DCM
at its preclinical stage. The general aim of this study was to identify a prognostics profile that can

detect the sub-clinical onset of diabetic induced cardiomyopathy.
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To achieve our aim, the following objectives were performed:

1. To perform a meta-analysis of the publicly available type 2 diabetes mellitus and
diabetic cardiomyopathy transcriptomic data and to generate a priority list of
candidate genes that can detect diabetic cardiomyopathy.

2. To validate these potential biomarkers in serum and heart tissue obtained from 6-
16-weeks diabetic db/db mice and compare the results to the current diagnostic N-
terminal pro B-type natriuretic peptide.

3. To validate these potential biomarkers using an in vitro H9c2 cell line cultured in
conditions mimicking a diabetic environment.

4. To perform sensitivity and specificity of the identified biomarkers.

The present study was therefore conducted into the following phases:

Phase 1

In this phase, a bioinformatics approach was used to-identify candidate genes belonging to either T2DM
or CVD using the ArrayExpress database. Subsequently, a pipeline was formulated to source common
identifiers among these to form part of a DCM candidate gene list, which contained 228 candidate

genes. The top 5 candidate genes with a p <6x10° were used for further downstream analysis.

Phase 2
In this phase, an in vivo db/db mouse model was used to conduct gene validation experiments, whilst

cardiac function was assessed using the echocardiography technique.

Phase 3

In this phase, functional analysis was performed in an H9c2 cardiomyocyte cell line was used to validate
the biomarkers in vitro. First, the genes were knocked down, and a diabetic environment was mimicked
using high glucose and palmitic acid. After this, the expression levels of these genes and their effectors
were analysed using Real-Time quantitative reverse transcription polymerase chain reaction (QRT PCR)

and Western blot analysis, respectively.
Phase 4

The sensitivity and specificity of these genes were tested using receiver-operating characteristic curve
(ROC) analysis.
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Study design

Phase 1 i

In silico prediction of candidate biomarkers using ArrayExpress (n=228)

Phase 2 i

In vivo validation of biomarkers in a db/db mouse model (n=5 p <6x10°) using
gene expression and histology

Phase 3 l

Functional validation of biomarkers in an in vitro H9c2 cell line using gene and

protein expression
Phase 4

Statistical analysis of biomarkers for sensitivity and specificity

Figure 1.6: Experimental design of the current study. The study was divided into four

phases which included an in silico prediction method, in vivo, and functional validation in a

mouse model and H9c2 cells, respectively and finally, statistical analysis of biomarkers was

conducted

39




CHAPTER 2

MATERIALS AND METHODS

2.1 Phase 1: In silico prediction of biomarkers of diabetic cardiomyopathy2.1.1 Data
acquisition

To identify candidate genes that are differentially expressed in DCM, the ArrayExpress database was
screened for studies with publicly available microarray datasets belonging to Homo sapiens over 35
years of age (http://www.ebi.ac.uk/arrayexpress). These studies included healthy controls and patients
diagnosed with either T2DM or CVD. Studies involving ischemia, coronary artery disease, and
hypertension were excluded, and studies with left ventricular dysfunction (LVD), left ventricular
gjection fraction (LVEF) were included. Several search terms were used in the screening process for
both subgroups (Table A7), with no restriction on the tissue or cell type, ethnic group, or gender
investigated.

2.1.2 Data processing

For studies using the Affymetrix platform, raw datasets were obtained from Gene Expression Omnibus
using R scripting and the R package, GEOquery (Rustici et al., 2013)(Rainer et al., 2006). Samples
within these datasets fulfilling the specified criteria were then normalised for the Robust-Multi array
Average (RMA) using the R package, Simpleaffy. In instances where the studies’ data was generated
on the Agilent platform, normalised datasets were attained in the same manner as previously described
for the Affymetrix platform. Studies using a custom spotted oligonucleotide array were also included.
These raw datasets were imported into R using the ArrayExpress package, while the Limma package
was used for normalisation. The microarray probe identifiers (IDs) in all the processed datasets were
then converted to Ensemble IDs, using a custom Python script accessing both the Ensembl My
Structured Query Language (MySQL) and the Biological Database Network (bioDBnet)
database (Mudunuri et al., 2009) (Rigden & Fernandez, 2018). Probe sets, mapping multiple Ensembl
IDs and technical replicates, were averaged to resolve probe redundancy using R and Ruby scripting
(Figure 2.1).

40



Data mining

T2DM studies CVD studies
(ArrayExpress) (ArrayExpress)

Raw/processed data (R) Raw/processed data (R)

Normalization (R- Simpleaffy & Limma) Normalization (R- Simpleaffy & Limma)
Ensembl ID retrieval Ensembl 1D retrieval

(python/bioDBnet)

Redundant dataset removal Redundant dataset removal
(R/Ruby script) (R/Ruby script)

Integrated

(Python/bioDBnet)

Differential Expression analysis

Figure 2.1 In silico pipeline used to obtain candidate genes. Data mining of type 2 diabetes mellitus
(T2DM) and cardiovascular diseases (CVDs) datasets was conducted using Array Express. These
datasets were processed using R and normalized using the Simpleaffy, and Limma packages within R.
Ensemble gene IDs were retrieved through Python and bioDBnet. Redundant datasets were
subsequently removed using R and Ruby scripting. The T2DM and CVD datasets were combined, and
common gene IDs formed the integrated dataset. Subsequently, differential expression analysis was
conducted for all datasets.

2. 1.3 Data analysis

Differential expression analysis was performed in three stages, namely to obtain differentially expressed
genes (DEGs) from the T2DM datasets only, to obtain DEGs from the CVD datasets only, and to obtain
DEGs for integrated datasets from both T2DM and CVD. To this end, common Ensembl I1Ds were
combined using a data binning approach referred to as quantile discretization (QD), which integrates
different microarray data at the gene expression level. This study used a QD range of 128 to combine
datasets in the T2DM and CVD only subgroups for statistical differential expression analysis. For
T2DM only datasets, 15 485 common Ensemble 1Ds were used, while the CVD only dataset analysis
was performed with 16 450 common Ensembl IDs. A QD range of 1028 and a total of 7095 common
Ensemble IDs was used to perform differential expression analysis for the integration subgroup (i.e.
T2DM and CVD datasets). Genes with a p-value of <0.05 were regarded as significantly different using
the Wilcoxon Rank Sum Test with Bonferroni and Benjamin-Hochberg correction for multiple testing.

Furthermore, a p-value of <6x10° was used as a predictive cut off value for further downstream
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analysis. This cut off was based on a preliminary test of the first twenty genes which was conducted
using enzyme-linked immunosorbent (ELISA) which showed the first five genes (data not included)
could be prospective candidates for early DCM detection. Additionally, the amount of serum used per
assay was depended on the dilution factor obtained for each assay and the integrity of the work could

not be compromised thus due to this constraint the study was limited to these genes

Summary of findings: After the p<value of <6x10® was used as a cut off value for the top five genes,
which included USP34, ZKSCAN4, LOXL2, IGF1, and ETF were used for validation experiments

using the serum and heart tissue of an in vivo db/db mouse model.

2.4 Phase 2: Validation of genes as biomarkers of DCM in an in vivo model

2.4.1 Ethical approval

The South African Medical Research Council (SAMRC) Ethics Committee of Research on Animals
(ECRA) (REF 05/15) and the Ethics Committee of the University of the Western Cape (ECUWC) (REF
A16/2/1) granted ethical approval for this study. The study was performed in accordance with the
principles and guidelines of the SAMRC as outlined in Guidelines on Ethics for Medical Research: Use

of Animals in Research and Training, 2004 (http://www.mrc.ac.za/ethics/ethicsbook3.pdf).

2.4.2 Animal sample size and randomization

Eighty C57BLKS/J leptin receptor-deficient homozygous db/db mice (Lepr®®) (n=40) and their
heterozygous control littermate (Lepr®*) (n=40) were housed at the South African Medical Research
Council (SAMRC) Primate Unit and Delft Animal Centre (PUDAC). The mice received standard
laboratory chow pellets (Afresh Vention, Cape Town, South Africa) ad libitum with free access to
drinking water. They were kept in a controlled environment with a 12-hour light/dark cycle. Following
a week of acclimatization (at 5-weeks of age), each group was further subdivided into five groups with
n=6-8 animals per group (Figure 3.2). These groups represent the number of animals to be terminated

at different time points for tissue sample collection.

2.4.3 Body weight and fasting plasma glucose

The tail prick method (OneTouch Select®, LifeScan Inc., Milipitas, CA, USA) was used to determine
body weights and 4-hour fasting blood glucose concentrations. These were recorded once a week
(Philis-Tsimikas et al., 2011).
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Age (weeks) 6 (n=8) 9 (n=8) 11 (n=8) 14 (n=8) 16 (n=8)

> Body weights

> Blood glucose
> Echocardiography

> Terminations

Figure 2.2: Timeline of the animal trial. C57BLKS/J leptin receptor-deficient heterozygous

littermate control db/+ and homozygous db/db mice db/db mice with n=40 per group were
subdivided into five groups which were grouped by age (6-16 weeks) with n=8/group. Body

weights, blood glucose, echocardiography and terminations were conducted weekly

2.4.4 Echocardiography

Mice were placed in a holding chamber and anaesthetized with 1.0-2.5% isoflurane to maintain light
sedation throughout the procedure. After that, they were placed on an immobilized heating platform in
the supine position to keep the body temperature at 37 °C. Echocardiogram (ECG) electrodes were used
to monitor the heart rate (HR) and respiratory physiology. Their chests were shaved and warmed
ultrasound gel was applied to the area of interest. Doppler echocardiography was conducted using a
VEVO 2100 ultrasound system (Fujifilm, Visualsonics, Ontario, Canada) with a 30 MHz linear
transducer. The following were then measured in systole and diastole: the left ventricular internal
diameter, interventricular septum thickness, posterior wall thickness. The EF was measured to
determine systolic dysfunction. The following measurements were conducted to assess left ventricular
dysfunction: mitral E and A wave flow velocity, E: A ratio, deceleration time of mitral E wave velocity,
and isovolumic relaxation time (IVRT). All measurements were then conducted offline using the mean

of at least three consecutive cardiac cycles.
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2.4.5 Tissue collection

At weeks 6, 9, 11, 14, and 16, mice (n=8/group) were anaesthetised using sodium pentobarbital and
then euthanized by exsanguination, followed by serum, heart and liver collections. The heart and liver
samples were stored in RNAlater at -20 °Cfor RNA extraction or -80 °C for without RNAlater for
protein extraction. The serum was collected in SST 1 tubes and stored at -80 °C after processing and
later used to conduct lipograms, liver enzyme profiles and (ELISA assays).

2.4.6 Lipid profile and liver enzyme analysis

Serum samples were sent to PathCare Medical Diagnostic Laboratories (Cape Town, South Africa) to
screen for total cholesterol, triglycerides, low-density lipoproteins (LDL), high-density lipoprotein
(HDL), Alanine Transaminase (ALT) and Aspartate Transaminase (AST) to evaluate differences in

lipograms and liver enzyme profiles.

2.4.7 Myocardial tissue RNA extraction

Approximately 30 mg of heart tissue was placed into a new 2 mL tube containing 1 mL of Qiazol®
(Qiagen, Hilden, Germany) and a stainless-steel bead. Samples were then homogenized using the
Qiagen Tissue lyser (Qiagen, Hilden, Germany) at 25Hz for 2 minutes, and this was repeated twice.
The homogenate was centrifuged at 13 000 x g for 10 minutes at 4 °C, and the supernatant was
transferred to a 1.5 mL tube, and 0.2 mL of chloroform (Sigma-Aldrich, Missouri, USA) was added to
each tube. The tube was inverted three times and incubated for 1 minute on ice after inverting. After
that, it was centrifuged at 13 000 x g for 10 minutes. Subsequently, the upper aqueous phase was
transferred to a clean 1.5mL Eppendorf tube (Eppendorf, Hamburg, Germany) without disturbing the
white organic phase. 0.5 mL isopropanol (Sigma-Aldrich, Missouri, USA) was used to precipitate RNA,
and the tubes were inverted several times before samples were incubated overnight at -20 °C. The
following day, the tubes were centrifuged at 13 000 x g for 30 minutes at 4 °C to pellet the RNA. The
supernatant was discarded, and the pellet was washed 2x with 1mL of 70 % ethanol and centrifuged at
13 000 x g for 15 minutes at 4 °C. The wash step was repeated twice, and after the final wash, the
supernatant was discarded, and the pellet was air-dried for 30 minutes in a PCR hood. The pellet was
re-suspended in 50 pL RNase free water (Ambion, Texas, USA) and incubated for 10 minutes at 55<C
stored at -80 °C.

2.4.8 Ribonucleic acid (RNA) quantification and purity

RNA was quantified using the NanoDrop® 1000 spectrophotometer (Thermo Fisher Scientific,
Massachusetts, USA) according to the manufacturer’s instructions. Briefly, 2 puL of distilled water was
pipetted onto the pedestal of the NanoDrop® (Thermo Fisher Scientific, Massachusetts, USA) to blank
the machine, followed by which 2 pL of each sample was pipetted for RNA quantification. A 260 to
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280 nm ratio was used to assess the RNA purity, and 260 to 230 nm was used to evaluate DNA
contamination. A ratio of 1.8 indicates DNA purity, while a ratio of 2 indicates RNA purity. However,
if the ratio is significantly lower in either case, it could indicate the presence of protein, phenol or other

contaminants that absorb strongly at or close to 280 nm.

2.4.9 DNase treatment

RNA samples were DNase treated to remove genomic DNA using a Turbo DNase kit (Ambion, Texas,
USA, according to the manufacturer’s recommendations. Briefly, 5 uL of 10x DNase buffer and 1.5 uL
of DNase and RNase-free water (Ambion, Texas, USA) was added to 20 pg of RNA in a total reaction
volume of 50 uL.. Samples were mixed and incubated at 37 °C for 30 minutes, after which another 1.5
uL of DNase was added and incubated at 37 °C for an additional 30 minutes. The reaction was stopped
by adding 10 pL DNase inactivation reagent, and the suspension was mixed by placing tubes on an
orbital shaker for 2 minutes. After that, the tubes were centrifuged at 10 000 x g for 1.5 minutes, and
the supernatant was transferred to a new tube. RNA concentrations were determined using a

NanoDrop® 1000 spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA).

2.4.10 RNA integrity

The Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, California, USA) was used to
determine RNA integrity according to the manufacturer’s recommendations. Briefly, 350 pL of
RNaseZAP (Thermo Fisher Scientific, Massachusetts, USA) was used to decontaminate the bioanalyzer
for 1 minute, followed by 350 pL RNase-free water for 10 seconds. The bioanalyzer lid was left open
for 10 seconds to dry the electrodes upon decontamination. The DNase treated RNA samples were
prepared by transferring 20 pL of sample and 0.5 uL RNA ladder into tubes placed in a 70 °C heating
block for 2 minutes. The samples and ladder were loaded on an RNA chip priming station once
denatured, and 9 puL of gel-dye mix was added into the well-marked G. The chip priming station was
positioned at the 1 mL marker, pressed until held by the chip and the plunger was released at 30 seconds.
After that, 9 pL of gel-dye mix was added into two wells marked G (light), and 5 pL of RNA 600 Nano
marker was added in all 12 sample wells, including the ladder well. This was followed by adding 1 pL
of RNA ladder into the ladder well, 1 pL RNA sample into each of the 12 sample wells and 1 pL sample
ladder into each unused well. The chip was vortexed at 543 x g for 30 seconds, placed in the chamber
of the Agilent bioanalyzer and run within 5 minutes. When the run was complete, the chip was removed,
and the electrodes were washed by placing a chip filled with 350 pL of RNase-free waster into the
chamber for 10 seconds. RNA integrity was determined using 2100 Expert Software (Agilent
Technologies, Santa Clara, California, USA).
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2.4.11 Complimentary DNA (cDNA) synthesis

According to the manufacturer’s instructions, the High-Capacity cDNA kit (Applied
Biosystems, CA, USA) was used to transcribe total RNA to cDNA (Thermo Fisher Scientific,
Massachusetts, USA). A 1 pg DNase treated RNA solution was transferred into a 0.2 mL tube
(Axygen, California, USA) with RNase-free water to a final volume of 10 pL. The master
mixes were prepared in 2 separate tubes labelled reverse transcriptase-Plus (RT-Plus) and
reverse transcriptase-Minus (RT-Minus) (Table 2.3), and deoxynucleotide triphosphates
(dNTPs), reaction buffer, random primers, RNase inhibitor, RNase-free water and reverse
transcriptase were used to prepare the master mixes. RT-Minus master mix tube was used as a
negative control and contained similar constituents to the RT-Plus tube, with the reverse
transcriptase enzyme replaced with water. The cDNA synthesis reaction was prepared by
adding 10 pL of RT-Plus or RT-Minus master mix into a 0.2 mL tube with 1 pg of RNA, and
RNase-free water to a final volume of 20 uL. The tubes were briefly vortexed, spun down and
placed in the Applied Biosystem Instrument (ABI) 2720 thermal cycler (Applied Biosystems,
California, USA). The thermal cycler was programmed to incubate at 25 °C for 10 minutes, 37
°C for 120 minutes and 85 °C for 5 seconds to deactivate the reverse transcriptase enzyme.

Upon completion, the cDNA samples were stored at -80 °C until further use.
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Table 2.1; Reaction mixture used to reverse transcribe the DNase treated RNA

Reaction mixture R-Plus Volume/Reaction (puL) R-Minus VVolume/Reaction
(L)

RNA 10 10

10x RT buffer 2 2

25x dNTP mix 0.8 0.8

10x Random primers 2 2

RNase inhibitor 1 1

Reverse transcriptase 1 -

Nuclease-free water 3.2 4.2

Total volume 20 20

*1ng of DNase treated RNA made up to a final volume of 10 pL in RNase-free water

2.4.12 cDNA testing for genomic DNA contamination

Genomic DNA contamination was determined with the use of Actin-p (Actp) exon spanning primers,
using the cDNA previously generated from the RT-Plus and RT-Minus reverse transcriptase reaction
(Table 2.4). To prepare a master mix, 1 pL of each primer pair (Actp, 10 uM), 12.5uL SYBR® Green
PCR master mix (Applied Biosystems, California, USA) and RNase-free water to a final volume of
24uL, were used (Table 2.4). To 1 pL of RT-Plus or RT-Minus cDNA, 24 pL of SYBR® green master
mix was added in a MicroAmp® Optical 96-well Reaction Plate (Applied Biosystems, California,
USA). The plate was sealed with MicorAmp® Optical Adhesive Film (Thermo Fisher Scientific,
Massachusetts, USA), vortexed on a plate shaker for 10 minutes, briefly centrifuged for 2 minutes at 3
000 x g and placed in the ABI 7500 Sequence Detection System (Applied Biosystems, California, USA)
for quantitative PCR analysis. Complimentary DNA amplification was conducted using the cycling
conditions as indicated in Table 2.5. The threshold cycle (Ct) and baseline acquired during the
exponential phase were used to determine the cDNA quantity for each reaction. If the difference in Ct
values were equal to or greater than 10 between the corresponding RT-Minus and RT-Plus strand, the

presence of contamination was deemed as negligible.
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Table 2.2: A master mix used in the detection of contaminated genomic DNA

Components Volume/Reaction Final Concentration
(uL)

SYBR Green PCR Mix 125 1x

Actp Forward primer (10 uM) 1 400 nM

5’GGGCCCGGACTCATCGTACT-3

Actf Reverse primer (10 uM) 1 400 nM

5’-GCCTCACTGTCCACCTTCCA-3

RNase-free water 9.5

Cdna 1 -

Total 25

Table 2.3 Universal cycling conditions used for testing of cDNA

Step Temperature °C Time Cycles

Activation and 50 2 minutes 1

Denaturation

Fluorescence data 95 15 seconds 40

collection

Dissociation Curve 95 15 seconds 1

2.4.13 Quantitative Real-time PCR analysis (QRT-PCR)

Tagman® gene expression assays from Applied Biosystems were used to quantify genes identified from
the candidate gene list (Table A7; Table 3.4). For gRT-PCR, the reaction mixture consisted of 5 L of

pre-designed Tagman® primers (Applied Biosystems, California, USA) and water to a final volume of

9 uL (Table 2.7). After that, the plate was sealed, placed onto a shaker for 10 minutes, briefly

centrifuged at 3 000 x g for 2 minutes and then placed in an ABI 7500 Sequence Detection System

(Applied Biosystems, California, USA) to conduct the gRT-PCR with the cycling conditions described
in Table 2.3. The Total Rat Heart RNA (Applied Biosystems, California, USA) and the non-template

control were used. Actp and hypoxanthine phosphoribosyl transferase 1 (Hprtl) were used as

endogenous housekeeping genes.
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Table 2.4 List of Tagman probes used in in vitro QRT-PCR analysis

Gene ID Assay 1D Ensembl ID Catalog Number

USP34 Rn01231137_m1 ENSG00000115464 4351372
ZKSCAN4 Rn01525205_m1 ENSG00000187626 4351372
LOXL2 Rn01466080_m1 ENSG00000134013 4331182
IGF1 Rn00710306_m1 ENSG00000017427 4331182
ETFB Rn01454706_m1 ENSG00000105379 4331182

Table 2.5 PCR-reaction mix used to conduct the QRT-PCR reaction

PCR Reaction Per Reaction (pnL)
Taq polymerase master mix 5

Probe assay 0.5

Nuclease-free water 3.5

Cdna 1

Total 9

Table 2.6 List of Tagman probes assays used in in vivo QRT-PCR analysis

Gene ID Assay ID Ensembl ID Catalog
Number
USP34 Mm01231150_m1 NM_001190401.2 4331182
ZKSCAN4 Mm01165490_mH NM:001039115.2 4351372
LOXL2 MmO00804740_m1 NM:033325.2 4331182
IGF1 Mm00439560_m1 NM_001111276.1 4331182
ETFB Mm00503341_m1 NM_026695.3 4331182

2.4.14 Enzyme-linked immunosorbent (ELISA) assays for the identification of serum
biomarkers

Mouse serum was used to assess USP34, ZKSCAN4, IGF1, SLC16A1, LOXL2, ETFp and pro-BNP
protein expression using ELISA kits (MyBioSource Inc, San Diego, CA, USA) according to the
manufacturer’s instructions. Briefly, 100 uL of standards, blank control and samples were added to the
appropriate wells, followed by which 50 pL of the conjugate was added to the standard and sample
wells. The plate was covered, gently mixed and incubated for an hour at 37 °C. After that, the mixture
was decanted, and each well was emptied. Thereafter, each well was washed five times with 1x wash
solution and the contents discarded. After washing, the plate was inverted and blot dried onto paper
towels until no moisture remained. Fifty microliters of substrate A and B were added to each well,

covered with foil and incubated for 10-15 minutes at 37 °C. The reaction was completed by adding 50
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ML stop solution and absorbance measured using ELx800™ Absorbance microplate reader (Bio-Tek
Instruments, Inc., Winooski, VT, USA). Concentrations were determined using the Gen5 software. The

readings were normalised to the standard protein concentration and expressed as mg/mL.

2.4.15 Histopathology2.4.15.1 Tissue fixation and embedding

Heart and liver tissues were weighed and fixed in 4 % formalin for a minimum of 16 hours before they
were processed using a Leica TP 1020 automated processor (Leica Biosystems, Buffalo Grove, IL,
USA) and embedded in paraffin wax. Paraffin-embedded tissues were cut into 4 um sections.

2.4.15.2 Haematoxylin and Eosin (H&E) staining
To assess whether DCM pathology had established, heart and liver tissue were submerged in Mayer’s

Haematoxylin stain (KImix Chemicals, Cape Town, South Africa) for 12 minutes, rinsed in 10 dips of
water and subsequently washed in tap water to neutralise the acid, thus staining the nuclei. The slides
were then counterstained with eosin for 2 minutes to stain the cytoplasm and acidophilic structures, then
dipped 20 times in water and dehydrated by dipping them 20 times in 95 % ethanol and 100 % ethanol,
respectively. This was followed by the clearing of the tissues in 2 changes of xylene. Permanent

mounting media (Richard-Allan Scientific, Kalamazoo, USA) was used to mount the slides.

2.4.15.3 Masson’s Trachoma stain

To discriminate between collagen fibres and smooth muscle tissues, tissue slides were stained with
Masson’s’ Trichrome (Biocom Africa, Pretoria, SA). The slides were re-fixed in pre-heated (56-64 “C)
Bouin’s fluid for 60 minutes, cooled for 10 minutes and then washed in tap water as well as distilled
water. The slides were then stained with the Wiegert’s Iron Haematoxylin (equal parts of Wiegert’s A
and B) working solution for 5 minutes and then rinsed in running tap water for 2 minutes. After that,
the Biebrich Scarler/Acid Fuchsin solution was applied to the slides for 15 minutes and then rinsed with
distilled water. The slides were differentiated in Phosphomolybdic/Phosphotungstic Acid Solution for
10-15 minutes. The Aniline Blue Solution was applied to the slides for 10-15 minutes, rinsed in distilled
water and then placed in 1 % Acetic Acid solution for 3-5 minutes. The slides were dehydrated using
95 % ethanol, followed by 100 % ethanol, cleared in xylene and mounted as described in the previous

section.

2.4.15.4 LOXL2 and ETFpB immunohistochemistry
To further assess any changes in collagen crosslinking and energy metabolism, respectively, the anti-

LOXL2 (Biocom Africa, Pretoria, SA) and anti-ETFp (Biocom Africa, Pretoria, SA) stains were used.
Briefly, heart tissue sections were blocked in 3 % hydrogen peroxide (H202) (Thermo Fisher Scientific,
Massachusetts, USA) for 5 minutes and rinsed in distilled water for 5 minutes. Sections were placed in

0.01 M citrate buffer (pH6.0) and treated in a Dako Pascal pressure chamber (Diagnostech,
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Johannesburg, SA) at 125 °C for 30 seconds and 90 °C for 10 seconds. The slides were cooled for 20
minutes, rinsed in distilled water for 5 minutes, and 0.05 M Tris-buffered saline (TBS) (pH 7.2) for 5
minutes. Normal goat serum (1:20) (Sigma-Aldrich, Missouri, USA) was added to all slides in a
moisture chamber for 20 minutes at room temperature (18 "C to 20 "C). Excess serum was blotted off,
and 100 pL of anti-LOXL2/anti-ETFB (1:200), added to each section in a moisture chamber, and
incubated at 4°C overnight. The slides were then jet washed and rinsed in a staining jar containing 0.05
M TBS (pH7.2) for 5 minutes. The slides were dried around the sections, and (1:200) biotinylated anti-
rabbit 1gG (Sigma-Aldrich, Missouri, USA) was added to all slides in the moisture chamber for 30
minutes at room temperature. The slides were then jet washed and rinsed in a staining jar with 0.05 M
TBS (pH7.2) for 5 minutes. The slides were dried around the sections, and Vectastain (Vector
Laboratories, INC, Burlingame, CA) was added to each slide in a moisture chamber and incubated for
60 minutes at room temperature. The slides were jet washed and rinsed in a staining jar with 0.05M
TBS (pH7.2) for 5 minutes. Slides were dried around sections, and Liquid DAB + substrate solution
(Merck KGA, Darmstadt, Germany) was added to the slides over the sink for 5 minutes. The slides
were washed in distilled water for 5 minutes, counterstained with haematoxylin for 2-4 minutes and
rinsed well in tap water. They were subsequently left in tap water to neutralise the acid (“blueing”) for
30 minutes and dried completely. Permanent media (Richard-Allan Scientific, Kalamazoo, USA) was

used to mount the slides.

2.4.15.5 Image Acquisition and analysis
Stained micrographs for heart and liver tissues were captured in non-overlapping fields of 1mm?under

40x magnification using the NIS Elements imaging software (Tokyo, Japan). Five independent frames
were used to assess the degree of pathology (micro-and macro- vesicles, inflammation) using the ImageJ
1.51v software for liver histology. Similarly, five independent frames were used to assess the degree of

pathology in heart slides.

Summary of findings: Data obtained from serum validation experiments showed that the genes
LOXL2 and ETFB were differentially expressed. Thus functional validation of these genes was

conducted in an in vitro H9c2 rat heart derived model using siRNAs.

2.5 Phase 3: In vitro functional validation of markers

2.5.1 Invitro cell line

Embryonic rat heart derived H9c2 cardiomyoblasts obtained from the European Collection of Cell
Cultures (ECACC No. 8809294) were used to conduct all the in vitro experiments. Cryopreserved H9c2
cardiomyoblasts, stored in a 1 mL cryotube containing 80 % foetal bovine serum (FBS) (Lonza,

Walkersville, MD, USA) 10 % each of Dulbecco’s Modified Eagle’s Medium (DMEM) (Lonza,
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Walkersville, MD, USA) and dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Missouri, USA), were
thawed in a 37 °C water bath. The contents were transferred into a 50 mL tube with 10 mL DMEM
(containing 10 % FBS and 1 % penicillin/streptomycin (pen/strep) when thawed and centrifuged at 1500
x g for five minutes to remove excess DMSO. After that, the cardiomyoblasts were resuspended in 18
mL DMEM, transferred into a T75 flask and incubated under standard tissue culture (TC) conditions
(37 °C, 5 % CO; and water-saturated atmosphere) until 70-80 % confluent.

2.5.2 Sub-culturing

Cells were split and/or sub-cultured (1:9 ratio) in a pre-warmed complete growth DMEM [supplemented
with 10 % FBS and 1 % penicillin/streptomycin (pen/strep)] at 70-80 % confluence, after which cells
were incubated under standard TC conditions. The H9c2 cardiomyoblasts were washed with pre-
warmed Dulbecco’s phosphate-buffered saline (DPBS) (Lonza, Walkersville, MD, USA) and
incubated in 4 mL trypsin (Lonza, Walkersville, MD, USA) at 37 °C until the cells were dislodged,
or for a maximum of 4 minutes in CO under TC conditions. The media was refreshed every third day,
and the sub-culturing of H9c2 cardiomyoblasts was not allowed to exceed 20 passages.
Cardiomyoblasts were viewed under a NIKON Eclipse Ti inverted microscope (Nikon Tokyo, Japan)
to ensure cells were dislodged. After that, 8 mL of DMEM media was pipetted into the T75 flask to halt
the reaction, and the cells were thoroughly re-suspended. The cell suspension was then transferred into
a 50 mL centrifuge tube and centrifuged at 1500 rpm x g for 5 minutes. The supernatant was removed,
and the cells were re-suspended in 10 mL warmed DMEM media Lonza, Walkersville, MD, USA).
Determination of cell viability and cell density was conducted as discussed in section 2.5.3 before

seeding cells in suitable multi-well plates section 2.5.4 for subsequent assays.

2.5.3 Determination of cell viability

Using the Automated Cell Counter Countess TM (Invitrogen, Carlsbad, CA, USA), a trypan blue dye
(Invitrogen, Carlshad, CA, USA) exclusion test was used to determine the number of viable cells
according to the manufacturer’s specifications. Briefly, following trypsinisation, 1:1 cell suspension
was prepared by diluting 10 pL of cells with 10 pL of 0.4 % (w/v) trypan blue dye solution. Ten
microliters of the resultant mixture were then placed onto the Countess™ (Invitrogen, Carlsbad, CA,
USA) cell counting chamber slide port. The slide was placed onto the instrument slide inlet to measure

the total number of viable and non-viable cells. Cell viability above 70 % was considered seed worthy.
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2.5.4 Seeding of cells in multi-well plates, differentiation and hyperglycemia and/or
hyperlipidemia induction

H9c2 cardiomyoblasts were seeded at the relevant seeding density (Table 2.1) in the required TC plate
in complete growth DMEM (Lonza, Walkersville, MD, USA) under standard TC conditions (37 °C,
95 % humidified air and 5 % CO,).

Table 2.5: Seeding densities of H9c2 cardiomyoblasts in Multi-well plates

Multi-well plate Growth area Seeding density Volume (uL)
(cm?) (cells/well)
H9c?2 6 10 2x10° 3000
24 2.0 5x 10 1000
96 0.3 2 x 10 200

Confluent H9c2 cardiomyoblasts (after 2-3 days), seeded either in 6-well, 24-well or 96-well plates,
were differentiated into adult cardiomyocytes by substituting growth media with differentiation media
consisting of DMEM [supplemented with 10 mM all-trans-retinoic acid (RA)] and 1 % horse serum for

six days.

2.5.6 Functional knockdown of LOXL2 and ETFB

Small interfering RNA (siRNA) against LOXL2 (RSS306495) and ETFB (RSS354369) were purchased
from (Invitrogen, Carlsbad, CA, USA). The OPTI-MEM was used to dilute the siRNAs to a final
concentration of 100 nM. A 7.5ul volume of Lipofectamine® RNAIMAX (Invitrogen, Carlsbad, CA,
USA) was used to transfect the cells/per well in a six-well plate for 6 h. After this, the cells were
refreshed with normal OPTI-MEM media. Then, cells were stimulated with the conditions below for
48 h.

5.5 mM glucose normal glucose (NG)

Group 2: 10 mm Intermediate glucose (IG) + 50 uM palmitic acid (PA)

Group 3: 33 mM high glucose (HG) + 100 uM PA

Group 4: 1G + 50 pM PA + 10 nM Insulin (INS)

Group 5: HG + 100 uM PA + 100 nM INS

moow >

2.5.7 Protein expression

2.5.7.1 Total protein concentration
Following the differentiation and stress induction, 100pL of ice-cold lysis buffer (Invitrogen, Carlsbad,
CA, USA) was added per 6-well plate. Cells were scraped using a rubber cell scraper (Invitrogen,

Carlsbad, CA, USA), and after that, cells of 3 wells were pooled and transferred to a 2 mL tube with
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stainless-steel beads. The cell suspension containing the bead was placed in a pre-cooled TissueLyser
block (Qiagen, Hilden, Germany) and homogenised at 25Hz for 1 minute using a Qiagen TissueLyser
(Qiagen, Hilden, Germany). This step was repeated three times, with cells placed for 1 minute on ice
between homogenisation. After that, lysed cells were centrifuged at 4°C for 15 minutes at 15 000 x g.
The supernatant containing whole cell lysates were then transferred to 1.5mL tubes and stored at -20C

until use.

2.5.7.2 Protein concentration determination and gel electrophoresis

The protein concentrations of treated cardiomyocytes were determined using the RC DC™ protein
assay kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s specifications. Five
microliters of BSA standards (0.125, 0.25, 0.5, 0.75, 1, 1.5 and 2.0 mg/mL) and cell lysates were
pipetted into a 96-well plate. A 25 pl volume of reagent A (containing 20 uL RC Reagent C and 1mL
of RC reagent A) and 200 uL of reagent B were pipetted into standard and sample wells. The plate
contents were mixed on a microplate shaker for 10 seconds, incubated at room temperature (RT) for 10
minutes, and the absorbance read at 695 nm using a BioTek® ELX800 plate reader (BioTek Instruments
Inc., Winooski, VT, USA) using Gen 5% software (Molecular Devices, California, USA). The
concentration of each sample was calculated using the standard curve with linear equation (y=mx+c),
which was generated using absorbance values from the BSA standards based on its mean absorbance

value.

Sample buffer was prepared using 50 pL 3-mecaptoethanol (Fluka, Bucharest, Romania) to 950 pL 2x
Laemmli Sample buffer (SB) (Bio-Rad, Hercules, CA, USA). A 30 ug protein lysate was mixed with
equal volumes of sample buffer and denatured at 95 °C for 5 minutes. Next, the protein/SB mixture, as
well as 12 pL of a Precision Plus Protein Western C (Bio-Rad, Hercules, CA, USA) standard, were
loaded onto a Mini-Protean® TGX™ (Bio-Rad, Hercules, CA, USA) gel and placed in a Bio-Rad Mini
Protein® Tetra Cell tank filled with 1x Tris/Glycine/SDS running buffer. The tetra cell tank was
connected to the PowerPac™ Basic power supply, and SDS-PAGE gel electrophoresis was conducted
at 150 V for 60 minutes.

2.5.7.4 Protein expression by Western blot analysis

2.5.7.4.1 Transfer of gel to PVDF membrane
Polyvinylidene fluoride (PVDF) membrane(s) were incubated and were activated by immersion in i00%

ethanol for 1 minute. The PVDF membranes were then incubated in cold 1x transfer buffer (1x transfer
buffer, ethanol and dH.O) with 6x 7cm x 9 cm pieces of filter paper and equilibrated for 2-3 minutes
on an orbital shaker. Three pieces of filter paper were placed on the electrode cassette of the Trans-
Blot® Turbo™ Transfer System (Bio-Rad, Hercules, CA, USA).to make a gel-membrane sandwich.
The PVDF membrane was placed on top of the filter paper, the 1-SDS-PAGE gels were placed on the
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membrane and the remaining 3 layers of filter paper were placed on top of the gel. Bubbles were

eliminated by rolling the sandwich with a 2 cm stripette (Bio-Rad, Hercules, CA, USA). The cassette

was closed, placed into a Trans-Blot® Turbo™ Transfer System (Bio-Rad, Hercules, CA, USA) and

run for 8 minutes to transfer proteins from the gel onto the PVDF membranes. The membranes were
either Ponceau S stained (2.5.7.4.2) or labelled with antibodies (2.5.7.4.3).

2.5.7.4.2 Ponceau S stain

To ensure the successful transfer of proteins onto the membrane, 50 mL Ponceau S Staining
Solution (Sigma-Aldrich, St Louis, MO USA) was used to stain the membrane. It was incubated

at RT for 10 minutes in a shaker. The membrane was washed for 1 minute with 1x Tris-buffered

saline containing Tween-20 (TBST-20) to reverse the stain.

2.5.7.4.3 Antibody labelling

The PVDF membranes containing protein samples were blocked in 5% (w/v) skim milk (prepared in

1x TBST-20) at RT for 60-120 minutes on a shaker. Subsequently, the membranes were probed with
specific primary antibodies (Table 2.6) in 5 mL 1x TBST-20 at 4°C overnight with shaking. Next,

StrepTactin horseradish peroxidase (HRP) conjugated secondary antibody in 2.5% (w/v) skim milk for

60 minutes (prepared in 1x TBST-20) was used for detection. The membrane was washed and incubated

with the substrate for 5 minutes. The protein was detected using a Chemidoc-XRS imager (Bio-Rad,

Hercules, CA, USA) and then normalised to 3-actin.

Table 2.6: List of antibodies and the dilution used for Western blot analysis

Antibody Dilution Company
Primary antibody

LOXL2 1: 500 Biocom Africa
ETFp 1:500 Biocom Africa
p-Actin 1: 1000 Santa Cruz

ProBNP 1: 500 Biocom Africa
Smad?2 1: 500 Biocom Africa
TGFp 1: 500 Biocom Africa
Cpt2 1: 500 Biocom Africa
Acadm 1: 500 Biocom Africa

Donkey anti-mouse 1gG-HRP
Donkey anti-rabbit IgG-HRP

Secondary antibody
1: 4000
1: 4000

Santa Cruz

Santa Cruz
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2.6 Phase 4: Statistical analysis of biomarkers for Sensitivity and specificity

Principal component analysis (PCA) and receiver operating characteristic curve (ROC) were used to
conduct sensitivity and specificity analysis. The generalised linear model was initially used to
statistically test for significant differences between lean and obese mice at each week for each
biomarker. The results were regarded as significant with a p<0.001. The PCA was conducted by
combining the data of pro-BNP, LOXL2 and ETFp. At the same time, the logistic regression model was
used to perform receiver operating characteristic curves to test the diagnostic ability of the biomarkers,

with p<0.05 giving the test significance.

2.7 Statistical analysis

For the in vivo study, results were expressed as the mean + SEM, n=8, while for in vitro experiments,
each assay was conducted three times to ensure reproducibility. Statistical analysis was conducted using
GraphPad Prism software version 5.0 (GraphPad Software, Inc., La Jolla, USA). Comparisons between
groups were performed using two-way ANOVA. A p-value of <0.05 was deemed as statistically
significant.
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CHAPTER 3

RESULTS

3.1 Phase 1: Computational prediction for early-onset DCM biomarkers

3.1.1 Curation and acquisition of T2DM and CVD datasets using an in silico approach.
A meta-analysis of publicly available T2DM and CVD transcriptomic datasets was performed using

ArrayExpress. Briefly, using the previously described pipeline in section 3.1, eleven and seven GSE
datasets (Table 4.1) were acquired as possible prognostic candidates for T2DM and CVD, respectively.
These data sets were further integrated to identify differentially expressed genes (DEGs) associated
with DCM (Figure 3.1). Search terms used to extract these datasets are listed in Table 3.1. Integration
of the two datasets resulted in identifying 228 genes linked to DCM (Figure 3.1, Table A7). Of these,
the first five genes were selected according to the Wilcoxon score, and a p-value of <6 x10 considered
a predictive cut off value for further downstream analysis (Table 3.2). As previously stated, to prevent
bias, the top 5 USP34, ZKSCAN4, LOXL2, IGFland ETFp genes were selected according to their
Wilcoxon score. An extensive literature search was conducted to associate these genes with DCM
pathology (Table 3.2) to gain further biological insight into the function of identified genes. Functional
annotation associates the identified genes were linked to major biological pathways associated with
energy metabolism, fibrosis and apoptosis. The USP34, IGF1 and ETFf were associated with energy
metabolism, while LOXL2 and ZKSCAN4 genes are associated with fibrosis, which is one of the

hallmarks of DCM disease progression (Table 3.2).

T2DM DCM CcVD
(812) (228) (296)

Figure 3.1: Venn diagram of differentially expressed genes (DEGs). Within the type 2 diabetes
mellitus (T2DM) with 812 genes and cardiovascular disease (CVD) datasets, 812 and 296 candidate
genes were identified, respectively. Integration of the T2DM and CVD datasets, a diabetic
cardiomyopathy (DCM) dataset consisting of 228 was generated, in which possible candidate genes

were identified.
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Table 3.1: Platforms and search terms used within ArrayExpress to identify datasets related to T2DM and CVD
T2DM CVvD

Search terms used “diabetic cardiomyopathy”, “diabetic heart”, “left ~ “heart”, “heart failure”, “heart left ventricle”,
ventricular hypertrophy”, “diabetes mellitus”, and  “diastolic dysfunction”, “left ventricular
“type 2 diabetes mellitus” dysfunction”

Datasets GSE23561, GSE40234, GSE29231, GSE13760, GSE 26887, GSE1869, GSE5406, GSE43435,
GSE38642, GSE29221, GSE21340, E-CBIL-28, GSE21125, GSE9128, E-TABM-480
E-MEXP1270, E-MEXP2559, E-MTAB2854

Platforms Affymetrix: E-CBIL-28, E-MEXP1270, E- Affymetrix: E-TABM-480
MEXP2559, E-MTAB2854 Agilent: GSE 26887, GSE1869, GSE5406,
Agilent: GSE23561, GSE40234, GSE29231, GSE43435, GSE21125, GSE9128

GSE13760, GSE38642, GSE29221, GSE21340

Table 3.2: Functional association of the top five genes using literature

Gene ID p-value Function related ' to Findings to date Tissue References
DCM pathology type
USP34 4.22E-07 Metabolism, signal Congenital heart disease Heart (Hwang et al., 2016; Oh et al.,
transduction, apoptosis Brain metastasis Brain 2017; Sy et al., 2013; Szot et al.,
2018; S. Zhao et al., 2015)
ZKSCAN4 1.30E-06 hypertrophy,  fibrosis, Cardiac hypertrophy Heart (Ecker et al., 2009; Y. Kim et al.,
and cardiac dysfunction 2014; Ota et al., 2004; C. J. Yu et
al., 2017)
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LOXL2

IGF1

ETFp

3.26E-06

5.08E-06

5.65E-06

Fibrosis

Cellular growth and
repair, metabolism,
hypertrophy
Metabolism and ATP
production

Fibrosis

Cardiac hypertrophy

glutaric aciduria

type |1, cancer

Heart

Heart

Heart

(Cosgrove et al., 2018; Erasmus et
al.,, 2020; Kober et al., 2018;
Neumann et al., 2018; Steppan et
al., 2019; Yang et al., 2016; Zhan
etal., 2017)

(Andreassen et al., 2009; Chisalita
et al., 2011; Ingelsson et al., 2010)

(Johnson et al., 2020; Lloyd et al.,
2017; Ruiz-Pinto et al., 2018; Sudo
etal., 2015; Xuetal., n.d.; Q. Zhao
etal., 2016)
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3.1.2 Summary
After integrating microarray data from publicly available repositories, 228 possible novel drug

candidates for therapeutic interventions and/or biomarkers for early detection of DCM were identified.
However, to prevent bias in selecting the potential DCM biomarkers, only the top 5 genes (USP34,
ETFpB, LOXL2, ZKSCAN4 and IGF1) were selected based on the Wilcoxon score and p<6x10® for

subsequent characterization and in vivo validation experiments.

3.2.3 Liver pathology and serum analysis of liver enzymes (AST and ALT) as risk predictors of
DCM
The liver is an essential organ for glucose and fatty acid metabolism and homeostasis after meals and

fasting. Patients presenting with non-alcoholic fatty liver disease (NAFLD) are more likely to develop
CVD than their non-NAFLD counterparts. Furthermore, it has been reported that CVD is the leading
cause of death among NAFLD patients (Stepanova & Younossi, 2012; Targher et al., 2007). The liver
enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are used to monitor
liver function and the degree of liver injury. At the same time, hepatotoxicity is characterised by
increased fat deposition in hepatocytes, which have been linked to hepatic insulin resistance and T2DM.
In the present study, significantly elevated expression of the liver enzymes ALT was observed at 6 (p<
0.05), 14 (p< 0.01) and 16 (p< 0.01) weeks, respectively. While for AST at six weeks, a significant
decrease is observed followed by a significant increase at 14 (p< 0.01) and week 16 (p< 0.01) in the
db/db mice when compared to their db/+ counterparts (Figure 3.4). Liver tissues were subjected to
histological analysis (Figure 3.6) to ascertain whether the changes in serum liver enzyme levels
coincided with changes in tissue. Haematoxylin and eosin-stained liver sections showed vesicular
formation from week six and macro-vesicles formed from week 9, which both indicate lipid

accumulation in the liver.
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Figure 3.9: Liver enzyme profile of Leptin receptor-deficient db/db mice at 6-16 weeks. ALT A)
and AST B) of homozygous Leptin receptor-deficient diabetic mice db/db mice and their heterozygous
Leptin receptor-deficient db/+. Results are expressed as mean + SEM of 8 animals per group. *p<0.05

and **p<0.01 versus nondiabetic age-matched control (db/+).
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Weeks

db+

db/db

Figure 3.10: Hepatocellular pathological changes. Representative image of liver cross-sections from Leptin receptor-deficient db/db mice and their
homozygous control db/+ control group. Histological observation of haematoxylin-eosin (H&E) sections. Microvesicular steatosis was (yellow arrows)
observed in the livers of db/db mice from as early as 6-11 weeks, and at 14 weeks, macrovascular (green arrows) changes were apparent. Homozygous control

db/+ at 6-16 weeks and leptin receptor-deficient db/db at 6-16 weeks. (Magnification x400)
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3.2 PHASE 2: Validation of candidate genes in vivo

3.2.1 Morphometric risk factors of diabetic cardiomyopathy
Type 2 diabetes mellitus is a known risk factor for DCM. Individuals with T2DM present with increased

body weight which is associated with chronic hyperglycaemia. Db/db mice are a model used for T2DM
research and have similar traits such as spontaneous weight gain and increased fasting plasma glucose

concentrations.

Morphometric observations: Six to sixteen-week-db/db and their lean db/+ controls were fed a
standard chow diet for 11 weeks. Weekly, body weights and fasting blood glucose were conducted. The
body weights of the db/db mice were significantly (p<0.0001) increased as early as six weeks (Figure
3.2 A). A significant increase in blood glucose was observed from week 9 to 16 in the db/db mice
(p<0.0001) (Figure 3.3D). In contrast, there were no significant changes observed in the heart weights
of db/db mice compared to their db/+counterpart. However, heart weight to tibia length showed a
significant decrease at weeks 9 (p<0.01) and 11 (p <0.05 (Figure 3.2 B and C). In figure 3.2, a
divergence in body weight, heart weight: tibia length and liver weights are observed from weeks six to
fourteen, which can be explained by the weight gain observed during this weeks, while the convergence

at week sixteen can be associated to a decline/plateau in weight during this week.

Triglycerides, LDL-cholesterol, total cholesterol, and increased blood glucose are known risk factors
associated with T2DM, contributing to decreased cardiac contractility. This study demonstrated
significantly increased LDL and triglyceride levels at weeks 6 and 16 (p<0.01) in the db/db mice.
Additionally, the total cholesterol was significantly increased in db/db mice from week 6 to week 16
(p<0.0001) (Figure 3.3A-C).
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Figure 3.2: Morphometric analysis of 6-16-week-old Leptin receptor-deficient db/db mice.

Body weight (A), heart weight (B) Heart weight: tibia length (C) Liver weight D), and Liver weight:
tibia length E) of homozygous Leptin receptor-deficient diabetic mice db/db mice and their
heterozygous Leptin receptor-deficient db+. Results are expressed as the mean + SEM of n=8 animals
per group. * p <0.05, **p<0.01, ***p<0.001 and ****p<0.0001 versus nondiabetic age-matched control
(db/+).
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Figure 3.3: Lipid profile and blood glucose of Leptin receptor-deficient db/db mice at 6-16 weeks.
Cholesterol (A), Triglyceride (B), Low-density lipoproteins (LDL) (C) and blood glucose (D) of db/db
mice and their heterozygous Leptin receptor-deficient db/+. Results are expressed as mean £ SEM of
n=8 animals per group. **p<0.01 and ****p<0.0001 versus nondiabetic age-matched control (db/+)

3.2.2 Confirmation of known predictors for cardiovascular risk using echocardiography
Type 2 diabetes is associated with cardiovascular changes that lead to the thickening of the myocardium

that manifest mainly as diastolic dysfunction and later systolic dysfunction. Additionally, mice will
present with reduced ejection fraction and left ventricular hypertrophy (Boudina et al., 2007; Dludla et
al., 2017). Tissue Doppler Imaging is a non-invasive imaging technique that is the current gold standard
for detecting DCM at its early asymptomatic stage (Lorenzo-Almoros et al., 2017). In this study,
echocardiography analysis parameters are summarized in Table 3.3. There were no significant
differences in the heart rate (HR) throughout the study. To measure changes in the LV, the following
parameters were tested without significant differences observed: interventricular septum (I1VS): d:
diastole; s: systole; left ventricle internal diameter (LVID); left ventricle posterior wall (LVPW) and
left ventricle mass (LV mass). Furthermore, the following parameters were measured to assess diastolic
function: E wave; A wave; isovolumic relaxation time (IVRT) and E wave deceleration (Epr). The E
wave showed a significant decrease at weeks 11 (p<0.05), 14 (p<0.05) and 16 (p<0.001), while there
were no significant differences observed with the A wave. For the IVRT and Epr, significant changes
only occurred at weeks 14 (p<0.001) and 16 (p<0.001). Additionally, ejection fraction (Figure 3.4) was
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significantly decreased at 14 (p<0.05) and 16 weeks (p<0.05). At week 16, the E: A ratio was
significantly reduced (p<0.001) when the obese mice were compared to their db/+ counterparts (Figure

3.4) while reduced ventricular wall thickness was significant at week 16 (p <0.05).
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Figure 3.4: Determination of cardiovascular dysfunction using echocardiography of Leptin
receptor-deficient db/db mice at 6-16 weeks. Ejection fraction (A) Fractional shortening (B) E: A
ratio and (C) interventricular septum thickness (D). Results are expressed as mean £ SEM of 8 animals

per group. *p<0.05 and ***p<0.001 versus nondiabetic age-matched control (db/+).
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Table 3.3 Echocardiography characteristics of the lean and obese mice from week 6 to 16.

6 weeks 9 weeks 11 weeks 14 weeks 16 weeks
Lean Obese Lean Obese Lean Obese Lean Obese Lean Obese
(db/+) (db/db) (db/+) (db/db) (db/+) (db/db) (db/+) (db/db) (db/+) (db/db)
(n=8) (n=8) (n=7) (n=8) (n=8) (n=8) (n=6) (n=6) (n=8) (n=8)
Heart Rate 408452 397+17 408+43 372426 380435 388+36 383+34 353+20 410435 398+28
Left ventricle
IVS, d (mm) 0.71+0.06 0.72+0.06 0.78+0.11 0.75+0.07 0.81+0.14 0.79+0.07 0.83+0.07 0.75+0.07 0.82+0.08 0.77+0.09
IVS, s (mm) 1.15+0.07 1.22+0.15 1.23+0.32 1.17+0.10 1.28+0.32 1.15+0.05 1.27+0.13 1.07+0.11 1.36%0.20 1.08+0.11

LVID, d (mm) 3.68+0.29  3.79+0.24  3.81+0.32  3.75+0.18  4.04+0.25 3.91+0.32  3.99+0.26  4.05+0.27 4.16+0.22  3.95+0.42
LVID, s (mm) 2.29+0.30 2.23x0.24 2471047  2.49+0.22  2.56%0.46  2.71+0.25  2.96+0.37 3.07+0.22 2.67+0.26 2.92+0.29
LVPW, d (mm) 0.68+0.07  0.77+0.17  0.73x0.05 0.70+0.13  0.78+0.13  0.81+0.05 0.78+0.09  0.80+0.07 0.73+0.09 0.79+1.06

LVPW, s (mm) 1.06+0.15 1.12+0.18 1.08+0,17  1.05+0.19 1.16£0.24  1.12+0.11 1.14+0.12 1.01+0.07 1.14+0.15 1.06+0.16

LV mass (mg) 78+11 906 99+10 94121 119+17 113+11 120+15 115+11 121+21 113+30
Diastolic
function
E wave (mm/s) 808+116 734161 822+108 652185 792+106 694+61* 710+82 582+101* 77566  606+154**
A wave (mm/s) 477+110 43748 437+133 41578 421+124 421+41 388+68 397459 398176 44192
IVRT (ms) 13+3 13+7 11+1 1545 13+3 1743 173 27+6** 15+2 21+6**
Ept (Ms) 2249 2716 22+7 2616 21+10 2418 25+3 36+7* 21+6 32+4**

IVS: interventricular septum,; d: diastole; s: systole; LVID: left ventricle internal diameter; LVPW: left ventricle posterior wall; LV mass: left ventricle mass; IVRT: isovolumetric relaxation time;

Eot: E wave deceleration time. Data are expressed as mean+SD. "p<0.05, “p<0.01 compared to age-matched wild type control using Mann-Whitney test.
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3.2.4 Markers of fibrosis, hypertrophy, and apoptosis were measured as predictors of cardiac
dysfunction
The markers of fibrosis, hypertrophy and apoptosis were measured in this section to confirm the

establishment of DCM. Natriuretic peptide A (NPPA) is released in response to mechanical stretch of
the atrial wall and elevated systemic blood pressure. In this study, NPPA levels showed increased
expression at 6, 9, 14 and 16 weeks, with significance at ages 6 (p< 0.05) and 14 weeks (p< 0.05) in
db/db mice when compared to the db/+ control (Figure 3.6 A). Connective tissue growth factor (CTGF)
is a matricellular protein expressed in the vascular wall, regulating various macro-and microvascular
pathologies. As such, dysregulation of CTFG has been strongly linked to the development of fibrosis.
In this study, CTGF expression was significantly increased (p< 0.05) at week 14 only in db/db mice
when compared to their db/+ counterpart (p< 0.05). Week 9 and 11 showed a decreased trend, whereas
weeks 6 and 16 were similar to the control (meanz). The gene expression levels of the proapoptotic
protein and the Bcl-2Associated X-protein (BAX) antiapoptotic protein B-cell lymphoma-2 (BCL-2)
were also assessed. In this study, BAX and BCL-2 showed significant changes at 11 (p< 0.05) and 14
(p< 0.05) weeks compared to db/+ control. The observations made in this study with respect to gene
expression changes which occurred only at certain weeks are consistent with other studies which have
shown age-dependent alterations both at genetic and phenotype levels (Dalbgge et al., 2013; Dludla et
al., 2017).

>
?
y

£ B db/+ = El db/+
54 Bl db/db c 3 Bl db/db
§% o $5°
s =
P E 5o
g £ * T 24
E 8 2=
£ a o
<32 Ez ]
&g 8
= E F®
5 ©E
£ o4 2 0-
© C) " a* o ® > Ay "> e
Mice age (weeks) Mice age (weeks)
c 5 D 5
= m db/+ g m db/+
B 4 B db/db Sa a4 B db/db
g= vz
1%, s 5
Sg : 38
<z 23
22 % £3 2
ET * o8 *
xX N . O -
221 EE 1 .
£ 8
2 o- < o-
© ] ,\'\ ,\b- ,\6 © ) ,\N ,\b- ,\fa
Mice age (weeks) Mice age (weeks)

Figure 3.6: Hypertrophic, fibrosis and apoptosis markers in 6-16-week-old Leptin receptor-
deficient db/db mice. Natriuretic Peptide A (NPPA) (A), connective tissue growth factor (CTGF) (B),
B-cell lymphoma 2 (BCL-2) (C) and Bcl-2-associated X protein (BAX) (D). Genes were assessed at
weeks 6-16 of spontaneous development of diabetes. Blue and red lines represent db/+ and db/db mice,

respectively. Results are expressed as the mean + SEM of n=8 animals per group
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3.2.5 mRNA expression analysis of potential DCM biomarkers in heart tissue of 6-16 week old
db/db mice
Cardiac tissue from db/db mice and their db/+ control counterparts was used to investigate the

differential expressed pattern of the top 5 proposed DCM biomarkers (ZKSCAN4, IGF1, USP34, ETFp
and LOXL2) as obtained from the ArrayExpress database. Results obtained showed that ZKSCAN4, a
transcriptional repressor of p53, was increased at 6- and 16-weeks, with significant changes observed
at week 16 (p<0.05, 1-fold change) (Figure 3.7 A). Gene expression analysis for IGF-1 showed a
significant increase at week 6 (p < 0.05, 1.5-fold change), then expression was down-regulated in the
diabetic rat from 9 weeks onwards (Figure 3.7A). A 4-fold decrease (p<0.0001) of USP34 expression
was observed at 9 weeks in the db/db mice compared to their db/+ controls. No other differential
expression was observed for USP34. In addition, our study using gRT-PCR analysis revealed that
cardiac mMRNA expression of the ETF gene was significantly increased at 11 weeks, where after no
changes could be observed in ETF expression when the db/db were compared to their age-matched
db/+ control. Atweek 11, LOXL2 showed a (p<0.001, 2.2-fold) differential increase, a further increased
MRNA expression was observed at weeks 14 (p<0.05, 0.8-fold change) and 16 (p<0.05, 0.5-fold
change) in expression of db/db mice when compared to db/+ control (Figure 3.7D).
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Figure 3.7: mRNA expression of candidate genes in myocardial tissue in 6-16-week-old Lepton
receptor-deficient db/db mice. Differential expression of Zinc Finger with KRAB and SCAN
Domains 4 (ZKSCAN4) (A), Insulin-like growth factor 1 (IGF1) (B) Ubiquitin carboxyl-terminal
hydrolase 34 (USP34) (C), Electron transfer flavoprotein subunit beta (ETF) (D) and Lysyl Oxidase
Like 2 (LOXL2) (E) in heart tissue of leptin receptor-deficient mice db/db compares to age-matched
lean control db/.. Results are expressed as mean + SEM of n=8 animals per group. *p<0.05, **p<0.01,

***p<0.001 and ****p<0.0001 versus nondiabetic age-matched control (db/+)
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3.2.5 UPS34, ZKSCAN4, IGF1, ETFp, LOXL2 and NT-pro-BNP protein expression in serum of
obese mice
In order to explore the use of the proposed candidate genes as possible serum prognostic/diagnostic

markers, we tested if the identified proteins are released from the cardiac interstitial space into the
circulation during a disease state. This study showed no difference in serum protein expression of
UPS34, ZKSCAN4 and IGF1 (Figure 3.8 A-C), respectively. Conversely, serum protein levels of
LOXL2 were elevated from weeks 6 to 16. However, statistically, significant differences were only
observed at weeks 9 (p<0.01) and 11 (p<0.01) when compared to their db/+ counterparts (Figure 3.8
D). Conversely, serum expression of ETFf} was significantly reduced at 11, 14 and 16 (p<0.001,
p<0.001 and p<0.05) when compared to their none diabetic controls (Figure 3.8 E). The discrepancy
between the mRNA and protein expression levels of ETFp, can be explained by the 40% variation
protein and mRNA levels ascribed to regulation between DNA transcription, translation and
posttranslational modification of protein products (Koussounadis et al., 2015; Perl et al., 2017).

Measurements of serum NT-proB-type Natriuretic Peptide (NT-pro-BNP) were performed and it is
released in response to increased cardiac pressure. These changes are often associated with HF and
other myocardial changes. NT-pro-BNP levels are increased in response to cardiac changes/HF and are
reduced under physiological conditions or when managed through treatment. In the current study,

increased levels of NT-pro-BNP were observed only at week 14 (p<0.01) (Figure. 3.8 F).
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Figure 3.8: Expression of serum biomarkers in 6-16-week-old Lepton receptor-deficient db/db
mice. Zinc Finger with KRAB and SCAN Domains 4 (ZKSCAN4) (A), Insulin-like growth factor 1
(IGF1) (B) Ubiquitin carboxyl-terminal hydrolase 34 (USP34) (C), Electron transfer flavoprotein
subunit beta (ETFB) (D) and Lysyl Oxidase Like 2 (LOXL2) (E) N-terminal prohormone of brain
natriuretic peptide NT-pro-BNP (F) of leptin receptor-deficient mice db/db compared to aged-matched
lean control db/+. Results are expressed as mean + SEM of n=8 animals per group. *p <0.05, **p <0.01
and ***p<0.0001 versus nondiabetic age-matched control (db/+).
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3.2.6 ETFp, LOXL2 and NT-pro BNP correlation analysis with mitral E: A ratio
In clinical practice, the E: A ratio indicates the degree of HF, guiding the implementation of

interventions. As such, this study examined the correlation between serum markers that were
significantly expressed (ETFB and LOXL2) as well as NT-proBNP and the mitral E: A ratio. Pearson

correlation efficiency was used to determine the linear relationship between the proposed biomarkers.

According to Pearson correlation analysis, an r of 1 shows a perfect positive correlation, an r of -1

depicts a negative correlation, whilst an r of 0 indicates no relationship. A significant positive

correlation was observed when ETFf was correlated to the E: A ratio (Pearson correlation, r = 0.675,

p<0.05). A negative correlation was observed when serum LOXL2 levels were correlated to the E: A

ratio (Pearson correlation, r = - 0.66, p = 0.05). Similarly, a negative correlation was observed when

NT-proBNP was correlated with the E: A ratio (Pearson correlation, r = -0.09, p =ns). (Figure 3.9 A-

C).
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Figure 3.9 Serum correlation of biomarkers (ETFf, LOXL2 and proBNP) to E: A ratio of Leptin
receptor-deficient db/db mice at 6-16 weeks. Correlation between ETFB and NT-pro-BNP (A),
correlation between ETFP and E: A ratio (B), correlation between LOXL2 and E: A ratio (C),

correlation between proBNP and E: A ratio
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3.2.7 Haematoxylin and eosin stain (H&E) and Masson’s trichrome staining of db/+ vs db/db mice
hearts did not show pathology
Haematoxylin and eosin (H&E) staining is one of the prominent stains in tissue histology, with

pathologists using it to assess tissue biopsies in medical diagnosis. Staining with H&E showed no
significant changes between db/+ and db/db mice. The histological sections were sent to the IDEXX
laboratories for pathological examination to confirm this. The pathologist confirmed that there were no
DCM associated lesions such as interstitial fibrosis or collagen deposition (Figure 3.10). Interestingly,
though the myocardial fibres showed increased diameter when correlated with echocardiography data,
the results showed no significant increase in LV wall thickness (Table 2, Figure 3.10). Subsequently,
the tissues were stained with Masson’s Trichrome, which discriminates between collagen and smooth
muscle by using three dyes that selectively stain for muscle, collagen fibres, fibrin and erythrocytes.

Similarly, no significant collagen deposition from weeks 6 to 16 could be observed (Figure 3.11).

3.2.8 Both ETFp and LOXL2 are increased in cardiac histology sections of db/db mice
Immunostaining of cardiac tissue sections showed increased levels of ETFB and LOXL2 proteins in the

interstitial space of db/db mice compared with their lean db/+ controls from weeks 9 and 11,
respectively. Staining of myocardial tissue with anti-ETFp showed a trend towards increased protein
expression when db/db was compared to age-matched db/+ control (Figure 3.12). Myocardial tissue
staining with anti-LOXL2 showed a significantly increased immunostaining from weeks 11 to 16
(p<0.001). Our findings suggested that LOXL2 and ETFf could be potential markers for identifying

DCM early compared to traditional stains, such as H&E.
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Figure 3.10 No pathology observed in Hematoxylin and eosin-stained db/db cardiac section. Representative images of heart cross-sections from

Leptin receptor-deficient db/db mice and their homozygous control db/+ control group. Db/+ at 6-16 weeks (A) and db/db at 6-16 weeks (B), showing no
cardiac remodelling in both db/+ and db/db mice. (Magnification x400)
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Figure 3.11 Masson’s Trichrome stained cardiac sections with no increased collagen in db/db mice. Representative images of heart cross-sections
from Leptin receptor-deficient db/db mice and their homozygous control db/+ control group. Db/+ at 6-16 weeks (A)and db/db at 6-16 weeks (B).
(Magnification x400)
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Figure 3.12 Age-dependent increased expression of anti-ETFp in cardiac sections of db/db mice. Representative images of heart cross-sections from

Leptin receptor-deficient db/db mice and their homozygous control db/+ control group. Db/+ at 6-16 weeks (A) and db/db at 6-16 weeks (B).
(Magnification x400)
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Figure 3.13 Increased expression of anti-LOXL?2 in db/db mice cardiac sections. Representative images of heart cross-sections from Leptin receptor-
deficient db/db mice and their homozygous control db/+ control group. Db/+ at 6-16 weeks (A) and db/db at 6-16 weeks (B). (Magnification x400)
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3.2.9 Summary
The establishment of T2DM, a risk factor for DCM, was observed using morphometric measurements,

lipid profiles and liver enzymes. Morphological measurements showed a significant increase in body
weight, liver weight, and the ratio of liver to tibial length. However, heart weights were reduced in
db/db mice compared to their db/+ littermate controls. Similar results were observed with the heart to
tibia length ratios. In this study, db/db mice showed a significant increase in triglyceride, cholesterol
and LDL from 6 weeks of age, while blood glucose was significantly increased from week 9. The obese
db/db mice presented with increased liver enzyme AST levels from week 14, while ALT showed
significant increases as early as week 6.

Additionally, changes in liver histology, showing both micro-and macro vesicles, were also established
by week 6 and 9 respectively in db/db mice compared to their db/+ controls. Myocardial mMRNA
expression of LOXL2 and IGF1 was significantly different between db/db and age-matched db/+
control. Serum analysis successfully discriminated between the identified biomarkers, with the serum
expression of LOXL2 and ETFp being significantly different and could detect it earlier than NT-pro-
BNP. Of the five candidate biomarkers tested, LOXL2 was the only marker that remained significantly
different in both heart and serum of db/db compared to db/+ control. Interestingly, serum analysis of
ETFp was found to be significantly reduced, while serum LOXL2 levels were significantly increased,
and both occurred earlier than the changes observed in NT-pro-BNP. Based on the above findings and
the aim of the current study to identify biomarkers that detect DCM at an early stage, only LOXL2 and
ETFp were explored as possible candidate biomarkers from here onwards. Results obtained showed

that reduced interventricular septum was observed at week 16.

Similarly, the ejection fraction (p<0.05, weeks 14 and 16) and E: A ratio (p<0.001, week 16) were
reduced. The serum levels of ETFB were positively correlated to ejection fraction and E: A ratio
(p=0.003, p<0.001). Whereas LOXL2 serum expression was nhegatively associated with ejection
fraction and E: A ratio. The traditional histological stains such as H&E and Masson’s Trichrome stain
were used to confirm DCM pathology; however, no significant differences were observed.
Nevertheless, when the histology sections were stained with anti-ETFp and anti-LOXL2, the difference
in fibrotic tissue could be observed. Thus, we observed concordant results between mRNA expression

and serum protein abundance of LOXL2 in the context of biomarker target discovery.
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3.3 Phase 3: Effect of silencing LOXL2 and EFTp on their up-and downstream effectors

Although clinical research and in vivo studies using animal models like ob/ob or db/db mice are widely
used to study DCM disease pathology, the respective models are also used to gain further molecular
insights into the underlying mechanisms that drive the observed DCM pathology. In this study, H9c2
rat heart derived cardiomyocytes were used for this purpose. The genes LOXL2 and EFTP were
transiently silenced by introducing small interfering RNA (siRNA) or scramble RNA (scrRNA) as
control integrated into H9c2 cells for 24 and 48 hours, respectively. After this, a DCM like environment
was simulated by exposing the cells to high glucose (HG) and palmitic acid (PAL). The functional role

of LOXL2 and ETF, as well as its downstream effectors, were assessed.

3.3.1siLOXL2
Following transfection with the siLOXL2 and scrambled (scr) LOXL2 for 24 hours and further exposure

to HG and PAL, mRNA levels of scr LOXL2 were significantly increased when compared to the control
and siLOXL2 (p<0.001), while cells treated with siLOXL2 was significantly decreased (Figure 3.14A).
Similarly, siLOXL2 protein expression was significantly decreased when compared to the control-
treated with PAL and HG (p<0.001) (Figure 3.14A and B). Transforming growth factor beta (TGFp)
has been shown to promote the production of extracellular matrix (ECM) and collagen production.
Therefore, in this study, the expression of the downstream effectors of LOXL2, TGFp and collagen la
(Col1A), collagens typically provide scaffolding for cells, were assessed post LOXL2 silencing. Results
obtained showed that H9c2 cells transfection with the siLOXL2 and post-treated with HG and PAL
resulted in a significant increased TGFp mRNA (p<0.001) expression, while Col1A mRNA expression
was significantly decreased (p<0.01) when compared to the scr LOXL2 control (Figure 3.14 C and D).
Finally, the protein expression of the following genes BCL-2 (involved in apoptosis), CPT2 (involved
in beta-oxidation), NT-proBNP (known marker of CVD) and TGF were also assessed. Results obtained
showed no significant differences when the scr LOXL2 was compared to the siLOXL2. Finally, no
significant differences were observed in the protein expression of BCL-2, carnitine palmitoyltransferase
2 (CPT2), NT-proBNP and TGFpB. However, a (p<0.01) significant difference was observed with
phosphor anti-Smad (Smads are upstream regulators of TGFp).
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Figure 3.14 Effect of LOXL2 knockdown on transcription growth factor beta (TGFf3), B-cell lymphoma 2

(BCL-2), Carnitine palmitoyltransferase 11 (CPT2), N-terminal prohormone of brain natriuretic peptide

(NT-proBNP), phosphor ant

i-mothers against decapentaplegic (Smad) and collagen 1A (Col1A) expression.

LOXL2 siRNA or scramble control transfected H9c2 cells exposed to 100uM PAL and 33mM HG. The

expression levels were normalized relative to the control. LoxL2 mRNA expression A) LoxL2 protein

expression B) TGF mRNA

expression C) and Col1A expression D) BCL-2 protein expression E) CPT2

protein expression F) NT-pro-BNP G) TGF protein expression H) and phosphor anti-Smad protein

expression. The statistical significance was evaluated using the Student’s t-test. This graph represents

the SEM of triplicate samples. p<0.05, p<0.01 and p<0.001 when compared to control or scrambled

control.
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3.3.2 siETFp

HO9c2 cells were transfected with ETFp or scrRNA for 48 hours and exposed to HG and PAL. HG and
PAL exposure significantly decreased mRNA expression of ETFB when compared to the scrambled
control (p<0.01). A similar effect was observed when ETF was compared to scr ETFf (p<0.01) (Figure
3.15A). Concentrations of 100 nM or more have been shown to yield nonspecific silencing effects
when compared to their lower counterparts of 30 nM or less (Semizarov et al., 2003). In the present
study, a concentration of 1200 nM was found to be effective for transfecting either with siLOXL2 (Figure
3.16A) or ETFp (Figure 3.15A) respectively. In addition, to assess whether ETFP was required for
Acyl-CoA dehydrogenase medium chain (ACADM, oxidoreductase enzyme, required for producing
acetyl coA) and collagen 1A (CollA) expression, the effect of sSIETF mRNA of ACADM and Collal
were assessed. H9c2 cells transfected with siRNA protein and mRNA expression of ACADM (p = ns)
and CollA (p<0.05) was significantly decreased compared to the scrambled control. Furthermore, the
expression of carnitine palmitoyltransferase 1 (CPT1), involved in beta-oxidation, and ACADM was
not significantly changed following siRNA transfection; however, the expression of NT-proBNP was

significantly reduced in transfected H9c2 cells (p<0.001).
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Figure 3.15: Effect of ETFf knockdown on Acadm, CPT1, NT-proBNP and Collal. ETFB siRNA
or scramble control transfected H9c2 cells exposed to 100uM PAL and 33mM HG. ETFB mRNA
expression A) ETFp protein expression B), Acadm protein expression C), Collal mRNA expression
D), NT-proBNP protein expression E), CPT1 protein expression F). The expression levels were
normalized relative to the control. The statistical significance was evaluated using the Student’s t-test.
This graph represents the SEM of triplicate samples. p<0.05, p<0.01 or p<0.001 when compared to

control or scrambled control.

3.3.3 Summary
The expression of LOXL2 was increased in H9c2 cells, both in the normal and scrambled controls.

However, a marked decrease in LOXL2 expression was observed following knockdown. At the mRNA,
the results showed strikingly increased levels of TGF while Collal reduced following transfection. In
contrast to these results, the protein levels of TGFP showed no significant differences. Similarly, the
protein levels of BCL-2, CPT2, and NT-proBNP and phosphor anti-Smad remained unchanged. ETFf
expression at both mRNA and protein levels was reduced in the treated cells following transfection and
exposure to HG and PAL. Furthermore, Collal expression was significantly reduced at the mRNA
level. Interestingly, NT-proBNP protein levels were significantly increased. While mRNA levels of

Acadm were not significantly changed and a similar observation was made with CPT1.
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3.4 Phase 4: Sensitivity and specificity

3.4.1 Determination of sensitivity and specificity
Since the overall aim of the study was to identify a biomarker profile that would be able to detect DCM

at its asymptomatic stage, it was imperative to assess the sensitivity and specificity of the identified
markers. The sensitivity and specificity test conducted in this study were to ascertain whether the
identified biomarkers could be used singly, in combination and whether they were comparable or
superior to the current detection methods ETFf and LOXL2 were compared to Echocardiography,
which is the gold standard detection method (imaging) and the current commercial biomarker for HF,
NT-pro-BNP.

Initially, a generalized linear regression model was used to test whether a relationship been the markers
and NT-pro-BNP existed. Results were considered significant if the differences between db/+ and db/db
mice at each week for ETFB, LOXL2 and NT-proBNP had a p<0.001. The results showed no significant
differences for NT-proBNP and LOXL2 for each week (Table 3.4). Conversely, ETF showed
significant differences at weeks 11 and 14 (p=0.001, t=3.91 and 3.67 respectively) (Table 3.4).
Subsequently, the results for the three biomarkers (NT-proBNP, LOXL2 and ETFf) were combined to
perform principal component analysis (PCA), which was used to determine the correlation/relationship
between these markers further (Table 3.5). Results showed that the first principal component accounted
for almost 89% of the variation in the data, which was the linear combination of the three biomarkers.
Then, the Receiver Operating Characteristic (ROC) curve was used to conduct sensitivity and
specificity analysis. The mice groups were either specified (db+ or db/db) or unspecified, and a low
area under the curve was observed when the groups were not specified (Figure 3.16, 0.679) and
increased when they were specified (Figure 3.17, 0.797) for ETFp. This was regarded as a good
predictive power of the model. Furthermore, the linear combination of LOXL2 and ETF was tested
when the groups were not specified, and an AUC of 0.795 with a cutoff point is 0.789 was obtained
(Figure 3.18). Similarly, for LOXL2 and ETFf, when the groups were specified, the AUC was increased
to 0.813, with a cutoff value of 0.824. This showed the good predictive power of the model, thus,

indicating the biomarkers are more sensitive when used together (Figure 3.19).
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Table 3.4: Statistical analysis for all biomarkers

Mice age (Weeks) t value p value
6 -2.05 0.096
NT-proBNP
9 1.33 0.23
11 1.85 0.1
14 -1.05 0.34
16 -1.22 0.25
6 1.94 0.09
ETFp
9 0.59 0.57
11 391 0.001
14 3.67 0.001
16 3.08 0.022
6 0.11 0.92
LOXL2
9 -2.39 0.04
11 -4.29 0.09
14 0.23 0.82
16 -1.98 0.08
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Figure 3.16: ROC curve for ETFB at different cut off points when groups are not specified.
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Figure 3.17: Curve of ROC at different cut off points of ETFB with groups specified.
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Figure 3.18: Curve of ROC at different cut off points of LOXL2 and ETFB with unspecified
groups.
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Figure 3.19: Curve of ROC at different cut off points of LOXL2 and ETFB with specified groups.

3.4.2 Summary
The data showed that the linear model did not detect any significant differences between the NT-

proBNP and LOXL2. However, there were significant differences observed at weeks 11 and 14 for
ETFB. The ROC curve analysis showed ETFB to be sensitive in determining DCM presence.
Interestingly, the combined use of LOXL2 and ETF[ was shown to have a higher predictive value than

when ETFp was used on its own.
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CHAPTER 4

DISCUSSION

Although much effort has been made to identify effective biomarkers for diagnosing DCM,
these are elusive and are still disputed even among clinical experts (Kumric et al., 2021). As
such, it would be advantageous for diabetics at risk to be screened early enough to implement
corrective treatment. There are non-invasive and invasive detection methods, including TDI or
MRI and endomyocardial biopsy sam

pling, respectively (Lorenzo-Almordés et al., 2017). However, individuals in resource-poor
settings and those who cannot afford private health care have limited access to such facilities.
Also, apart from TDI echocardiography and MRI being costly, they are not routinely
performed. It requires specialised equipment and trained personnel, which is not available in
all healthcare facilities. This was confirmed by various observational studies that reported a
lack of highly skilled individuals to correctly interpret TDI data (Boudina & Abel, 2010; Ledn
et al., 2016; Schilling & Mann, 2012).

This leads to the argument that a rapid and cost-effective biomarker assay is required for early
detection of DCM, as this may lead to corrective therapy. Hence, this study aimed to identify
a prognostics profile that can detect the sub-clinical onset of diabetic induced cardiomyopathy.
In this study, an in silico prediction of publicly available data sets was used to identify possible
DCM diagnostic markers with the understanding that a cross-talk exists in disease pathology
between T2DM and CVD (Liu et al., 2018; Strawbridge & van Zuydam, 2018). In this study,
15482 T2DM and 16450 CVD prognostic candidates were obtained from the ArrayExpress
database. After that, the two datasets were integrated to obtain a DCM dataset in which 298
possible candidate biomarkers were generated. A Wilcoxon test score was applied to generate
the top five biomarkers. Out of these biomarkers (USP34, ETFB, LOXL2, ZKSCAN4 and IGF-
1), the top two potential serum biomarkers, ETFB, LOXL2 were further investigated. A
pathway enrichment analysis and protein-protein interactions were conducted using a Kyoto
Encyclopedia of Genes and Genomes (KEGG) and STRING, respectively. However, no
conclusive results were obtained for these (data not included). Subsequently, a literature search

was used to curate functional associations manually. Then the genes could be associated with

88



functions associated with DCM pathology, such as energy metabolism, fibrosis, hypertrophy
and apoptosis (Chisalita et al., 2011; Szot et al., 2018; Ungvari & Csiszar, 2012).

Phase 1: Computational prediction of DCM biomarkers

Altered myocardial substrate metabolism

The required high energy levels are tightly regulated. Any alterations occurring in systemic
insulin sensitivity or insulin action in the myocardium have a high impact on its metabolism
and function (Abel et al., 2012). Energy from fat and carbohydrates is oxidised to supply the
heart with ATP to match its mechanical power. This metabolic flexibility caters for the heart
during fasting, feeding or intense exercise. However, following insulin resistance, the heart
relies on fatty acid oxidation while glucose oxidation is reduced (Abel et al., 2012). This is
significant in the present study because IGF-1 and ETFpB, which are important markers in

energy regulation, were among the markers of interest.

IGF-1 is a small peptide hormone that controls glucose metabolism, and its expression is
decreased in T2DM patients (C. Y. Wang et al., 2016). Reduced expression of IGF-1 can thus
be correlated with increased FAO in DCM since substrate changes are impaired.

The ETFp subunit is a component of the ETF heterodimer housed in the inner membrane of
the mitochondria, the energy-producing centres in the cell (Ruiz-Pinto et al., 2018). The ETFa,
ETFB and ETFQO play an essential role in shuttling electrons between acyl co-enzyme A
(Acyl-CoA) and ubiquinone, thus linking FAs and amino acids to the mitochondrial respiratory
system in complex Ill. However, since increased intra-myocardial lipid is linked to impaired
glucose tolerance, insulin resistance, obesity and diabetes, energy (ATP) is not produced at a
high rate since the ATP-synthase becomes defective, contributing to increasing ROS
production. Therefore, due to impaired energy metabolism, diastolic relaxation, an energy-
requiring process, is impaired, thus affecting the functioning of the heart (Boudina et al., 2007).
Ruiz-Pinto and co-authors have previously shown that downregulated ETFP results in reduced
capacity for mitochondrial dysfunction and reduced ATP production (Ruiz-Pinto et al., 2018).
Thus, making ETFp an ideal candidate.
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Altered substrate preference linked to increased fibrosis and myocardial hypertrophy

Diabetes induced cardiac damage causes a detrimental increase in collagen, the main
constituent of the extracellular matrix (ECM) essential for keeping the myocardial structure
intact. The increased collagen thickens the ventricular wall, stiffening the myocardium and
causing diastolic dysfunction (Erasmus et al., 2020), thus compromising the heart’s ability to
contract, reducing the amount of deoxygenated blood flowing into the heart since space is
decreased by the accumulated collagen and limits the amount of oxygenated blood flowing to
the rest of the body. LOXL2 is known to play a role in ECM regulation through maintaining
collagen homeostasis, and its dysregulation has been associated with the pathological increase

in fibrosis (Erasmus et al., 2020).

Zinc finger with KRAB and SCAN domains 4 (ZKSCAN4), formerly known as ZNF307, is
part of the Zinc finger proteins (ZFPs) that are ubiquitous in the human proteome. These
proteins play are role in cell growth, differentiation, development and disease. Zinc finger
proteins contain a Cys2His2 (C2H2), and ZNF 307 is evolutionary conserved across species
and highly expressed in the brain, lung, kidney and human heart (C. J. Yu et al., 2017).
Although functional characterization of zinc finger proteins is still lagging (Saghy et al., 2020),
ZKSCAN4 has been previously expressed in the heart and shown to cause hypertrophy (C. J.
Yuetal., 2017).

The use of bioinformatics analysis in gene expression profiling gives mass screening of
molecular markers from patients, giving insights into diseases at the genome, transcriptome,
and epigenetic levels (N. Li et al., 2018). However, the high volume of such microarray data
requires validation, using empirical research and translation into useable clinical applications
(N. Li et al., 2018). Thus, the identified genes were validated in a db/db mouse model.

The USP family belongs to zinc-dependent metalloproteases made up of several conserved
regions (S. Zhao et al., 2015) and the primary regulators of muscle atrophy. In the heart, the
E3 ligases have been associated with pathological cardiac hypertrophy, associated with

defective contraction of the heart (Powell et al., 2012).
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Phase 2: In vivo validation of candidate genes

Morphological characteristics and clinical relevance of the model

The db/db model is a well-established cardiovascular risk predictor model in which mice
develop diabetes and overt signs of lipotoxicity by 8 and 9 weeks, respectively (Dludla et al.,
2017). The present study confirms this, with db/db mice displaying increased body weights
from week 6, while fasting blood glucose significantly increased from week nine compared
with their db/+ controls. These findings were consistent with previous studies on db/db mice,
showing that leptin receptor-deficient mice develop obesity and hyperglycaemia from six
weeks of age, a significant change since substrate metabolism is altered to exclusive FAO
reliance in diabetic hearts (Dludla et al., 2017; Kobayashi et al., 2000). Furthermore, although
cardiac hypertrophy (increase in myocardial/chamber size when compared to body size) is one
of the main features of DCM (Tate et al., 2019), there were no changes observed in db/db mice
heart weights when compared to their db/+ counterparts. Our data support previous data shown
in the studies by (Arow et al., 2020; Tate et al., 2019), where heart weights remained
unchanged. In rats, heart weight/tibia length changes occur synergistically with LV
hypertrophy resulting from enlarged cardiomyocyte size (Dludla et al., 2017). Unexpectedly,

we observed a decrease of heart weights normalized to tibia length at weeks 11 and 14.

In contrast to our findings, Wang et al. (2017), as well as Dludla et al. (2017), showed increased
heart weight to tibia length (Dludla et al., 2017; S. Wang et al., 2017). It is speculated that these
weights HW: tibia lengths were increased in accordance with increased HW observed in these
studies prior to normalization with tibia length, which was not observed in the present study.
It is well known that increased cholesterol and triglycerides affect myocardial contractility
(Jgrgensen, Jensen, Biering-Sgrensen, et al., 2016). The present study demonstrated increased
LDL, triglycerides, and cholesterol in db/db mice compared to their db/+ counterparts, which
is in line with Dludla and co-workers’ observations (2017). Taken together, the metabolic
changes including hyperglycaemia, alterations in LDL, high cholesterol and increased liver
weight are all predictors of increased CVD. Therefore, these results show why the current

model was clinically suitable to test the identified biomarkers.

91



Risk prediction using Echocardiography

Echocardiography is used to detect structural and functional changes in DCM. The results
showed no significant differences in HR of db/db mice compared to their db/+ counterparts
similar to other studies (Mori et al., 2014; Semeniuk et al., 2002). Similarly, findings by Li et
al. (2014) showed no significant changes in interventricular septum (IVS) in the db/db mice
when compared to the non-diabetic control (R. Li et al., 2014). Furthermore, we observed that
db/db mice displayed a reduced E: A. ratio. Our findings agree with a previous study showing
that 8-weeks old db/db mice had a reduced E: A ratio compared to the db/+ controls (Venardos
et al., 2015). In contrast to these findings, Daniels et al. (2010) could not confirm the same
findings and reported that 18 weeks old mice showed no significant E: A ratio differences.
Similarly, to the findings observed by Tate and co-workers (2019), in this study, markers of
diastolic function, the Eprand IVRT were significantly increased from 14 weeks onwards. In
contrast, EF was significantly decreased at weeks 14 and 16. Typically, transducers with a
frequency higher than 10 MHz was used to conduct mouse echocardiography (Gao et al., 2011).
In the study by Tate et al. (2019), a Philips iE33 ultrasound machine 12 MHz sector (Doppler
and tissue Doppler) transducer, while the present study used a 30 MHz transducer on using a
VEVO 2100 ultrasound system. The latter findings, though confirmed by Tate et al. (2019), were
not confirmed by Li et al. (2014), who reported no significant differences in these parameters
as mice aged. The present study demonstrated a significant decrease in LV wall thickness at
week 16, whereas no significant changes were observed by (Abdel-Hamid & Firgany, 2015;
A. Daniels et al., 2010). Taken together, the measurement of mitral flow data enabled us to
confirm the establishment of diastolic dysfunction as early as week 9 and to confirm that the

db/db mouse model is a suitable model to study DCM pathology.

Liver pathology and analysis of serum liver markers as a risk predictor of DCM

HF patients are reported to have 15-65% of liver injury cases, with diabetic individuals
displaying increased hepatic fat with high transaminase levels having a higher CVD risk
(Maleki et al., 2011). Studies demonstrated a complex but strong association linking increased
diabetes-induced fatty liver injury to CVD development (Targher et al., 2005). Increased liver
enzymes (AST and ALT) indicate liver injury associated with cardiac dysfunction and T2DM
(Maleki et al., 2011). In the present study, both AST and ALT levels were increased, thus
showing liver injury linked with cardiac dysfunction. Similarly, McCullough and colleagues
(2004) showed increased ALT levels which could be associated with CVD outcomes

(McCullough, 2004). Furthermore, through histology analysis of liver sections using H&E
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staining, micro-and macro-vesicle formation were observed, which correlate with NAFLD
establishment (Xanthopoulos et al., 2019). Together, these results suggest the liver has been
affected by the T2DM phenotype alluded to above as a result of both lipid accumulation and
changes in AST and ALT profiles.

Cardiac hypertrophy and fibrosis markers

During disease progression, increased levels of NPPA are usually associated with changes in
cardiac output. The exact mechanism of NPPA in the diagnosis of HF is unclear. However, it
is known that this protein is released in response to atrial stress and thus, plays an essential role
in vascular remodeling and energy metabolism (Juji¢ et al., 2014). Furthermore, during
hypertrophy and heart failure, NPPA is highly expressed, and as such, it has been identified as
a highly conserved marker in CVD. In the present study, an increase in NPPA mRNA
expression was observed at week 6. Similar observations were made by Hou and co-workers
(2019) at 13-14 weeks (Hou et al., 2019). Therefore, these studies confirm our findings

suggesting a possible early onset of cardiac injury.

Cardiac fibrosis is a prominent DCM feature characterized by the overproduction of ECM
proteins (Gilca et al., 2017; Maya & Villarreal, 2010). Additionally, cardiac fibrosis is one of
the main contributing factors to diastolic dysfunction, with increased expression and activity
of pro-fibrotic signaling molecules such as CTGF causing augmented ECM protein deposition
(Sakai et al., 2017; Dirk Westermann et al., 2007). We observed an increase in CTGF
(associated with myocardial fibrosis) expression as early as week 6 of age in db/db mice.
Likewise, Way et al. (2002) and Zhao et al. (2019) observed increased CTGF expression in
protein kinase C beta 2 (PKCR2) transgenic rats (2, 4, 8 weeks) and streptozotocin-induced
diabetic rats (16 weeks), respectively, when they were compared to their control counterparts,

thus demonstrating increased fibrosis (Way et al., 2002; Yunyue Zhao et al., 2019).

Myocyte cell death occurs due to necrosis and apoptosis, which have been shown to increase
in diabetic individuals. As such, differential expressions of BAX and BCL2 were investigated.
In the current study, an increase in BAX (pro-apoptotic) and a significant decrease in BCL2
(anti-apoptotic) were observed in db/db mice compared to their db/+ counterparts. Similarly,
Hasnan and colleagues (2010) observed an increase in BAX and a significant decrease in BCL2

in T2DM patients compared to their non-diabetic counterparts (Hasnan et al., 2010).
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Cardiomyocyte apoptosis has been correlated to DCM pathogenesis, with increased
cardiomyocyte apoptosis being proportional to loss in cardiac contractility, remodelling and

finally culminating in cardiac dysfunction (Ren et al., 2016).

Differentially expressed genes of potential biomarkers

The mRNA levels of the genes ZKSCAN4, IGF1, USP34, ETFf, and LOXL2 were tested in
myocardial tissues. The results obtained for ZKSCAN4 showed significantly increased
expression at weeks 6 and 16. The increased expression of this gene at week six could explain
why no hypertrophy was observed in the myocardium since it suppresses the expression of the
SRF, AP-1 and NF-KB which all play an essential role in cardiac hypertrophy development
(C.J. Yu et al., 2017). However, in contrast to the observations made in our study, Yu and
colleagues (2017) observed a proportional relationship between ZKSCAN4 expression levels
and hypertrophy, with increased levels of this gene associated with cardiac hypertrophy in
diabetic mice hearts when compared to their control counterparts (C. J. Yu et al., 2017). In the
present study, normal heart weights were observed in the db/db mice compared to their db/+

counterparts, confirming the results observed by Yu et al. (2017).

IGF has been reported to play a role in cardiac contractility; increasing IGF gene expression is
linked to improved cardiac output and ejection fraction (Chisalita et al., 2011; Friedrich et al.,
2012). In our study, an age-dependent non-significant decrease in IGF-1 expression was
observed. This decreased IGF-1 expression was confirmed by Andreassen et al. (2009), who
reported an age-dependent reduction in IGF-1 expression in an elderly population with
increased CVD risk (Andreassen et al.,, 2009). Previous studies showed that IGF-1
overexpression ameliorates contractile dysfunction and simultaneously halts oxidative stress-
induced protein damage. Furthermore, it normalizes calcium homeostasis and reverses age-
dependent changes in pro-and anti-apoptotic proteins (Andreassen et al., 2009; Ungvari &
Csiszar, 2012). These functions confirm its potential role as a prospective biomarker detecting

cardiac dysfunction.

Next, USP34 expression in cardiac tissue was investigated as a potential biomarker for cardiac
hypertrophy. To date, a lack of data exists related to USP34 expression and cardiac disease
pathology. However, USP34 contains an E3 ligase, which has been linked to cardiac

hypertrophy (Lui et al., 2011; Powell et al., 2012; Sy et al., 2013), thus suggesting that it may
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contribute to the development of DCM. In the current study, USP34 expression remained
unchanged throughout all time points, and we were unable to highlight its potential role in the

development of DCM.

Interestingly, although the mRNA expression of ETFf was only significantly different at week
11, a peak was also observed at week 9, and a decreased expression of this gene is associated
with a shift in myocardial substrate preference. After the substrate shift from FA oxidation to
glucose oxidation, a cascade of events occurs, including defective oxidative phosphorylation,
increased ROS generation and mitochondrial oxygen consumption with no increase in ATP
production, leading to reduced energy efficiency in the heart (Borghetti et al., 2018). In T2DM
patients, reduced glucose uptake (increased FAO due to substrate preference shift) is associated
with impaired glucose oxidation and decreased ejection fraction, which was also observed in
our study (Nirengi et al., 2020). Moreover, our study showed that LOXL2 increased expression
is associated with increased myocardial fibrosis as this gene was significantly increased at 11-
16 weeks. Our data are consistent with studies conducted in both cardiac and renal tissues
(Cosgrove et al., 2018; Yang et al., 2016).

Serum expression of biomarkers

cTn-T and NT-proBNP are biomarkers currently used to diagnose CVD. However, Niizuma et
al. (2019) and followed by Johnson et al. (2020), highlighted that the reported biomarkers are
not sensitive enough to detect DCM at its asymptomatic stage Niizuma et al (2019) and Johnson
et al (2020). Although studies conducted in pre-diabetic rats have shown that serum NT-
proBNP levels are elevated in response to myocardial infarction, unstable angina and pressure
overload, its use in DCM remains inconclusive (Nunes et al., 2013). Of note, high plasma levels
of cTn-T have been shown to be high in T2DM experimental rat models with HF (Korkmaz-
Ic6z et al., 2016). Thus, predictive markers that would enable corrective treatment are still

needed.

In the present study, the following serum biomarkers UPS34, ZKSCAN4 and IGF1, showed
no differential expression, which shows no hypertrophy was measured in db/db mice compared
to their db/+ counterparts. Therefore, although the mRNA levels of these genes were
differentially expressed, serum levels of these proved to be unchanged. Interestingly, Oh and
co-workers (2017) reported that downregulation of USP34 induces transcription factor 3

(TGFB) and WNT signalling in epithelial-mesenchymal, which are involved in fibrosis and
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cancer/embryogenesis signalling, respectively, fibrosis and hypertrophy are prominent features
of DCM (Oh et al., 2017). Yu and colleagues (2017) observed increased expression of
ZKSCANA4 at protein level, which is contrary to our findings since serum ZKSCAN4 remain
constant (C. J. Yu et al., 2017). However, they used a cardiac-specific zinc finger protein, 307
transgenic and knockout mice, which were more specific than db/db mice model used in the
present study. While the results obtained for serum IGF1 levels in this study showed no
differential expression, Barroso et al. (2016) showed that decreased levels of IGF1 in
conjunction with Insulin-like growth factor binding protein-7 (IGFBP-7) could be used to
determine diastolic dysfunction in patients with DCM/HFpEF (Barroso et al., 2016). However,
unlike the present study, which was conducted in a rodent model. Barroso et al. (2016) worked
with serum samples from human patients. Although they had both male and female
participants, male volunteers made up 51% of the study.

Differentially increased LOXL2 serum levels were consistent with observations made by Yang
and co-authors (2016), as well as Zhao and co-authors (2017), who linked increased LOXL2
levels with atrial fibrillation (YYang et al., 2016; Yingming Zhao et al., 2017). Lastly, serum
ETFp was differently decreased, suggesting a reduced capacity of the mitochondria to perform
FAO and provide sufficient energy for the heart to perform at its peak. Similarly, Ruiz-Pinto
and co-workers (2018) observed reduced expression of ETFf in doxorubicin-treated adult rat
cardiomyocytes as well as changes in oxidative capacities through proteomics analysis (Ruiz-
Pinto et al., 2018). Taken together, both serum and mMRNA expression levels of these genes
(LOXL2 and ETFp) showed interesting results pointing to their possible use in detecting DCM
at its asymptomatic stage. As such, further analyses were conducted to characterise better

whether both of these genes may potentially be useful to detect DCM at an early stage.

Correlation of ETFp, LOXL2 and NT-pro BNP mitral E: A ratio

Pandey et al. (2021) recently showed that NT-pro BNP could detect asymptomatic diabetic
cardiomyopathy patients in T2DM patients between 30-60 years old, while the E: A ratio is
used to assess the measure of heart functionality (Pandey et al., 2021). In the present study,
NT-pro BNP could only detect DCM at the late stage (14 weeks) and was thus inversely
correlated with E: A, which could detect DCM at its asymptomatic stage. Both ETFp (11
weeks) and LOXL2 (9 weeks) were correlated positively with E: A (9 weeks) in our study,
which suggests that these biomarkers might be more sensitive biomarkers than NT-proBNP in
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detecting DCM at its asymptomatic stage, especially taking into consideration that NT-proBNP

may not be specific to DCM according to our findings.

Histological analysis and immunostaining

No disease pathology was detected when H&E and Masson’s Trichrome stain were used to
assess cardiac morphology and fibrosis, respectively. Unlike our findings, several studies using
the same model observed significant changes when db/db mice cardiac sections were stained
with either H&E and/or Masson’s trichrome stain (Huynh et al., 2012; Plante et al., 2015; J.
Zhao et al., 2016). However, when anti-LOXL2 immunostaining was used in the sections,
notable changes were observed suggesting the establishment of DCM. Thus, our data are in
line with other studies that have also reported that LOXL2 expression could be linked to the
presence of DCM, although their observations were made in humans and not in db/db mice like
the present study (Yang et al., 2016). Similarly, immunostaining of cardiac slices with anti-
ETFp revealed a trend towards increase from week 6, compared to no changes that were
observed with H&E as well as Masson’s Trichrome stain. This was supported by Zhao et al.
(2016), who also reported a significant increase in ETFB expression using western blot
techniques in db/db mice at 8 and 9 weeks, an effect associated with alterations of the

mitochondrial energy metabolism.

Phase 3: Functional confirmation of LOXL2 and ETFp in the pathogenesis of diabetic
cardiomyopathy

The ECM supports cellular components while conveying contractile force and comprises about
85% fibrillar type I collagen (Rodriguez & Martinez-Gonzalez, 2019). Collagen deposition is
essential for wound healing and tissue remodelling; however, unregulated collagen deposition
causes cardiac tissue scarring and fibrosis. Synergistically, collagen accumulation impairs
myocardial contractility, reducing the heart’s compliance and diastolic function (Erasmus et
al., 2020). In this study, upon both LOXL2 and ETFPB knockdown, Collal levels were
significantly reduced. These findings are similar to those obtained by Yang and colleagues
(2016) on Collal, who showed decreased expression of this gene upon silencing LOXL2 and

overexpression when LOXL2 was increased.

Similarly, ETFB expression was previously shown to be proportional to Collal levels in

collagen gel cultures (Hirokawa et al., 2011). The TGFP superfamily regulates fibrotic
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responses in the heart. Interestingly, it was previously shown by Yang et al. (2016) that LOXL2
was essential for TGFB2 secretion and that LOXL2 was proportional to TGFf2 production.
Surprisingly, TGFB2 expression was not attenuated by silencing LOXL2 in our study and was
actually significantly upregulated. This could be explained by another observation made by
Yang et al. (2016), which showed an alternative pathway in which LOXL2 stimulated TGFf3
through the phosphatidylinositol-3-kinase (PI3K)/ /protein kinase B (AKT)/mechanistic target
of rapamycin (MTOR) pathway, that controls translation and facilitates HF. An in vitro
knockdown of PI3Ka caused a low expression of LOXL2 through AKT/ mTORC1, signaling

a subsequent decrease in TGFP2 expression.

Phase 4: Sensitivity and specificity

The present study further interrogated whether ETFB and LOXL2 proteins may detect the
presence of DCM and may represent a quantifiable index of DCM as the disease progresses.
Although not specific, results suggest these biomarkers are sensitive enough to detect early-
onset (subclinical) of DCM. A similar study was recently conducted by Abdelrahman et al.
(2021), showing a panel of biomarkers (IL-6, TNF-a and AGEs). However, contrary to the
present study, which used db/db mice, they used echocardiography to place patients with
diabetes mellitus into three groups, namely; diabetes mellitus with normal cardiac function
(DM-N), diabetes mellitus diastolic dysfunction (DM-DD), diabetes mellitus systolic
dysfunction (DM-SD) while the non-diabetic, which was used as a control group was dived
into two the non-diabetic with diastolic dysfunction and non-diabetic with normal
echocardiography. Additionally, they used different algorithms to determine the probability of
patients having DCM.

Limitations

Although our data led to new knowledge in the field, we acknowledge some limitations in our
study:

e Only the top 5 genes were used in this study, although 228 were discovered, some of
which may be relevant as possible biomarkers to detect early cardiomyopathy in
diabetic study. As an example, phosphodiesterase 2A (PDE2A) hydrolyses cyclic
adenosine monophosphate (CAMP) and is involved in mouse development. Its absence

was shown to cause congenital heart defects (Assenza et al., 2018). This is important
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since, in DCM, the heart reverts to foetal metabolism, and elevated cytosolic CAMP is

known to stimulate insulin secretion (Borghetti et al., 2018; Stanley et al., 2005).

It would be important to conduct an in silico prediction of functional significance using
other non-public software since no results were obtained using STRING, KEGG and
DAVID.

Even though numerous animal models to induce hyperglycaemia exist (Lee & Kim,
2021), they only manifest certain aspects of clinical T2DM; thus, a model that would
mimic the development of the disease pathology is still required. Additionally, in vivo
knock-out experiments to better understand the pathways connected to ETFJ and
LOXL2 are still required to confirm their role in the development of DCM. Future
experiments, similar to the experiments conducted by Yang et al. (2016) that allowed
them to highlight the role of LOXL2 in developing fibrosis in HF using knocking out
LOXL2, will be key to confirm our findings.

It is widely known that diabetic women are more likely to develop CVD complications
than their male counterparts (Fourny et al., 2021). However, most experimental studies,
including the present study, have used male mouse models. Our findings will therefore
need to be confirmed in female animals. Several mouse models manifesting T2DM
and/or obesity have given invaluable insight regarding molecular mechanisms resulting
from the pathological complications of either of these. Albeit, the complications
following these are observed from leptin receptor deficient mice (db/db), or leptin
deficient (ob/ob) mice originate from single-gene mutations (Cruz-Topete et al., 2011).
Both T2DM and obesity are polygenic, and using a single altered gene limits the effects
to the pathway associated with the genetic mutation. Additionally, since obesity, T2DM
and CVD are correlated with poor nutrition, single mutation gene models do not cater
for alterations induced by environmental factors (Cruz-Topete et al., 2011). Thus, a
model that closely mimics the disease pathophysiology is required.

As a result of the above limitations with animal models, using human subjects’ samples

is desirable in the future. The biomarkers levels should be compared between healthy
individuals, diabetic, CAD, and DCM patients in these subjects.

99



e Apoptosis is one of the main features of DCM (Cai et al., 2002). Although this study
analysed mRNA levels of BAX and BCL2 to show its occurrence in the myocardium,
confirmation of apoptosis will be to be confirmed using alternative methods such as the
terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL)
assay.
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Future studies

Although there is a certain level of similarity and reproducibility in db/db mice vs human
studies of T2DM, db/db mice do not possess the pancreatic amyloid deposition and never
develop the full extent of T2DM (Asghar et al., 2009; Cefalu, 2006). In light of this, future
studies will be needed with proof of concept studies in humans. Since the ROC analysis results
obtained in this study suggest that the combined use of the biomarkers would aid in early
detection of DCM, the biomarkers should be measured in prediabetic individuals, T2DM and
individuals without T2DM (control group), keeping in mind the aim to implement corrective
treatment at the inception of the disease. Additionally, a close look at the expression of these

genes in female vs male patients would also be interesting.

A link between LOXL2 and collagen production and a pathway was previously elucidated in
the study by Yang et al. (2016). Hirokawa et al. (2011) showed its involvement in mechano-
regulation of fibroblast cell numbers an ETFp pathway analysis to understand the interception
between ETFp’s role in mitochondrial energy metabolism and changes in the ECM observed

in the present study.

Conclusions

This is the first study to associate serum ETFf and LOXL2 with asymptomatic detection of
DCM. An in silico pipeline of both diabetic and cardiac biomarkers was used to identify a
biomarker profile that can be used to identify DCM in its subclinical stage. A candidate gene
list with 228 biomarkers was identified, and a Wilcoxon score (p value < 6 x 107%) was used to
select the first five genes (USP34, ETFB, LOXL2, ZKSCAN4 and IGF1) for downstream
analysis. These genes were validated in an in vivo db/db mouse model in which diabetes was
observed as early as 6 weeks as seen with an increased body weight, liver weight and HR when
the db/db mice were compared to their db/+ counterparts. In addition, the E: A ratio (at week
16) and ejection fractions (week 14 and 16) were reduced thus, showing cardiac dysfunction.
Serum LOXL2 levels were negatively associated with ejection fraction and E: A ratio.
Immunostaining with anti- ETFB and anti-LOXL2 showed fibrotic tissue, which was not
observed with Masson’s Trichrome stain. Knockdown of LOXL2 showed reduced expression
of Collal, while TGFp and NT-pro BNP were increased. In ETFB knocked down cells, Acadm
was reduced, although not significantly.
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Additionally, Collal mRNA expression was significantly reduced. Our data highlight that the
linear model did not detect significant differences between the NT-pro BNP and LOXL2.
However, there were significant differences observed for ETFB. The ROC curve analysis
showed ETFp to be sensitive in determining DCM presence, while combined use of LOXL2
and ETFp was shown to have a higher predictive value than when ETFB was used on its own.
Thus, a lateral flow device that would house both genes that would enable rapid subclinical
DCM would be made available in resource-poor settings where TDI is not available to every

prediabetic and/or diabetic patient for early corrective treatment to be implemented.
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Appendix
Table Al: Reagents and Chemicals

Chemical/Reagent Catalogue Company
number
ATP ViaLight assay kit LT27-008 Lonza, Walkersville, MD, USA

Cell counting chamber slides C10228

Cell lysis Buffer FNNOO011
Chloroform 136112-00-0
Palmitic acid >99% P0500-10G
Coomassie blue stain 161-0437
Insulin solution human SLBH1094
Cryotubes 430659

DeadEnd coulometric TUNELPRG3250

system

Dimethyl sulfoxide (DMSO) 276855

Dulbecco’s Eagle'sB12-604F
medium (DMEM) with phenol red

modified

Dulbecco's  modified  Eagle'sB12-917F
medium (DMEM) without phenol

red

Dulbecco’s phosphate bufferedB17-513F

saline (DPBS)

Ethanol 2875
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Life Technologies Corporation, Carlsbad,
CA, USA

Life Technologies Corporation, Carlsbad,
CA, USA

Sigma-Aldrich, St Louis, MO, USA

Sigma-Aldrich, St Louis, MO, USA

Bio-Rad, Hercules, CA, USA

Sigma-Aldrich, St Louis, MO, USA

Corning, MA, USA

Promega, Madison, Wilsconsin, USA

Sigma-Aldrich, St Louis, MO, USA

Lonza, Walkersville, MD, USA

Lonza, Walkersville, MD, USA

Lonza, Walkersville, MD, USA

Sigma-Aldrich , St Louis, MO, USA



Foetal bovine serum

Hybond-P PVDF Membrane
Iso-propanol

Methanol

Fat-free milk powder
Paraformaldehyde
Penicillin-streptomycin mixture

Phenylmethanesulfonylfluoride
fluoride

(PMSF)

Ponceau S Stain

Propidium iodide

Protease Inhibitors

Qiazol

RNase free water

Running buffer SDS
SDS-PAGE gels

Sodium bicarbonate (NaHCO3)
Sodium hydroxide (NaOH)
Stainless steel beads 5mm
Sterile TC water

SYBR Green mix

BC/S0615-HI

RNP1416F

19516

1070182511

N/A

158127

DE17-602E

11206893001

P23295

P4170

11206893001

79306

Am9937

161-0772

161-0993

M2645

109140

69989

59900C

4385612

128

Lonza, Walkersville, MD, USA
Amersham

Sigma-Aldrich , St Louis, MO, USA
Merck, Whitehouse Station, NJ, USA
Clover, Johannesburg, SA
Sigma-Aldrich , St Louis, MO, USA
Lonza, Walkersville, MD, USA

Roche, Basel, Switzerland

Sigma-Aldrich, St Louis, MO, USA
Sigma-Aldrich, St Louis, MO, USA
Roche, Basel, Switzerland

Qiagen, Hilden, Germany

Ambion, Austin, TX, USA

Bio-Rad, Hercules, CA, USA
Bio-Rad, Hercules, CA, USA
Sigma-Aldrich , St Louis, MO, USA
Merck, Whitehouse Station, NJ, USA
Qiagen, Hilden, Germany

Lonza, Walkersville, MD, USA

Applied Biosystems, Foster City, CA, USA



Tris-base 93352 Sigma-Aldrich , St Louis, MO, USA

Trypan blue 15050-065 Invitrogen, Carlsbad, CA, USA

Trypsin 17-161F Lonza, Walkersville, MD, USA

Tween 20 58980C Sigma-Aldrich , St Louis, MO, USA
Restore plus Western  blot46430 Thermo Fisher Scientific, Waltham, MA,
stripping buffer USA

Table A2: Consumables

Consumables Catalogue number Company

0. 2 PCR tubes, flat cap AX/PCR-02-C/S  Axgyen, Corning, NY

0.5 mL Eppendorf safe-lock tubes 0030 123.301 Eppendorf, Hamburg, Germany

1.5 mL Eppendorf safe- lock tubes0030 123.328 Eppendorf, Hamburg, Germany

2 mL Eppendorf safe- lock tubes 0030 123. 344 Eppendorf, Hamburg, Germany

15 mL centrifuge tubes 602072 NEST Biotechnology, Jiangsu China Wuxi

50 mL centrifuge tubes 601001 NEST Biotechnology, Jiangsu China Wuxi

CELLBIND 24- well plates 3337 Corning, MA, USA

CELLBIND 6- well plates 3335 Corning, MA, USA

CELLBIND 96-well clear plates 3300 Corning, MA, USA

Cryotubes 430659 Corning, MA, USA

Filter Pads 23385 Sigma-Aldrich , St Louis, MO, USA

T75 Flasks 658975 Greiner  bio-one, Frickenhausen,
Germany

Table A3: Experimental kits
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Experimental kits

Catalogue no

Company

ViaLight ATP assay kit

Bio-Rad RC DC protein kit

LT27-008

500-0201

DeadEnd Fluorometric TUNELG3250

Lonza, Walkersville, MD, USA

Bio-Rad, Hercules, CA, USA

Promega, Madison, Wilsconsin, USA

system
High Capacity cDNA kit PN 4375575 Applied biosystem, Foster City, CA,
USA
Turbo DNase kit AM1907 Ambion, Austin, TX, USA
RNeasy mini kit 74106 Qiagen, Hilden, Germany
Clarity Western ECL substrate 1705060 Bio-Rad, Hercules, CA, USA
Table A4 List of antibodies
Antibody Dilution % Gel Cat # Company
Primary
LOXL2 1: 500 10 AB96233 Biocom Africa
ETFpB 1:500 10 AB104944 Biocom Africa
B-Actin 1: 1000 10 Sc-47778 Santa Cruz
Secondary
Donkey anti-1: 4 000 - Sc-23181 Santa Cruz
mouse 1gG-HRP
Donkey anti-rabbit1: 4 000 - Sc-2012 Santa Cruz

IgG-HRP

Table A5: Equipment

Equipment

Product Number Supplier

Agilent Bioanalyzer

G2946-90004

CountessTM Automated Cell Counter C10227

D1200-230V Heating block

S62927099

130

Agilent  Technologies, Santa
California
Invitrogen, Carlsbad, CA, USA

Labnet, Adison,NJ,USA

Clara,



IKA® MS 3 digital shakers

Benchtop Centrifuge

Micro-centrifuge

Mini Protean casting frame

Mini Protean casting stand

Mini Protein tetra cell

Mini Trans-blot cell

NanoDrop™1000 Spectrophotometer

Orbital shaker ITPSIC 10

PowerPac HC

TissueLyser

ABI 7500 Real time PCR system

2720 Thermal cycler

Nikon Eclipse Ti inverted microscope

Biotek® FLX 800 plate reader

BioTek® EL X800 plate reader

Orbital shaker

IKA 331900X

SL16R

001977

165-3304

165-3303

165-8030

170-4070

A984

20197

165-8025

85300

4351104

4413750

Ti inverted

FLX 800

ELX800

20197

Sigma-Aldrich , St Louis, MO, USA

Thermo Fisher Scientific, Waltham, MA,
USA
Eppendorf, Hamburg, Germany

Bio-Rad, Hercules, CA, USA
Bio-Rad, Hercules, CA, USA
Bio-Rad, Hercules, CA, USA

Bio-Rad, Hercules, CA, USA

Thermo Fisher Scientific, Waltham, MA,
USA

Torrey pines Scientific

Bio-Rad, Hercules, CA, USA

Qiagen, Hilden, Germany

Applied Biosystem, Foster City, CA, USA

Applied Biosystem, Foster City, CA, USA

Nikon, Tokyo, Japan

BioTek Instruments Inc., Winooski, VT,
USA
BioTek Instruments Inc., Winooski, VT,
USA

Stoval life Science
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Table A6: Platforms and search-terms used within ArrayExpress to identify datasets related to T2DM and CVD

T2DM

CVvD

Search terms used

Datasets

Platforms

“diabetic cardiomyopathy”, “diabetic heart”,

“left wventricular hypertrophy”, “diabetes
mellitus” and “type 2 diabetes mellitus”
GSE23561, GSE40234, GSE29231,
GSE13760, GSE38642, GSE29221,
GSE21340, E-CBIL-28, E-MEXP1270, E-
MEXP2559, E-MTAB2854

Affymetrix: E-CBIL-28, E-MEXP1270, E-
MEXP2559, E-MTAB2854

Agilent: GSE23561, GSE40234, GSE29231,
GSE13760, GSE38642, GSE29221,

GSE21340

“heart”, “heart failure”, “heart left ventricle”,

“diastolic dysfunction”, “left ventricular
dysfunction”
GSE 26887, GSE1869, GSE5406, GSE43435,

GSE21125, GSE9128, E-TABM-480

Affymetrix: E-TABM-480
Agilent: GSE 26887, GSE1869, GSE5406,
GSE43435, GSE21125, GSE9128

Table A7: Gene list

Gene name

Abbreviation

Wilcoxon
score

ubiquitin specific peptidase 34

zinc finger with KRAB and SCAN domains 4
Lysyl oxidase like 2

insulin like growth factor 1

Usp34
Zkscan4
LoxL2
Igfl
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4.22E-07
1.30E-06
3.26E-06
5.08E-06



electron transfer flavoprotein subunit beta

amyloid beta precursor protein binding family A member 3
BCL2 like 1

REV1, DNA directed polymerase

diphthamide biosynthesis 1

ATP binding cassette subfamily D member 4
phosphodiesterase 2A

protein O-glucosyltransferase 1

coatomer protein complex subunit zeta 2

collectin subfamily member 11

proteasome 26S subunit, non-ATPase 7

solute carrier family 35-member E1

dystrophin

neuronal vesicle trafficking associated 1
sphingosine-1-phosphate receptor 5

solute carrier family 16 member 1

family with sequence similarity 13-member B

FK506 binding protein 9 pseudogene 1

malignant fibrous histiocytoma amplified sequence 1
C-X-C motif chemokine ligand 12

proteasome 26S subunit, non-ATPase 1
beta-1,4-galactosyltransferase 5

0S9, endoplasmic reticulum lectin

coiled-coil domain containing 177

pleiotrophin

thrombospondin 4

SPT16 homolog, facilitates chromatin remodelling subunit
fatty acid desaturase 2
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EtfB
Apba3
Bcl2l1l
Revl
Dphl
Abcd4
Pde2a
Poglutl
Copz2
Colecl1
Psmd7
Slc35el
Dmd
Nsgl
Slpr5
Slcl6al
Fam13b
Fkbp9pl
Mfhasl
Cxcl12
Psmd1l
B4galts
0s9
Ccdcl177
Ptn
Thbs4
Suptl6h
Fads2

5.65E-06
7.73E-06
8.25E-06
1.09E-05
1.16E-05
1.63E-05
1.88E-05
2.38E-05
2.75E-05
3.08E-05
3.43E-05
6.61E-05
7.14E-05
8.62E-05
8.91E-05
9.89E-05
1.05E-04
1.25E-04
1.50E-04
1.79E-04
1.80E-04
1.92E-04
1.97E-04
2.05E-04
2.09E-04
2.21E-04
2.62E-04
2.65E-04



glycosyltransferase like domain containing 1
ecto-NOX disulphide-thiol exchanger 1
MCTSI, re-initiation and release factor
stathmin 1

regucalcin

immunoglobulin superfamily containing leucine rich repeat
von Willebrand factor A domain containing 1
CDC42 binding protein Kinase beta
mercaptopyruvate sulfurtransferase

sirtuin 5

PERP, TP53 apoptosis effector

ATP binding cassette subfamily C member 4
zinc finger protein 688

RIO kinase 3

fibroblast growth factor 5

engrailed homeobox 2

VPS26 endosomal protein sorting factor C
vinculin

SURP and G-patch domain containing 2
isochorismatase domain containing 2

kelch like family member 20

cyclin dependent kinase 12

La ribonucleoprotein domain family member 7
carboxypeptidase A3

ATM serine/threonine kinase

heterogeneous nuclear ribonucleoprotein D like
glycosylphosphatidylinositol anchored molecule like
epoxide hydrolase 2
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Gtdcl
Enox1
Mctsl
Stmnl
Rgn
Islr
Vwal
Cdc42bpb
Mpst
Sirts
Perp
Abccd
Znf688
Riok3
Fgf5
En2
Vps26¢
Vcl
Sugp2
Isoc2
K1hi20
Cdk12
Larp7
Cpa3
Atm
Hnrnpdl
Gmi
Ephx2

2.68E-04
2.72E-04
2.74E-04
2.77E-04
2.87E-04
3.28E-04
3.30E-04
3.37E-04
3.57E-04
3.74E-04
3.97E-04
4.32E-04
4.32E-04
5.46E-04
5.52E-04
5.88E-04
5.94E-04
6.35E-04
6.45E-04
6.80E-04
6.80E-04
7.31E-04
7.38E-04
7.54E-04
8.79E-04
9.31E-04
9.31E-04
9.60E-04



lipoprotein lipase

growth arrest specific 2

polo like Kinase 2

ribosomal protein L14

GTP binding protein 1

metadherin

1Q motif and Sec7 domain 2

alcohol dehydrogenase 6 (class V)

VPS53, GARP complex subunit

vesicle associated membrane protein 1
CCR4-NOT transcription complex subunit 6
serine and arginine rich splicing factor 8
NLR family member X1

latent transforming growth factor beta binding protein 4
cysteine rich C-terminal 1

golgi SNAP receptor complex member 2
breast cancer metastasis suppressor 1

CDV3 homolog

carbonic anhydrase 2

EH domain containing 2

cryptochrome circadian regulator 2

mex-3 RNA binding family member D

SFT2 domain containing 2

dedicator of cytokinesis 4

widely interspaced zinc finger motifs

CYLD lysine 63 deubiquitinase

tubulin beta 4A class IVa

glucocorticoid modulatory element binding protein 2
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Lpl
Gas2
Plk2
Rpl14
Gtpbpl
Mtdh
Igsec2
Adh6
Vps53
Vampl
Cnot6
Srsf8
NIrx1
Ltbp4
Crctl
Gosr2
Brmsl
Cdv3
Caz2
Ehd2
Cry2
Mex3d
Sft2d2
Dock4
Wiz
Cyld
Tubb4a
Gmeb2

1.03E-03
1.08E-03
1.22E-03
1.26E-03
1.44E-03
1.45E-03
1.46E-03
1.51E-03
1.51E-03
1.63E-03
1.63E-03
1.68E-03
1.74E-03
1.85E-03
1.94E-03
2.01E-03
2.11E-03
2.12E-03
2.13E-03
2.18E-03
2.29E-03
2.45E-03
2.68E-03
2.79E-03
3.17E-03
3.17E-03
3.41E-03
3.56E-03



DEAD-box helicase 18
lysophosphatidylcholine acyltransferase 1
DNA methyltransferase 1

integrator complex subunit 1

checkpoint with forkhead and ring finger domains
poly(A) specific ribonuclease subunit PAN2
family with sequence similarity 45-member A
terminal nucleotidyltransferase 5C
sphingosine-1-phosphate lyase 1

perilipin 3

formin binding protein 1

inhibitor of DNA binding 1, HLH protein
zinc finger homeobox 4

Rho guanine nucleotide exchange factor 15
growth differentiation factor 10

vascular endothelial growth factor D
phosphatidylethanolamine binding protein 1
tyrosyl-tRNA synthetase

retrotransposon Gag like 10

tRNA methyltransferase 13 homolog

proline rich and Gla domain 4

regulator of microtubule dynamics 1

ATP synthase mitochondrial F1 complex assembly factor 2

cyclin dependent kinase inhibitor 2A
NIMA related kinase 9

H2A histone family member Z

OTU deubiquitinase 4

yrdC N6-threonylcarbamoyltransferase domain containing

Ddx18
Lpcatl
Dnmtl
Intsl
Chfr
Pan2
Fam45a
Tent5c
Sgpll
Plin3
Fnbpl
Id1
Zfhx4
Arhgefl5
Gdf10
Vegfd
Pebpl
Yars
Rtl10
Trmtl3
Prrg4
Rmdnl
Atpaf2
Cdkn2a
Nek9
H2afz
Otud4
Yrdc

4.11E-03
4.40E-03
4.42E-03
4.44E-03
4.46E-03
4.64E-03
4.64E-03
4.73E-03
4.82E-03
4.94E-03
4.99E-03
5.01E-03
5.21E-03
5.57E-03
5.63E-03
5.79E-03
5.87E-03
5.96E-03
6.37E-03
6.40E-03
6.43E-03
6.59E-03
6.78E-03
7.01E-03
7.15E-03
7.18E-03
7.50E-03
7.60E-03



glycophorin A (MNS blood group)

MCEF.2 cell line derived transforming sequence like
CREB/ATF bZIP transcription factor

protein phosphatase 4 regulatory subunit 3A
tumor suppressor candidate 3

karyopherin subunit beta 1

solute carrier family 26 member 6

TTK protein Kinase

butyrophilin subfamily 3 member Al

LSM3 homolog, U6 small nuclear RNA and mRNA degradation
associated

beta-secretase 1

ras homolog family member T1

ciliary neurotrophic factor receptor

G3BP stress granule assembly factor 2

H2A histone family member X

ST3 beta-galactoside alpha-2,3-sialyltransferase 1
DEAH-box helicase 40

TP73 antisense RNA 1

cyclase associated actin cytoskeleton regulatory protein 1
EWS RNA binding protein 1

solute carrier family 14 member 2

ribosomal protein S6 kinase B1

fibrillin 1

Fc fragment of IgM receptor

transglutaminase 1

cyclin T1

zinc finger protein 646
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Gypa
Mcf2l
Crebzf
Ppp4r3a
Tusc3
Kpnbl
Slc26a6
Ttk
Btn3al

Lsm3

Bacel
Rhotl
Cntfr
G3bp2
H2afx
St3gall
Dhx40
Tp73-asl
Capl
Ewsrl
Slcl4a2
Rps6kbl
Fbnl
Fcmr
Tgml
Ccentl
Znf646

7.75E-03
7.79E-03
8.09E-03
8.13E-03
8.17E-03
8.28E-03
8.40E-03
8.44E-03
8.44E-03

8.60E-03

8.69E-03
8.81E-03
8.81E-03
8.89E-03
9.50E-03
9.59E-03
9.68E-03
9.77E-03
9.82E-03
1.02E-02
1.03E-02
1.04E-02
1.04E-02
1.06E-02
1.07E-02
1.08E-02
1.16E-02



cell division cycle 25B

A-kinase anchoring protein 8
tetratricopeptide repeat domain 13
oxytocin/neurophysin | prepropeptide
granulin precursor

CREB regulated transcription coactivator 1
armadillo repeat containing X-linked 4
paired like homeobox 2a

nucleolar protein 3

TRAF3 interacting protein 2

teneurin transmembrane protein 4

hes related family bHLH transcription factor with YRPW motif 1
cilia and flagella associated protein 298
peptidylprolyl isomerase C

androgen receptor

glutaredoxin

WD repeat domain 33

KATS regulatory NSL complex subunit 2
homeodomain interacting protein kinase 1
ADP ribosylation factor like GTPase 3
regulation of nuclear pre-mRNA domain containing 2
replication timing regulatory factor 1
POM121 transmembrane nucleoporin
fibromodulin

CDC like kinase 4

tumor protein D52 like 1

malic enzyme 3

glycolipid transfer protein
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Cdc25b
Akap8
Ttcl3
Oxt

Grn
Crtcl
Armcx4
Phox2a
Nol3
Traf3ip2
Tenm4
Heyl
Cfap298
Ppic

Ar

Glrx
Wdr33
Kansl2
Hipkl
Arl3
Rprd2
Rifl
Pom121
Fmod
Clk4
Tpd5211
Me3
Gltp

1.20E-02
1.22E-02
1.24E-02
1.25E-02
1.27E-02
1.30E-02
1.36E-02
1.37E-02
1.38E-02
1.41E-02
1.43E-02
1.52E-02
1.52E-02
1.54E-02
1.59E-02
1.61E-02
1.61E-02
1.63E-02
1.63E-02
1.65E-02
1.67E-02
1.77E-02
1.78E-02
1.82E-02
1.86E-02
1.89E-02
2.00E-02
2.01E-02



solute carrier family 47 member 1
mitochondrial ribosomal protein L58
RAN guanine nucleotide release factor
AFDN divergent transcript

tripartite motif containing 23

protein inhibitor of activated STAT 4
early growth response 3

SERTA domain containing 2
mitochondrial ribosomal protein L16
nitric oxide synthase 2

down-regulator of transcription 1

serine and arginine rich splicing factor 1
zinc finger protein 250

asporin

NADH:ubiquinone oxidoreductase complex assembly factor 3
bone morphogenetic protein 4

PDZ domain containing 7

muscle RAS oncogene homolog
promyelocytic leukaemia

LDL receptor related protein associated protein 1
ALGS, alpha-1,3-glucosyltransferase
stromal cell derived factor 4

tectonic family member 3

CD320 molecule

G protein-coupled receptor 4

ribosomal oxygenase 2

copine 3

coiled-coil domain containing 85B
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Slc47al
Mrpl58
Rangrf
Afdn-dt
Trim23
Pias4
Egr3
Sertad2
Mrpl16
Nos2
Drl
Srsfl
Znf250
Aspn
Ndufaf3
Bmp4
Pdzd7
Mras
Pml
Lrpapl
Alg8
Sdf4
Tctn3
Cd320
Gprd
Riox2
Cpne3
Ccdc85b

2.03E-02
2.06E-02
2.10E-02
2.15E-02
2.20E-02
2.39E-02
2.44E-02
2.45E-02
2.49E-02
2.51E-02
2.58E-02
2.70E-02
2.71E-02
2.74E-02
2.75E-02
2.75E-02
2.80E-02
2.82E-02
2.82E-02
2.93E-02
2.95E-02
3.05E-02
3.06E-02
3.06E-02
3.13E-02
3.19E-02
3.20E-02
3.23E-02



ring finger protein 130

leucine rich repeat containing 20

mannose phosphate isomerase

nucleolar protein 7

proteasome 26S subunit, non-ATPase 3

ubiquitin specific peptidase 9 X-linked

G protein subunit beta 1

dedicator of cytokinesis 5

ARP?2 actin related protein 2 homolog
glycerophosphodiester phosphodiesterase domain containing 5
NMDA receptor synaptonuclear signaling and neuronal migration factor
poly(ADP-ribose) polymerase family member 8
Rac/Cdc42 guanine nucleotide exchange factor 6

PHD finger protein 20 like 1

ATPase phospholipid transporting 11B (putative)

ring finger and WD repeat domain 3

ribosomal L24 domain containing 1

RNA polymerase Il subunit L

paired box 8

putative homeodomain transcription factor 1

leucine rich repeats and immunoglobulin like domains 2
tRNA methyltransferase 12 homolog

nicotinamide nucleotide adenylyltransferase 2
NADH:ubiquinone oxidoreductase core subunit S1
frataxin

UPF2, regulator of nonsense mediated mRNA decay
forkhead box D3

transcription factor AP-2 alpha
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Rnf130
Lrrc20
Mpi
Nol7
Psmd3
Usp9x
Gnbl
Dockb
Actr2
Gdpd5
Nsmf
Parp8
Arhgef6
Phf2011
Atpllb
Rfwd3
Rsl24d1
Polr2l
Pax8
Phtfl
Lrig2
Trmtl2
Nmnat2
Ndufsl
Fxn
Upf2
Foxd3
Tfap2a

3.28E-02
3.35E-02
3.37E-02
3.52E-02
3.54E-02
3.55E-02
3.62E-02
3.63E-02
3.68E-02
3.68E-02
3.70E-02
3.70E-02
3.87E-02
3.87E-02
3.97E-02
3.97E-02
3.99E-02
4.08E-02
4.19E-02
4.28E-02
4.34E-02
4.36E-02
4.42E-02
4.48E-02
4.66E-02
4.66E-02
4.80E-02
5.00E-02



nucleoporin 210 Nup210 5.00E-02
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APPENDIX B PREPARATION OF REAGENTS
l. Preparation of DMEM: Stored at 4°C in 50 mL tubes
500mL of DMEM with phenol red and glutamate was supplemented with;

R/

% 50 mL of FBS (Final FBS concentration of 10%)

R/

% 5.5mL of pen-strep (Final concentration of 1%)

1. Preparation of treatment media: Stored at 4°C in 50 mL tubes

% 33 mM glucose containing; 1000 mg/L DMEM powder and 1 % BSA
% 5.5 mM glucose containing: 1000 mg/L DMEM powder and 1 % BSA
Il Preparation of 10x Tris-buffered saline (TBS) wash buffer: Stored at 4°C
The 10x TBS wash buffer was prepared by dissolving:
% 200 mM of Tris (24.22 g)
% 1.37 mM NacCl (80.06 g)

o,

%+ Topped up with distilled to a total volume of 1L.
V. 1X TBS and Tween 20 (1X TBST-20): Stored at 4°C
1X TBST-20 was prepared by added:

% 100 mL of 10 x TBST

%+ 900 mL of distilled water (v/v)

«» 1 mL Tween 20

V. Transfer buffer for Western Blot

The buffer was prepared by adding:
% 25 mM of Tris (3.03 g)
% 192 mM glycine (14.4 g)
¢ 800 mL of distilled water,

®,

%+ 200mL of methanol to make up a total volume of 1L.
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