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Abstract

Maturity Onset of Diabetes in the Young (MODY2) is a genetic form of diabetes with a mutation in the
Gck gene. MODY affects 1-2% of people diagnosed with diabetes mellitus with the majority of MODY2
cases undiagnosed due to the absence of diabetes-like clinical symptoms. Diabetes suffers are at a
higher risk of developing cardiovascular dysfunction. Despite this, treatment for cardiovascular
dysfunction, particularly for MODY2 patients, is limited as the molecular mechanisms leading to
dysfunction are complex and poorly understood. Molecular and cellular mechanisms are yet to be
defined or examined within the heart. Here we employed a clinically relevant genetic mouse model of
Gck-MODY2, GENA348, to investigate mitochondrial structural and molecular remodelling that may
contribute to reduced contractile function and development of diabetic cardiomyopathy.

Employing a combination of physiological measurements, biochemical and mitochondrial functional
assays coupled with proteomics we characterised the cardiac phenotype of the GENA348 mouse
(Chapter 2). Our results revealed that the GENA348 mice develop early LV dysfunction at 6 months of
age (in agreement with previous work from the Cartwright group) and demonstrated for the first time that
mitochondrial dysfunction is a feature of the GENA348 myocardium. Specifically, we determined a down-
regulation of several cardiac mitochondrial protein subunits that regulate oxidative phosphorylation
(OXPHOS) with impaired Complex I, Il and Complex IV activity and altered rates of oxygen consumption.
Further, at the molecular level we determined that proteins regulating mitochondrial fission and fusion
and mitophagy were perturbed. Chapter 3 revealed that in keeping with the molecular data that the
GENAS348 mitochondria were enlarged compared to control, in particular the mitochondria in contact with
the sarcolemma were most affected. Together, this data reveals that the GENA348 mice develop
cardiovascular complications, with impaired mitochondrial function that will likely contribute to aberrant
metabolic function. We further showed in Chapter 4 that obesity exacerbates mitochondrial dysfunction
in the GENA348 mice through introducing a high fat (60%) feeding (HFD) regimen for 12 weeks. Here,
we noted a common pathological development in the GENA348-chow mice compared to wild-type mice
fed either chow or a HFD, suggesting a similar pathophysiology in obesity and MODY2 diabetes. We
also recorded further decreases to mitochondrial complex activity and OXPHOS in the GENA348 HFD
mice, suggesting that obesity adds a further stress impacting upon mitochondrial function.

Through both biochemical and quantitative mass spectrometry analysis of isolated mitochondria from
the GENA348 mouse myocardium we determined that there was a 0.2-fold decrease in Mirol expression
compared to WT control mice; a protein important for regulating mitochondrial movement and turnover.
Therefore in Chapter 5 we investigated the effects of Mirol knockdown in a cardiomyocyte cell line
(H9c2). While depletion of Mirol had no effect upon the expression of proteins mediating mitochondrial
motility there was a significant increase in the fusion protein Opal and regulator of mitophagy PINK1
expression in si-Mirol lines, suggesting an important role in regulating mitochondrial quality control
through fission/fusion pathways and mitophagy. We also determined that levels of the inflammatory
molecules IL-1B, IL-6 and TNF-a were elevated in the GENA348 heart; therefore, we developed cell-
based studies to investigate how these cytokines may influence mitochondrial function and dynamics.
We determined that each cytokine had differential effects upon Mirol expression as well as proteins
influencing mitochondrial fission and fusion; indicating a link between inflammation and mitochondrial
function but through a diverse number of complex pathways.

In conclusion, this thesis work has yielded novel data with potential translational impact in the longer
term for the management of MODY2 patients. Importantly, we have determined that mitochondrial
dysfunction is a feature of MODY2, a mild form of type 2 diabetes and thus represents an early
pathophysiological manifestation. The identification of altered mitochondrial proteins and pathways
reported here therefore provide novel information that may be exploited in future studies for developing
therapeutic intervention in the treatment of cardiac mitochondrial dysfunction. Additionally, our studies
of the effect of a high fat Western diet upon cardiac and mitochondrial function also indicate that lifestyle
management is important for MODY2 patients. Further given the overlapping pathways we identified in
wild-type mice and GENA348 mice in response to a HFD the outputs from this thesis may have relevance
to not just MODY2 diabetes. Finally, we have investigated a putative mechanistic link between
inflammation (a feature of both obesity and diabetes) and altered mitochondrial dynamics generating
new insights into the regulation and dysregulation of mitochondrial quality control.
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Chapter 1 Introduction

1.1 Diabetes Mellitus

Diabetes mellitus is a chronic metabolic disease, characterised by hyperglycaemia (Guthrie
and Guthrie, 2004). According to the World Health Organization (WHO), an estimated 550
million people globally are likely to develop diabetes by 2030 (WHO, 2016). Long-term
complications of diabetes include loss of vision, renal failure, cardiovascular dysfunction,

amputations and Charcot joints, a progressive degenerative joint disorder (Association, 2014).

Diabetes mellitus can be categorised into two broad etiopathogenetic groups; Type 1 diabetes
(TADM) and Type 2 diabetes (T2DM). In T1DM, the pancreas of the affected individual
produces little or no insulin resulting in insulin secretion deficiency (Association, 2014). Thus,
an individual with TIDM is administered exogenous insulin at regular intervals to regulate
blood sugar levels (Atkinson et al., 2014). In this form of diabetes, cellular-mediated
autoimmune destruction of the B-cells of the pancreas occurs, although the rate of B-cell
destruction varies. T1DM is generally hereditary and sufferers are known to be prone to other
autoimmune disorders such as Graves’ disease, Hashimoto’s thyroiditis, vitiligo, autoimmune
hepatitis, and pernicious anaemia (Barker, 2006). There are also rare forms of TLDM that are
idiopathic, whereby ketoacidosis and insulin deficiency present at varying degrees (Pifiero-
Pilofia and Raskin, 2001). T2DM is more prevalent, accounting for approximately 90% of
diabetes cases (Zaccardi et al., 2016). The disease is typically diagnosed later in life,
associated with obesity and unlike T1DM, is often preventable (Leroith et al., 2015). The Who
(2016) identified an unhealthy lifestyle and diet as the predominant cause of T2DM cases. In
T2DM, a resistance to insulin action and inadequate glucose compensation, results in
eventual hyperglycaemia. In T2DM, autoimmune destruction of B-cells does not occur, rather,
hyperglycaemia develops over time as a result of an increased percentage of body fat in the

abdominal region, leading to insulin resistance.
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Insulin resistance and prediabetes are considered precursors to diabetes. During insulin
resistance, insulin is sufficiently produced by the body, however it cannot be used efficiently.
Here, cells are unable to utilise glucose, resulting in its accumulation in the bloodstream. This
high blood glucose triggers pancreatic cells to release more insulin, in order to maintain normal
blood glucose levels. Eventually the pancreatic cells are unable to maintain the insulin
requirement, resulting in high glucose levels (Greene et al., 2018). This results in insulin
resistance when in fasting conditions and an increase in blood glucose levels
(hyperglycaemia) and excessive insulin in the blood (hyperinsulinemia). Pre-diabetes, heart
ailments, and T2DM occurs in people who are insulin resistant. A diagnosis of prediabetes

indicates an elevated risk of developing T2DM (Skyler et al., 2015).

There are also other specific types of diabetes including, genetic defects of the B-cell, genetic
defects in insulin action, endocrinopathies, drug or chemical-induced diabetes, infections and

gestational diabetes mellitus (Association, 2014).

1.1.1 Maturity-Onset Diabetes of the Young (MODY)

Maturity-onset diabetes of the young (MODY) is a monogenic form of diabetes mellitus,
encompassing a small group of heterogeneous disorders associated with -cell dysfunction
(Miller et al., 1999; Thanabalasingham and Owen, 2011). MODY is an autosomal dominant
disorder, believed to account for 1% of T2DM cases and is characterised by impaired insulin
secretion with minimal or no defects in insulin action (Ledermann, 1995). Although MODY is
often compared to T2DM due to similarities in symptoms, its rare form has resulted in difficulty
with diagnosis and a lack of research compared to other types of diabetes. Consequently, it
is often misdiagnosed with limited treatments and management strategies. Abnormalities at
fourteen genetic loci on different chromosomes have been identified to date as leading to the
MODY phenotype (Anik et al., 2015; Prudente et al., 2015). The most common of these are
glucokinase (Gck) (MODY2), hepatocyte nuclear factor 1a (HNF1a) (MODY 3) and hepatocyte

nuclear factor 4a (HNF4a) (MODY 1) (Table 1.1) (Thanabalasingham and Owen, 2011).

23



Gck mutations result in mild, asymptomatic, stable fasting hyperglycaemia, usually requiring
no specific treatment. On the other hand, HNF1a and HNF4a mutations cause progressive
pancreatic B-cell dysfunction and hyperglycaemia that can result in micro- and macrovascular

complications (Table 1.1) (Anik et al., 2015).

Table 1.1 Genetic and clinical characteristics of MODY subgroups

HNF-4a Glucokinase HNF-1a IPF-1 HNF-18
(20g13) (7p15) (12924) (13912) (17cen-g21)
5% 15% 70% <1% 2%

. Mild, stable . . .
Progressive hvperglvcem Progressive Progressive Progressive
IGT yp %y IGT IGT IGT
12-35 years Birth 12-28 years 14-40 years 12-28 years

Yes Rare Yes Yes Yes (renal)
Progressive Progressive Progressive Progressive
Pregnancy
need need need need

IGT= Impaired glucose tolerance

As mentioned above, accurate clinical diagnosis of MODY presents as a challenge due to
overlapping clinical features. Previously, Mcdonald et al. (2011) and Owen et al. (2010)
demonstrated that C-reactive protein (hsCRP) is significantly lower in MODY3 patients than

in those with T2DM. Furthermore, MODY2 patients were shown to present with a small
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increase in glucose levels, when recorded through an oral glucose tolerance test (Mcdonald
and Ellard, 2013). In a recent study of Chinese MODY2 and MODY 3 patients, Fu et al. (2019)
further investigated the feasibility of such clinical biomarkers for distinguishing phenotypical
diabetes sub-types. The authors measured fasting C-peptide, hsCRP, and lipid levels between
T1DM, MODY2 and MODY3 patients (Fu et al., 2019). The study did not yield a single marker
to differentiate between MODY types and between T1DM, highlighting the need for a
combination of indicators was apparent. For example, C-peptide, hsCRP, total cholesterol and
LDL-C levels were shown to discriminate between MODY 2 and T1DM; however, only hsCRP
and triglyceride levels were suitable for discriminating MODY2 from MODY3 (Fu et al., 2019).
Discrimination is important to accurately diagnose the disease and select the appropriate
treatment (Fu et al., 2019). It should be noted that this study was based on Chinese patients,
meaning extrapolation to other ethnicities requires investigation. Thus, clinical features appear

to be progressively used as diagnostic markers.

Recent studies have investigated the aetiology of MODY across varying ethnic populations.
There are discrepancies in the prevalence of the disease in Asian and Caucasian populations,
including identification of the disease-causing locus in MODY patients (Jang, 2020). As
mentioned, MODY2 and MODY3 account for the majority of MODY cases. Recently, MODY
mutations were screened in North African Tunisian patients with MODY clinical profiles
(Khelifa et al., 2018). The authors reported no mutations in the common MODY genes, unlike
Caucasian populations, suggesting the presence of unidentified genes contributing to MODY
in Tunisian patients. In another study, genetic variants of MODY were investigated in Chinese
patients using whole-exome sequencing (Xu et al., 2020). In the majority of patients (20 out
of 24), the Geck mutation was identified, with four novel Geck mutations reported. The other four
mutations were in the ABCC8 gene, HNF4a gene, INS gene and a 17g12 microdeletion (Xu
et al., 2020). The Gck prominence is similar to that reported in Polish (Fendler et al., 2012)
and Italian (Delvecchio et al., 2017) studies. In contrast, a minority of MODY cases were Gck-
MODY in a Korean (Hwang et al., 2006) and different Chinese study (Xu et al., 2005). In

addition, a study reported a similar prevalence of HNF1a amongst Croatian MODY patients
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as that previously measured in other European countries (Pavi¢ et al., 2018). It is possible
that differences in ages of MODY participants within these studies is a causative factor in the
variation between reported data. Overall, these studies suggest that MODY mutations may
differ between ethnicities, emphasising the need for accurate genetic testing to enable proper

disease management.

1.1.2 MODY2 (Gck-MODY)

The focus in this thesis is the Gck-MODY mutation, also known as MODY2. MODY?2 is a result
of mutations in the Glucokinase (Gck) gene. Gck is a key regulating enzyme in the pancreatic
B-cell, important for insulin secretion and glucose sensing (Osbak et al., 2009). Gck acts by
phosphorylating glucose on carbon 6 using MgATP as a second substrate to form glucose-6-
phosphate (G6P). Gck catalyses the first reaction of the glycolytic pathway, regulating
phosphorylation over a range of glucose concentrations (Figure. 1.1). At the protein level the
Gck mutation causes the replacement of an isoleucine with a phenylalanine (1366F) amino
acid, leading to an inability of Gck to phosphorylate glucose to glucose-6-phosphate (Toye et

al., 2004).
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Figure 1.1 Precise control of Gck activity is required for glucose homeostasis.

Activating Gck mutations produce persistent hyperinsulinemia hypoglycaemia of infancy
(PHHI) (red), where lower glucose is required for insulin secretion compared to MODY2
variants (blue) (Sternisha and Miller, 2019)
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In animal models of global homozygous Gck knockout, mice developed severe diabetes
leading to death (Sternisha and Miller, 2019). In contrast, heterozygous Gck knockout mice
developed early mild-onset diabetes, similar to that of the MODY phenotype (Postic et al.,
1999). The Gck mutation was the first MODY gene to be identified (Hattersley et al., 1992).
Since then, over 600 Gck gene mutations have been reported (Osbak et al., 2009), with more
mutations reported recently in Chinese MODY genetic screening (Liu et al., 2018). Patients
with MODY?2 display mild hyperglycaemia and an absence of acute symptoms, resulting in
missed or misdiagnosis. Consequently, there is limited information regarding the Gck-MODY 2

phenotype and the long-term effects on cardiac function.

1.1.3 Diabetic Cardiomyopathy

Cardiovascular diseases are a common cause of death among diabetic patients. High blood
pressure and myocardial infarction are common among people with TIDM, T2DM and obesity
(Brocheriou et al., 2000). There are several controversies surrounding whether diabetic
cardiomyopathy (DCM) is distinct from other forms of cardiomyopathy. First described by
(Rubler et al., 1972), DCM describes a distinct primary heart disease, that progresses
independently of coronary heart diseases and ends in heart failure (Asghar et al., 2009).
Despite the controversy surrounding the definition of DCM, there is evidence that the structural
and functional damage of cardiac tissue occurs in diabetic patients in the absence of any other
cardiovascular risk factors (Lee et al., 2004). Whilst high risk for cardiomyopathies and heart
failure in patients with poor glycaemic control has been reported, studies also identified that
intensive glycaemic control did not reduce risk of heart failure (Asghar et al., 2009) indicating
that the remodelling observed in diabetic cardiomyopathy is likely to be highly complex. Thus,
it has been proposed that ‘diabetic cardiomyopathy’ should be defined as ‘cardiac
abnormalities not wholly explained by other cardiovascular or non-cardiovascular causes and

likely to be due to diabetes’ (Lee et al., 2019).
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In terms of pathophysiology, DCM has been described as a disease with abnormal cardiac
structure and performance, particularly a decrease in systolic and diastolic function of the left
ventricle (Lorenzo-Almoros et al.,, 2017; Voulgari et al., 2010). Again, this definition is
contested, as questions remain to be answered regarding the clinical abnormalities that reveal
DCM during diagnosis. Four progressive stages of DCM have been reported as characteristic
of diabetic heart disease (Maisch et al., 2011). Patients with stage 1 DCM (early/middle)
display no symptoms and only diastolic dysfunction. Abnormalities in diastolic and systolic
function are described as typical of stages 2 (middle) and 3 (middle/late). Finally, in stage 4
(late), patients appear with symptomatic heart failure and dilated hearts characterised by
fibrosis and coronary artery disease (Maisch et al., 2011). Although defined in four stages, it
is apparent that individuals can present differently, making it difficult to distinctly characterise
and diagnose an individual with DCM. Undoubtedly, the impact upon cardiac metabolism due
to mitochondrial dysfunction in DCM affects cardiac function. However, the distinct

characteristics and clinical pathophysiology of DCM requires elucidating.

1.1.4 Diabetic Cardiomyopathy in MODY2 (Gck-MODY)

In this thesis, DCM in MODY2 will be investigated due to the scarcity of studies that analyse
the cardiac macrovascular complications in patients, distinct from T2DM. One observational
patient study suggested that Gck-MODY does not lead to microvascular diabetes-related
complications (Steele et al., 2014); although there is a lack of a concise characterisation of
the diabetic cardiac phenotype and limited number of patients included in the study (n=99).
Another study that compared Gck mutation carriers with controls reported no difference in
carotid intima-media thickness, myocardial infarction or ischemic stroke (Pruhova et al., 2013).
A few reports that have linked Geck-MODY with cardiac dysfunction have been on patients with
co-morbidities and were of an older age (Page et al., 1995; Velho et al., 1997). As mentioned,
there is a lack of research on long-term macrovascular complication in patients with MODY,
compared to diabetes sufferers. It is important to clarify their distinct profiles for a better

understanding of the cardiac landscape for effective treatment and management. Therefore,
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one of the goals of this thesis work has been characterise the cardiac phenotype of a mouse

model of Gck-MODY2.

1.1.5 Obesity and diabetes

Obesity is identified as a risk factor for cardiovascular complications. Obesity was identified
as the single major contributor for the alarming rise in diabetes incidence and is quickly
becoming the leading cause of death (Mokdad et al., 2003). Obesity has the potential to affect
the clinical course of diabetes (Gorman et al., 2008). There is evidence to indicate that diet
may also play an important role in the prognosis of Gck-MODY patients with a short-term high
carbohydrate diet shown to be detrimental, leading to increased hyperglycaemic events (Klupa
et al., 2011). It has been shown that a high fat diet induced a greater effect on insulin levels
than on glucose, repressing gluconeogenesis enzymes and up-regulating genes involved in
fatty acids oxidation, adipogenesis and transport (Gorman et al., 2008) Therefore, given the
high incidence of obesity in the Western world, a second focus of this project has involved
investigating the impact of a high fat diet (HFD) upon cardiac function using the GENA348
diabetes mouse model of Gck-MODY2. The onset of obesity correlates with lifestyle features
and the causes of T2DM are varied, including nutritional routine, physical action, drinking of
alcohol and smoking. Obesity occurs through the lower expenditure of energy compared to
consumption for a continued period. However, the predominant cause of obesity is considered
to be the high consumption of high calorie nutrition over years. In T2DM, it has been revealed
that energy constraints, without a decrease in weight, can increase insulin sensitivity. Thus, it
is expected that an increase in calorie consumption and not essentially obesity is a threat for

diabetes (Franz et al., 2015).

1.1.6 Animal Models of Diabetes (The GENA348 Mouse)

Animal models are invaluable for acquiring knowledge about diabetes through

experimentation. A mouse model of Gck-MODY2 has been developed, the GENA348 mouse.
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In GENA348, the underlying gene was mapped to MODY2 homology region of mouse
chromosome 11. Positional gene analyses revealed an A to T transversion mutation in exon
9 of the glucokinase gene, causing an isoleucine to phenylalanine change at amino acid 366
(Toye et al., 2004). The GENA348 mouse is therefore generated through a missense 1366F
mutation of the Gck protein. The 1366F GENA348 allele is a unique mutation as it is located
in the corresponding amino acid position (Toye et al., 2004). Thus, this locality provides a
good model for investigating Gck protein function. Other animal models for diabetes and

obesity will be discussed in more detail in Chapter 4.

A previous PhD study in the Cartwright group has shown using in vivo, hemodynamic and
histology studies that at 3 months of age cardiac function appears normal. By 6 months, these
animals developed cardiac hypertrophy, fibrosis and diastolic dysfunction (Gibbons et al.,
2011). Cardiac function was found to progressively worsen at 12 months, indicating that
impaired cardiac function could be an unidentified feature of Gck-MODY. However, little is
known about the exact mechanics underlying the disease at the cellular level. To this aim, in
this project, GENA348 will be used to examine the development of diabetic cardiomyopathy

and characterise the molecular changes that occur during this process.

1.1.7 Mitochondria and the development of diabetic cardiomyopathy

The heart relies on mitochondria for the supply of ATP, enabling cardiac heart cells to function
normally. The heart is an energetically demanding organ, requiring a high and constant supply
of energy (Bugger and Abel, 2010). Thus, failure of mitochondria to produce sufficient ATP is
known to lead to cardiac cell death and eventual heart failure (Bugger and Abel, 2010).
Mitochondrial dysfunction is apparent during the early stages of heart failure, marked by
excess ROS production, ion homeostasis and changes to substrate utilisation (Facundo et al.,
2017). Changes in mitochondrial size and structure are common features of mitochondrial

morphology modifications associated with diabetes and heart failure pathologies (Daghistani
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et al.,, 2018). Mitochondrial dysfunction and its role in the development of diabetic

cardiomyopathy will be discussed in the following sections and in later chapters.

Mitochondria are important for the homeostasis of critical cellular pathways, including its
primary function of energy production, generation of reactive oxidative species (ROS) and
apoptosis. Due to its importance, mitochondrial damage is associated with the
pathophysiology of diabetic heart disease (Schilling, 2015). Dysfunctional mitochondria fail to
regulate ROS production, resulting in the increased release of apoptosis-inducing factors
(Frustaci et al., 2000). Although successful in animal models, ROS scavengers have been
reported as unsuccessful in diabetic patients (Lonn et al., 2005), suggesting the need to

enhance healthy mitochondrial capacity and quality.

The mechanism of mitochondrial dysfunction in the diabetic heart is attributed to; (1) altered
energy metabolism, (2) oxidative stress, (3) microRNA regulation involved in genetic cardiac
remodelling (Schilling, 2015). Due to higher energy demands, the cardiomyocyte heart cells
consist of a greater number of mitochondria compared to other cells in the body. Due to insulin
resistance in Type 2 diabetes, the diabetic heart has increased rate of fatty acid oxidation.
The combination of increased fatty acid oxidation and reduced cardiac efficiency has been
shown to lead to contractile dysfunction (Buchanan et al., 2005). In heart failure, the electron
transport chain complexes are supressed, thus, increasing ROS levels and oxidative DNA
damage (Ide et al., 2001)This provides strong evidence to suggest that mitochondrial function

is imperative to healthy cardiac function.

Mitochondrial fission and fusion are important process that enable the mitochondria to uphold
its functions, including control of cellular calcium handling, ROS production, and energetic
output (Chen and Chan, 2005). Mitofusin-2 (MFN2), a protein that regulates mitochondrial
fusion, has been shown to be reduced in obesity and diabetes, correlating with insulin
resistance (Bach et al., 2003). It would be interesting to investigate this further in the GENA348
model, to elucidate if fusion and fusion-regulating proteins are impacted in obesity. The
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relationship between obesity, diabetes and mitochondrial damage has been further explored
through electron microscopy, whereby diminished mitochondrial size was observed in diabetic
patients, paired with a significant reduction in OXPHOS activity (Petersen et al., 2004). There
is a plethora of studies that show the increased tissue lipid load in obesity experimentally links

to impaired mitochondrial function and metabolism.

Changes in the levels of OXPHOS occur in response to metabolic needs, ensuring that genetic
products are assembled into their functional complexes. In addition to impacting fission and
fusion, it has been reported that obesity has an impact on mitochondrial biogenesis proteins,
such as PGC-1a. In fact, obesity and saturated fatty acids decrease PGC-1a transcriptor
activity, OXPHOS expression and O? consumption (Crunkhorn et al., 2007). This suggests
that stress placed upon the mitochondria due to diabetes results in the modulation of
translation factors that play a role in mitochondrial biogenesis. This balance is carefully
maintained; however, obesity causes mitochondrial failure and thus, a mismatch in

mitochondrial homeostasis.

1.2 Mitochondria

1.2.1 Mitochondria structure and function

Mitochondria structurally consist of an outer membrane, inner membrane and matrix (Palade,
1952). The space between the outer membrane and the inner membrane is called the
intermembrane space, resembling the cytosol and containing a number of small biomolecules
essential for its function (Palade, 1952). The inner mitochondrial membrane is made of a
phospholipid cardiolipin. The inner membrane carries many proteins that serve important
functions in the electron transport chain, ATP synthesis, membrane transport, mitochondrial
fission and fusion. The inner membrane is folded to form structures termed cristae. Itis thought
that cristae can vary from simple tubular structures to more complex lamellar structures
merging with the inner boundary membrane through tubular structures (Frey and Mannella,

2000). Through this precise structural organisation, the mitochondria produce ATP. It serves
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other functions including storing calcium (Rizzuto et al., 2012), heat production in brown
adipose tissue and is involved in programmed cell death (Bratic and Larsson, 2013).
Mitochondria replicate through binary fission, correlating with the cell cycle. Mitochondria are
also able to divide in response to energy needs of the cell. Thus, energy intensive cells have
a greater number of mitochondria. It is estimated that approximately 30% of the volume of a

cardiomyocyte is occupied by mitochondria (Sivitz and Yorek, 2010).

ATP is generated through oxidative phosphorylation (OXPHOS) in mitochondria (Figure. 1.2).
The electrons generated through glycolysis, citric acid cycle and fatty acid oxidation are fed
into the electron transport chain (ETC) of the mitochondria, to produce ATP. The ETC is
composed of five complexes (CI-CV) that contain different electron carriers. For every electron
reduced by the ETC, the mitochondria convert one oxygen molecule to superoxide anions.
Superoxide anions are converted into other forms of reactive oxygen species (ROS) that can
harm the cell. The generation of ROS is a product of the OXPHOS process. Complexes |, Il
and 11l contribute to the production of ROS in the matrix and intermembrane space (Turrens,
2003). Mitochondria are therefore also the main site for production of superoxide anions in the
cell (Sivitz and Yorek, 2010). In heart failure, it has been shown that the ETC complexes
display impaired activity. Scheubel et al. (2002) measured the activity of complex | in
explanted failing hearts and found a 28% decrease in citrate synthase activity and a reduction
in maximal respiratory capacity, compared to non-failing donor hearts. No change was
reported in the other complexes. Thus, it is evident that healthy functioning of mitochondrial

complexes is important for cardiac energy provision.
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Figure 1.2 Mitochondrial respiratory chain complexes.

Electron transport complexes I, Il, 1ll, IV and ATP synthase (complex V) work together during
oxidative phosphorylation. Electron transport complexes |, Ill and IV pump protons across the
cristae membrane, creating a proton gradient, driving ATP synthesis. Figure adapted from
Alston et al. (2017).

1.2.2 Mitochondrial organisation within cardiac cells

Cardiac mitochondria are spatially arranged into three distinct populations; subsarcolemmal
(SSM), lying beneath the sarcolemma, interfibrillar (IFM) sandwiched between the
myofilaments and perinuclear (PNM) surrounding the nucleus (Figure. 1.3). The interior of
biochemically-defined mitochondria were examined by high-resolution SEM (Riva et al.,
2005). SSM have been shown to have roles in insulin signalling, fatty acid oxidation and
glucose transport as well as provide a first line of defence against oxidative stress (Riva et al.,
2005). Respiratory activity and capacity is reported to be greater in IFM which are thought to
optimise energy production for contraction (Joseph et al., 2011; Ruiz-Meana et al., 2010). It is
unclear whether these populations are differentially affected in diabetes and obesity. Studies
have identified a lower number and smaller size of mitochondria in human skeletal muscle in

individuals both obese and diabetic, compared to lean people (Kelley et al., 2002). There is a
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direct correlation between mitochondrial size and insulin sensitivity due to many factors,
including glucose disorders and lipid metabolism. Furthermore, mutations in mtDNA contribute
to the production of smaller and more fragile mitochondria (Morino et al., 2005). Data indicates
that the size and number of mitochondria in the skeletal muscle and cardiomyocytes are

important determinants of mitochondrial activity (Morino et al., 2005).

Figure 1.3 Mitochondrial ultrastructure and subpopulation.

Portion of a serial image from SBF-SEM illustrating the spatially distinct subtypes of
mitochondria. SSM= subsarcolemma mitochondria; IFM = interfibrillar mitochondria; PNM =
perinuclear mitochondria; ICD = intercalated disc; N=nucleus. Scale bar =5 pm

The Akita mouse is a TIDM model developed from a spontaneous mutation in the insulin 2
gene, resulting in incorrect proinsulin processing (Al-Awar et al., 2016). This mutation results
in misfolded protein aggregation and subsequently, B-cell death (Al-Awar et al., 2016). An
electron-microscopy study done in Akita mice with TIDM revealed that mitochondria in the
cardiomyocytes of the mice have reduced crista density and are smaller in size, compared to
mice that did not have diabetes (Bugger and Abel, 2010). The number of mitochondria was
similar in both diabetic and non-diabetic mice. Though similar observations were made by
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other groups regarding the size of the mitochondria in the cardiomyocyte, there are
inconsistencies regarding the number of mitochondria. These discrepancies may be due to a
difference between disease progression and also the limitations of 2D electron microscopy
techniques. Our group pioneered the use of serial block face scanning electron microscopy
(SBF-SEM) to investigate cardiac myocyte ultrastructure (Pinali and Kitmitto, 2014). This
technique allows reconstruction of organelles, such as mitochondria allowing details of the
surface area and volume to be calculated for each mitochondrion as well as investigation into
the mitochondrial distribution. This technique is applied in Chapter 3. Mitochondria shape and
size are influenced by dynamic processes, fission (mitochondria dividing) and fusion

(mitochondria combining).

Such volume scanning electron microscopy technique have been utilised for mitochondrial
structural observations using blocks of tissue, a modification of traditional SEM. This technique
has been of particular use for the investigation of the structural architecture of inter-
mitochondrial junctions (IMJ). Colca et al. (2004) identified the protein mitoNEET (mNT) as
required for IMJ formation via a dimerisation process whereby mNT of neighbouring
mitochondria tether to form an IMJ. These tethering arms are thought to be flexible, enabling
changes in orientation, such as that conformational changes can be made in response to
oxidative stress within heart tissue (Landry et al., 2015). mNT knock out studies also shown a
reduction of IMJs, whilst an increase in IMJs resulted in mitochondrial clustering (Vernay et
al., 2017). Interestingly, ablated mNT in cardiac mitochondria were shown to have reduced
oxidative capacity, compared to wild type, further supporting a strong role of mNT for

mitochondrial cardiac function (Wiley et al., 2007).

1.2.3 Mitochondrial Dynamics

1.2.3.1 Mitochondrial Fusion

Both mitochondrial fission and fusion are required to maintain the function of mitochondria

(Figure. 1.4). Fusion is the process whereby adjacent mitochondria fuse together mix contents
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to complement each other. This mechanism enables protein complementation, repair of
mtDNA and distribution of metabolites. In comparison, fission is important for mitochondrial
segregation and for the distribution of mitochondria across the cell. Fission also helps to
remove damaged portions of the mitochondria. Mitochondria fission has a role in cell
protection and when the protective mechanism fails, it can initiate apoptosis (Sheridan and
Martin, 2010). While GTP is required for both processes, the fusion of outer membrane and
inner membrane (inner membrane fusion) requires the presence of an inner membrane
potential (Hoppins and Nunnari, 2009). The mitochondrial membrane potential is generated
by proton pumps (complex I, Il, Ill) and works together with the proton gradient to form the
transmembrane potential of hydrogen ions to make ATP (Zorova et al.,, 2018). The
mitochondria depends on this membrane potential for the transport of proteins into the
mitochondria; it has been postulated that the functional state of mitochondria can be assessed
by the membrane potential magnitude (Popkov et al., 2015). In vitro work has shown that outer
membrane fusion requires an inner membrane proton gradient (Meeusen et al., 2004) .On the
other hand, inner membrane fusion requires the electrical component of the inner membrane.
It is thought that this membrane potential results in the remodelling of fusion protein
complexes, functionally linking outer and inner membrane fusion events (Hoppins and

Nunnari, 2009).

Different sets of dynamin proteins govern outer and inner membrane fusion through three
large GTPases; mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) in the outer membrane which form
homo- and hetero-dimers and the optic atrophy protein 1 (Opal) which facilitates fusion of the
inner membranes (Liesa et al., 2009). The expression of Mfn proteins vary dependent upon
tissue type; high levels of Mfnl and Mfn2 are present in the heart, where Mfn2 is thought to
be present at a higher concentration to Mfnl (Santel et al., 2003). In the first step of outer
mitochondrial membrane fusion, the heptad-repeat domain (HR2) of Mfnl or Mfn2 on one
mitochondrion forms dimers or complexes with Mfnl or Mfn2 on adjacent mitochondria
through assembly of a dimeric, antiparallel coiled coil (Koshiba et al., 2004). This structural

process allows two adjacent mitochondria to tether together (Figure. 1.4).
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In addition to Mfn1 and Mfn2, Opal, an inner mitochondrial membrane protein, acts to promote
mitochondrial fusion through the anchoring of its hydrophobic segments to the mitochondrial
membranes (Olichon et al., 2007). In order for mitochondrial fusion to occur, Opal requires
the presence of Mfnl (Cipolat et al., 2004). Cipolat et al. (2004) tested the ability of
overexpressed Opal in the absence of Mfnl and Mfn2 to ascertain whether Opal fusion
depended on other mitochondrial dynamics proteins. A functional difference was observed
between Mfn1 and Mfn2; in Mfn1 null cells, mitochondria appeared globular, whereas in Mfn2
null cells, mitochondria ranged from round dots to short rods (Cipolat et al., 2004). These rods
formations are important for the tubulation of mitochondria. Interestingly, the reintroduction of
Mfnl corrected Opal-induced mitochondrial elongation, further confirming the
interdependence between Mfnl and Opal. Overall, fusion is a two-step process, requiring the

fusing of two outer membrane mitochondrion followed by fusion of the inner membrane; these

steps require Mfn1/2 and Opal.

1 MFN1/2
Opal
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Figure 1.4 The fusion and fission reaction of mitochondria regulated by several key
proteins, members of the dynamin family.

Mitofusins (Mfn) mediate the fusion of mitochondrial outer membrane, Opal mediates the
fusion of mitochondrial inner membrane and Drpl mediates mitochondrial fission. Figure taken
from Tieu and Imm (2014).
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1.2.3.2 Mitochondrial Fission

Fission is a division process whereby one or more daughter mitochondria are produced (Wada
and Nakatsuka, 2016) (Figure. 1.4). Fission is under the control of a group of mitochondrial
fission proteins, dynamin-related peptide 1 (Drpl), and mitochondrial fission protein 1 (Fisl)
(Ong et al., 2013). The process of mitochondrial fission is complex and can be divided into
five stages; the initial constriction of the mitochondria, the recruitment of cytosolic Drpl to
mitochondria, the assembly of a scission complex on the outer mitochondrial membrane, the
actual scission event, and finally the disassembly of the scission complex (Ong et al., 2013).
Drpl was first identified as a protein that induces mitochondrial division (Smirnova et al.,
1998). Upon activation, Drpl oligomerises and constricts the mitochondrial scission site,
through the use of GTPase. Fisl is a small protein that promotes mitochondrial fission through
inserting into the outer mitochondrial membrane via its COOH-terminal part, encouraging
protein-protein interaction (Jofuku et al., 2005). It is thought that although Fis1 is required for
fission, it is not a limiting factor and Drp1l is able to be recruited through other factors (Lee et
al., 2004). In addition, to Drp1 and Fis1, mitochondrial dynamics proteins of 49 kDa (MiD49)
and 51 kDa (MiD51) were identified as regulators of mitochondrial dynamics in fission/fusion.
These proteins were found to form foci and rings around mitochondria and have the ability to

directly recruit Drpl to the mitochondria (Palmer et al., 2011).

Fission proteins are also recruited for the interplay of processes leading up to apoptosis. Upon
apoptosis induction, the OMM is fragmented by the translocation of Drpl from the cytosol to
the mitochondria (Frank et al., 2001). During mitochondrial fragmentation, Drpl
phosphorylation is reduced, leading to an enhanced interaction between Drpl and
mitochondrial fission factor (MFF), and a decreased interaction between Drpl and MiD51
(Zhang et al., 2016). The functional regulation of Drpl through post-translation modifications
is an important status to be considered (Chang and blackstone, 2007). Thus, Drpl appears to

play a number of important roles acting to orchestrate mitochondrial dynamics.
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1.2.3.3 Mitochondrial Mitophagy

In instances of mitochondrial damage or dysfunction, mitochondria are either complemented
with an undamaged part of the mitochondrial network by fusion or prepared for mitophagy
(Twig and Shirihai, 2011). Mitophagy is an organelle-specific process whereby damaged
mitochondria and mitochondria with reduced membrane potential are removed through
ubiquitination and the fusion of autophagosomes with lysosomes, ensuring quality control of
cellular mitochondria (Ashrafi and Schwarz, 2013). Fission can cause the production of
daughter mitochondria with reduced membrane potential as a result of uneven fission (Joseph
et al., 2011). This reduced membrane potential is thought to stimulate the activity of PINK1
(PTEN-induced putative kinase protein 1), a serine/threonine kinase (Chen and Dorn, 2013).
PINK1 and Parkin, an E3 ubiquitin ligase, interact to form the PINK1-Parkin signalling
pathway, important for regulation of the mitochondrial mitophagy pathway. It is thought that
the initial sensing of damaged mitochondria is regulated by PINK1, leading on to the induction

of mitophagy through the expression of Parkin (Narendra et al., 2008).

Upon membrane depolarisation, PINK1 accumulates on the OMM, as a result of restricted
cleavage that normally enables proteasomal degradation (Narendra et al., 2010). Once
identified by PINK1, PINK1 phosphorylates OMM proteins and recruits Parkin (Chen and
Dorn, 2013). Parkin can translocate to depolarised mitochondria (Narendra et al., 2008),
ubiquitinating OMM proteins, including Mfnl and Mfn2, activating mitophagy (Sarraf et al.,
2013). This process is important for mitochondrial maintenance and quality control, ensuring
that damaged or dysfunctional mitochondria are efficiently removed. As one of the interests of
this research project, it has been shown that mitochondrial integrity is compromised in
diabetes, suggesting a possible link with the failure of mitochondrial quality control due to the

inhibition of mitochondrial dynamics proteins in diabetes.
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1.2.3.4 Mitochondrial Motility

Mitochondrial motility is important for the regulation of calcium signalling and for energy supply
around the cell. The regulation of these processes is dependent upon the motility of
mitochondria up and down microtubules in a calcium-sensitive manner (Ong et al., 2013). The
proteins that control mitochondrial motility are Miro, Milton and motor proteins, dynein or
kinesin. In addition to controlling motility, these proteins have been shown to influence
mitochondrial morphology. In H9c2 cells that overexpress Mirol and Miro2, mitochondrial
elongation was induced, whereas ablating Miro resulted in Drpl-mediated mitochondrial

fragmentation (Saotome et al., 2008).

1.3 Miro proteins and mitochondrial motility

Miro GTPases are members of the Ras superfamily and are important mediators of
mitochondrial dynamics (Boureux et al., 2007). Mirol is a protein that promotes mitochondrial
transport by binding the mitochondria to kinesin and dynein motors. Mitochondrial Rho (Miro)
is a small GTPase known to be involved in mitochondrial transport and homeostasis (Tang,
2016). Miro proteins are composed of two GTPase domains, in comparison to the one GTPase
domain found in other small GTPases. In mammals, two Miro proteins exist, Mirol and Miro2
sharing approximately 60% sequence identity (Figure 1.5) (Fransson et al., 2003). D.
melanogaster Miro is known to regulate the movement of mitochondria by recruiting the motor
proteins kinesin and dynein based on the microtubule network, forming a protein complex with
the kinesin adaptor Milton (Glater et al., 2006). On the other hand, in humans, Miro proteins
interact with motor proteins by the formation of a protein complex with the TRAK1/2 cargo

adaptor proteins (Macaskill et al., 2009a).

1.3.1 Miro structure

Mirol and Miro2 are 618 amino acids in length and are 60% identical to each other (Fransson
et al., 2003). Both proteins consist of two EF motifs linking the GTP-binding domains and a C-

terminal transmembrane domain that binds proteins to the OMM (Figure. 1.5). The EF-hand
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motif functions as a binding site for the Milton modifier protein and kinesin heavy chain. These
domains can also bind calcium ions and this binding causes conformational changes that
separate the mitochondrial surface from kinases (Wang and Schwarz, 2009). The EF-hands
bind calcium (Macaskill et al., 2009b) allowing it to act as a calcium sensor. Structurally, Miro
GTPases are the only known human protein that contain two different GTPase domains in the

same polypeptide chain (Kay et al., 2018).

Miro 1 Slightly different in
Domain Structure Miro 2

Membran
Anchor

§ | N-terminal GTPase
1

Switch | Switch Il Switch | Switch Il

Figure 1.5 Domain architecture of human Miro GTPase.

The structure consists of an amino terminal and carboxy terminal GTPase domain (light and
dark blue, respectively); two calcium-binding EF-hand domains, flanked by the catalytic
domains; and the C-terminal transmembrane domain anchors mitochondria to the outer
membrane (pink rectangle). Figure taken from (Eberhardt et al.,2020)

There are slight differences in the switch regions between Mirol and Miro2. Miro GTPases
are atypical in their structure, varying in their Switch I/ll regions compared to other Ras
superfamily members (Eberhardt et al., 2020). In Miro proteins the Switch I/l regions are
located at both the N- and C-terminals, with a slight regional difference at the C-terminal
domain in Miro2, compared to in Mirol (Figure 1.5). Typically, Switch | regions are involved in
nucleotide stabilisation and Switch Il regions are involved in the regulation of nucleotide
hydrolysis (Peters et al., 2018). In Miro2, the C-terminal Switch regions differ slightly from
Mirol with Switch | corresponding to residues 446-455 and Switch Il comprising residues 472-

489 (Peters et al., 2018). The presence of two GTPase domains suggest a dual potential of
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Miro regulation. A number of studies have employed point mutations at N- or C-terminal
GTPase positions, with the aim to stabilise the GTP/GDP Miro forms (Fransson et al., 2003;
Fransson et al., 2006; Macaskill et al., 2009b). Here, the behaviours of these mutants were
observed to further elucidate the functions of Miro in different states. Miro GTPases are found
anchored to the outer mitochondrial membrane, bound by their C-terminal domain (Figure 1.6)
and play a key role in the intracellular mitochondrial movement in the majority of neurons

studied (Tang, 2018).

The majority of studies of Mirol have been in neuronal cells. In order to maintain the health of
neurones, mitochondria are required to be transported along the neuronal body and positioned
for efficient energy production. Poor neuronal health has been implicated in Parkinson’s
Disease, where it has been hypothesised that Mirol is upregulated on damaged mitochondria,
resulting in increased mitochondrial motility (Hsieh et al., 2016). Thus, this increased
mitochondrial motility causes delayed mitophagy and ultimately, neurodegeneration. For this
reason, the majority of studies investigating Miro proteins are investigating the neuronal

impact and function of these proteins.

Figure 1.6 Miro1 anchors to the outer mitochondrial membrane (OMM).
Mirol tethers to the OMM via its C-terminal domain.
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1.3.2 Miro function

Functionally, Miro is responsible for a number of different mitochondrial processes. Miro is
known to facilitate mitochondrial transport, calcium-dependent mitochondrial transport,
mitochondrial morphology, fission and fusion, neuronal health and has reported effects on
ATP homeostasis (Kay et al., 2018). Miro is known to aid mitochondrial transport through
intracellular microtubules (Chen et al., 2017). Although Mirol has been studied primarily in
neurons, this protein has also been found to be involved in mitochondrial transport and
lymphocyte adhesion during inflammation to activated endothelium (Morlino et al., 2014). At
high concentrations, calcium ions inhibit mitochondrial transport by binding to Miro1, thereby
removing the complex from the organelles (Nemani et al., 2018)- Mirol degradation inhibited
mitochondrial removal and degradation preventing the fusing with healthy mitochondria,
thereby promoting clearance by their own phagosomes. Although the exact mechanism
remains to be clarified, Mirol is involved in promoting caspase-dependent apoptosis (Kay et
al., 2018). Ectopic expression of a Miro1l mutant has been associated with an increase of M30,
an apoptotic marker that recognises caspase cleavage (Fransson et al., 2003). Further
evidence of this caspase-dependent apoptosis process was shown by the use of caspase
inhibitors reducing the presence of the M30 marker, supporting the role of Mirol in apoptosis

(Fransson et al., 2003).

Mirol has been shown to have a number of interacting partners (Figure 1.7). These proteins
include: TRAK1 and TRAK2 (microtubule-based mitochondrial transport) (Macaskill et al.,
2009a); KIF5 (microtubule-based transport (anterograde) (Wang and Schwarz, 2009);
mitofusin 1 and 2 (mitochondrial fusion) (Misko et al., 2010); PINK1 (regulator of mitochondrial
stress response and mitophagy) (Weihofen et al., 2009); and Parkin (component of the
ubiquitin-proteasome system of protein degradation) (Birsa et al., 2014). This wide array of
Mirol binding partners suggests that it has a pivotal role in mitochondrial dynamics, quality

control and transport.
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TRAK1/2
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Figure 1.7 Mirol interacting partners

Docking of motor complexes (dynein, kinesin and TRAK1/2) onto mitochondria and
microtubules. Figure adapted from (Eberhardt et al.,2020)

As a C-terminal anchored outer mitochondrial membrane protein, Mirol acts as a receptor on
which motor proteins assemble, forming a link between the mitochondria and microtubule
(Guo et al., 2005). As mentioned above, Mirol interacts with the adaptor TRAK proteins
(mammals) or Milton (Drosophila) to recruit kinesin and dynein, driving anterograde (towards
the (+)-end) and retrograde (towards the (-)-end) mitochondrial transport, respectively (Figure
1.8) (Fransson et al., 2003; Fransson et al., 2006). Mouse studies have eluded to functional

differences between Mirol and Miro2 Lépez - Doménech et al. (2018). To characterise these
differences, L6pez - Doménech et al. (2018) generated Mirol/2 single and double-knockouts

in mice and analysed the localisation of the motor proteins TRAK1/2. The authors showed that
TRAK proteins were still able to localise to the mitochondria in the complete absence of Miro
proteins, with mitochondria still found aligned to microtubule filaments. When investigated
separately, Miro2-KO cells exhibited unaltered fast tubulin-dependent mitochondrial transport
events, whereas in Miro1-KO there was a significant reduction in the number of such events
(Lopez-Doménech et al., 2018). Secondly, Lopez-Doménech et al. (2018) showed that
overexpression of TRAK2 in Miro1-KO cells resulted in the inability of cells to redistribute
mitochondria, as observed in WT and Miro2-KD cells. Thus, Mirol may facilitates the TRAK2-

dependent redistribution of mitochondria. Together, this data suggests that Mirol and Miro2
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differentially regulate mitochondrial transport. In this chapter, Mirol will be investigated as it

was identified as downregulated in our previous data (Chapter 2).

Mitochondrial transport by Mirol/2 is facilitated by kinesin and dynein proteins (Macaskill et
al., 2009). Miro forms a protein complex with the kinesin-associated protein, Milton, trafficking
kinesin-binding protein 1 (TRAK1) and TRAK2 (Macaskill et al., 2009b). It is thought that Miro
anchors to the mitochondrial outer membrane, Milton aids with linking the kinesin/dynein motor

protein to Miro1, facilitating the movement of mitochondria along the microtubules (Figure 1.8).
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Figure 1.8 Miro is involved in the movement of mitochondria in cooperation with
TRAK1/2 across microtubules.

TRAK1, predominantly localised in axons, binds both kinesin and dynein, whilst TRAK2,
localised in the dendrites, binds dynein. Miro’s binding to both TRAK proteins enables the bi-
directional movement of mitochondria. Figure taken from (Kay et al.,2018)

In Drosophila, Russo et al. (2009) investigated the mechanism regulating the opposing
movements facilitated by kinesin and dynein motors, to promote microtubule-based transport
of mitochondria. dMiro was genetically manipulated and mitochondrial transport in Drosophila
motor axons was measured. Dysfunctional dMiro resulted in the impairment of both
anterograde and retrograde mitochondrial movement (Russo et al., 2009), further evidencing
the importance of Miro in mitochondrial transport. The role of cytosolic calcium in this process

has been disputed. Studies show that the EF-hands are involved in binding calcium and
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sensing calcium influx when activated, leading to conformational changes in Miro that directly
impact mitochondrial mobilisation (Wang and Schwarz, 2009). It has also been argued
whether Miro binds directly to kinesin, without the need for Milton (Macaskill et al., 2009b), or
if increased cytosolic calcium concentrations cause the dissociation of the kinesin motor and
the subsequent interaction of Miro with the mitochondria (Kay et al., 2018). Wang and Schwarz
(2009) proposed a model of how calcium and Mirol control mitochondrial trafikking. Their
results showed that Mirol requires the presence of Milton as an adaptor to enable binding to
KIF, however, a low level of Miro-KIF association was measured without Milton present (Wang
and Schwarz, 2009), suggesting that Milton may not be a necessary binding factor. The other
model suggests that increased cytosolic calcium may arrest movement by dissociating the
Miro-Milton complex, releasing mitochondria from the motor. The authors showed that calcium
works through Miro’s EF-hands to cause kinesin heavy chain dissociation from microtubules
(Wang and Schwarz, 2009). Thus, these results show that there is an association between

mitochondrial motor machinery, movement of the mitochondria and calcium concentration.

In H9c2 cells, Mirol expression at the OMM has been shown to affect calcium concentration
in the mitochondrial matrix, acting as a calcium-sensitive switch (Saotome et al., 2008).
Saotome et al. (2008) investigated the association of Mirol and Miro2 with regards to
mitochondrial dynamics and calcium oscillations. At resting calcium concentrations, Mirol
overexpression caused an elevation in mitochondrial movement and calcium. This calcium-
switch is representative of Miro’s role as regulating both motility and fusion-fission
mitochondria dynamics (Saotome et al., 2008). It has also been suggested that Miro has a
role in mitochondrial morphology. Overexpression of Miro in Drosophila resulted in the
aggregation of mitochondria in neurones (Liu et al., 2012), whilst elongated mitochondria were
observed in a similar study (Russo et al., 2009). This research suggests that Miro proteins
impact mitochondrial appearance potentially through its binding partners. As mentioned
previously, Miro mediates the balance between mitochondrial fission and fusion. As mentioned
above, fission and fusion processes enable mitochondrial morphology changes with the

availability of Miro1 shown to be directly proportional to mitochondrial length.
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1.3.3 Calcium dependency

The EF-hands of Mirol enable the binding of Ca?* through the helix-loop-helix motif (Chazin,
2011). This binding enables Miro’s EF-hands to act as a calcium-dependent switch, regulating
mitochondrial transport. Live-cell imaging studies have shown that the influx of cytoplasmic
Ca?* results in the blockage of mitochondrial transport (Wang and Schwarz, 2009). This
regulatory mechanism causes mitochondria to position themselves near Ca?* sources,
enhancing ATP production during high demand (Yi et al., 2004). In order to address how Ca?*
regulates motor proteins in mitochondrial motility, Wang and Schwarz (2009) examined
mitochondrial movement in transfected neurones. The authors showed that the EF-hands of
Mirol are essential for the Ca?* dependent arrest of axonal mitochondria and that the Miro1-
Ca?* interaction results in kinesin heavy chain to lose association with microtubules (Wang
and Schwarz, 2009). Genetic deletion of Mirol has also shown to be lethal, suggesting a non-
redundant role of Mirol (Nguyen et al., 2014). Thus, mitochondrial transport via Mirol is

dependent on Ca?*.

1.4 Conclusion

Diabetes sufferers are at greater risk for developing cardiovascular complications and have
poorer outcomes. Work from our group indicate that GENA348 mice develop cardiac
dysfunction and thus may indicate that MODY2 patients may also be at risk. Currently, there
are limited treatments for diabetics and in particular for MODY patients. Mitochondria
dysfunction has been identified as a driver of cardiovascular disease in both obese and
diabetic patients. However, the pathological effectors and mechanisms that lead to
mitochondrial dysfunction are incompletely understood. A common feature of mitochondrial
dysfunction is changes to the structure and distribution, characteristics influenced by the
processes of fission and fusion. Previous work in our group has revealed that in a TIDM model
of diabetes, the fusion protein Mfn2 is dysregulated but Drpl and Opal are unchanged, which

leads to an imbalance in the fission-fusion axis and thus, mitochondrial morphology and
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function. It is evident that proteins such as Miro, Mfn1/2 and Opal are key to the regulation of
mitochondrial processes and for quality control. This project investigates whether impaired
mitochondrial dynamics is a feature of MODY2 and if a high fat diet exacerbates the
phenotype. Delineating the pathways underlying changes to mitochondrial dynamics in the
diabetic and obese myocardium may reveal novel therapeutic targets and also provide new

insights into management of MODY.

15 Project aims & Objectives

Research into the MODY 2 cardiac phenotype is limited, with a lack of understanding into how
the mitochondria are impacted and the molecular players that are implicated in the disease.

The specific aims of this study are:

1) Characterisation of the cardiac and mitochondrial phenotype of MODY2 in GENA348 mice

using quantitative mass spectrometry for global protein profiling (Chapter 2)

2) Characterisation of cardiac mitochondrial subpopulation ultrastructure in the GENA348

mice using serial block face scanning electron microscopy (Chapter 3)

3) Investigation of the effect of a high fat diet on GENA348 cardiac phenotype and how the

pathology compares to wild type (WT) animals fed a high fat diet (Chapter 4)

4) Investigation of the role of Mirol in mitochondrial structure-function and fission-fusion

(Chapter 5).
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Chapter 2 Characterisation of the cardiac and mitochondrial
phenotype of a mouse model of MODY2 (GENA348)

2.1 Introduction

As described in the introduction to this thesis (Section 1.1.2), Maturity Onset of Diabetes in
the Young (MODY?2) is a genetic form of diabetes with a mutation in the Gck gene (Carmody
etal., 2016). Although less prevalent in comparison to TLDM or T2DM, it is thought that MODY

affects 1-2% of people diagnosed with diabetes mellitus (Kleinberger and Pollin, 2015).

Clinical diagnosis of MODY can be recognised and diagnosed through a number of clinical
characteristics including; parental history of neonatal diabetes, early onset of diabetes, low
insulin required for treatment (insulin independence) and lack of significant obesity (Urbanova
et al., 2018). Historically, MODY has proven challenging to identify due to the clinical
heterogeneity of the disease. Genetic sequencing methods are used for diagnosis
(Kleinberger and Pollin, 2015) although a limitation with this method is the lack of research
characteristics in African or Latino populations, leading to gaps in correct diagnosis
(Kleinberger and Pollin, 2015). To manage the disease, patients are categorised dependent
on their disease type and genetic cause (Thanabalasingham and Owen, 2011). Treatment
includes a change in diet, insulin administration and oral antidiabetic agents. For example,
ABCCB8-type MODY is characterised by a dysfunction of ATP-sensitive potassium channels.
For treatment, patients are given sulfonylureas, an oral antidiabetic agent (Bowman et al.,

2012).

Because of the absence of clinical symptoms, MODY may go undiagnosed (Velho et al.,
1997). Children and adults may be symptom-free, merely experiencing mild fasting
hyperglycaemia (6—7mM); therefore, many MODY patients are only identified by chance
through routine or prenatal check-ups (Velho and Robert, 2002). There is a broad spectrum
of clinical features presented by patients with MODY. These extend from the mild, such as
fasting hyperglycaemia and limited complications to severe, with progressive hyperglycaemia
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and chronic vascular problems (Aigner et al., 2008). However, some patients may present
with marked hyperglycaemia that becomes more severe with age and go on to develop
diabetic complications similar to those exhibited by patients with T2DM (Velho et al., 1996).
Distinguishing between advanced MODY and T2DM is a challenge for clinicians, leading to
the claim that many MODY patients may have been misdiagnosed and that its prevalence is
greater than expected (Ehtisham et al., 2004). Ledermann places an estimate of 2-5% of
patients that have been diagnosed as T2DM as being MODY patients (Ledermann, 1995).
Further, the number of cases of MODY s likely to be underestimated due to lack of large
population screening programmes. For example, the introduction and development of
monogenic diabetes testing methods in one region of the UK ,which had only identified 50
MODY patients in 1996, was able to diagnose 5000 by 2016 (Hattersley and Patel, 2017).
Kleinberger and Pollin (2015) reported that MODY cases are missed due to a lack of
awareness amongst people. As a result, further complications occur, resulting in increased

complexity.

As previously mentioned, (Section 1.1.2, Table 1.1) the Gck (MODY2) and hepatocyte nuclear
factor 1A (HNF1a, MODY 3) mutations are the most frequently diagnosed MODY types (Szopa
et al., 2015). In order to investigate the cardiovascular complications in both MODY types,
Szopa et al. (2015) examined carotid artery intima-media thickness (IMT) and endothelial
function in human subjects diagnosed with MODY. Results showed that both MODY types
were associated with arterial wall dysfunction and abnormalities in endothelial function (Szopa
et al., 2015). HNF1a-MODY patients were more likely to have higher IMT values than Gck
MODY types. Similarly, Pruhova et al. (2013) used IMT measurements as an indicator of
macrovascular complications; they reported that Gck MODY patients were not at risk of IMT
increase. Furthermore, an impairment in maximum microvascular hyperaemia was reported
in HNF1a-MODY patients (Lee et al., 1999). Jaap et al. (1994) reported the importance of
microvascular function as a key change that can be associated as a cardiac phenotype in

diabetes.
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More recently, the spectrum of genetic variants of monogenic diabetes were investigated
(Glotov et al., 2019). Using whole-exome sequencing, Glotov et al. (2019) screened 35 genes
causative of MODY and transient or permanent neonatal diabetes in a cohort of Russian
children. These genes included 13 genes causative of MODY, amongst them Gck (MODY2).
Their results revealed a high rate of genetic variants causative of monogenic diabetes.

Interestingly, the authors confirm ethnic differences (Glotov et al., 2019).

Interestingly, there is a reported increased prevalence of HNF1a-MODY frequency in Northern
Europe and Gck-MODY is more prevalent in Southern Europe (Glotov et al., 2019). In fact,
the majority of patients in this study had genetic variants in Gck (MODY2) (Glotov et al., 2019).
This is further corroborated by a recent study investigating the molecular basis of MODY in
Chinese patients (Xu et al., 2020). Similarly, the authors report that most MODY patients were
due to Geck mutations, further suggesting region-dependent differences in the prevalence of

MODY types.

2.1.1 Gck-MODY (MODY2)

Glucokinase-maturity-onset diabetes of the young (Gck-MODY), also known as MODY Type
2 is one of the common types of MODY diabetes (Table 1.1). This mild disease type is caused
by a heterozygous mutation on the glucokinase gene on chromosome 7 (Vionnet et al., 1992).
In contrast, homozygous mutations cause a complete loss of glucokinase and results in
permanent neonatal diabetes necessitating insulin treatment in the first few days of life.
Glucokinase acts as a blood glucose sensor for the pancreas, thereby controlling insulin
release. Normal function of glucokinase ensures blood glucose is kept at normal levels. As a
result of this mutation, the insulin threshold is impaired causing persistent hyperglycaemia
(Byrne et al., 1994). This may go unnoticed due to a lack of long-term complications and only
noticed during routine checks, such as during pregnancy. Gck MODY patients do not usually

require treatment and are non-obese, differentiating this type from T1DM and T2DM.
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Glucokinase mutations in MODY patients have been shown to affect the catalytic properties
of the enzyme. With facilitated diffusion, glucose is taken into the B-cell, leading to its
phosphorylation by Gck. This rate-limiting step is followed by glycolysis in the tricarboxylic
acid (TCA) cycle, resulting in a rise in the ATP/ADP ratio (Figure. 2.1). Eventually, insulin is
secreted, and cellular homeostasis can occur. Hence, glycolytic metabolism is tightly
coupled to mitochondrial metabolism (Fex et al., 2018). The impairment of this process as a
result of the point mutation, such as in MODY2 patients, causes an impact on mitochondrial

and metabolic mechanisms.
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Figure 2.1 The pancreatic B cell response to glucose.

Glucose is transported into B cells of the pancreas via GLUT-2 transporters. Once in the cell,
the glucokinase enzyme, which is the 3 cell’s glucose sensor, catalyses its conversion to
glucose-6-phosphate. ATP, generated through the Krebs cycle, binds to ATP-sensitive
potassium channels, causing them to close and the membrane to depolarise. The change in
membrane potential causes the voltage-dependent calcium channels to open and calcium
influx; this stimulates further calcium to be released from intracellular stores. In response to
the elevated intracellular calcium concentration, granules containing insulin fuse with the
plasma membrane, leading to exocytosis of the insulin. The mechanism for insulin secretion
is disrupted by mutations in the glucokinase enzyme.
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2.1.2 GENA348 Mouse Model

Thus, the development of the GENA348 mouse model provides an ideal system for
investigating disease development. The GENA348 mouse model contains an A to T
transversion mutation in the glucokinase gene, resulting in an isoleucine to phenylalanine

change at amino acid 366 (Toye et al., 2004).

As first reported by Toye et al. (2004), the GENA348 Gck gene mutation is located in exon 9
of the gene, resulting in a missense amino acid change in amino acid 366 from isoleucine to
phenylalanine (I366F). In humans, it has been shown that a missense mutation in an adjacent
amino acid, V367M, results in diabetes (Toye et al., 2004). This demonstrates the functional
significance of this gene region in protein function, further reflecting on the use of GENA348
as a mouse model. Fabiano et al. (2016) reported the major advantage of the GENA348
mouse model as being analogous and clinically relevant to the MODY?2 model, which helps in
determining the different mutation factors and genes that could affect the functioning. The
study of Postic et al. (2001) outlined that insulin secretion, as well as impaired glucose levels,
are increased due to the Gck gene just as in humans, therefore, the mouse model is an
effective clinical model. Traditionally, animal models have not reflected the human genetic
condition of diabetes, limiting their use. As mentioned in the introduction, Toye et al. (2004)
introduced the GENA348 mouse model of diabetes, exhibiting similar impaired glucokinase
function and decreased insulin secretion in humans with MODY2. The GENA348 mouse
model was studied for its expression of a cardiac phenotype (Mamas et al. (2009) to determine
its applicability for studies of diabetes-associated heart failure. Using echocardiography,
authors reported significant cardiac hypertrophy observed in the homozygote mutants in
comparison to the WT mice, making this model a good option for use in MODY2 research. In
addition, Akt phosphorylation levels were measured by Western blot analysis. Akt
phosphorylation increases the insulin-dependent transport of glucose into the cell (Mackenzie
and Elliott, 2014). GENA348 demonstrated increased Akt phosphorylation, involved in cardiac

hypertrophy (Jin et al., 2019). It was observed that mice had exhibited progressive cardiac
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phenotype with the development of hypertrophy as well as diastolic dysfunction (Mamas et

al., 2009).

2.1.3 Mitochondrial Dysfunction in GENA348

While Mammas et al. (2009) has demonstrated that the GENA348 mouse develops LV
diastolic dysfunction, there has since been very little information pertaining to the cardiac
phenotype especially at the cellular level. Given that mitochondrial dysfunction is an early
development in the progression of diabetic cardiomyopathy e.g. (Sivitz and Yorek, 2010)
(Section 1.1.8), a focus of this component of the thesis was to investigate mitochondrial
function in the GENA348 mouse. In addition, investigations of proteins regulating

mitochondrial size and shape i.e fission, fusion and motility were undertaken (Section 1.2.3)

Zhong et al. (2017) have linked diabetes with cardiac dysfunction as a result of inflammation.
Increasing evidence has shown that diabetes can be classified as in inflammatory disease as
a result of the auto-immune destruction of pancreatic B-cells (Zhong et al., 2017) (Marques-
Vidal et al., 2012). To our knowledge, there have been no published studies of inflammation
and MODY?2. Therefore, another aim to this study was to investigate cytokine levels in
GENA348 mice. This data will advance understanding of the characteristics of GENA348 and

effect of glucokinase malfunction with potential translational value for MODY 2 patients.

2.1.4 Mirol and mitochondrial function

PINK1 and Parkin play a central role for regulating mitochondrial quality control, marking
damaged mitochondria through ubiquitination for mitophagy (Eiyama and Okamoto, 2015).
Mitophagy is the process by which damaged mitochondria are cleared through autophagy
machinery. As previously mentioned, Miro is reported to interact with PINK and Parkin,
suggesting a role for Miro in mitochondrial turnover and destruction. The PINKZ1/Parkin

pathway is known to target Mirol for phosphorylation and degradation, leading to the arrest
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of mitochondrial movement (Wang et al., 2011). It is thought that PINK1 phosphorylates Miro1,
activating the degradation of Mirol in a Parkin-dependent process. As mentioned earlier,
Mirol is an important protein involved in anchoring the mitochondria to motor proteins and the
microtubules enabling mitochondrial movement. Thus, removal of Mirol in this PINK1/Parkin
pathway, is thought to detach kinesins from the mitochondria, preventing mitochondrial

movement.

2.1.5 Mirolin the heart

Although there is a lack of mitochondrial motility in adult cardiomyocytes, Miro, TRAK and
motor protein kinesins are abundantly present in heart and skeletal muscles (Cao et al., 2019).
This could suggest an important role for Mirol in regulating communication between
mitochondria and microtubules. Drpl inhibition, an important fission-fusion protein, has been
shown to cause mitochondrial condensation and elongation, suggesting a change in Miro-
mediated fission-fusion activity (Varadi et al., 2004). Saotome et al.,(2008) further investigated
this by overexpressing a dominant-negative form of Drpl and showed that this inhibited the
Miro-induced mitochondrial fragmentation in H9c2 cells, suggesting that fission is required for
Miro-induced mitochondrial changes. Overall, while there are only a few studies of Mirol in
the heart, current evidence supports a similar role as that identified in neuronal cells (Hsieh et
al.,, 2016) and that it is important for the modulation of mitochondrial dynamics and cell

function.

2.1.6 Primary cardiomyocytes vs H9c2

Primary cardiomyocytes can be difficult to isolate, requiring animal sacrifice for each stage of
study. The H9c2 line of embryonic rat cardiomyocytes are considered a sub-clonal line of the
original clonal cell line, derived from the embryonic rat tissues of BD1X. As an animal free
alternative, rat ventricular H9c2 cells are a validated line that closely mimic the response of
adult cardiomyocytes in conditions of cardiac hypoxia, ischaemia reperfusion, myocardial

infarction and hypertrophic response, making then a suitable substitute for studying
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cardiomyocyte function. When compared to primary rat neonatal cardiomyocytes, H9c2 cells
showed an almost identical response to hypertrophic factors angiotensin Il and endothelin-1
(Watkins et al., 2011). Furthermore, in conditions of myocardial infarction they are more
energetically similar to primary cardiomyocytes than other cell lines, such as mouse atrial HL-
1 cells (Kuznetsov et al., 2015). In addition to energetics, Kuznetsov et al. (2015) measured
the levels of the cytoskeletal protein B-tubulin Il, important for regulating cardiac energy
metabolism. They showed that in H9c2 cells, B-tubulin Il was present, suggesting a similar
mode of regulation for mitochondrial functions as adult primary cardiomyocytes (Kuznetsov et
al., 2015). Importantly, H9c2 cells were also highly sensitive to hypoxia and oxidative stress
(Kuznetsov et al., 2015), further supporting the use of H9c2 cells due to the similarity of their

mitochondrial function and bioenergetics to adult primary cardiomyocytes.

Another alternative model is the use of neonatal rat cardiomyocytes. Neonatal rat
cardiomyocytes offer the ability to study adaptive mechanisms, due to their homogeneous
population of cardiac cells (Kuznetsov et al., 2015). However, they lack mitochondrial creatine
kinase and have increased levels/activity of membrane-bound hexokinase, suggesting a
greater dependence on glucose, in comparison to adult cardiomyocytes (Kuznetsov et al.,
2015). Adult hearts are aerobic, whereas new-born hearts rely more on glycolysis. Thus,
substrate use would differ to that of adult cardiomyocytes, making neonatal rat cardiomyocytes
a less attractive option for use in this study. In addition, to generate the neonatal rat
cardiomyocytes requires regular animal sacrifice. Therefore, in this chapter, H9c2 cells were
employed to study cardiomyocyte function and Mirol. Here, we employed functional studies
and morphological assessment to further investigate the role of Mirol in mitochondrial

function.

2.1.7 Aim of study

A previous study by Stephen Gibbons identified that at 6 months of age, GENA348 mice

exhibit impaired cardiac function. The aims of this chapter are:
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1) Functional studies to determine if oxygen consumption and OXPHOS is impaired in the

GENA348 cardiac mitochondria.

2) Employ proteomics to investigate global changes to mitochondrial protein expression, with

ingenuity pathway analysis (IPA) to map the pathways that have been impacted.

3) To determine if proteins associated with mitochondrial dynamics are altered in the

GENA348 mouse LV compared to controls.

4) To determine if there is evidence of inflammation in the GENA348 mouse heart compared

to WT.

5) To establish and characterise the role of Mirol, the following parameters were investigated
after Mirol knockdown (KD) in a cardiomyoblast cell line. Specifically: i) The expression and

regulation of fission-fusion proteins

i) Mitochondrial function, including oxygen consumption

iii) Changes to mitochondrial morphology
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2.2 Methods

2.2.1 GENA348 mouse model of Gck-MODY

All experiments were performed according to current UK Home Office regulations and under
approval of the relevant University of Manchester local ethics committee. The GENA348 mice
were cloned after mapping the glucokinase gene and introducing a Transversion mutation (A
to T) in exon 9 of the gene. The resultant mice were used as a model for MODY2 diabetes,
and the process of single nucleotide polymorphism (SNP) was established to genotype the
mice. As the Cartwright group had previously shown that GENA348 mice develop cardiac
dysfunction at 6 months, the animals were treated with the following regimen: at 3 months the
aged-matched wild type and GENA348 mice were randomly divided into two groups; one
chow-fed and the other on a high fat diet (60% kcal from fat) - a custom made diet (Special
Diet Services) containing 24% fat. This led to 4 groups; wild type normal chow; wild type on

HFD, GENA348 on normal chow; GENA348 on HFD.

An Acuson Sequoia 256 cardiac ultrasound system with 15L8 transducer probe set to 14MHz
was used to obtain transthoracic echocardiograms of the mice (performed by Dr Min Zi) after
removal of the chest hair using a depilatory cream. The probe was covered with warm
transmission gel (Henleys Medical) prior to positioning on the thorax. M-Mod was used to
measure the following chamber parameters: diastolic left ventricular diameter (dLVD), systolic
left ventricular diameter (sLVD), diastolic interventricular septum (dIVS), systolic

interventricular septum (sIVS) and diastolic posterior wall (dPW) thickness.

Animals were sacrificed by cervical dislocation (CD) at 6 months of age (Peformed by Sukhpal
Prehar). Blood was collected from the tail vein and terminal blood glucose analysed using the
Accu-Check (Aviva) blood glucose meter. For each mouse three measurements were
obtained and the average recorded. The heart, body weight, lung weight, and the tibia length
were measured. The atria were discarded, and the ventricles immediately frozen in liquid

nitrogen and stored at -80°C for further analysis.
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2.2.2 Insulin assay

Serum was collected via the Jugular, Femoral or Carotid; under Isoflurane anaesthesia.
Placed in Eppendorf’s for a minimum of 2-4 hours, in order to allow clotting, then centrifuged
at 4°C, spin it at 2000 rpm for 5-10 mins. The top Serum layer was used and freeze at -80°C.
Collected serum was used to determine the insulin levels through the ALPCO Mouse Insulin
ELISA Kit (80-INSMS-EO01, E10). Firstly, 75 uL of Working Strength Conjugate in addition to
a further 10 pL of standards, controls and samples were added to each microplate wells.
Secondly, the microplate was left on a microplate shaker at 700-900 rpm for 2 hr at room
temperature. Following on from the incubation period, each well was cleaned 6 times using
350 pL of Working Strength Wash Buffer. The wells then had TMB Substrate added to the
microplate well and the microplate well then had a secondary incubation period using a
microplate shaker at 700 — 900 rpm for 15 min. Upon completion of the secondary incubation
period, each well had 100 pL of Stop Solution added and a reading of their optical density
(OD) was taken by a spectrophotometer at 450 nm. This was taken using the Thermo

Labsystem microplate reader.

2.2.3 Tissue lysis for Western blotting

Hearts were lysed for Western blotting using a fastPrep -54 5G instrument (MP Biomedicals
Inc). The tissue was homogenised in RIPA Buffer (one protein inhibitor tablet (Sigma) per 10
ml volume of RIPA Buffer). Samples were placed in an MP Biomedical lysis tube and lysed
using 4 x shaking for 15 secs, with 300 secs on ice between each shaking. The lysate was

then centrifuged for 10 mins at 8,000 x g to remove cell debris.

2.2.4 Bradford Assay

The protein concentration of sample lysates was determined using the Bradford Assay. The

protein bovine serum albumin (BSA) was used as a standard to construct a standard curve
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(concentration range; 0 mg/ml, 0.125 mg/ml, 0.25 mg/ml and 0.4 mg/ml). In brief, the Bradford
reagent binds to the proteins leading to a shift in absorbance to 595 nm. Aliquots of lysates
(5-10 pl) were diluted in ddH20 (1:10). 10 pl from each BSA was added to 990 pl of Bradford
reagent, (Bio-Rad) to generate a standard curve. 10 pl of diluted lysate was added to 990 pl
of Bradford reagent. A Jenway 6305 spectrophotometer was used to measure the absorbance
at 595nm. The BSA standard curve was used to convert the absorbance to a protein
concentration (mg/ml). This value was then corrected for the dilution factor. The lysate was

then frozen at -80°C until further analysis.

2.2.5 Stain-free SDS-PAGE

Aliguots of the lysate corresponding to between 10-20 pg of protein were mixed with 5x sodium
dodecyl sulphate (SDS) loading buffer. The samples were heated for 10mins at 90 ‘C. The
samples were loaded to a gel that is stain-free (Bio-Rad) along with a Pre-Scission Plus (Bio-
Rad) ladder. Gels were run at 45mA for 25 mins in the SDS Running Buffer (25 mM Tris, 192

mM glycine, 0.1% SDS). Images of the gel were captured using ChemiDoc™ MP (Bio-Rad).

2.2.6 Western Blot

Transfer of the proteins to the PVDF membranes was done using the Trans-Blot® Turbo™
transfer system (Bio-Rad). The blocking of the membranes was achieved using milk 5% wi/v
in TBS/Tween (10mM Tris Base pH 8, 500mM NacCl, 2ml Tween) for 60 mins. The dilution of
the primary antibodies (Table 2.1) was prepared by adding 5 pl of the primary antibodies to
10mls of 1% (w/v) of milk in TBS/Tween and incubated at 4°C for overnight or at room
temperature for 60 mins depending on the type of the antibody. Membranes were washed 3x
with TBS/Tween for 3 x 10 mins prior to addition of the secondary antibody at the appropriate
dilution (Table 1) and incubated for 1h. The membranes were rinsed again with TBS/Tween.
Subsequently, the chemiluminescence process was conducted by adding the Clarity™
Western ECL Substrate (Bio-Rad) in the ratio of 1:1 onto the membrane in the dark for 5 mins.

61



The ChemiDoc™ MP (Bio-Rad) was used to image the membrane. The protein quantity was
calculated via the measurements of the band density normalized against the total loading of
the proteins. A method of total protein was used rather than a housekeeping protein as
previous studies from our group and others have determined that there is an often change to

these proteins in disease models. A schematic and table of analysis is shown in (Figure. 2.2).

= JEBEE mmgmm

Standard

Standard (1) 352,066.00 | 352066
2 500,531.29 1.020802 490331.4136
3 535,355.07 1.064905 502725.6596
4 787,987.00 1.174598 670856.7527 550657.9
5 600,988.00 1.130059 531820.02
6 589,704.00 1.057659 557555.8852
7 839,954.00 1.228682 683621.9624
8 812,028.00 1.341678 605233.1483
9 990,876.00 1.173582 844317.6531
678981.2
10 811,282.00 1.275877 635862.2344
11 750,348.00 1.487051 504587.9395
12 998,769.00 1.248049 800264.2524

Figure 2.2 Western Blot Analysis using total protein.

(A) The total protein loaded into each lane (using the same box size used for each lane) was
normalised to the loading control standard on the stain free gel (Figure. 2.2A: lane 2). The
ImageLab (Bio-Rad) software was used to calculate the total protein relative quantification (C;
RQ). (B) Exemplar blot for Opal, the final intensity values were calculated for each protein
band (in this case a doublet). (C) Using the BioRad Software ImagelLab the table quantifying
protein loading and image intensity were calculated. The final intensity values and the adjusted
volume intensities (C; AVI) for the protein bands on the Western blot (B) were corrected using
the values for the normalized total protein loading (AVI divided by RQ). The average of these
final intensity values for the Western blot was calculated.
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Table 2.1 Antibodies for Western Blot

Mouse monoclonal IgG 1:2000 Goat anti-mouse IgG 1:2000
(abcam ab57602) (Bio-Rad 170-6516)
Rabbit polyclonal IgG 1.2000 Goat anti-rabbit IgG 1:2000
(abcam ab56889) (Bio-Rad 170-6515)
Goat polyclonal IgG 1:2000 Goat anti-mouse IgG 1:2000
(Santa Cruz SC-30572) (Santa Cruz SC-
2020)
Rabbit polyclonal IgG 1:2000 Goat anti-rabbit IgG 1:2000
(Santa Cruz SC-32898) (Bio-Rad 170-6515)
Rabbit polyclonal IgG 1:2000 Goat anti-rabbit IgG 1:2000
(Santa Cruz SC-33796) (Bio-Rad 170-6515)
Mouse Monoclonal IgG 1:2000 Goat anti-mouse IgG 1:2000
(abcam ab77924) (Bio-Rad 170-6516)
Mouse monoclonal 1gG 1:2000 Goat anti-mouse IgG 1:2000
(abcam ab188029) (Bio-Rad 170-6516)
Rabbit polyclonal IgG 1:2000 Goat anti-rabbit IgG 1:1000
(abcam ab56889)
(Bio-Rad 170-6515)
Rabbit monoclonal 1gG 1:2000 Goat anti-mouse 1gG 1:1000

(abcam ab57602)

(Bio-Rad 170-6516)
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2.2.7 RNA extraction

The frozen heart tissue was placed in a tube with 500 pl Trizol. Using an electrical tissue
grinder (IKA RW 16 basic) the tissue was homogenised, and the resulting homogenate was
incubated for 15 min at room temperature. Homogenates were then treated with 200 ul
chloroform and the tubes were shaken for 15 seconds then incubated at room temperature for
2 min. Then the mixture was centrifuged for 15 min at 9184 x g at 4°C. A fresh Eppendorf tube
was prepared with 250 ul isopropanol then the supernatant aqueous phase was drawn off and
added to the fresh tube. The tubes were inverted 30 times then left to settle at room
temperature for 10 min before being centrifuged for 10 min at 15,521 x g at 4°C. The pellets
were washed with 1ml of 75% ethanol and centrifuged for 10 min at 15,521 x g for at 4°C. The
resultant pellet was re-suspended in 60 ul RNase-free water. To quantify the concentration of
RNA, the Nanodrop 1000 spectrophotometer (Thermo Scientific) was used to measure the
absorbance at 260 nm wavelength. The purity of the RNA product was determined by the

A260/A280 ratio of absorbance. Samples were stored at —80°C until required.

2.2.8 DNase treatment

To enable RNA purification, DNA was degraded using DNase |, Amplification Grade
(Invitrogen™). A mixture was prepared using 1 yg RNA, 1 ul DNase | and 1 ul 10X DNase |
reaction buffer. RNase free water was added to a final volume of 10 ul then incubated for 15
min at room temperature. Then 1 pl 25mM EDTA was added to stop the reaction. The mixture
was then incubated at 70°C for 10 min. A High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) was used to synthesise cDNA. Reverse transcription master mix was
prepared as described in (Table 2.2). To create a negative reverse transcription control,

reverse transcription enzyme was replaced with RNase-free water.
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2.2.9 Reverse transcription

Table 2.2 Reverse transcription master mix

10X RT buffer 2
10X Random primers 2
RNase free water 4.2
25X dNTP Mix 0.8
MultiScribe. Reverse 1
Transcriptase
Total per reaction 10

A 1 ug sample of RNA and 10 pl of master mix were added to a PCR tubes and loaded on the
PCR thermal cycler (MJ Research PTC-200). Details the elements of the single cycle

programme shown in (Table 2.3).

Table 2.3 Thermal Cycler set up

1 10 25
2 120 37
3 5 85
4 o0 4

Dilution 1 in 5 was done on the cDNA, then stored at —20°C until required.
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2.2.10 Quantitative Polymerase chain Reaction (QPCR)

To establish the changes in transcript expression, gPCR was used. Specific primers

used to amplify targeted genes; these are presented in (Table 2.4).

Table 2.4 List of primers

Qiagen
Drpl Qiagen Mm_DnmlL 2 SG | Qiagen
Mfnl Qiagen Mm_Mfnl_1 SG Qiagen
Mfn2 Qiagen Mm_Mfn2_1 SG Qiagen

Gapdh Qiagen Mm_Gapdh_3_SG Qiagen

were

Brilliant 11l Ultra-Fast SYBR Green gPCR Master Mix (Agilent Technologies) was used to

prepare gPCR reactions as described in (Table 2.5).

Table 2.5 Composition of gPCR mix

2x Brilliant Il Ultra-Fast SYBR Green 5
QPCR Master Mix
RNase free water 2.85
Primers 1
Reference Dye 1mM (diluted 1:500) 0.15
Total 9
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For each reaction, 9 ul gPCR reaction mix 1 pyl cDNA was added. Triplicates of samples,
negative RT controls and RNase-free water were loaded onto a 96-well plate. The inclusion
of the water control was to exclude primer-dimer amplification. Negative RT controls were
assayed to establish DNA contamination. To evaluate between-run variations, plates were
assessed twice using a 7500 Fast Real-Time PCR system. The amplification cycles used are
presented in (Table 2.6). Relative gene expression analysis was performed using the Livak

method.

Table 2.6 Cycling Conditions

Stage Number of cycles|Temperature(°C) Time
Holding 1 95 3 minutes
Cycling 40 95 5 seconds

60 25 seconds
Melt curve 1 95 15 seconds
60 1 minutes
95 15 seconds
60 15 seconds
Holding 4 )

2.2.11 Mitochondrial Isolation

Mitochondria were isolated using the abcam kit (Abcam, ab110168). 50 mg of heart tissue
was taken from each mouse and rinsed twice with Washing Buffer. The heart tissue was
placed in 2 ml of Dounce homogeniser, and homogenised with 500 pl of Isolation Buffer using
40 strokes, and centrifuged at 1,000 x g for 10 mins at 4°C. The supernatant was divided into
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two micro-centrifuge tubes, 500 pl of Isolation Buffer was added to each tube, and tubes were
centrifuged at 12,000 x g for 15 mins at 4°C. Pellets were then rinsed with mixture of 250 pl
of Isolation Buffer and 2.5 pl of protease inhibitor stock, centrifuged at 12,000 x g for 15 mins
at 4°C, and washed again with the mixture of Isolation Buffer and protease inhibitor. The two
pellets were combined, added to a mixture of 125 pl of Isolation Buffer and 2.5 pl of protease

inhibitor stock, and stored at -80°C.
2.2.12 Mitochondrial enzymatic assays

Mitochondrial function was assayed using ABCAM Kkits, according to the manufacturer’s
instructions. The assessment of mitochondrial function was via immune capture of the protein
complexes of the OXPHOS pathway from the mitochondria. After the isolation of target
complexes, measurement of activity was observed as a change in absorbance due to

conversion of substrate to product (Figure. 2.3).

Substrate Product

» W

W WY

Figure 2.3 Mitochondrial enzymatic assay.

The binding of protein complexes of OXPHOS to microplate through their interaction with the
capture antibody. Measurement of complex activity as an absorbance change resulted as a
substrate conversion into product.
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2.2.13 Analysis of Complex | activity

To determine Complex | activity, the oxidation of NADH to NAD+ was measured, followed by
the simultaneous reduction of a dye which leads to increased absorbance at OD=450 nm.
Isolated mitochondrial samples were adjusted to 1mg/ml, 20ul was taken and then detergent
added (1:10 dilution of a 10x detergent stock). The samples were incubated on ice for 30 mins,
centrifuged at 14,000 x g for 30 mins at 4°C, and then, diluted to 0.1mg/ml. 200 pl of each
diluted sample was loaded into each well of the microplate. 200 pl of Blocking Buffer was used
as a control. The samples were incubated for 3 hours at room temperature. The microplate
was inverted in order to empty the wells and rinsed twice with 300 ul of Wash Buffer. 200 pl
of an Assay Buffer was added to each well to measure the enzyme activity. The Thermo
Labsystem microplate reader was utilized to read the changes in absorbance of samples at

450 nm for 30 mins at room temperature.

2.2.14 Analysis of Complex Il activity

To determine Complex Il activity, production of ubiquinol by the enzyme is coupled to the
reduction of the dye DCPIP (2,6-diclorophenolindophenol) and a decrease in absorbance,
resulting in the recycling of substrate ubiquinone. The isolated mitochondria were solubilised
as described for complex I, followed by dilution to 0.1 mg/ml and loading on the microplate (50
pl per well). After 2 h incubation at room temperature, the samples were extracted by
inversion, washed two times with wash buffer (300 pl) and incubated with lipid solution (40 pl)
for 30 mins at room temperature. The activity solution (200 ul) was then added and the Thermo
Labsystem microplate reader was used to monitor the absorbance change at 600 nm for 1 h
at room temperature. A negative control assay was run using the buffer alone, while a

background control was run using the sample in the absence of assay buffer.
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2.2.15 Analysis of Complex IV activity

To determine Complex IV activity, cytochrome c¢ oxidase activity was measured and
determined calorimetrically by following the oxidation of reduced cytochrome c by the
absorbance change at 550 nm. The solubilised mitochondria were diluted to 0.1 mg/ml, loaded
onto the microplate (200 pl per well) and incubated for 3 h at room temperature. The samples
were then extracted by inversion and washed twice with Solution 1 (300 ul). Following addition
of the assay solution (200 pl), the Thermo Labsystem microplate reader was used to monitor
the absorbance change at 550 nm for 120 min at 30 °C. A negative control assay was run
using the buffer alone, and a background control using the sample in the absence of the assay

buffer.

2.2.16 Analysis of Complex V activity

To determine Complex V activity, the direct inhibitory effect of compounds on Complex V
activity was measured. The solubilised mitochondria were diluted to 0.1 mg/ml, loaded onto
the microplate (50 ul per well) and incubated for 3 h at room temperature. The samples were
then extracted by inversion, washed twice with Solution 1 (300 ul) and incubated with lipid
solution (40 pl) for 45 min at room temperature. The reagent mix (200 ul) was then added and
the activity was measured using the Thermo Labsystem microplate reader to monitor the
absorbance change at 340 nm for 120 min at 30 °C. A negative control assay was run using
the buffer alone, while a background control was run using the sample in the absence of assay

buffer.

2.2.17 Citrate synthase activity assay

According to Larsen et al. (2012), mitochondrial content is frequently evaluated by measuring
the citrate synthase activity. In the present work, a MitoCheck® Citrate Synthase Activity

Assay Kit (Cayman Chemical Company) was used to measure the citrate synthase activity
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based on the reaction of SH-CoA with DTNB to generate 5-thio-2-nitrobenzoic acid (TNB). In
a 96-well plate, a 1:200 dilution of the isolated mitochondria (30 ul) was mixed with 50 pl of
Tube A, which contained acetyl-CoA reagent (20 pl), developing reagent (20 pl) and assay
buffer (960 pl). This was followed by addition of 20 yl of Tube B, containing oxaloacetate
reagent (20 pl) and assay buffer (480 ul) and a the Thermo Labsystem microplate reader was

used to monitor the absorbance change at 412 nm at 25 °C for 30 min.

2.2.18 Oxygen consumption rate

The isolated mitochondria (100 pl) were added to the chamber after being diluted with OCR
buffer (pH 7.4) containing mannitol (210 mM), sucrose (70 mM), KH2PO4 (5 mM), BSA (0.5
mg/ml) and MOPS (10 mM) to a final concentration 0.25 mg/ml. To this was added 5 pl of
each substrate, namely: pyruvate (2,000 mM), malate (400 mM), glutamate (2,000 mM), ADP
(500 mM) and succinate (1,000 mM)(Eigentler et al., 2012). A fibre optic oxygen monitoring
system (Instech) was then calibrated and used to record the oxygen consumption rate (OCR)

until 0% oxygen (or plateau) was reached. Technical readings were obtained in triplicate.

2.2.19 Mass spectrometry of isolated mitochondria

Isolated mitochondria (50 pg) from each group were analysed using quantitative mass
spectrometry in the University of Manchester Mass spectrometry Facility. In brief, isolated
mitochondria were treated with 0.2 mM EDTA and 4 mM 25 mM Tris-HCI pH 8, 5 mM
dithiothreitol, DTT, and n-Dodecyl B-D-maltoside (DDM), all Sigma Aldrich) was added to a
final concentration of 0.03%. The sample was placed in a Covaris tube and sonicated in an
S2 machine for 60 secs at 4°C. The samples were allowed to stand for 20 mins on ice. The
protein concentration was determined using a Direct Detect spectrometer (Millipore), where
the average concentration was determined to be 0.5 mg mlL. lodoacetamide (IAM) was added
to the samples to a final concentration of 15 mM for 20 minutes at room temperature. Trypsin

was added to the samples at a ratio of 50:1 (protein: enzyme) to digest the proteins and left
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overnight at 37°C. To stop the digestion, formic acid was added to a final concentration of
0.1%. The samples were desalted using reversed phase beads (POROS R3 Bulk Media, 1-
339-03, Applied Biosystems), in a 96 -well format. Samples were analysed by LC-MS/MS

coupled to an Orbitrap Elite MS.

The MS data was analysed using Progenesis LC-MS (v4.1 Non-linear Dynamics). The
retention times in each sample were aligned using one LC-MS run as a reference, then the
“Automatic Alignment” algorithim was used to create maximal overlay of the two-dimensional
feature maps. The resulting peaklists were searched against the Uniprot mouse database
(version 2013 -5) using Mascot v2.4.1, and the results imported into Progenesis LC-MS for
annotation of peptide peaks. The identification of three unique peptides was used as an
inclusion criterion and P<0.05 (ANOVA) as a measure of significance to changes in protein

abundance.

2.2.20 Cell culture

All cell culture was prepared under aseptic conditions in a class Il biological safety cabinet.
The H9c2 myoblasts were cultured at 37°C in a humidified atmosphere of 5% CO: using
Dulbecco's Modified Eagle Medium (DMEM; Gibco) containing Pen/Strep (5 ml), FBS (50 ml)
and (5 ml) MEM 100X with non-essential amino acids. The media was replaced every second
day until cells were 70% confluent, after which they were prepared using standard procedures.

SiRNA transfection protocol to knockdown Mirol (Rhot1).

The H9c2 cells (2 x 10°) were added to a 6-well plate and incubated for 24 h before washing
two times with PBS (Sigma, D8537-500ml). 10 pl of 5 nmol Rhot1 siRNA (Dharmacon L-
085139-02-0005) and (190 pl) (Thermo fischer scientific, 311986) was added to tube A and 4
pl of Dharmafect transfection reagent (Dharmacon T-2001-01) and (196 ul) optiMEM was
added to tube B. Tubes A and B were vortexed and incubated for 20 min. The transfection

mixture was then added to maintenance media (1.6 ml) and incubated for 24 hours. As a
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control parallel experiments were undertaken using 5 nmol Control Non- targeting siRNA

(Dharmacon D-001810-10-05).

2.2.21 Cell MTT assay (thiazolyl blue tetrazolium bromide)

To determine if cell viability was influenced by treatment with inflammatory molecules, an MTT
assay was performed. H9c2 cells were added to a 24-well plate (3 x 10* cells/well) and grown
at 37°C under a humidified atmosphere of 5% CO2 with culture media for 24h. Cells were
treated with si-NTC and si-Mlirol to evaluate cell viability MTT solution (25 ul) was added to
each well, followed by a further 1 h incubation under the same conditions. Then, after removing
250 pl of media from each well, the solubilisation solution (100 ul) was added to each well and
mixed to dissolve the crystals. The Thermo lab system microplate reader was used to measure

absorbance at 570 nm.

2.2.22 SDS-PAGE and Western blot analysis

Samples were separated based on molecular weight stain-free SDS-PAGE and protein

expression assessed using Western blot as described previously in section 2.2.5.

Table 2.7 Antibodies used for Western blot

Rabbit  polyclonal Goat anti-rabbit

IgG (abcam IgG (Bio-Rad 170-
ab56889) 6515)

Rabbit monoclonal | 1:2000 Goat anti-mouse | 1:1000
IgG (abcam IgG (Bio-Rad 170-
ab57602) 6516)
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2.2.23 RNA Extraction from H9c2 cells

1 ml of Trizol was added was added to each well and a cell scraper was used to lyse cells.
Well mixtures were pipetted up and down several times before being drawn up and transferred
to 1.5 ml sterile, RNAse-free Eppendorf tubes. Tubes were then incubated for 5 min at room
temperature. 200 pl chloroform was then added to the tubes, and tubes vortexed for 15 s,
followed by 2 min incubation at room temperature. The suspension was then centrifuged at
12000 rpm for 15 min at 4°C. Fresh Eppendorf tubes were prepared to contain 500 pl
isopropanol, into which the supernatant aqueous phase was drawn from the mixture was
added. The tubes were inverted 30 times then left to settle at room temperature for 10 min
before being centrifuged at 12000 rpm for 10 min at 4°C. The pellets were washed with 1 ml
75% ethanol and were once more centrifuged at 1000 rpm for 10 min at 4°C. The resultant
pellet was re-suspended in 50 ul RNase-free water. To quantify the concentration of RNA, the
Nanodrop 1000 spectrophotometer (Thermo Scientific) was used at 260 nm wavelengths. The
purity of the RNA product was determined by the A260/A280 ratio of absorbance. Samples
were stored at —80°C until required. DNase treatment and Reverse transcription master mix

were completed as described in Chapter 2 (section 2.2.8).

2.2.24 Quantitative Polymerase Chain Reaction (QPCR)

Changes to transcript expression levels were analysed using gPCR as described in section
2.2.10. Mirol gene transcript expression levels were investigated using Qiagen QuantiTect®

primer assay primers highlighted in (Table 5.2).
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Table 2.8 List of primers

Target gene g:::lboegrue Primar assay Supplier
Opal Qiagen Mm_Opal 1 SG Qiagen
Drpl Qiagen Mm_DnmlL_2_SG Qiagen
Mfnl Qiagen Mm_Mfnl 1 SG Qiagen
Mfn2 Qiagen Mm_Mfn2_1_SG Qiagen
Gapdh Qiagen Mm_Gapdh_3_SG Qiagen

2.2.25 Citrate synthase activity for H9C2 cells

The citrate synthase activity was determined using a CS0720-1KT kit (Sigma), based on
spectrophotometric monitoring (405 nm, omega star) of the reaction of SH-CoA with DTNB to
generate 5-thio-2-nitrobenzoic acid (TNB). In brief, 108 cells were placed in a petri dish and
washed two times with PBS prior to addition of celLytic™ reagent (1.5 mL). Cells were
detached using a cell scraper and incubated for 15 min on a shaker. The lysed cells were then
collected and centrifuged at 20,000 g for 15 min. The supernatant was transferred to a chilled
test tube to measure the protein concentration. 30 ug of protein was mixed with the assay
buffer, acetyl Co-A reagent (2 pl) and DNTB solution (2 pl). The mixture was added to a 96
well plate and the baseline reaction measured for 1.5 min, followed by addition of oxaloacetate

with monitoring of the change in absorbance at 412 nm for a further 1.5 min.

2.2.26 Mitochondrial isolation from H9c?2 cells

Differential centrifugation was used to isolate the mitochondria from the H9c2 cells (3 x 10°
cells per well). A mixture of the homogenisation buffer (HB) containing HEPES-KOH (20 mM,

pH 7.4), mannitol (220 mM) and sucrose (70 mM) with a protease inhibitor mixture (Sigma-
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Aldrich) was used to harvest the cells from culture dishes. The harvested cells were
centrifuged for 5 min at 2,300 g to obtain a pellet which was then resuspended in HB and
incubated for 5 min on ice. All processes were performed at 4°C. Cells were ruptured using a
27-gauge needle (10 strokes) and the homogenate was centrifuged two times at 5,800 g for
5 minutes each. The isolated mitochondria were re-suspended in 1 ml of HB for use in
evaluating the rate of oxygen consumption (see Methods section 2.2.18). The quantity of

isolated mitochondria was stated as protein concentration.

2.2.27 Specimen preparation for SBF-SEM

A (2 x 10%) H9c2 cells were added to a Petri dish and incubated for 24 before washing two
times with PBS (Sigma, D8537-500MI). Primary fixative, 2.5% glutaraldehyde with 2%
formaldehyde in 0.1M HEPES pH7.4 buffer was added to the cells. Cells kept in the fixative
overnight in the fridge and centrifuged to form a pellet. The pellet was resuspended with

secondary fixative following the same methods as described in the Methods section 3.2.2.

2.2.28 Statistical analysis

All data are reported as the mean * the standard error of the mean (SEM). Statistical analyses
employed a Student t-test or one-way ANOVA as appropriate. Outcomes were considered as
significant when p<0.05. GraphPad Prism 8 was used in order to perform the statistical

analysis. *p £ 0.05, **p < 0.01, ***p £ 0.001 and ****p < 0.0001.
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2.3 Results

2.3.1 Physiological Assessments of GENA348 Mouse Model

At 6 months of age the GENA348 mice demonstrated a significant increase to both heart
weight 174.5 mg + 4.248 (P<0.0001) (Figure. 2.4A) and body weight 45.23 g + 0.681
(P=0.0069) (Figure. 2.4B) compared to WT 41.71mg + 0.9834, 146.8g + 2.055 respectively.
Additionally, the GENA348 mice showed a significant increase in the heart weight (HW): tibia
length (TL) ratio 7.365 mg/mm + 0.169 (P=0.0022) compared to control 6.562 mg/mm *
0.1733, which indicates cardiac hypertrophy (Figure. 2.4C), although there was no change in
lung weight (Figure. 2.4D) which is indicative of pulmonary congestion. In keeping with
MODY2 patient observations, blood glucose levels were significantly increased in GENA348
mice 9.583 mmol/L = 0.3833 (P=0052) compared to control 7.56 mmol/L + 0.3906 (Figure.

2.4E) but with no change to insulin levels (Figure. 2.4F).
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Figure 2.4 Effect of GENA348 on the blood glucose level, heart weight and body weight
on control and 19 GENA348 mice.

(A) Significant increase in the heart weight of GENA348 (n=19) mouse compared to control
(n=21) groups. (B) There was slight increase in the body weight of GENA348 (n=19) compared
to control (n=22). (C) The ratio of HW: TL ratio showed significant increase in GENA348 (n=18)
compared to control (n=21). (D) There was no change in the lung weight of GENA348 (n=18)
compared to control (n=21). (E) There was an increase in the blood glucose level of GENA348
(n=7) in comparison to control (n=6) group. (F) There was no significant difference in the
expression profiles of insulin between the control (n=5) and GENA348 mice (n=6). Data
represented as mean +/- SEM **p < 0.01 and ****p < 0.0001.
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2.3.2 Echocardiographic parameters

Transthoracic echocardiography on GENA348 mice (6 months old) and age-matched controls
was carried out by Dr Stephen Gibbons (Gibbons, 2011). The dimensions of left ventricle
(sPW, dPW, sIVS, dIVS, sLVD, and dLVD) were measured using M-Mode tracings (Figure.
2.5) and the derived indices (FS, EF, RWT and LV mass) were calculated through standard
formulas [(dVol - sVol)/dVol] x100, [(dLVD-sLVD)/dLVD] x 100, (dIVS+dPW)/dLVD, 1.055 x
[(dLVD+dPW+dIVS)® — dLVD3]. Data are summarised below with parameters showing a

significant change highlighted in grey (Table 2.7).

Table 2.9 Parameters of Echocardiography in 6-month-old GENA348 mice

4.57+0.06 4.43+0.09 0.24
3.47+0.08 3.27+0.09 0.15
0.98+0.03 1.03+0.03 0.37
1.41+0.03 1.42+0.06 0.82
1.06+0.03 1.28+0.06 0.002
1.31+0.03 1.54+0.07 0.0006
469+8 4561456 0.34
194+7.0 222+11 0.05
0.45+0.01 0.53+0.02 0.02
55+1.9 59.5+2.1 0.22
24.2+1.2 26.3+1.3 0.28
2.65+0.20 1.84+0.19 0.03
15.2+1.13 20.5+0.37 0.004
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dLVD: diastolic diameter, sLVD: systolic diameter, dIVS: diastolic intraventricular septum,
sIVS: systolic intraventricular septum, dPW: diastolic posterior wall, sPW: systolic
posterior wall, HR: heart rate, EF: ejection fraction. FS: fractional shortening, LV mass:
left ventricular mass, RWT: relative wall thickness, E: A: early to late ventricular filling
ratio, IVRT: isovolumetric relaxation time. Data are presented as the mean +/- SEM

(p<0.05 considered as a significant change).

Figure 2.5 Echocardiography image of a WT mouse.

The M Mod view shows how the parameter obtained (Adapted Gibbon, 2011). sLVD: systolic
diameter, dLVD: diastolic diameter, dIVS: diastolic intraventricular septum, sPW: systolic
posterior wall, sIVS: systolic intraventricular septum, dPW.

There was a significant increase in several measured parameters (Table 2.7). Hypertrophic
markers, such as heart-weight-to-tibia length (HW/TL) ratios are generally used to assess and
evaluate cardiac hypertrophy. GENA348 mice have significantly higher HW, BW and HW/TL
compared to the control groups (Figure. 2.5). An increase in RWT (p=0.02) and LV mass
(p=0.05) may also suggest the establishment of cardiac hypertrophy in the GENA348 mice.
Furthermore, the echocardiography data suggests concentric hypertrophy due to the

increased left ventricular wall thickness.

2.3.3 Characterisation of the mitochondrial phenotype in the GENA348

mouse heart

In order to compare biochemical characteristics between the GENA348 and WT group citrate
synthase activity was first measured as an indicator of overall mitochondrial content and
activity. Citrate synthase regulates the condensation of acetyl-CoA with oxaloacetate, to

produce citrate. Thus, it plays a crucial role in ensuring the TCA cycle progresses as expected
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and to screen for mitochondrial function (Kelley et al., 2002) and so is commonly employed
as a measure of mitochondrial content and as a means to compare data between different
experimental group. Mitochondria were isolated from the GENA348 and WT hearts and citrate
synthase activity described in Methods 2.2.16. Citrate synthase action was found to be
increased by ~1.9-fold in the GENA348 mitochondrial fraction compared to WT, implying an
increase in mitochondrial content (p= 0.0476; Figure. 2.6). Therefore, functional
measurements such as the Oz consumption rate (OCR) and Complex activities were corrected

for citrate synthase activity.
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Figure 2.6 Increased citrate synthase activity in GENA348.

Isolated mitochondria from GENA348 myocardium (n=3) revealed a significant increase of
citrate synthase action compared to control (n=3). Data represented as mean +/- SEM *p <
0.05.

2.3.4 Measurement of O2 consumption

Mitochondria require oxygen for ATP production, in order to complete energy-dependent
reactions (Li and Graham, 2012). Oxygen is predominantly consumed during the last enzyme
step of the electron transport chain, involving cytochrome oxidase, driving ATP production
(Wittenberg and Wittenberg, 2007). There are several different techniques that can be
employed to measure Oz consumption rate. Here a fibre optics system from Instech was
employed for measuring of O2consumption rate (OCR) using isolated mitochondria from each

experimental group.
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Mitochondria from WT mouse ventricle show a linear profile (taking typically 40 minutes to
plateau). In contrast the mitochondria from the GENA348 hearts showed a rapid consumption
of Oz plateauing after 12 minutes. For comparison purposes the initial gradient between 13-
9% 02 consumption was calculated for each group (Figure. 2.7A). The rate of O2consumption

values which were then corrected to citrate synthase levels (Spinazzi et al., 2012).

The oxygen profile change in GENA348 mice shows that GENA348 mice consume more
oxygen as compare to the wild type (Figure. 2.7B). The oxygen percentage of GENA348 mice

was not significant after corrected to citrate synthase activity.
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Figure 2.7 Increase in the oxygen consumption rate in the GENA348 myocardium.

(A) Representative image of an OCR plot comparing the GENA348 (n=4) compared to wild
type (n=4). (B) Representative plot showing the OCR in GENA348 and WT mice after
correction for citrate synthase. Data represented as mean +/- SEM ** P=0.0023

82



2.3.5 Investigation of OXPHOS

In a complementary approach to measuring OCR we next investigated whether there was a
change to the activity of the Complexes regulating OXPHOS. As shown in Figure 2.8, the
activities of Complex I, IV and V were found to be significantly decreased by 0.6, 0.5, 0.4-fold
(mean of GENA348/ mean of WT), espectively. Complex Il activity was less affected but was
still reduced in GENA348 compared to control group (P=0.030) (Figure. 2.8). Therefore, the
biochemical and functional data analyses converge to indicate that the Gck-mutation resulted

in OXPHOS impairment, subsequently impacting ATP production.
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Figure 2.8 Impaired activity of mitochondrial complexes in OXPHOS regulation in the
GENA348 myocardium.

Enzymatic assay revealed that the Complex activity of isolated mitochondria was decrease
from GENA348 (n=5) in comparison to control (n=5) group. Data represented as mean +/-
SEM *p < 0.05 and ****p < 0.0001.
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2.3.6  Quantitative Mass Spectrometry Analysis of isolated mitochondria

To develop a broader understanding of how mitochondria are dysregulated in the GENA348
mouse compared to WT we next undertook quantitative proteomics of isolated mitochondria
(prepared according to Methods 2.2.11; GENA348 (n=5) and WT (n=5). 1136 proteins were
identified in each group with a total of 179 proteins that were either up- or down-regulated in
the GENA348 mitochondria compared to WT. As depicted in (Figure. 2.9A). Most proteins
were downregulated (153 proteins; 14%); with 26 proteins (2%) upregulated (Figure. 2.9A).
Ingenuity Pathway Analysis revealed an overall increase of proteins in GENA348 compared
to WT, suggesting widespread changes to several pathways regulating mitochondrial function.
We noted a significant decrease in protein levels of subunits involved in formation of the
mitochondrial complexes (Table 2.9). Examples of such proteins include NADH
dehydrogenase proteins (NDUFs) that encode complex | subunits and SDHA/SDHB proteins,
two of the four proteins that encode complex Il (Table 2.9), Changes to the protein subunit
levels in each of the complexes maybe responsible from the decreased complex activity seen
in the enzymatic assay (Figure. 2.8). Interestingly, the protein subunit in Sirtuin signalling
pathway (Figure. 2.9C) was also found to be downregulated; it plays an important role in
different cellular processes such as apoptosis, mitochondrial biosynthesis (Weng et al., 2020),
lipid metabolism, fatty acid oxidation (Carafa et al., 2016). In keeping with a decrease of
complex activities and change to O2 consumption rates, our proteomics revealed widespread
changes to the pathways linked to OXPHOS (Figure.2.9C). For example, we noted a
significant decrease in the protein expression of prohibitin-2, involved in mitochondrial
scaffolding (Ande et al., 2017). Interestingly, the loss of prohibitin-2 has been reported to lead
to diabetes as a result of metabolic disruption and disruption of glucose homeostasis (Supale

etal., 2013).

Quantitative MS additionally identified a significant decrease in the carnitine
palmitoyltransferase protein subunit (CPT1B) included in the mitochondrial I-carnitine shuttle

pathway (Figure. 2.9C) that regulates pools of coenzyme A derivatives leading to decreased
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transport of fatty acids into the lumen for energy production via B-oxidation (Figure 14) (Table
2.9). Furthermore, with GENA348 being a model of diabetes, there was a significant decrease
in T2DM signalling pathways (Figure. 2.9C). An example of one of these downregulated
proteins signalling pathways was heat shock protein family A (Hsp70) member 5 (HsPAS).
Altered production of HSPA5 has been reported to result in endoplasmic reticulum stress and
has been shown as present in T2DM, through B cell failure (Laybutt et al., 2007). Thus,
proteins such as these are involved in T2DM and were predominantly downregulated in the
GENA348, compared to WT. Quantitative MS revealed a significant decrease in Mirol
expression which plays a key role in mitochondria homeostasis and transportation that leads

to decrease in regulation of actin-based motility by Rho pathway (Figure. 2.9C).
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Figure 2.9 Mass spectrometry analysis of GENA348 protein compared to wild type.

(A) Pie chart illustrating that of the 1136 proteins identified, approximately 1/6" of the
mitochondrial proteome is altered, with the majority of proteins down-regulated. (B) STRING
Network analysis highlights significantly altered proteins networks (p<0.05). C. Ingenuity
Pathway Analysis reveals 6 significantly changed protein pathways organised by P value
(shown on top x-axis); the bars show percentage of proteins in each pathway (bottom x-axis)
that are up-regulated (red) or down-regulated (green), total number of proteins within each
named pathway is shown on the right-hand Y axis.
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Figure 2.10 Metabolic pathway changes in GENA348 myocardium.
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GENA348 proteomics (proteins and metabolites) present substantial alterations to various metabolic pathways. Upregulation shown in red, downregulation in blue, no changes
shown in black and unidentified in green. Electron donor, NADH and FADH2, pathways are dedicated by a star.
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Table 2.10 Mitochondrial dysfunction pathway protein

guantitative MS in wild-type vs GENA348 mice

expression changes from

Role Protein Accession Peptide Unique | P Fold
Number count peptide | Value | Change
NDUFA4 NDUA4_MOUSE 9 9 0.0292 1.6
NDUFA7 NDUA7_MOUSE 12 10 0.0145 1.7
AOAO087WSU3_
NDUFS1 5 2 0.0252 2.7
Complex | MOUSE
NDUFS4 E9QPX3_MOUSE 12 10 0.0054 1.7
NDUFS6 NDUS6_MOUSE 7 7 0.0411 1.4
NDUFS7 NDUS7_MOUSE 11 5 0.0428 1.5
SDHA SDHA_MOUSE 42 35 0.0327 1.4
Complex Il
SDHB SDHB_MOUSE 26 20 0.0178 1.5
COX15 COX15_MOUSE 6 5 0.0300 1.8
COX20 COX20_MOUSE 3 3 0.0299 1.6
COX4l11 A2RSV8_MOUSE 16 11 0.0407 1.5
COX5B COX5B_MOUSE 11 7 0.0260 1.7
Complex
v
COX7A2L | Q99KD6_MOUSE 5 5 0.0366 1.4
UQCRB QCR7_MOUSE 15 14 0.0152 1.6
UQCRC2 QCR7_MOUSE 28 23 0.0089 1.6
ATP5F1 AT5F1_MOUSE 23 18 0.0219 1.82
Complex V ATPS5L ATP5L_MOUSE 7 6 0.0245 1.4
ATPS5I ATP5I_MOUSE 10 9 0.0483 1.6
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catalase | Q3TVZ1_MOUSE 17 6 0.0500 2
SOD1 SODC_MOUSE 4 2 00020 | 18
SOD2 SODM_MOUSE 5 5 0.0008 | 18
Oxidative
Stress
ALDH3A2 | BIATIO_MOUSE 6 2 00222 | 14
prohibitin-2 | PHB2 MOUSE 17 14 loo240 1 16
CAT CATB_MOUSE 4 4 00379 | 14
ACSL1 ACSL1_MOUSE 54 36 o045 | 15
ACSL5 ACSL5_MOUSE 6 2 00029 | 2.8
Faity Acid CAT CATB_MOUSE 4 4 00379 | 14
Metabolism —
CPTI1A CPT1A_MOUSE 15 9 00451 | 16
CPT1B CPT1B_MOUSE 47 28  loo0245 | 15
Motility MIRO1 MIROL_MOUSE 9 3 00251 | 18

Note. Fold change in red- increase, fold change in blue- decrease

In terms of mitochondrial proteins regulating dynamics, there was no change to levels of Mfnl
(13 unique peptides, p=0.070), Mfn2 (5 unique peptides, p=0.141), Opal (14 unique peptides,
p=0.116) or the receptors for Drpl, Fisl (2 unique peptides, p=0.196). Drpl was not detected
but since it is a soluble, cytosolic protein the mitochondrial isolation process may have led to
loss of the non-bound Drpl. The, proteins involved in Mfn turnover PINK1 and Parkin were
not detected. Interestingly, Mirol (Rhotl) involved in mitochondrial transport was significantly
downregulated in the GENA348 mouse mitochondria 1.8-fold (p=0.0251). Mirol is located on
the outer membrane of mitochondria and through complex formation with Trak1/2 and KIFA/B
regulated the movement of mitochondria along the microtubule cytoskeleton. Further analysis
of the MS data revealed no change to the abundance of Trakl (Trak2 was not detected).

KIF5B and dynein light chain 2 showed no significant difference in abundance while KIF5A
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was not detected. These data indicate that there is a change in the expression of proteins
mediating mitochondrial morphology and movement within the cardiomyocyte, Therefore, we
next undertook molecular investigations using Western blotting and RT-qPCR to determine if

these changes were at the protein level only or are due to changes in transcript levels.

2.3.7 Increased expression of proteins involved in mitochondrial fusion in
the GENA348 myocardium

To investigate changes in expression levels of involved in mitochondrial fusion in the
GENA348 myocardium, ventricular tissue was divided, part lysed for Western Blotting and
probed for proteins regulating mitochondrial fission and fusion. As summarised in (Figure.
2.10), a 3-fold increase in the expression of Mfnl (P=0.0019) and a 5-fold increase in Mfn2
(P=0.0003) was recorded in the GENA348 myocardium compared to controls (Figure. 2.10).
Mfnl and Mfn2 mediate fusion of the mitochondrial OMM, for complete fusion of two
mitochondria the IMM also fuses, under the control of Opal. Significantly, there is a 1.5-fold
increase in expression of the inner fusion protein Opal (P=0.0400; Figure. 2.10). There was
no change in the expression levels of fission protein Drpl. As previously stated, MS results
differed with Western blotting protein expression levels in GENA348 mice; MS data revealed

no change in Mfn1, Mfn2, Opal, and Drpl was not detected (Figure. 2.10).
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Figure 2.11 GENA348 myocardium exhibits significant upregulation of fusion protein.

Western blot analysis of LV from control (n=5) and GENA348 (n=5) revealed an increase in
the expression of protein of Mfn1, Mfn2 and Opal in the GENA348 myocardium in comparison
to control while no change in Drpl level. Data represented as mean +/- SEM *p < 0.05, **p <
0.01, ***p < 0.001.

In agreement with the MS data, Miro1 expression was shown to be decreased in the GENA348
myocardium by 0.6-fold (P=0.0141; Figure. 2.11).
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Figure 2.12 Downregulation of Mirol exhibited by GENA348 myocardium

Western blot analysis of LV from control (n=5) and GENA348 (n=5) revealed a significant
decreased in Mirol expression in GENA348 mice compared to WT. Data represented as mean
+/- SEM *p < 0.05.
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PINK1 expression levels showed no change in expression; however, there was a significant

decrease in Parkin by 0.4-fold (P<0.0001) in GENA348 compared to WT (Figure. 2.12).
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Figure 2.13 GENA348 myocardium exhibit downregulation of parkin protein.

Western blot analysis of LV from GENA348 (n=10) compared to control (n=10) revealed a
significant decrease in Parkin with no change in PINK. Data represented as mean +/- SEM
*rrep < 0.0001.

2.3.8 Analysis of transcript levels of proteins regulating mitochondrial

dynamics

Next, gPCR was carried out in order to determine if the changes to the protein expression of
Mfnl, Mfn2 and Opal is correlated to increased transcript levels. As shown in (Figure. 2.13)
a significant increase in the mRNA of Mfn1, Mfn2, Opal was identified (3.2-fold, 2.3-fold, 4.2-
fold, P=0.0033, P=0.0022 and P<0.0001 respectively) with no change to levels of Drpl

observed. These data are consistent with the Western blotting data.
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Figure 2.14 Upregulation in fusion transcript expression in GENA348 myocardium.

Mfnl, Mfn2 and Opal transcript level were assessed using gPCR and revealed a significant
increase in GENA348 (n=6) compared to control (n=6) with no significant difference in
transcript level of Drpl. Data represented as mean +/- SEM **p < 0.01 and ****p < 0.0001.

PINK1 and Parkin mRNA was decreased by 0.3-fold (P=0.0177) and 0.4-fold (P=0.0026)

respectively (Figure. 2.14).
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Figure 2.15 Downregulation in the gene transcript of PINK1 and Parkin in GENA348
myocardium.

PINK1 and Parkin transcript levels were decreased in GENA348 (n=6) compared to control
(n=6). Data represented as mean +/- SEM *p < 0.05 and **p < 0.01.

2.3.9 Upregulation of mitochondrial biogenesis marker transcripts in the

GENA348 myocardium

Levels of PGC-1a and TFAM transcripts were increased in the GENA348 group in comparison
to control group with a 2-and 3.7-fold increase (P=0.0108 and P<0.0001), respectively (Figure.

2.15).
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Figure 2.16 GENA348 myocardium exhibit upregulation in the gene expression of PGC-
la and TFAM.

PGC-1a and TFAM transcript level were assed using gPCR and revealed a significant
increase in GENA348 (n=6) compared to control (n=6). Data represented as mean +/- SEM
*p £ 0.05 and ****p < 0.0001.
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In agreement with the Western blotting and proteomics data there was also a decrease in
Mirol transcript levels in GENA348 compared to control with 0.2-fold (P=0.0115). Similarly, in
agreement with the MS data there was no change to the mRNA levels of TRAK1, KIF5A and

KIF5B in GENA348 compared to WT mice (Figure. 2.16).
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Figure 2.17 GENA348 myocardium exhibit downregulation of Mirol expression.

Mirol, TRAK1, TRAK2, KIF5A and KIF5B transcript level were assed using qPCR and
revealed a significant decrease in Mirol in GENA348 (n=6) compared to control (n=6). Data
represented as mean +/- SEM *p < 0.05.
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2.3.10 Impact of Mirol knockdown on H9c2 cell mitochondria

2.3.10.1 Knock-down of Mirol has no effect on cell viability or
response to oxidative stress

To next investigate the role of Mirol in H9c2 cells, siRNA silencing was used to knockdown
(KD) Mirol and generate Mirolsi-H9c2 lines. To determine Mirol expression levels in these
cells, Western blots were used to measure Mirol protein expression. Mirol expression
showed an approximate 70% decrease in the si-Miro1 treated H9c2 cells compared to si-NTC

transfected cells (P= 0.0013) (Figure 2.18).
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Figure 2.18 si-Mirol transfected cells exhibit downregulation in Mirol protein
expression.

Western blot analysis revealed a significant decrease in Mirol protein in si-Mirol as compared
to the si-NTC transfected cells. Data represented as mean +/- SEM **p < 0.01 (n=5 lanes of
the same passage).

Since Mirol and Miro2 share 60% sequence identity we next checked levels of Miro2 to
investigate whether the si-Mirol treatment had also led to a knockdown or conversely whether
the loss of Mirol was compensated by Miro2. However as can be seen from the Western blot

below Miro2 protein expression showed no change in si-Mirol as compared to the si-NTC

transfected cells (Figure 2.19).

96



-
(%]
1

-
o
1

©
[3,]
1

Miro2 protein expression
(fold change)

0.0-

68 kDa

68 kDa

Figure 2.19 Miro2 protein expression in si-Mirol and si-NTC transfected cells is
unchanged.

Western blot analysis revealed no significant difference in the Miro2 protein level in si-Mirol
compared to si-NTC transfected cells. Data represented as mean +/- SEM (n=5 lanes of the
same passage).

Before each experiment Mirol knockdown cells we first checked whether the siRNA treatment
had worked. The MTT cell viability assay showed no change in si-NTC and si-Mirol compared
to negative control. All cells transfected and non-transfected where then treated with H202
Figure 2.20). Both controls, si-NTC and si-Mirol cells showed 0.1-fold decrease in cell viability
after treatment with H202 (P<0.0001; Figure 2.20) thereby showing H202 induce apoptosis.

This lack of a difference between negative controls, si-NTC and si-Mirol gave confidence in

H9c2 knockdown cells being viable and enabled their continued use in this study.
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Figure 2.20 Cells treated with H202 exhibit decrease in cell viability.

The cell viability assay revealed no significant difference in viability between non-transfected
and transfected cells compared to negative control, while the H202 treatment showed an
equally significant decrease to the cell viability between all 3 groups. Data represented as
mean +/- SEM (n=3 lane from 3 different passage) ***p < 0.001.

2.3.10.2 Mirol knockdown causes change in mitochondrial
dynamics via Opal and PINK1

As mentioned above, the primary regulators of mitochondrial fusion are dynamin related
GTPases termed mitofusins (Mfnl and Mfn2) and optic atrophy protein 1 (Opal).
Mitochondrial fusion involves the process of physical merging of the outer and then the inner
mitochondrial membranes of two originally distinct mitochondria. In contrast, fission, mediated
by Drp1, leads to the pinching of the mitochondrial membrane, forming daughter mitochondria.
By employing RT-qPCR it was determined that at the transcript level Mfnl and Mfn2
expression wasn’t altered in the si- Mirol transfected cells compared to the si-NTC cells.
However, there was a 2-fold increase in Opal levels in si-Mirol compared to the control cells

(P= 0.0086; Figure 2.21). The fission protein Drpl also showed no significant change in

transcript levels between si-NTC and si-Mirol transfected cells.
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Figure 2.21 si-Miro1l transfected cells exhibit change in mitochondrial dynamics.
Mfnl, Mfn2, Opal and Drpl transcript level were assessed using qPCR and revealed a

significant increase in Opal in si-Mirol as compare to the si-NTC H9c2 cells. Data represented
as mean +/- SEM (n=3 lane from 3 different passage) **p < 0.01.

The process of mitochondrial maintenance is carried through mitophagy. PINK1
phosphorylation via Mfn2 leads to the conscription of Parkin, resulting in mitochondrial
degradation via ubiquitination and lysosomes. Our data revealed a significant increase in gene
expression of PINK1 in si-Mirol, compared to si-NTC transfected cells (1.4-fold, P=0.0317,
Figure 2.22). However, gene expression of Parkin remained unchanged. These data suggest

that Mirol knockdown has led to a change in the expression of proteins involved in mitophagy.
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Figure 2.22 si-Miro1l transfected cells exhibit upregulation in PINK1 gene expression.
PINK1 and Parkin transcript level were assessed using qPCR and revealed a significant
increase in PINK1 gene expression in si-Mirol compared to si-NTC H9c2 cells. Data
represented as mean +/- SEM (n=3 lane from 3 different passage) *p < 0.05.

2.3.10.3 Knockdown of Mirol impacts mitochondrial biogenesis

To further understand mitochondrial biogenesis and the role of Mirol in mediating
mitochondrial homeostasis, changes in expression of the biogenesis markers, TFAM and
PGC1-a were measured. The Mirol knock down cells showed a decrease in the gene
expression of PGC-1a compared to si-NTC cells (0.2-fold change, P=0.0110; Figure 2.23). In
contrast, gene expression of TFAM increased in si-Mirol cells compared to si-NTC cells (2.2-
fold change, P=0.0288; Figure 2.23). Interestingly, in Chapter 2, we reported that there were
increased levels of PGC-1aa and TFAM in the GENA348 mouse myocardium. Reduced levels
of PGC-1aa would suggest that the reduction in Miro1 levels has led to fewer mitochondria.
Citrate synthase also indicates an increased mitochondrial content in GENA348, suggesting

other mechanisms that may be involved.
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Figure 2.23 Changes in mitochondrial biogenesis markers in si-Miro1 transfected cells.
PGC-1a and TFAM transcript levels were assessed using qPCR and revealed a significant
decrease in PGC-1a and significant increase in TFAM in si-Mirol as compared to the si-NTC
H9c2 cells. Data represented as mean +/- SEM (n=3 lane from 3 different passage)*p < 0.05.
2.3.10.4 Downregulation of mitochondrial trafficking proteins in
si-Mirol knockdown cells
It has been reported that kinesin superfamily proteins (KIFs) form a complex with Milton
(TRAK1 and TRAK2) and Mirol (Schwarz, 2013). These have been identified as binding
specifically to KIF5A (Randall et al., 2013). In order to investigate the impact of the removal of
Mirol from the complex, gene expression of the interacting proteins was measured. Levels of
Mirol were verified for each new set of experiments, here the level of expression of Mirol
transcript was 0.4-fold compared to si-NTC control (P=0.010; Figure 2.24), again there was

no change in transcript levels of Miro2. Further, there was no change to mMRNA levels of KIF5A,

KIF5B, TRAK1 and TRAK2.
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Figure 2.24 si-Mirol downregulation has no effect upon the expression of proteins
associated with mitochondrial trafficking.

Mirol, TRAK1, TRAK2, KIF5A and KIF5B transcript level were assessed using gPCR and
revealed a significant decrease in Mirol in si-Mirol compared to si-NTC. Data represented as
mean +/- SEM (n=3 lane from 3 different passage) *p < 0.05.

Citrate synthase activity was measured to investigate the impact of Mirol-knock down upon
mitochondrial content. However, no change in citrate synthase activity was measured in si-
Mirol compared to si-NTC transfected cells (P= 0.0011; Figure 2.25). This appears

inconsistent with the suggestion that down-regulation of PGC-1a and TFAM leads to less

mitochondria.
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Figure 2.25 Citrate synthase activity in si-Mirol H9c2 cells.

Citrate synthase activity was measured as the marker of mitochondrial content revealing no
difference in si-Mirol compared to si-NTC H9c2 cells. Data represented as mean +/- SEM
(n=3).

2.3.10.5 Mirol knockdown has no impact on mitochondrial

oxygen consumption

Using the fibre-optic Instech respirometer described in Chapter 2, isolated mitochondria were
prepared from si-Mirol and si-NTC transfected cells. As shown in (Figure 2.26) a linear profile
took typically five minutes to plateau. The gradient between (20-140) sec was calculated
(Figure 2.26A) for each group. The oxygen profile in si-Mirol shows no difference in oxygen
consumption compared to si-NTC ((Figure 2.26B). Overall oxygen percentage of isolate

mitochondria in si-Miro1 was found to be the same compared to si-NTC (Figure 2.26B).
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Figure 2.26 No change in oxygen consumption rate in si-NTC H9c2 cells.

(A) There was no change in oxygen consumption rate in si-Mirol compared to si-NTC H9c2

cells. (B) Representative plot indicating oxygen percentage varying with time in si-Mirol and

Si-NTC H9c? cells. Data represented as mean +/- SEM (n=3 lane from 3 different passage).
2.3.10.6 Mirol knockdown alters mitochondrial morphology and

density as seen by SBF-SEM
Prior to fixing the cells for EM qPCR was carried out to assess Mirol transcript levels. As
shown in (Figure 2.27), si-Mirol transfected cells showed a significant 0.3- fold decrease in

Mirol protein expression compared to si-NTC (P= 0.0013). There was also a significant 0.4-

fold decrease in gene expression of Mirol in si-Mirol compared to si-NTC transfected cells
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(P=0.010; Figure 2.27). This result confirmed that the EM samples were of cells with Mirol
knocked down. As described in Chapter 3 3D electron microscopy (SBF-SEM) was carried out
to observe mitochondrial structure in si-Mirol and si-NTC transfected cells. Due to time
constraints, datasets were only collected for n=1 per group. 100 mitochondria were segmented
from a single passage of each group to investigate mitochondrial structure and size (Figure

2.27).

Figure 2.27 Identification of mitochondria using SBF-SEM.

Identification of mitochondria in H9c2 cells is complicated and more complicated in si-Mirol
than si-NTC H9c2 cells. 100 mitochondria were randomly selected for segmentation. (A)
Mitochondrial morphology in si-NTC H9c2 cells. (B) Mitochondrial morphology in si-Mirol
H9c2 cells. In both images, blue arrows indicate mitochondria, the green arrow indicates
endoplasmic reticulum and the yellow arrow indicates the nucleus. Scale bar: 1um.

To measure changes in mitochondrial volume and mesh surface area, individual mitochondria
were segmented. The surface area and volume of the segmented mitochondria were
calculated using a function in the IMOD software as described in Chapter 3. Results indicate
that there is a significant decrease in both mitochondrial volume and surface area in si-Mirol
mitochondria (Figure 2.28). Interestingly, this decrease in mitochondrial size is not reflected in

the oxygen consumption rate.
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Figure 2.28 Mitochondria size is significantly smaller in si-Mirol compared to si-NTC
H9c2 cells.

si-NTC and si-Mirol H9c2 cells were imaged using serial block facing SEM. Mitochondria were
manually segmented using IMOD. There was a significant decrease in volume and mesh
surface area in si-Mirol compared to si-NTC. Data represented as mean + SEM (mitochondria
n=100, 1 cell) **p < 0.01 and ****p < 0.0001.
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2.4 Discussion

The aim of this study was to investigate cardiac and mitochondrial function in the GENA348
mouse model. To this aim, we began by investigating physiological parameters such as body
weight, heart weight and echocardiographic measurement changes. Proteomics was
employed to investigate global changes to expression levels of mitochondrial proteins,
complemented by functional studies to determine if the early LV dysfunction previously
identified in our group in the GENA348 heart involved changes to mitochondrial activity e.g.

oxygen consumption and OXPHOS.

The key findings from this chapter are: (1) GENA348 had a significantly larger heart/body
weight and there was evidence of cardiac hypertrophy, similar to that observed in patients with
MODY2; (2) GENA348 mice have dysfunctional mitochondria with reduced oxidative
phosphorylation, at the cellular level; (3) at the molecular level, there was an imbalance
between protein expression levels of mitochondrial dynamic regulation; (4) si-Mirol led to an
increase in Opal transcript expression (but with no change to the other fission-fusion proteins)
with an increase in mitochondrial biogenesis markers. However, although a decrease in
mitochondrial volume and surface area was measured there was no change to the

mitochondrial oxygen consumption rate.

2.4.1 GENA348 mice have impaired cardiac function

GENAS348 mice were larger than the WT controls despite being fed the same diet (Figure. 2.4),
with a significant increase recorded in the HW/TL ratio in GENA348 mice, suggesting the
development of cardiac hypertrophy. It is known that neuronal Gck is involved in regulation of
dietary glucose intake (Hussain et al., 2015), thus, controlling appetite. Echocardiography data
corroborated these physiological measurements, with 6-month old GENA348 mice presenting
an increase in both diastolic and systolic posterior wall thickness (Table 2.7). These data
indicate the development of left ventricular hypertrophy (LVH) and abnormal function of the
left ventricle is generally connected with left ventricular hypertrophy. The GENA348 mouse

displayed a lower early to late ventricular filling ratio in comparison to controls (Table 2.7).
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However, no change was observed in ejection fraction between control and GENA348 mouse.
This could suggest diastolic dysfunction, defined as impairment in the left ventricle relaxation.
Lung weight remained the same in both conditions, indicating that there was no pulmonary
congestion, suggesting that the mice are in the early stages of diastolic dysfunction or heart
failure. Pulmonary congestion is usually associated with advanced stages of heart failure and
is the predominant cause of hospital admission among heart failure patients (Miglioranza et
al., 2017). This physiological data may indicate that MODY2 patients are at risk of developing
cardiac complications. Diastolic dysfunction is reported to be a feature of T2DM, particularly
in early manifestation (Lalande et al., 2010). Significantly, (Wilson et al., 2017) investigated
whether impaired left ventricular filing was responsible for the attenuated cardiac reserve in
people with T2DM. The authors measured left ventricular volume, along with other
parameters, in diabetic individuals during an elevated heart rate in exercise. Their results
showed that adults with T2DM were unable to maintain and increase left ventricular filling
volumes (Wilson et al., 2017), confirming the presence of diastolic dysfunction as a result of
impaired left ventricle function. In a similar MODY2 mouse model, an increase in the left
ventricular wall thickness was reported, further suggesting that MODY 2 patients are at risk of

heart failure.

In addition, echocardiography data showed a further link between heart failure and preserved
ejection fraction, HFpEF (Table 2.7). Early diastolic dysfunction suggests that the GENA348
mice had a preserved ejection fraction, which may indicate the development of HFpEF. HFpEF
accounts for up to 50% of heart failure cases (Nanayakkara et al.,, 2018). At present,
medication used for HFrEF is less effective for HFpEF, thus, MODY2 patients may be

presented with fewer therapeutic options for long-term treatment.

Biochemical studies further suggest the development of impaired cardiac function through the
downregulation in the sirtuin signalling pathway (Figure. 2.9) It is thought that sirtuin 1 (SIRT1),
is a pivotal protein in cellular metabolism, suggesting its importance in regulating mitochondrial
dynamics (Blander and Guarente, 2004). In diabetic cardiomyopathy mice, Blander and

Guarente (2004) investigated the possible protective effect of SIRT1 against the development

108



of diabetic cardiomyopathy mice through mitochondrial regulation. They reported a significant
decrease in the expression of SIRT1 diabetic cardiomyopathy mice hearts, suggesting that
SIRT1 has a protective role on the mitochondria and a possible target for therapy (Blander
and Guarente, 2004). Overall, the decrease in the sirtuin signalling pathway that identified by
Quantitative MS in (Figure. 2.9) accompanied with downregulation of mitochondrial
dysfunction proteins in GENA348 presents a possible link between sirtuin in diabetic

cardiomyopathy and an area for further research.

The reduction in expression levels of NDUFA4 proteins, associated with mitochondrial
complex | structure and hence OXPHOS were modified in the GENA348 mitochondria
compared to the controls which may be a contributory factor to the decrease in activity that
was also identified here. Importantly, functional analysis of the complex activities revealed a
decrease in activity, consistent with the MS data. Additionally, the Complexes are known to
interact with each other, forming higher order structures, called super complexes (Wittig and
Schégger, 2008). Complexes IV and V can form dimers and oligomers. These complexes play
an important role in assembly, regulation and stability of the mitochondrial membrane (Signes
and Fernandez-Vizarra, 2018); the down-regulation of several of the protein subunits in each
of the complexes may also be a contributory factor leading to instability of the super-

complexes.

The oxygen profile change in GENA348 mice shows that GENA348 mice consume more
oxygen compared to the wild type (Figure. 2.7B). The oxygen percentage of GENA348 mice
was not significant after corrected to citrate synthase activity. The enhanced mitochondrial
activity observed by increased citrate synthase levels may be due to increased mitochondrial
content. The enhanced glycolytic reserve and respiratory capacity observed could reflect a
higher metabolic plasticity to maintain intracellular ATP content. Future work should be aimed
at increasing sample size of (n=4) for these experiments. Increasing this number was
challenging due to difficulties with the technique and acquiring repeated readings. Future work
would aim to iterate this methodology to ensure that a greater sample number is included. It

would also be interesting to investigate glycolytic genes, such as Aldoartl, a gene encoding a
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glycolytic enzyme, as another important energy source for OXPHOS is glycolysis. In our
proteomics investigation, Aldoartl (aldolase 1) expression was increased in GENA348,
suggesting some change in its function. We also reported a decrease in hexokinase 3 (Hk3)
in GENA348; Hk3 is involved in the first step of the glucose metabolism pathway,
phosphorylating glucose to produce glucose-6-phosphate (Wyatt et al., 2010). Again, a

change in its expression may suggest an impact on its catalytic role in glucose metabolism.

These data may indicate that GENA348 mice have more efficient mitochondria, although after
this rapid burst of activity, the mitochondria are unable to sustain this capacity. However,
measuring oxygen consumption alone is argued to be an insufficient marker of energy
metabolism, particularly in the mitochondria, due to the variability in oxidation and
phosphorylation rates (Salin et al., 2015). The amount of ATP generated per molecule of
oxygen consumed by mitochondria is known as the P/O ratio. The P/O ratio can vary in
response to environmental causes, such as temperature and food intake (Salin et al., 2015).
Thus, this variability may impact animal performance, including growth rate, suggesting that
energy function requires to be studied alongside mitochondrial function to study energy
metabolism. Thus, measuring both levels of energetic processes, ATP generation and oxygen

consumption, may give a better insight into energy metabolism.

In the diabetic state, excess fatty acids are present inside the cell leading to excessive
mitochondrial FAO. Increased oxidative stress is another common theme in models of diabetic
cardiomyopathy. Studies have shown that oxidative stress correlates with excess lipid delivery
and elevated mitochondrial FAO rates, suggesting that mitochondria are a crucial source of
free radicals in the diabetic heart (Van De Weijer et al., 2011). It is also a possibility that
dysfunctional ROS scavenging mechanisms cause increased oxidative stress in the diabetic
heart. Therefore, future work could focus upon measuring levels of ROS to investigate whether
increased ROS is a feature of the GENA348 myocardium. In our proteomics analysis, we
noted a significant downregulation of several proteins involved in the balance of oxidative
stress conditions in the mitochondria (Table 2.9). Catalase is an antioxidant enzyme that

mitigates oxidative stress through catabolising hydrogen peroxide (Cong et al.,, 2015).
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Interestingly, Cong et al. (2015) reported that overexpression of catalase in diabetic mice heart
led to a reduction of ROS and prevented cardiac structural abnormalities. The authors
hypothesise that catalase protects mouse hearts against diabetic cardiomyopathy, through the

suppression of inflammatory responses (Cong et al., 2015).

For future work, ATP production could be measured. Luptak et al. (2018) investigated the link
between ATP production and heart disease in mice on a high fat, high sucrose (HFHS) diet.
To determine the relationship between myocardial energetics and function, myocardial ATP
and ADP concentrations were measured, with energy deficit quantified by calculating free
energy of ATP hydrolysis (Luptak et al., 2018). Luptak et al. (2018) showed that impaired
energy production may contribute to diastolic dysfunction in patients with metabolic heart
disease. Interestingly, ATP concentration was reported not to have changed in HFHS hearts,
although ADP concentration did increase. This may suggest that ADP concentration
contributes to diastolic dysfunction in heart failure. For our study, it may be worthwhile to
measure ATP/ADP concentrations, to assess a cause for the oxygen profile change and

mitochondrial dysfunction in the GENA348 myocardium.

2.4.2 Insulin sensitivity in GENA348 mice

Quantitative mass spectrometry of isolated mitochondria revealed that the proteins that form
the GENA348 mitochondrial proteome were modified. IPA analysis identified and quantified a
total of 179 proteins that were either up- or down-regulated in the GENA348 mitochondria
compared to WT. As mentioned previously, there was a significant decrease in proteins that

are involved in T2DM signalling pathways (Table 2.9).

A significant increase was recorded in the blood glucose level of GENA348 mice compared to
controls, with no change in insulin resistance. While it is commonly thought that MODY2
patients do not develop insulin resistance, a recent study has reported that 31% of MODY2
patients show signs of insulin resistance (Liu et al. (2018). Specifically, IR was linked to five
novel MODY mutations to the Gck gene; however, no differences in MODY 2 phenotypes were

observed. Although relevant, reported mutations differ from that studied in this report. This
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study may indicate that different Gck mutations can elicit varied phenotypes through altered
Gck activity (Liu et al. (2018). In a small follow-up study of 33 MODY2 patients, 13 Gck
mutations were confirmed with direct sequencing, with the aim to investigate the natural history
of MODY2 and factors associated with hyperglycaemia (Martin et al., 2008). This 11-year
follow-up study showed that in some cases, glucose tolerance remains stable due to the
relative stability of the GCK-related B-cell defect. However, tolerance can deteriorate over

several years with the development of insulin resistance (Martin et al., 2008).

2.4.3 GENA348 associated with an imbalance in mitochondrial dynamics

We determined that fusion proteins were upregulated at both the protein and transcript level,
with no change in Drpl (Figure. 2.10 and 2.13). Studies by Martin et al. (2014) showed that
the gene expression of Mfn2 is driven by PGC-1q, involved in mediation of increased gene
expression of oxidative phosphorylation and is associated with mediation of alternations in
structure and function of mitochondria (Cartoni et al., 2005). We further determined that levels
of PGC-1a are increased in the GENA348 myocardium. At the protein level PINK1/Parkin
regulates levels of Mfnl and Mfn2 ubiquitination, which in turn marks them for mitophagy. It
should be noted that our proteomics data did not correlate with the Western or RT-gpcr
investigation regarding a change in Mfn1/2 and Opal. It is possible that differences in
sensitivity between these methods could account for the difference. In top-down proteomics,
as in this study, only the most abundant proteins are usually detected (Heck and Van Den
Heuvel, 2004). Detection of a protein can also depend on its concentration. For future
experiments, strategies to improve sample production and length of the proteomics analysis

may be important factors to consider.

Human studies have reported a decrease of Mfn2 in skeletal muscle associated with T2DM
and obesity (Bach et al., 2005). Variations of insulin concentration did not impact Mfn2 mRNA
levels in healthy, obese or diabetic patients, suggesting Mfn2 reduction is independent of

insulin (Bach et al., 2005). In contrast, Pawlikowska et al. (2007) reported an increase in Mfn2
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protein expression with prolonged insulin exposure, promoting the formation of tubular

mitochondrial networks.

In our study, mice are not insulin resistant, possibly explaining some difference in results to
other diabetes mouse models. Furthermore, a link between insulin and the regulation of
mitochondrial dynamics, particularly mitochondrial fusion has been reported (Parra et al.,
2014). Studies specifically addressing the relationship between fission and fusion of cardiac

mitochondrial and insulin sensitivity and diabetes are limited.

Opal is upregulated in GENA348 mice and mediates fusion of the mitochondrial inner
membrane. Increased expression of Opal is therefore consistent with the over-expression of
Mfn1/2 and the formation of a new mitochondrion. Mirol is an important protein that, when
inhibited, disturbs pancreatic B-cell function and interferes with insulin releases (Chen et al.,
2017). Both Western blot data and gPCR show a decrease in Mirol expression. Mirol
knockdown in H9c2 cells have been shown to cause defects in mitochondrial morphology,
including mitochondrial fragmentation (Saotome et al., 2008). In H9c2 cells, Mirol co-localised
with the mitochondria, inducing mitochondrial thread formation (Saotome et al., 2008).
Furthermore, down-regulation of Mirol may impede the movement of mitochondria through
the cardiomyocyte, contributing to disorganisation of the mitochondria within cardiomyocytes,
further impairing function. Furthermore, in Miro2 transgenic mice, improved cardiac function
and enhanced mitochondrial function was reported after induced cardiac dysfunction (Cao et

al., 2019).

More specifically, during cardiac hypertrophy, Miro2 was degraded through Parkin-mediated
ubiquitination, with disrupted inter-mitochondrial communication. This was restored by
overexpression of Miro2. Miro2 and Mirol share 60% sequence homology, which may suggest
some similarity in function (Reis et al., 2009). Our proteomics data suggest that this mouse
model contributes to the inhibition of Mirol through the Gck pathway disruption. Therefore,
given that there is no change to proteins regulating fission these data would indicate that in
the GENA348 cardiomyocytes there is a shift towards fusion leading to larger mitochondria,

potentially impaired mitophagy due to a reduction in PINK1/Parkin and that due to impaired
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levels of Mirol mitochondrial motility is compromised. The accumulation of dysfunctional
mitochondria may therefore be a consequence of the molecular remodelling, with this concept
supported by the functional data. Our data also showed no changes in levels of TRAKZ,

TRAKZ2, KIF5A or KIF5B (Figure. 2.16), in agreement with the proteomics.

The biogenesis of mitochondria was also influenced by PINK1 through regulation of Mfn2 and
Drpl phosphorylation (Peng et al., 2019). The regulation of mitochondrial biogenesis marker
transcripts was investigated in the GENA348 myocardium (Figure. 2.15). Our data indicates
that in the GENA348 heart mitochondria, an increase in fusion-processing proteins is
supported by an increase in markers of biogenesis and citrate synthase activity. However,
functional data suggests that there is a population of dysfunctional mitochondria resultant of
impaired mitophagy. This change in cellular dynamics and equilibrium could be an explanation

for the disease pathway.

2.4.4 No change in Miro2 protein expression in si-Mirol H9c2 cells

Mirol is primarily localised at the mitochondrial outer membrane, forming a protein complex
with TRAK1 and TRAK2 to support motor movement of mitochondria along the microtubule
cytoskeleton. In order to study the impact of Mirol depletion, we used the siRNA silencing
method in H9c2 cells. Western blotting and gPCR analysis confirmed the successful knock
down of Mirol in cells (Figure 2.18Figure 2.19) and confirmed that Miro2 expression was
unaltered (Figure 2.19). This was important since similar to Miro1, Miro2 enables intracellular
mitochondrial transport through the use of microtubule networks (Tang, 2016). In
cardiomyocytes, adenovirus was used to facilitates Miro2 expression through overexpression,
which accelerates mitochondrial communication, enhances mitochondrial channelling and
enhances mitochondrial osculating of adjacent mitochondrial sets (Tang, 2016). Although our
data indicate that there has been no compensatory change to the expression of Miro2 after si-
Mirol knockdown for future investigations, it would be interesting to characterise mitochondrial

dynamics in double knockout conditions.
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2.45 H9c2 cell viability in si-Miro1

To assess H9c2 cell viability after silencing, we utilised the MTT assay. si-Mirol and si-NTC
cells were viable; there was no difference in the cell viability ratio between the negative control
and si-Mirol (Figure 2.18). This provided confidence in the overall viability of cells for use in
this chapter. Following this, we tested cell viability in si-Mirol and si-NTC supplemented with
H202. As expected, cells were unviable with the addition of H202; both si-Mirol and si-NTC
results a significantly lower cell viability ratio compared to the negative control. It has been
reported that in H9c2 cardiac muscle cells, oxidative stress causes an imbalance in the rate
of oxidant production and degradation (Mojarrab et al., 2013). The promotion of cell death is
caused by the increased formation of ROS and has been identified in the pathophysiology of
cardiovascular disease (Schnabel and Blankenberg, 2007). Thus, the cell viability results in
this chapter is as expected. Overall, these results show that Mirol depletion alone does not

make the cells unviable and that they behave as control cells under stress conditions.

2.4.6 Change in protein expression regulating mitochondrial dynamics

While there was no change to expression levels of Mfnl, Mfn2 or Drp1 in after knockdown of
Mirol, there was an increase in Opal gene expression levels in si-Mirol cells (Figure 2.18).
In addition to playing a key role in fusion of the inner membrane Opal has been shown to
have a protective role through stabilising the cristae morphology (Frezza et al., 2006).
Therefore, the increase in Opal may indicate that the mitochondria are under stress with
upregulation of Opal stabilising the inner membrane. However, there are two forms of Opal,
a higher molecular weight long form (Opal-L) and a lower molecular weight short form (Opal-
S). In fact, mitochondrial fragmentation, after Opal ablation, could be rescued by Opal-L, but
not with Opal-S (Cogliati et al., 2013). Cristae stabilisation as a result of Opal-L cleavage to
Opal-S has resulted in therapeutic solutions to block the formation of Opal-S. Having said
that, a complementary balance between the two Opal isoforms is crucial for the maintenance
of mitochondrial bioenergetics (Song et al., 2007). Therefore, to develop our work, if time had
allowed, a Western blot could complement the RT-gPCR analysis to measure a change of

Opa-L and Opa-S ratio in Mirol knockdown cells.
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However, in support of the concept that depletion of Mirol may impact upon mitochondrial
dynamics levels of PINK1 were increased compared to controls. PINK1 and Parkin are known
to work synchronously to govern mitochondrial quality control, through a signalling pathway
that marks damaged mitochondria to trigger selective mitophagy (Pickrell and Youle, 2015).
No change was measured in Parkin expression levels. Mirol is involved in this mitophagy
pathway; upon mitochondrial damage, Miro1l is rapidly ubiquitinated and depleted to block the
microtubule-dependent transport of damaged mitochondria (Birsa et al., 2014); this arrest of
mitochondria ensures that quality control is maintained in the cell. The increased PINK1
expression in si-Mirol cells could suggest that the loss of Mirol disrupts the PINK1-Parkin
pathway and mitochondria are less able to regulate the transportation pathway. Since PINK1
recruits Parkin and there were no changes to Parkin it seems unlikely that there would be
increased ubiquitination. PINK1 recruits Parkin, leading to the ubiquitination of Mfn1/2,
targeting them for degradation. Although there is more PINKH1, this isn’t correlated with an
increase in Parkin, suggesting no change in ubiquitination of Mfn1/2. This is consistent with
our data showing no change to Mfn1/2. In future work, the need for further phosphorylation
between PINK1 and Parkin can be investigated; there may be another molecule interaction

that is a point of regulation.

2.4.7 Altered expression of mitochondrial biogenesis markers in si-Mirol

cells

Mitochondrial biogenesis is positively controlled through direct activation of PGC-1a, through
MTOR, a serine/threonine kinase. In addition to activation of biogenesis and mitophagy,
repressors of biogenesis are important for controlling mitochondrial turnover. In the GENA348
mouse myocardium, PGC-1a and TFAM expression were upregulated (Chapter2, Figure
2.14). In this chapter, knockdown of Mirol in H9c2 cells led to a decrease in PGC-1a whilst
TFAM expression was significantly increased (Figure 2.23). PGC-1a plays an important role
in the positive regulation of mitochondrial biogenesis (Kiriyama and Nochi, 2018). The
downregulation of PGC-1a has been implicated in mitochondrial dysfunction and oxidative

stress, possibly suggesting metabolic abnormality in diabetes (Choi et al., 2014).

116



There is a clear difference between the results of PGC-1a and TFAM, requiring discussion.
TFAM mediates the transcription, replication, and packaging of mtDNA. Therefore, an
increase in TFAM expression may also indicate that the mitochondria in the knockdown cells
are under stress or damaged so that the cell is trying to generate the building blocks to make
new mitochondria. It is surprising that PGC-1a is down-regulated, given that it is highly
inducible by stress conditions. This may suggest a difference in pathway between the two
biogenesis markers. Dysregulation of mitochondrial biogenesis results in impaired ATP
production and increased ROS generation (Cheng and Ristow, 2013), impacting
cardiovascular health. A signalling mechanism using adenosine monophosphate (AMP)—
activated protein kinase (AMPK), control processes involved in energy homeostasis (Marin et
al., 2017). AMPK phosphorylates PGC-1q, leading to the increased expression of TFAM.
Thus, it may be useful to measure levels of AMPK or ROS to assess possible changes to the
activation pathways as a result of Mirol1 depletion. It is not clear why citrate synthase activity
was unchanged, suggesting no change in mitochondrial content; although in agreement the
rate of oxygen consumption was unaltered after Mirol knockdown. Given that PGC1l-a is a
regulator of mitochondrial respiration through mediating mitochondria density and altering the
respiratory capacity of individual mitochondria (Austin and St-Pierre, 2012), these results from

gPCR require further investigation.

2.4.8 Mirol and mitochondrial trafficking apparatus (KIF/TRAK)

As detailed in the introduction (section 1.3, Figure 1.7; Figure 1.8), Mirol forms a complex with
mitochondrial trafficking proteins. Miro proteins regulate mitochondrial trafficking by acting as
essential receptors for mitochondrial recruitment of the TRAK adaptors, driving kinesin and
dynein-mediated movement (Sheng, 2014). Mirol forms a protein complex with TRAK1 and
TRAK2, including the motor proteins kinesin and dynein. As mentioned in the introduction
(section 1.3.2), this complex aids in mitochondrial movement along the microtubule
cytoskeleton, functioning as a multi-subunit complex for the transportation of intracellular
organelles. It is hypothesised that without Mirol, TRAK may not be able to localise to the
mitochondria to regulate mitochondrial trafficking (L6pez-Doménech et al., 2018). Our data

show that depletion of Mirol does not impact upon the transcript levels of KIF5A, KIF5B,
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TRAK1 or TRAK2 (Figure 2.24); this data is in agreement with the analysis of our mouse
GENA348 model (Chapter 2, section 2.3.9; Figure 2.17). Similarly, in Miro1/2 double and
single mouse knockouts, (Lopez-Doménech et al., 2018) showed TRAK1 and TRAK2 still
localise to the OMM, driving mitochondrial motility. In the absence of Miro, TRAK motor
proteins formed functional anterograde mitochondrial transport complexes, suggesting that
Miro may not be the exclusive acceptor sites on the OMM for TRAK proteins (Lépez-
Doménech et al., 2018), as previously reported (Mishra and Chan, 2014). However, it is clear
that loss of Mirol will limit the ability of mitochondria to be transported through the
cardiomyocyte (Lépez-Doménech et al., 2018). Mitochondria in Mirol knockdown cells were
unable to migrate to distal regions, instead, accumulated around the nucleus (Lopez-
Doménech et al., 2018). Furthermore, TRAK2 mediated retrograde transport is primarily
controlled by Mirol (Lopez-Doménech et al., 2018). Collectively, this shows that Mirol
depletion disrupts mitochondrial transport and may result in eventual cardiac contractile

dysfunction.

We determined that knockdown of Mirol was not compensated for by Miro2 (Figure 2.19).
However, there was also no change to the expression of KIF5A/B or TRAK1/2 (Figure 2.24).
In cardiomyocytes, it is not clear if the loss of Mirol leads to mitochondrial arrest. In mouse
embryonic fibroblasts, TRAK1/2 can recruit more KIF to the mitochondria, even in the absence

of Miro proteins (Lopez-Doménech et al., 2018). .

Lépez-Doménech et al. (2018) suggested that Miro proteins were not critical in regulating
respiration rate or the overall energetic metabolic state of the cell. Similarly, in our study, we
show no significant changes in citrate synthase activity (Figure 2.25) and no change in oxygen
consumption rate in si-Mirol cells (Figure 2.26A/B), compared to NTC controls. According to
Alhindi et al. (2019), citrate synthase is measured as a substantial enzyme of mitochondria.
As mentioned above, this suggests that Mirol is not a necessary protein in the regulation of

the mitochondrial metabolic pathways, as a lack of impact was observed in si-Mirol cells.
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2.4.9 Decreasein mitochondrial volume and surface area in si-Mirol

It was previously reported that Mirol knock down cells showed impacted mitochondrial
mobility, leading to their accumulation near the nucleus (L6pez-Doménech et al., 2018). This
could indicate a role for Mirol in regulating mitochondrial distribution within the network. Here,
for the first time, we have employed 3D electron microscopy to investigate changes in
mitochondrial morphology in si-Miro1 cells compared to control H9c2 cells (Figure 2.27). 3D
segmented data was utilised to measure mitochondrial volume and surface area. We
determined that there was a decrease in both mitochondrial volume and surface area in si-
Mirol mitochondria. Changes in mitochondrial size may not be indicative of changes to its
internal structure. Since Opal is upregulated, this may indicate an adaptation to preserve
cristae morphology. However, it is important to note that due to time constraints, the sample
size for this analysis was n=100 mitochondria but only n=1 cell passage. Therefore, before
any firm conclusions can be drawn, further analysis needs to be undertaken. Additionally,
examination of the EM images found little evidence of sarcomere structures, although previous
group members have shown a developed cytoskeleton. Therefore, another key consideration
in developing this aspect of the research would be to consider the passage number. The
extensive passage of H9c2 can cause differentiate into myotubes and changes in their

phenotype (Witek et al., 2016).

Mitochondria are dynamic organelles that undergo frequent morphological changes, fission
and fusion (Chan, 2012). In yeast, Frederick et al. (2004) showed that cells lacking Mirol
(Gem1p) exhibited distorted mitochondrial morphology, with a collapsed, globular and grape-
like structure. This supports a potential role for Miro proteins as important for signalling events
that determine mitochondrial shape and as well as activity. In addition to mitochondrial
transport, Ca?* also regulates mitochondrial shape. It has been reported that Mirol-Ca?*
binding determined mitochondrial shape, forming long networks that are able to rapidly
produce energy, and short, round mitochondria, associated with disease states (Nemani et al.,
2018). In addition, the authors generated MEFs with point mutations in each EF-hand in Mirol

and Miro2, to disrupt Ca?* binding and investigate mitochondrial shape transition with disabled
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EF-Ca?* binding. The Mirol EF-hand 1 mutant did not undergo mitochondrial shape transition,
and the process did not require Miro1’s GTPase activity. Whereas, the dysfunction of Miro2
EF-hands did not appear to have any impact on shape (Nemani et al., 2018), suggesting a

non-redundant role of Mirol in calcium sensing and mitochondrial morphology phenotypes.

Furthermore, overexpression of Mirol and Miro2 in H9c2 cells was shown to increase
mitochondrial length (Saotome et al., 2008), thought to be a result of Miro’s Ca?* binding
capacity, heightened by the structurally atypical EF arms of Miro. In dominant-negative Miro
constructs, Saotome et al. (2008) showed that Miro knockdown (Mirol/2) caused
mitochondrial fragmentation and condensation, suggesting that the length of mitochondria
correlates with the availability of Miro. Furthermore, in resting neurons, Miro was also
implicated in increased mitochodrial connectivity, with the mean length of mitochondria in
Mirol or Miro2 overexpressed neurones 20% higher than control groups (Saotome et al.,
2008), with MirolEF and Miro2EF overexpression exaggerating this difference. Collevtively,
this shows that Miro1 supports the formation of elongated mitochondria, regulated by EF-Ca?*

binding and the activity of fusion-fission proteins.

2.5 Conclusion

The main aim of this chapter was to characterise the cardiac and mitochondrial phenotype of
the MODY2 mouse model (GENA348). MODY?2 patients are thought to be asymptomatic and
require little treatment; however, we have now shown that the GENA348 mice develop cardiac
complications at the age of 6 months equivalent to 30 years in humans (Dutta and Sengupta,
2016). Therefore, the data here indicates that as well as the need for introducing improved
screening for MODY 2, monitoring of cardiac function may be important since the mouse model
incorporating the Gck mutation develops diastolic dysfunction. Thus, these patients are at a
greater risk of developing cardiac complications. We further showed that there is down-
regulation of Mirol in the GENA348 myocardium. Subsequently, in-vitro experiments showed
that Miro1l knockdown leads to an increase in Opal expression, to possibly compensate and

stabilise the mitochondria but no change to the other fission-fusion protein levels.
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Most studies showing a correlation between mitochondrial dysfunction and heart failure have
employed models of either TIDM or obesity induced T2DM. Here we show that cardiac
mitochondrial dysfunction is a characteristic of the GENA348 mouse mitochondrial dysfunction
can be described as the failure of mitochondria to function within ‘normal’ parameters as
compared to those of WT. More specifically, we have determined an imbalance between
fission and fusion potentially resulting in larger mitochondria, impaired mitophagy and
compromised motility. Interestingly, smaller fragmented mitochondria are generally associated
with pathological phenotypes (Ong et al., 2010) , but here it also appears that increased fusion
also is associated with dysfunctional mitochondria. Impaired OXPHOS in GENA348 mice
suggest defects in cardiomyocyte contractility and metabolism, with physiological
assessments indicating the development of cardiac hypertrophy. Given the putative shift
towards fusion we next investigated mitochondrial morphology using serial block face

scanning electron microscopy (SBF-SEM).

There is evidence that Mirol expression has a role maintaining the balance between
mitochondrial fission and fusion. Knockdown of Mirol had no effect upon the expression of
proteins mediating mitochondrial motility; however, further work is required to investigate if the
microtubule network and movement of mitochondria has changed since other factors such as
protein post-translational modifications and cellular localisation maybe affected. Additionally,
more information may be forthcoming by knocking out Mirol completely e.g. using
CRISPR/Cas9. Overall, the data showed a significant increase in Opal and PINK1 expression
in si-Mirol lines. These proteins are both important in regulating mitochondrial quality control
through mitophagy and fission/fusion pathways. While the data suggests that Mirol has an
impact in mitochondrial homeostasis, further work is required to fully understand its

relationship with Miro2 and with other regulating proteins.
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Chapter 3 Characterisation of cardiac mitochondrial subpopulation
morphology in the GENA348 myocardium using serial block face

scanning electron microscopy

3.1 Introduction

In Chapter 2, the cardiac and mitochondrial phenotype of MODY2 (GENA348) was
characterised, through measurements of cardiac function and physiological parameters, which
indicated the development of early LV dysfunction. At the molecular level proteins mediating
mitochondrial dynamics and biogenesis were perturbed along which changes in OXPHOS,
Thus, this chapter will further investigate whether the changes to mitochondrial function

translate to ultrastructural changes to the mitochondrial structure.

3.1.1 Mitochondrial morphology and organisation in the heart

The mitochondrial cardiac cytoarchitecture has been well documented using electron
microscopy. Since pioneering mitochondrial isolation methods developed by Hoppel et al.
(1982), the differences in mitochondrial populations have been revealed. As described in the
main introduction (section 1.2.2), there are three distinct mitochondrial populations have been
described (Figure. 1.3); the subsarcolemmal (SSM), located directly beneath the sarcolemma;
the interfibrillar (IFM), located between the myofibrils; and the perinuclear mitochondria (PNM),
located adjacent to the nucleus (Hoppel et al., 1982; Palmer et al., 1977). It is proposed that
the mitochondrial subtypes have differing functions. The IFM function as the main producer of
ATP, in active contact with the myofibrils and sarcoplasmic reticulum (SR) (Kuznetsov et al.,
2009). It is thought that the SSM are involved in ion homeostasis or signalling pathways (Riva
et al., 2005) Lastly, due to a close proximity to the nucleus, the PNM is thought to participate
in nuclear transcription and translocation (Palmer et al., 1986), although exacts role have yet
to be described. This suggests that the location of the mitochondrial population strongly
determines its role in supplying ATP for the cardiomyocyte, and thus the impact on structural
damage would vary. This tight arrangement allows adult cardiomyocytes to finely regulate

contraction.
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The concept of separate mitochondrial populations has recently been challenged with 3-D
electron microscopy methods revealing that mitochondria form a continuous network
throughout the cardiomyocyte; although this does not necessarily negate the idea that different
spatially organised mitochondria play differing roles within the cell (Hendgen-Cotta et al.,
2018). Interestingly, these structural and localised differences dictate differences between the

function of the mitochondrial subpopulations (Kuznetsov et al., 2009).

In monkey myocardial cells, PNM were found to be predominantly spherical in shape with
lengths ranging from 0.8 to 1.4 ym (Shimada et al., 1984), containing well-developed cristae
and little matrix area. Additionally, in the cat myocardium, the IFM have been identified as
elongated in shape, occupying space between the Z-lines (Fawcett and Mcnutt, 1969). In their
study, Fawcett and Mcnutt (1969) showed one mitochondrion per sarcomere, at a length of
1.5-2.0 ym, featuring similar curved cristae as the IFM type. Lastly, SSM have a more variable
length (0.4-3.0 uym) with tightly-packed cristae (Shimada et al., 1984). It is thought that this
network allows the mitochondria to dynamically communicate across the cell, synchronising

behaviour and crosstalk between SSM and IFM populations (Zhou and O'rourke, 2012).

3.1.2 Mitochondrial dysmorphology is a feature of heart failure

Mechanical dysfunction of the myocardium in heart failure (HF) results in the inability to
sufficiently supply oxygenated blood to the body. In HF, there are multiple studies showing
that the mitochondrial network is compromised. Due to the integral role of mitochondria for
supplying the hearts’ continuous energy demands, preserving mitochondrial function is
integral to protecting cardiac function, as reviewed in (Daghistani et al., 2019). For example,
(Rosca and Hoppel, 2010) reported that the inner membrane appeared disordered and ATP
production impaired. Additionally, mmall fragmented mitochondria have been shown to be a

hallmark feature of HF and the diabetic myocardium (Chen et al., 2011).

Additionally, there is evidence to indicate that the mitochondrial subtypes are differentially
affected in T2DM. For example, Ritov et al. (2005) firstly demonstrated mitochondrial

dysfunction in the skeletal muscle of diabetic volunteers compared to healthy controls. In
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particular, the SSM electron transport chain activity was significantly lower than the IFM
fractions. Furthermore, there was a depletion in the number of SSM, further corroborating the
importance of SSM in signal transduction and substrate transport. Studies of a db/db heart
mouse model revealed mitochondrial damage, including changes in size, decreased
respiration rates, changes in electron transport chain activity, impaired ATP synthase function
and changes in membrane potential in the SSM subpopulation (Dabkowski et al., 2009).
Interestingly, TIDM and T2DM diabetes influence mitochondrial subpopulations differently,
with the IFM more impacted in TIDM (Dabkowski et al., 2009). In another study of the diabetic
heart, (Dabkowski et al., 2010) mitochondrial dysfunction was identified as a feature linked to
the spatially distinct subsets of mitochondria. The authors measured oxidative damage,
mitochondrial morphology and proteomic composition in db/db mouse hearts (Dabkowski et
al., 2009). Results showed that SSM from diabetic hearts displayed greater dysfunctional
profiles compared to IFM, due to altered structure, function and proteomic composition.
Furthermore, the SSM appeared to display decreased ETC Complex I, lll, IV activity,
accompanied by a decrease in ATP synthase activity (Dabkowski et al., 2009). Overall, these
results suggest that SSM are more sensitive to glucose homeostasis and are impacted more

in T2DM.

However, an important factor to consider is that in the structural studies mentioned above,
transmission electron microscopy of thin sections, of 200-300 nm thick, were imaged. This
inevitably results in a small fraction of mitochondrion captured for imaging, since mitochondria
feature a 1um thick diameter. Thus, the mitochondrial structure and dimensions will be

influenced by this orientation.

3.1.3 Mitochondrial ultrastructural Analysis using electron microscopy

First used approximately 75 years ago, transmission electron microscopy (TEM) provided
novel insights into mitochondrial morphology and function (Claude and Fullam, 1945). In TEM,
a high energy bean of electrons is focussed through the specimen, and the interaction between

electron and atom forms a two-dimensional image, enabling the observation of mitochondrial
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features such as shape and size as well as cristae organisation and protein organisation within

the mitochondria.

Although TEM has provided valuable visual information for advancing the understanding of
mitochondria structure, it has been realised that it is important to understand the three-
dimensional (3D) properties of mitochondria and other biological features. Consequently, a
number of 3D EM techniques have been developed to study the 3-D ultrastructure of biological
specimens. Here we employed serial block face (SBF-SEM) to investigate the 3D structure of

the mitochondria in the wild-type and GENA348 myocardium.

SBF-SEM is a relatively novel technique developed by Denk and Horstmann (2004). Denk and
Horstmann (2004) required a method to reconstruct 3D tissue at a resolution for studies of
neuronal networks. Modifying a scanning electron microscope, they built in a custom-designed
microtome. In brief, the sample is chemically fixed and mounted on a pin within the
microscope, the top surface of the block is scanned/imaged and then the microtome removes
a thin slice (e.g. 50 nm thick), the slice is discarded, and the newly exposed block face is
scanned. This is an iterative procedure leading to the collection of serial images that are in
register (i.e. there is no need to align the images) — for a summary figure see Figure 3.1. Our
group have used this method to reconstruct the t-tubular network of ovine cardiac tissue (Pinali
and Kitmitto, 2014) as well as the intercalated disc (Pinali et al., 2015). In addition, SBF-SEM
has been used to segment myofibrils, mitochondria and nuclei within single adult cardiac cells
(Hussain et al., 2018). Here, the authors used automatic segmentation, providing information

about mitochondrial clustering and volumes (Hussain et al., 2018).

However, while TEM generates 2D images with attainable resolutions at < 1 nm that are much
higher than SBF-SEM, SBF-SEM is able to generate 3-D data. For an overview of different
EM modalities and application to mitochondrial ultrastructure see the recent review by

(Daghistani et al., 2019).

125



C Serial Block-Face Scanning Electron Microscopy(SBFSEM)

SEM

. - beam
diamond knife

sample Q l \

cutting » imaging

cycle

serial images

Figure 3.1 lllustration of an SBF-SEM (Yang et al., 2018).

(a) and (b) illustrate a commercially available SBF-SEM. (c) lllustrates the principle of the
technique for the collection of serial images through a sample that are in register.

3.1.4 Aim of study

To investigate putative remodelling of the GENA348 cardiac mitochondria compared to WT,

we will use SBF-SEM to collect serial images and process the data. The study aims are:

1) Manually segment mitochondrial populations (SSM, IFM, PNM) using IMOD to determine

the volume and surface area of individual mitochondria.

2) Determine differences between morphological parameters of SSM, IFM and PNM in WT

cells.

3) Investigate mitochondrial volume and surface area changes of each mitochondrial

population in GENA348 compared to controls.

4) Investigate changes to cardiac mitochondrial density and distribution in GENA348 mice

compared to WT.
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3.2 Methods

3.2.1 Specimen preparation for 3-view electron microscopy

At the conclusion of the 24 weeks, three GENA348 mice and three control mice were given a
lethal injection of isoflurane and then decapitated. After immediate removal of the heart, 1 — 2
mm?3 of LV was immersed in 4% formaldehyde, 2.5% glutaraldehyde and 0.1 M HEPES and
incubated for 24 hours at 4°C. The specimens were washed five times (3 min per wash) with
diluted HEPES (20 ml HEPES + 20 ml water) prior to post-fixing at room temperature for 1 h
with 4% osmium tetroxide and 3% potassium ferrocyanide in 0.2 M cacodylate and 4 mM
calcium chloride buffer. This was followed by five 3-min washes with ddH20O before 20 mins
incubation in filtered thiocarbohydrazide solution at room temperature. An additional cycle of
five ddH20 washes was then followed by incubation at room temperature in 2% osmium
tetroxide in ddH20 for 30 min. The buffer was then removed, and the specimens were washed
five times prior to incubation in 1% w/v uranyl acetate at 4°C overnight. The next day, a lead
aspartate solution was prepared by adding lead nitrate (0.066 g) to 0.03 M aspartic acid
solutions (0.3 to 10 ml) and adjusting the pH to 5.5 with 1 N potassium hydroxide and was
placed in an oven for 30 min at 60°C. The specimens were subjected to five further washes
with ddH:0, followed by incubation at 60°C for 30 mins in the lead aspartate solution. The
samples were washed five times with ddH20 prior to dehydration by 10 min in ice-cold 20%,
50%, 70%, 90% and 100% ethanol before final 10 min incubation at room temperature in
acetone. This procedure was repeated once prior to 2 h incubation in 25% resin/acetone
followed by 2 h incubation in 50% resin/acetone and 24 h incubation in 75% resin/acetone.
On the next day, the specimens were placed in 100% resin for 2 hours, during which time the
resin was changed three times. The specimens were then embedded in resin and incubated
for 48 h at 60°C. A glass knife was then used to trim the blocks to ~1mm?® and expose tissue

on four sides prior to mounting on a metal pin and coating with a thin layer of gold for imaging.
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3.2.2 Serial block face scanning SEM

SBF-SEM was used as previously described (Daghistani et al., 2019). Tissue blocks from the
peri-infarct, remote, and control myocardium were prepared and three-dimensional (3D) data
stacks were collected using FEI Quanta 250 FEG SEM fitted with a Gatan 3View system. FEI
Quanta 250 FEG SEM equipped with a Gatan 3View ultramicrotome was used at 3.8 kV
operating voltage under a 0.3-0.5 torr vacuum to image the samples. Serial images were
collected at different magnifications, leading to voxel sizes ranging from 5.4 to 13.5 nm per
pixel in the X-Y plane with the cutting depth along the Z-axis fixed at 50 nm. Images were
obtained via an automated procedure in which 50 nm sections were sequentially cut in situ by
a diamond knife and the freshly exposed face was imaged to generate an image stack with X-

, Y- and Z-plane voxel sizes of 15, 15 and 50 nm/pixel, respectively.

3.2.3 Image analysis and mitochondrial segmentation

Image processing (IMOD) (Kremer et al., 1996) was applied to a sample of 1000 images
(equivalent to 5 um in the Z-direction) in order to segment the mitochondrial network. Firstly,
the 3 different populations of mitochondria, SSM, IFM and PNM, were defined, as described
in section 3.1.1. Then, individual mitochondria were segmented using closed contours.
Approximately 90 mitochondria of each type i.e. SSM, IFM and PNM in a minimum of 3

different cardiomyocytes per dataset were sampled.

3.2.4 Mitochondrial density

A stereological approach was used to allow sampling of three portions through each dataset
(images 10-950 from a stack of 1000 images) using the stereological tool function in ImageJ.
The Cavalieri method of point-counting (Roberts et al., 1993) was used to estimate the volume
of the serial images occupied by cardiomyocytes and the mitochondria within the
cardiomyocytes. Two grids were overlaid onto the datasets for counting features as shown in

Figure 3.2.
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Figure 3.2 Calculation of the mitochondrial density.

The three areas in (Left image) sampled through the stack are indicated by the dashed white
boxes numbered 1, 2 and 3. The green and red crosses are the two overlaid grid matrices.
Image J generates area information between points on each grid: red 13.368 x 10° and green:
2.674 x 10° nm?. Scale bar = 10 um. The area in the black box has been magnified 3.4 times
to show a clearer image of the grids. The points falling within a cardiomyocyte but not
mitochondria within the red mesh are circled (these would be counted for calculating the
volume occupied by cardiomyocytes within the tissue) and the points in the green matrix falling
on mitochondria are circled; these would be counted as mitochondria within cardiomyocytes).

As shown in Figure 3.2, portions of the serial images were sampled in the X-Y plane firstly
from the upper left-hand side (through images 10-310), upper right-hand side (330-630
images) and lower middle portion (650 — 950) as shown in Figure 3.2 (areas labelled 1, 2 and
3). To avoid sampling the same mitochondria points in both meshes were only recorded every
20 slices (Z-cut depth 50 nm). The number of points in each area that fell on a mitochondrion
from the grid shown in green were counted every 20" image. Similarly, points in the red grid
falling on any part of a cardiomyocyte (other than mitochondria) were counted. Points falling
outside the boundaries of a cardiomyocytes e.g. extracellular matrix, fibroblasts, blood vessels

were not counted.
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For each portion, the number of points counted for each grid was tallied and the following
equation used to calculate the percentage of the cardiomyocytes volume occupied by
mitochondria:

total no. of points (mitochondria) x green grid area x (no. of slices x 50 nm) 100
X

total no. of points (cardiomyocyte) x red grid area x (no. of slices x 50 nm)

Therefore, for each dataset three density values were calculated, the mean + SD was then
calculated for each dataset. The overall mean for each experimental group was then
calculated and an unpaired student’s t-test (two-tailed) was used to determine a difference

between mitochondrial density in the WT myocardium compared to the GENA348.

3.2.5 Data and statistical analysis

After defining the different subtypes of mitochondria according to their spatial location, SSM,
IFM, PNM approximately 90 of each subtype, SSM, IFM and PNM (objects) were segmented
using the IMOD software (Kremer et al., 1996) from each dataset (WT n=3 and GENA348 n=3
animals). A minimum of 3 cells per dataset was sampled. To avoid selection bias mitochondrial
clusters were selected for each subtype Volume and surface area parameters were extracted
from the segmented (3-D) mitochondria. Within each experimental group each subtype of
mitochondria was tested for inter-animal variance using a one-way ANOVA,; datasets
exhibiting no significant difference were then combined to calculate a mean value + SEM (n=3
per experimental group) for each mitochondrial subtype (SSM, IFM and PNM). A similar
approach was taken for analysing the surface area: volume ratio (SA/Vol) for each
mitochondrial subtype. Due to the inter-animal variability in the GENA348 datasets we
employed a two-way ANOVA with Sidak’s multiple comparisons across rows and columns to
compare the mitochondrial subtype morphometric parameters. All data were analyzed using

GraphPad Prism software (version 8.0; GraphPad Software Inc., La Jolla, CA).
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3.3 Results

3.3.1 Three spatial populations of mitochondria were defined in WT

DCM is associated with mitochondrial dysfunction; to understand how changes to the
mitochondrial ultrastructure impact diabetes, SBF-SEM was used to examine the differing
populations. Firstly, examination of healthy mitochondrial morphology in control tissue from
the heart apex was completed. The definition of each mitochondrial subpopulation is described
in section 3.1.1. SSM are mitochondria in direct contact with the sarcolemma; PNM

mitochondria are in direct contact with the nucleus while IFM are surrounded by myofibrils.

Figure 3.3 Selection and segmentation of different WT spatial populations of
mitochondria with SBF-SEM.

Taken from tissue in apex of the heart (WT mouse). (A) Portion of a serial image taken from
an SBF-SEM data stack; red arrows highlight SSM, green arrows indicate IFM. BV=blood
vessel. (B) Area of a serial image showing a cardiomyocyte nucleus (N) with blue arrows
highlighting PNM. The dashed green lines indicate how IFM form rows of mitochondria. Scale
bar =5 pm

Using a general qualitative assessment of the mitochondria in control myocardium, we
identified ordered IFM organised into elongated strands amongst myofibrils (Figure 3.3, green
lines). These strands of IFM generally appeared to have a thickness of 1 or 2 mitochondria.

Furthermore, the PNM appeared smaller and rounder and formed clusters around the poles
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of the nuclei (Figure 3.3, blue arrows). Lastly, the SSM appeared as morphologically variable

in both size and shape (Figure 3.3, red arrows).

To further illustrate the differing mitochondrial populations, 3D reconstructions were produced
from manual segmentation of cardiac tissue in control mice. This highlights the polar nature of
the PNM clusters (Figure 3.4A) and clustering of SSM seen at the edge of the sarcolemma
(Figure 3.4B). This further shows how IFM strands organise into discrete, parallel strands

(Figure 3.4C).

Perinuclear mitochondria (PNM)

:
sarcolemma

1Kt iy

Subsarcolemmal mitochondria (SSM) Interﬂbnllar mitochondria (IFM)

Figure 3.4 3D reconstruction selection and segmentation of different spatial
populations of mitochondria.

Taken from tissue in apex of the heart (WT mouse). (A) 3-D Segmentation of part of a nucleus
(light blue isosurafce) and PNMs from two-viewpoints either directly in contact with the nuclear
envelope of directly juxtaposed (mitochondria are displayed in a range of colours). (B) A cluster
of segmented SSM directly adjacent or touching the sarcolemma (pink isosurface) (C)
Examples of segmented rows IFMs. Scale bar = 2 ym

3.3.2 WT mice have smaller cardiac PNM compared to SSM and IFM

To measure volume changes of mitochondrial special populations between control animals, a
one-way ANOVA analysis was used (section 3.2.5). There were no inter-animal differences

for each mitochondrial subtype (SSM, IFM, PNM) volume in each of the control animals
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(P values, 0.6276, 0.1167, 0.1878, respectively) or surface area (SA). The raw data for each

mitochondrial subset is shown in Figure 3.5.
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Figure 3.5 Raw data for morphological parameters of each subtype of WT mitochondria

Data from tissue taken from the apex of 6-month-old WT mice. There is no significant
difference in the mitochondrial subtype volume (mm?) and surface area between animals.

Therefore, a mean value for both the volume and surface area of SSM, IFM and PNM was
calculated for WT mice as 7.23 + 0.31 x108 (SSM); 7.29 + 0.59 x108 (IFM) and 3.70 + 0.34
x108 (PNM) nm3. As shown in Figure 3.7A and Figure 3.7B, a comparison of the volume and
SA between the three mitochondrial subtypes revealed that there is no difference in either
parameter between SSM and IFM, whereas the PNM are smaller than both SSM and IFM. A
similar profile was observed for the surface area of each subtype (Figure 3.7); 4.72 £ 0.31

x107 (SSM); 4.54 + 0.23 x107 (IFM); 2.92 + 0.31 x107 (PNM) nm?.
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Figure 3.6 PNM have a larger surface area: volume ratio than IFM or SSM in WT mice

(A) Raw data showing spread of data for each sample. (B) SA/Vol properties for each
mitochondrial subtype. Mean data + SEM presented. Data were analysed using a one-way
ANOVA (with Tukey’s multiple comparison test) for each mitochondrial subtype from n=3
animals. ** P<0.001; *** P<0.0001.
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Figure 3.7 Comparison of cardiac mitochondria morphometric parameters in WT mice

(A) Comparison of the volumes indicate that PNM are smaller than that of SSM or IFM. SSM
and IFM have a similar volume (B) The surface area of the PNM is smaller than SSM or IFM.
The surface area of SSM and IFM are similar. Mean data + SEM presented. Data were
analysed using a one-way ANOVA (with Tukey’s multiple comparison test) for each
mitochondrial subtype from n=3 animals *** P<0.0001.

Interestingly, a comparison of the SA/volume ratio for each mitochondrial subtype revealed
that PNM had a larger ratio (Figure 3.7; Figure 3.7), which we suggest may be linked to the
spatial relationship with the nucleus. A comparison of the mean values for SA/Vol for each
subtype indicates that the SA/Vol for PNM is 1.24 x greater than SSM and 1.35 x greater than

IFM.
3.3.3 GENA348 mice exhibit more variability in mitochondrial size

Using the same approach, we segmented similar numbers of SSM, IFM and PNM in the SBF-
SEM datasets from the aged-matched GENA348 mice from tissue also sampled from the
apex. However, a comparison within subtypes found a significant variation between each
animal (Figure 3.8). Therefore, for each animal we separately compared the surface area and
volume of the SSM, IFM and PNM. As shown in Figure 3.8, unlike for WT cardiac mitochondria,
the GENA348 showed a progressive decrease in size SSM > IFM > PNM, a pattern that was

consistent for all three animals studied.
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A similar analyses for the surface area: volume ratio showed a similar profile to the WT with
PNM being larger; however, if the data is pooled then there is no longer a difference between
the subgroups although there is a trend for SSM<PNM and IFM<PNM (P=0.0832 and

P=0.0976, respectively).
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Figure 3.8 Morphological parameters of each subset of mitochondria in tissue taken
from the apex of 6-month-old GENA348 mice. A one-way anova (with comparisons of the
means) showed a variability between each of the mitochondrial subtypes for each animal. *
P< 0.05; ** P< 0.01*** P<0.001; **** P<0.0001.

3.3.4 SSMare larger in the GENA348 compared to WT mitochondria

Upon inspection of the SSM they appeared to be larger and more irregularly shaped compared
to the WT SSM (Figure 3.12A/B). As shown in Figure 3.9, the GENA348 SSM are
approximately up to 2x larger than WT SSM larger; mean WT volume 7.23 + 0.31 x 108 nm?®
compared to GENA348 volume 14.23 + 0.60 x 108 nm3; n=3 per experimental group. In

keeping with a larger volume, a comparison of the mean surface area for each experimental
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group showed an increase of 1.7 in the GENA348 SSM. However, there was no change to the

overall surface area: volume ratio (Figure 3.10).
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Figure 3.9 Comparison of the morphometric parameters of each subtype of cardiac

mitochondria in each GENA348 mice.

There is a general trend in mitochondrial size SSM>IFM>PNM Mean data + SEM presented.
Data were analysed using a one-way ANOVA (with Tukey’s multiple comparison test) for each
mitochondrial subtype. Due to the intra-animal variation each mitochondrial subtype has been
analysed for each animal. * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001. Note for Gena-3
there was not a significant difference between the SSM and IFM but the IFM volume was
smaller P = 0.0797.
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There is also an increase to the sizes of the IFM and PNM although not to the same extent as
the SSM (Figure 3.10). Observations of the SBF-SEM datasets found that IFM were still

organised in rows within the cardiomyocytes although there appeared to be more clustering.
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Figure 3.10 A comparison of the surface area: volume of the subtypes of cardiac
mitochondria in tissue taken for the apex of GENA348 mice at 6 months of age.

Data analysed using a one-way ANOVA (with Tukey’s multiple comparison test) for each
mitochondrial subtype from n=3 animals. (*** P<0.001; **** P<0.0001). Increased
mitochondrial density in the GENA348 myocardium

Citrate synthase activity was increased in the GENA348 hearts compared to the WT
counterparts (Chapter 2, Figure. 2.6), which is indicative of increased mitochondrial content.
Qualitative assessment of the EM datasets indicated that there were often large areas of
mitochondrial clustering in the GENA348 myocardium compared to WT (Figure 3.12A).
Further, the number of mitochondria at the poles of the nuclei also appeared large in the
GENA348 samples compared to WT. Therefore, we next investigated the mitochondrial
density. We therefore next applied a stereological method (as described in section 3.2.4) to

the SBF-SEM datasets, to quantify the mitochondrial density in each dataset.

Employing this approach, we determined that WT mitochondria occupy 36.8 + 2.7% relative
to the cardiomyocyte volume. In comparison, a larger percentage of the cardiomyocyte is
occupied by mitochondria in the GENA348 left ventricle, 57.6 £ 7.5% of a cell (Figure 3.12B);

P=0.0298.
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Figure 3.11 (A) Increased mitochondrial density in GENA348 myocardium compared to WT
Portion of a serial image from a WT SBF-SEM showing a typical organisation of the
mitochondrai (B) Serial image from a GENA348 SBF-SEM dataset showing large clusters of
mitochondria (indicated by *). Scale bar = 5 ym (C) Qualitative analysis of mitochondrial
density using a stereological approach sampling 1-999 images per SBF-SEM data set (n=3
per group) using a two-tailed unpaired student t-test (* P < 0.05)

3.3.5 GENA348 SSM are more irregular in shape and larger than WT SSM

A comparison of each of the mitochondrial subtypes between control and GENA348 revealed
a significant increase in the mean mitochondrial volume (Figure 3.12C) and mean
mitochondrial surface area (Figure 3.12D) of the SSM in the GENA348 myocardium,

compared to controls as shown in Figure 3.12 (see Table 1).
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Figure 3.12 GENA348 SSM are more irregular in shape and larger than WT SSM

(A) and (B) 3-D reconstruction of a cluster of GENA348 SSM, arrows indicate tubular
projections. Sarcolemma is depicted in dark pink (scale bar = 2um). (C, D, E) A comparison
of the morphometric parameters of the average values for each animal using a two-way
ANOVA for multiple comparisons between rows indicated that the SSM volume and surface
area are larger in the GENA348 heart with a reduction to the SA/Vol ratio. Data presented as
mean = SEM; **** P< 0.0001.

Due to the variability between the morphological parameters for the GENA348 datasets we
employed a two-way ANOVA for the analysis. However, a student t-test (two-tailed) of the

means of the surface area also showed a significant difference P=0.0478.

Overall comparison of the total mitochondrial networks (IFM and PNM) between control and

GENA348 revealed a slight significant increase in mitochondrial volume and surface area
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between control and GENA438 as shown in Figure 3.13A, B, D, E; a comparison of the mean
values indicated an increase to GENA348 IFM Vol and SA as 1.34x and 1.20x respectively.
Similarly, a comparison of the mean values for the PNM Vol and SA indicated the GENA348
PNM were approximately 1.26x and 1.22x larger when compared to those in WT. However,

there was no difference in the overall SA/Vol ratio for both IFM and PNM subsets (Figure

3.13C and F).
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Figure 3.13 IFM and PNM volume: surface area comparison between WT and GENA348

(A, B, C) A comparison of the morphometric parameters of the average values for each animal
using a two-way ANOVA for multiple comparisons between rows indicated that the IFM volume
and surface area are not significantly different in the GENA348 heart regarding the SA/Vol
ratio. (D, E, F) A comparison of the morphometric parameters of the average values for each
animal using a two-way ANOVA for multiple comparisons between rows indicated that the
PNM volume and surface area are not significantly different in the GENA348 heart regarding
the SA/Vol ratio. Data presented as mean = SEM; **** P< 0.0001
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Interestingly, the GENA348 cardiac IFMs were often observed to have small
projections/tubules extending from one end. Figure 3.14 shows a 3-D segmentation of a

cluster of IFMs with the arrows highlighting projections.

Figure 3.14 GENA348 cardiac IFM projections and tubules.

GENA348 cardiac IFMs commonly were observed to have small projections/tubules extending
from one. Image shows 3-D segmentation (displayed as contours) of a cluster of IFMs with
the arrows highlighting projections protruding from one end of a mitochondrion. Scale bar =
1pm

3.3.6 Mitochondrial nanotunnels

We occasionally observed mitochondrial nanotunnels within the WT mitochondrial population;
however, in comparison they appeared to be much more common within PNM of the GENA348
(Figure 3.15). Mitochondrial nanotunnels are evolutionarily conserved structures identified in
prokaryotic and eukaryotic cell types, thought to facilitate communication with nonadjacent
mitochondrion (Huang et al., 2013). In Figure 3.15, we observe the formation of nanotunnels

between PNM in the GENA348 myocardium.
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Figure 3.15 Nanotunnels form between perinuclear mitochondria in the GENA348
myocardium (A)An example image showing PNM taken from an SBF-SEM dataset. This
image shows no connections between mitochondria (although it should be noted that
nanotunnels were occasionally identified in WT PNM populations). B) Portion of a serial image
showing a mitochondrion (indicated by asterisk) adjacent to the nucleus (N) with a small
projection extending from one end (indicated by the arrow) (C) Several images further into the
SBF-SEM stack shows another mitochondrion (asterisk) with a projection extending from one
end (white arrow). (D) Segmentation of the two mitochondria in A and B show that the
projections connect forming a tunnel between the two mitochondria forming a ‘dumbbell’ shape
structure (green isosurface). The nuclear envelope is shown as dashed contours (purple).
Portions of each mitochondria and ‘nanotunnel’ are in direct contact with the nucleus. (E)
Three different views of the nanotunnel showing that it has a ‘kinked’ structure and is
approximately 1 um in length. Scale bar =1 um
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3.4 Discussion

These studies investigated mitochondrial ultrastructure and organisation in the heart and how
they are altered in the GENA348 diabetic mouse using SBF-SEM. The main findings of this
chapter were that: (1) in the WT heart, SSM are a similar size to IFM but PNM are smaller
than both; (2) furthermore, the SA/Vol ratio of the PNM is greater compared to either SSM or
IFM; (3) despite the variability between GENA348 animals there is a common pattern with a
size difference between each mitochondrial subtype, SSM>IFM>PNM; (4) as in WT
cardiomyocytes, the PNM have a larger SA/vol compared to SSM and IFM. These novel
findings demonstrate the mitochondrial adaptation to diabetic insult on the heart and further
support the molecular alterations seen in Chapter 2, suggesting an increase in mitochondrial

fusion in the GENA348 model.

We were particularly interested in comparing WT with GENA348 as an indicator of
mitochondrial changes resultant of MODY2 diabetes. When comparing WT and GENA348,
mitochondrial subtypes were larger in the GENA348 myocardium, with SSM exhibiting the
largest increase. This supports earlier biochemical data showing an increase in fusion
proteins, particularly Mfn1/2. As Mfn1/Mfn2 are fusion proteins, we postulate that this increase
in protein expression was associated with an increase in mitochondrial size. It should be noted
that there was inter-animal variation within the diabetic group in particular the SSM likely due

to the irregular shapes.

Ultrastructural studies have been used to investigate the function of Mfn2 and the differences
in mitochondrial subpopulations (Hall et al., 2016a). Hall et al. (2016b) demonstrated that
Mfn1/2 deficient mouse hearts displayed small fragmented IFM. In this study, the authors
ablated both cardiac-specific Mfn1/2 in mice to investigate the role of mitochondrial fusion
proteins as factors that influence morphological changes. Then, mitochondrial size, respiratory
function and contractile function were measured to evaluate changes in response to acute
ischemia/reperfusion. Interestingly, the disrupted interactions between the mitochondria and
sarcoplasmic reticulum in knockout mice reduced mitochondrial Ca?* overload, attenuating
oxidative stress and contributing to this cardioprotective phenotype (Hall et al., 2016b). The
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inhibition of mitochondrial fission has been shown to protect the heart against acute
ischemia/reperfusion (I/R) injury (Hall et al., 2016a). This is corroborated by studies that have
shown similar results in Mfn2 ablated MEF cells, supporting the role of Mfn2 in mitochondrial
fusion (De Brito and Scorrano, 2008). In contrast to Mfnl, Mfn2 has been shown as a
multifunctional protein involved in multiple signalling pathways, beyond the regulation of
mitochondrial shape (De Brito and Scorrano, 2008). Other studies have revealed the loss of
Mfn2 in cardiomyocytes results in an enlarged mitochondria phenotype (Papanicolaou et al.,
2011). Papanicolaou et al. (2011) showed cardiac myocyte mitochondria lacking Mfn2
exhibited some myocyte hypertrophy accompanied by mild deterioration of left ventricular

function.

Another comparison to note between GENA348 and WT was an increase in mitochondrial
density in the GENA348 heart, compared to WT. Previously reported increases in citrate
synthase, TFAM and PGC1-a gene expression (Chapter 2) in the GENA348 myocardium
support this, suggestive of increases in the mitochondrial biogenesis pathways. However,
given that the functional and proteomics data in the previous Chapter indicated the presence
mitochondrial dysfunction this increased number of mitochondria may also indicate that it is
the result of the accumulation of damaged mitochondria, with pathways working to try and

replace them.

3.4.1 Increased mitochondrial size in the GENA348 heart

In the WT myocardium the PNM are smaller than SSM and IFM but have a larger SA/Vol. This
may suggest better diffusional properties that are important for mitochondria in direct contact
or juxtaposed to the nuclear envelope for both efficiency of substrate uptake and ATP
production. Lukyanenko et al. (2009) reported PNM to be smaller than IFM were in size and
possessed a more rounded shape in cardiac cells. The differences in matrix electron density
and internal membrane extension between PNM and IFM have been suggested to reflect
differences in functional activity between the two types of mitochondria (Hackenbrock, 1968).

In fact, this rounded shape and location are thought to favour ATP generation that drives
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mitochondrial metabolism close to the nucleus. The spatial location of a given mitochondrion
reflects the processes in which it supplies ATP, possibly explaining the differences in locality
and volume between the types of mitochondria. The locality of the PNM may also mediate
calcium handling processes, although this has yet to be tested and was beyond the scope of

this thesis.

The increase in mitochondrial size of the GENA348 mitochondria is in keeping with the
biochemical data, showing an increase in fusion proteins consistent with larger mitochondria.
Generally, smaller fragmented mitochondria have been reported in numerous pathologies (as
reviewed by Daghistani et al., 2018). Although based on a different diabetic model, (Sano et
al., 2010) reported giant mitochondria in alloxan-induced diabetic rats. Alloxan accumulates in
B-cells of the pancreas and breaks down DNA strands, destroying insulin-producing pancreatic
cells. Using immunohistochemical analysis of prohibitin, the authors reported the presence of
huge structures surrounded by a double membrane containing many irregular cristae. In
general, significant increases in mitochondrial size may be attributed to growth of individual
organelles or fusion of abutting mitochondria. An alternative suggestion is that extra-large
mitochondria may be destroyed by autophagy, followed by the synthesis of new large
mitochondria (Hoppel et al., 2009). For future studies it would be useful to measure levels of
autophagy. One factor may be that many of these reports have used 2-D images rather than
3-D; depending upon the orientation of the mitochondria within the tissue and the cut angle of
the section data, 2-D images may be misleading. Due to the resolution limitation of SBF-SEM
(~ 10-11 nm in the X-Y plane and 50 nm in the Z-plane) it was not possible to examine the

cristae structures in these samples.

Here, we show that mitochondria are enlarged in the GENA348, suggestive of a correlation
with the earlier fusion data. However, the biochemical and functional data in Chapter 2 as
discussed suggest that these larger mitochondria are dysfunctional and thus, raise the
guestion as to whether targeting fusion is beneficial in disease conditions. Here we show that
cardiac mitochondrial dysfunction is a characteristic of the GENA348 mouse. In the previous

chapter, we determined an imbalance between fission and fusion, impaired mitophagy and
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compromised motility. We also reported impaired OXPHOS in GENA348 mice suggesting
defects in cardiomyocyte contractility and metabolism, with physiological assessments

indicating the development of cardiac hypertrophy.

3.4.2 SSM are more enlarged than the IFM and PNM

Our data indicate that SSM are more enlarged than the IFM and PNM. SSM are in contact
with the sarcolemma, possibly making them more vulnerable to oxidative stress. In a recent
study, Lai et al investigated the susceptibility of heart SSM and IFM to cardiomyopathy (Lai et
al., 2020). To this aim, a rat model of non-obese T2DM was used to compare heart
mitochondrial energy metabolism and enzyme activities of the ETC between the two
subpopulations. The study showed that SSM and IFM respiration rates were similar, with
similar citrate synthase activity levels. Together this shows that the sarcolemmal location of
the SSM type possibly impacts changes in mitochondrial ultrastructure in diabetes.
Furthermore, it has been suggested that IFM predominantly deliver ATP for muscle
contraction, whereas ATP derived from SSM is used for maintenance of basic cell function
(Schwarzer et al., 2013). Heyne et al. (2020) further reported a decrease in mitochondrial
respiration in IFM and an increase in SSM, postulating that this increased SSM activity may

be seen as a compensatory adaptation to meet ATP demand.

Furthermore, other cardiomyopathy studies in models without insulin resistance reported
dominant dysfunction of IFM, compared to SSM; of note is that the GENA348 mice are not
insulin resistant. In the hamster heart, Hoppel et al. (1982) reported that the oxidative defect
is confined to the IFM, whilst the SSM were normal. Similarly, Dabkowski et al. (2009) reported
spatially distinct mitochondrial populations in TAIDM mouse. Using Swiss-Webster mice, the
authors measured ETC respiration, finding that the decrease was greater in IFM, suggesting
that diabetes places a greater strain on the diabetic IFM than SMM populations. Furthermore,
in skeletal muscle, Lai et al. (2017) reported that SSM are more affected than IFM in a model
of insulin resistance. The decreased SA/Vol of the GENA348 SSM compared to the WT would
also be consistent with compromised function (Chapter 2 — 2.3.5). A reduced surface area

may lead to impaired substrate diffusion and consequently, reduced ATP production. In the
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future, it may be useful to measure and compare ATP levels between the experimental models
It would also be informative to fractionate the different mitochondrial subtypes and determine

if functionally they are differentially affected in the GENA348 myocardium.

3.4.3 Increased mitochondrial density supports increased mitochondrial

biogenesis in the GENA348 myocardium

Citrate synthase, TFAM and PGC1-a are shown to be increased in Chapter 2 in the GENA348
myocardium, suggesting an increase in mitochondrial biogenesis and content. Other studies
have reported increased mitochondrial numbers in the diabetic heart, suggesting increase in
mitochondrial biogenesis (Shen et al., 2004). It was suggested that this increased number
compensates for impaired mitochondrial function by increasing mitochondrial number. In
keeping with the biochemical data, we show here that there is a significant increase in
mitochondrial density in the GENA348 myocardium. Our mitochondrial density measurements
using the SBF-SEM images within the WT cardiomyocytes is in keeping with previous studies
(using different approaches) estimating that mitochondria occupy between 25-30% of the cell
volume (Barth et al., 1992; Schaper et al., 1985), and thus provides support for the
methodology applied here as well as confidence for the increased density identified in the
GENA348 heart. Studies investigating mitochondrial biogenesis have suggested that the
attenuation of mitochondrial dysfunction during the development of diabetic cardiomyopathy
occurs through the increase of mitochondrial turnover (Tong et al., 2019). The increased
mitochondrial density in the GENA348 cardiomyocytes could be a compensatory effect for the
failing functional capacity of the existing mitochondria. In skeletal muscle, the impact of a short-

term HFD on mitochondrial function and dynamics was investigated (Leduc - Gaudet et al.,

2018). Using measures of fission/fusion proteins, the authors showed that short-term HFD
results in an increased capacity of skeletal muscle mitochondria to oxidize fatty acids, without
altering ROS production. Similarly, (Heyne et al., 2020) reported that HFD causes skeletal
muscle mitochondrial dysfunction comparable to HF, building on previous findings that HFD
increase mitochondrial density (Devarshi et al., 2017). Their study also showed that HFD

decreased maximal mitochondrial respiration of IFM in skeletal muscle, whereas maximal
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mitochondrial respiration of SSM increased, further perpetuating the differential activity of the

two subpopulations.

With an increase in mitochondrial fusion, it would be expected that there would be a decrease
in mitochondrial number; however, this may be offset by an upregulation in PGC-1a and TFAM
transcripts, suggesting an increase in biogenesis. Although, it may also indicate that there is
an accumulation of damaged mitochondria due to impaired mitophagy. Notably PINK1 and
Parkin, mediators of mitophagy are down regulated in the GENA348 heart. Analysis of other
markers of mitophagy such as LC3, NIX and Bnip3 (Ding and Yin, 2012) would be helpful in
future studies to determine if there was a correlation between the increased numbers of

mitochondria and dysregulated mitophagy

The observation of mitochondrial clustering may also be linked to the report in Chapter 2 of
reduced expression of Mirol. Mirol is an important protein that, when inhibited, perturbs
mitochondrial motility, disturbs pancreatic $-cell function and interferes with insulin releases
(Chen et al., 2017). In Chapter 2, both western blot data and gPCR show a decrease in Mirol
expression. Furthermore, down-regulation of Mirol may impede the movement of
mitochondria through the cardiomyocyte, contributing to disorganisation of the mitochondria
within cardiomyocytes, further impairing function. Here, we observe increased mitochondrial
density, which would be consistent with reduced motility leading to accumulation of

mitochondria.

3.4.4 PNM nanotunnels, an adaptation to diabetic stress

While we occasionally identified PNM nanotunnels in micrographs of the WT heart samples,
they appeared to be a more common occurrence in the GENA348 datasets. Mitochondrial
nanotunnels are evolutionarily conserved structures identified in prokaryotic and eukaryotic
cell types. In the heart, TEM and confocal microscopy have reported mitochondria extensions
as able to facilitate communications with nonadjacent mitochondrion (Huang et al., 2013). The
identification of small tubule like projections from the IFM and the formation of nanotunnels

between PNM in the GENA348 may indicate an increased need for communicating between
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the mitochondria due to the associated diabetic stress. Again, increased expression of fusion
proteins data in Chapter 2 may also promote the formation of contacts between neighbouring

mitochondria by the formation of nanotunnels.

Nanotunnels have also been proposed to be a result of impaired fission-fusion. Incomplete
mitochondrial fission of mitochondrial tubules has been shown to generate anatomically similar
structures to nanotunnels (Vincent et al., 2017). Therefore, the presence of more mitochondrial
nanotunnels in the GENA348 mice hearts may also be another indication of an adaptation or

remodelling in response to the diabetic stress.

3.5 Conclusion

In conclusion, this chapter demonstrates changes in mitochondrial ultrastructure and
organisation in the GENA348 diabetic mouse heart using SBF-SEM with results consistent
with the biochemical data in Chapter 2. Specifically, we identified SSM to be more susceptible
to diabetic insult with IFM and PNM less impacted. We also noted changes to the ultrastructure
through the presence of nanotunnels, increased mitochondrial density and clustering. These
alterations may be in response to the increasing needs of the heart due to mitochondrial
dysfunction. These findings support the previous increases in fusion protein expression,
suggesting a possible adaptive mechanism in response to diabetic stimuli. However,
collectively our results indicate that although increased fusion may initially be a
cardioprotective mechanism in response to hyperglycaemia that in the longer-term the balance
can tip towards being pathological due to the complex interplay between compensatory
mechanisms and impaired mitophagy for the removal of damaged mitochondria. Further work
is required to elucidate whether these changes are cardioprotective or maladaptive and so
whether targeting fusion is an appropriate therapeutic strategy in the setting of hyperglycaemia
in the absence of insulin resistance. The following chapter will investigate the effects of
introducing a further stress, a Western high fat diet, to the GENA#48 mice that already are

hyperglycaemic.
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Chapter 4 The effect of a high fat diet on GENA348 cardiac phenotype

4.1 Introduction

This chapter investigated the effects of a high fat diet (HFD) upon the cardiac and
mitochondrial function of the GENA348 mouse model. Obesity is widely known to significantly
increase the risk of T2DM. MODY2 patients appear asymptomatic with no real impact on diet
or lifestyle, and diagnosis is usually incidental, despite being hyperglycaemic (Giuffrida and
Reis, 2005). However, under conditions of stress, including pregnancy or obesity, MODY2
patients require medication and monitoring. As discussed in the main introduction, the
GENA348 mouse represents a viable animal model that can be manipulated to investigate the
MODY2 phenotype including cardiovascular function. Thus, in this chapter, diet-induced
obesity is studied to understand the effect on the heart. Although a growing global heath
epidemic, the impact of obesity on MODY?2 is yet to be explored in relation to cardiac and
mitochondrial function. There may be additional pathogenic consequences that obesity

exasperates in MODY2 patients.

4.1.1 Obesity and diabetes

Maturity onset diabetes of the young (MODY) accounts for 1-2% of diabetes diagnosis, with
glucokinase (GCK)-MODY (MODY2) accounting for 10-60% of all MODY cases (Bishay and
Greenfield, 2016). MODY?2 is characterised by its high penetrance, early onset, and lifelong
fasting hyperglycaemia. Although generally asymptomatic, MODY2 can result in clinical
implications within pregnancy, impacting birth weight due to maternal hyperglycaemia
(Hattersley et al., 1998). The identification and management of pregnancies, featuring
maternal or paternal MODY has not been well evaluated, and is frequently misidentified as
T2DM. There is a strong association between maternal obesity and gestational diabetes
(Farren et al., 2015). Interestingly, the removal of dysfunctional mitochondria via mitophagy
(Eiyama and Okamoto, 2015) has been identified as an important process that counteracts

the pathogenic processes in diabetes and is an important factor to consider in research.
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4.1.2 Animal Models of Obesity

Animal models are invaluable for acquiring basic knowledge about diabetes. High-fat diet
(HFD) mice are regularly used as a model to study obesity and diabetes. In addition to diet-
induced, chemically induced mice, genetically modified and surgical models of obesity are
used to understand the pathways that lead to diabetes. In this chapter, the GENA348 (HFD)
mouse will be investigated for a potentially greater, more severe cardiac phenotype compared
to wild type. It is known that obesity detrimentally impacts mitochondrial function, leading to
cardiomyopathies, however, the role of the glucokinase gene in this pathway yet to be

investigated.

Amongst those most frequently used, genetically obese models of diabetes include ob/ob and
db/db mice, whereby similarities to the human condition are reported. For example, in both
ob/ob and db/db mice, severe diastolic dysfunction and cardiac failure has been reported
(Semeniuk et al., 2002), similar to the profile of human diabetic patients. The ob/ob and db/db
mice are deficient in leptin, a protein that regulates hunger through the control of appetite
(Wang et al.,, 2014). Thus, obesity is induced through severe hyperphagia, eventually
developing some diabetic characteristics. Leptin deficient animal models also include the
Zucker fatty rat and Zucker diabetic fatty (ZDF) rat. Leptin-related rodent models display early-
onset obesity, recognisable at 4 weeks of age (Della-Fera et al., 2005), suggesting a severe
response to the lack of leptin. Although a useful tool, leptin administration can correct diabetic
manifestation in ob/ob mice (Pelleymounter et al., 1995), implying a challenge for studies
investigating T2DM. In humans, T2DM is linked to obesity, rather than leptin deficiency,
indicating a difference in disease manifestation. Thus, data from genetically modified mouse

models should be compared with clinical incidences sparingly.

For Zuker fatty rats and ZDF rats (fa/fa), severe obesity is recorded at 5 weeks, maintained
for at least 6 months (Wang et al., 2014). The male ZDF rat (fa/fa) was derived from inbreeding
of hyperglycaemic Zucker obese rats, characterised by a leptin receptor mutation (Schmidt et
al., 2003). Zuker fatty rats present normal or mild hyperglycaemia, however, ZDF male rats

are severely hyperglycaemic with normal characterisation in females (Wang et al., 2014). It is
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important to note, however, that these sex differences do not exist in diabetic characteristics

in humans.

In addition to the genetically induced obesity animal models mentioned above, experimentally
induced obesity models such as the streptozotocin (STZ) rat. Streptozotocin is a B-cytotoxic
drug that destructs the pancreatic g cells (Barragan-Bonilla et al., 2019; Portha et al., 1974).
This results in a decrease in insulin circulation, increased blood glucose and the onset of
diabetic symptoms. To induce severe diabetes, STZ is administered at 40-50 mg/kg body
weight in adulthood, with blood glucose reflecting high levels after 3 days (Damasceno et al.,
2014). This animal model is widely used due to its ease and extensive characterisation. In
STZ-induced models, a number of cardiac abnormalities have been reported in literature
including a diastolic and systolic dysfunction (Nemoto et al., 2006); an increase in inflammation
(Becher et al., 2013); and a decrease in mitochondrial function . Furthermore, STZ-induced
hyperglycaemia treated with insulin has resulted in the reversal of the diabetic cardiac

phenotype (Tomita et al., 1996), suggesting the STZ rat model as a viable model for diabetes.

A number of studies have reported a failure in identifying cardiac pathologies after HFD
feeding (Brainard et al., 2013a). This suggests a possibility for long-term experiments to result
in compensation within the heart, possibly suggesting the change in the homeostatic
properties within the heart. In this study, GENA348 mice were feeding HFD for three months.
It would be interesting to compare a range of time durations, from a few weeks to a few months,
in order to determine the validity of this suggestion. To assess cardiac pathologies, an
echocardiography is a useful tool in research to identify morphometric hypertrophy and to
provide information on cardiac function. Finally, heart failure with preserved ejection fraction

(HF-PEF) is also a key aspect of consideration in diabetic heart failure (Desai and Fang, 2008).
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4.1.3 Aim of study

To test this hypothesis the following aims were investigated:

1) Investigate how mitochondrial function is impacted as a result of HF feeding in both

GENA348 and WT groups.

2) To investigate HFD effect upon mitochondrial protein expression, with ingenuity pathway

analysis (IPA) to map the pathways that have been impacted.

3) To determine if there is evidence of inflammation under HFD condition in the wild type and

GENAZ348 cardiac mitochondria.
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4.2 Methods

GENA348 mice and aged matched WT mice were maintained on normal chow (composed of
SDS) until they reached 3 months of age at which point a high fat diet was introduced (50%
fat, 20% carbohydrate and 20% protein), for a further 3 months until the animals reached 6
months of age. Therefore, there were 4 experimental groups WT (chow); WT (HFD); GENA348

(chow) and GENA348 (HFD).

The methods described in Section 2.2 for biochemical analysis and mitochondrial function was
carried out in the previous experimental group. However, it was not possible to directly
compare the ECHO cardiac function between the GENA348 and GENA348-HFD mice as the

data for the GENA348 mice was collected using different equipment.
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4.3 Results

4.3.1 HFD significantly increased body weight and lung weight in both
GENA348 and WT mice

A high fat diet led to increased heart weight in WT-HFD compared to controls (164.9 mg +
3.564; P<0.0001; Figure. 4.1A) but in the GENA348-HFD mice, there was no change in heart
weight (Figure. 4.1A). The high fat diet led to an increased body weight of WT-HFD and
GENA348-HFD 47.45 g + 1.287 (P<0.0001; Figure. 4.1B) and 48.98 g + 1.225 (P=0.0041,;
Figure. 4.1B), respectively. There was no significant difference in the heart weight (HW): tibia
length (TL) ratio in WT-HFD and GENA348-HFD mice compared to their control (Figure.
4.1C); a measure of cardiac hypertrophy. However, a high fat diet led to increase the lung
weight in GENA348-HFD 185.3 mg + 7.174 (P=0.0319; Figure. 4.1D) indicative of pulmonary
congestion but with no effect on WT-HFD group. Surprisingly, high fat feeding in the WT group
and GENA348-HFD did not lead to any increase in fasting blood glucose (Figure. 4.1E) but
both showed a significant increase in recorded of insulin levels (4.140 ug/L + 0.1587;
P<0.0001; Figure. 4.1F) and (3.900 £ 0.1233 P<0.0001; Figure. 4.1F), respectively (Figure.

4.1F).
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Figure 4.1 Effect of HFD on blood glucose, heart weight and body weight in WT and
GENA348 mice.

(A) There was a significant increase in heart weight of WT-HFD (n=16) compared to WT (n=21)
with no change in GENA348-HFD (n=15) compared to GENA348 (n=19). (B) There was a
significant increase in the body weight of WT-HFD and GENA348-HFD compared to controls.
(C) The ratio of HW: TL ratio showed no change in all mice group. (D) There was no change
in lung weight in WT-HFD compared to control, whilst there was a significant increase in lung
weight of GENA348-HFD compared to GENA348 mice. (E) There was no change in blood
glucose levels of all experimental groups. (F) There was a significant increase in the insulin
profile of WT-HFD (n=5) compared to WT (n=5) and an increase in GENA348-HFD (n=5)
compared to GENA348 (n=6). Data is represented as the mean +/- SEM*p < 0.05 **p < 0.01
and ****p < 0.0001.
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4.3.2 HFDresults in increased citrate synthase activity in WT-HFD and
GENA348-HFD myocardium

Citrate synthase activity in WT-HFD measured at a 1.6-fold increase compared to controls (P=
0.0405; Figure. 4.2). Similarly, in GENA348-HFD there was a significant 1.5-fold increase in
citrate synthase activity compared to GENA348 mice (P= 0.0427; Figure. 4.2). Therefore, a
common effect of HFD in both groups is in increased citrate synthase activity suggesting an

increase in mitochondrial content.
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Figure 4.2 WT-HFD and GENA348-HFD myocardium exhibit an upregulation in citrate
synthase activity.

Citrate synthase activity was measured as a marker of mitochondrial content revealing a
significant increase in WT-HFD (n=3) compared to WT (n=3) and significant increase in
GENA348-HFD (n=3) compared to GENA348 (n=3). Data is represented as mean +/- SEM *p
<0.05.

4.3.3 Increased oxygen consumption in WT-HFD and GENA348-HFD

myocardium

As described in Chapter 2 we measured oxygen consumption of isolated mitochondrial
fractions using a fibre optic monitoring system (Instech). We observed a linear profile in
isolated mitochondria from WT-HFD mouse ventricles, taking approximately seven minutes to
drop and plateau (Figure. 4.3A, green). Similarly, mitochondria from GENA348-HFD rapidly
consumed Oz and plateaued after five minutes (Figure. 4.3A, red). In order to compare oxygen
consumption, the gradient between gradient between 13-9% O2 consumption was calculated
in each condition. Subsequently, this value was corrected to correlate with citrate synthase

levels (Spinazzi et al., 2012) to reflect the increase in mitochondrial content.
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Figure 4.3 Increased oxygen consumption rate in WT-HFD and GENA348-HFD
myocardium.

(A) There was a significant increase of oxygen consumption rate in WT-HFD (n=4) compared
to WT (n=4). In contrast, there was a significant decrease in GENA348-HFD (n=4) compared
to GENA348 (n=4) mice. (B) Representative plot showing the OCR in WT-HFD and GENA348-
HFD mice after correction for citrate synthase. Data represented as mean +/- SEM ***p <

0.007and *p < 0.0103

The measured change of OCR in WT-HFD mice may be a result of increased oxygen
consumption in high fat conditions, in comparison to WT-chow (Figure 4.3B). In isolated

mitochondria in WT-HFD mice, OCR was 3-fold greater than controls (P=0.0002; Figure.
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4.3B). A 6-fold increase in the mitochondrial oxygen consumption rate of GENA348-HFD was
measured, compared to GENA348 (P<0.0001). These results may be indicative of difunctional
mitochondria in GENA348 mice and obesity. As hypothesised, this evidences the negative

effects of high fat diet and diabetes on mitochondrial function.

4.3.4 Mitochondrial complex activity dysfunction in WT-HFD and GENA348-
HFD

In order to further assess the activity of mitochondrial complexes, isolated mitochondria from
each experimental group were investigated using an enzymatic assay. The activity of Complex
I, IV and V were found to be significantly decreased; 0.6, 0.4, 0.7-fold respectively (P<0.0001)
in WT-HFD, compared to WT (Figure. 4.4). Although not as stark, there was a significant 0.1-
fold decrease of Complex Il activity in WT-HFD compared to the control group (P=0.0132;
Figure. 4.4). Similarly, Complex I, IV and V activity were significantly decreased by 0.6, 0.9,
0.6-fold espectively (P<0.0001) in GENA348-HFD compared to GENA348. Complex Il activity
was also significantly decreased 0.2-fold in WT-HFD compared to the control group
(P=0.0072; Figure. 4.4). Mitochondrial complex results were corrected to correlate with citrate
synthase data. Overall, this biochemical and functional analysis indicates that HFD causes
impairment to OXPHOS and consequently ATP generation, particularly impacting Complex |,
IV and V; a feature common to both the WT and GENA348 myocardium. Therefore,
biochemical and functional analyses suggest that the HFD feeding results in OXPHOS

impairment and consequently impacts ATP production.
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Figure 4.4 Mitochondrial dysfunction in WT-HFD and GENA348-HFD myocardium.

Function of isolated mitochondria from WT (n=5), WT-HFD (n=5), GENA348 (n=5) and
GENA348-HFD (n=5) were examined using enzymatic assay. The activity of isolated
mitochondria showed significant decrease in WT-HFD and GENA348 in comparison to their
control group particularly Complex I, 1l, IV and V. Data represented as mean +/- SEM *p < 0.05
and ****p < 0.0001.

4.3.5 Quantitative mass spectrometry analysis of Isolated mitochondria

reveals change in mitochondrial pathways

To develop a broader understanding of how mitochondria are dysregulated under the impact
of a HFD, we used quantitative proteomics (Chapter 2) of isolated mitochondria in WT (n=5)
and WT-HFD (n=5) mice (Methods, 2.2.11). In parallel, this comparative method was
replicated in GENA348 (n=5) and GENA348-HFD (n=5) mice, further enabling the comparison

of HFD on WT and GENA348 mice.

1136 proteins were identified in both WT and WT-HFD groups, with a total of 116 proteins that

were up- or down-regulated in the WT-HFD mitochondria compared to WT (Figure. 4.5A). Of
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the 116 proteins that were included, 60 proteins were downregulated (52%) and 56 proteins
(49%) were upregulated (Figure. 4.5A). The Ingenuity Pathway Analysis (IPA) revealed an
overall downregulation of proteins in WT-HFD compared to WT, suggesting widespread
changes to a number of pathways regulating mitochondrial function. In correlation with the
decrease in Complex activity and change to Oz consumption rate, our proteomics revealed
widespread changes to the pathways linked with mitochondrial protein degradation, apoptosis
and biosynthesis. (Table 4.1) lists a number of proteins whereby a change in protein
expression was identified. The majority of proteins identified were downregulated, particularly

proteins with roles in motility, oxidative stress and the mitochondrial complex proteins.

Superoxide dismutase 2 (SOD?2) is frequently used as a marker of oxidative stress, with the
overexpression of cardiac SOD2 preventing mitochondria from undergoing oxidative stress
(Kang et al., 2015). Interestingly, here, we recorded a 1.8-fold decrease in the expression of
SOD in WT-HFD mice, compared to WT controls (Table 4.1), suggesting the progression of
heart failure. Similarly, we recorded a 6.2-fold decrease in the protein expression of
mitochondrial encoded ATP synthase membrane subunit 6 (ATP6), a Complex V-related
protein (Table 4.1. ATP6 mutations are known to result in a substantially lowered capacity for
ATP production (JeSina et al.,, 2004; Nijtmans et al., 2001). The magnitude of the
downregulation of this protein in the WT-HFD suggests that mitochondrial dysfunction may

result from an impact of Complex V as a result of altered ATP production capability.

Other proteins impacted by the HFD condition were proteins involved in fatty acid metabolism.
Some of these proteins were upregulated, whilst others were downregulated. For example,
pyruvate dehydrogenase kinase 4 (PDK4) was upregulated in WT-HFD mice by 11.3-fold, a
marker of increased fatty acid oxidation (Pettersen et al., 2019). PDK4 has been suggested to
be a sensitive marker of increased mitochondrial fatty acid oxidation, indicating a metabolic
shift from glucose to fatty acids for energy fuel (Pettersen et al., 2019), similar to that which
would be expected in a HFD. In contrast, glutathione peroxidase 4 (GPX4) was downregulated
in WT-HFD mice by 1.6-fold. GPX4 is a protein known for its role in protecting cells from iron-

dependent necrosis, ferroptosis (Stockwell et al., 2017). Ferroptosis has been reported as
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implicated in cardiac diseases and the downregulation of GPX4 during myocardial infarction
is linked to eventual heart failure (Park et al., 2019). Again, this suggests that HFD conditions
result in impacted protein expression levels of key players responsible for maintaining healthy

cellular processes.
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Figure 4.5 Mass spectrometry analysis of WT-HFD mice in comparison to WT.

(A) Pie chart illustrating the 1136 proteins identified, approximately 10% of the mitochondrial
proteome were altered, with the majority down regulated. (B) STRING Network analysis
presents significantly altered protein networks (p<0.05). (C) Ingenuity Pathway Analysis (IPA)
revealed eight protein network pathways that are significantly altered, organised by P-value
(x-axis). Each bar represents the percentage of proteins in each pathway (x-axis) that are up-
regulated (red) or down-regulated (green). The total number of proteins within each pathway
can be read from the right-hand Y axis.
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Table 4.1 Mitochondrial dysfunction pathway protein expression changes from
guantitative MS in wild type-HFD mice

Role Protein Accession Number Peptide Unlq_ue P Value Fold
count peptide Change
Complex | NDUFA4 NDUA4 MOUSE 9 9 0.0292 1.6
Complex Il COX15 COX15 _MOUSE 6 5 0.0300 1.8
ATP5L ATP5L_MOUSE 7 6 0.0245 1.4
Complex V
ATP6 AOAOF6PZ10_MOUSE 3 2 0.0160 6.2
Oxidative | g45p5 SODM_MOUSE 5 5 0.0008 | 1.8
Stress -
APOE APOE_MOUSE 6 4 0.0002 3
CBR4 CBR4_MOUSE 6 4 0.0336 1.4
CPT1A CPT1A_MOUSE 15 9 0.0451 1.6
GPX4 Q3TI34_MOUSE 6 5 0.0221 1.6
Fatty Acid - [=REEET HMGCL_MOUSE 2 3 0.0375 15
metabolism —
PCCB AOPJE6_MOUSE 7 6 0.0404 1.5
PDK4 PDK4_MOUSE 2 2 0.0069 11.3
UCP1 UCP1_MOUSE 7 5 0.0198 3.1
UCP3 B2RTM2_MOUSE 4 3 0.0474 1.7
Motility MIRO1 MIRO1_MOUSE 9 3 0.0251 1.8

Note. Fold change in red- increase, fold change in blue- decrease

In the GENA348 vs GENA348-HFD investigation, 1134 proteins were identified in each group

and 203 proteins were either up or down regulated in the GENA348-HFD mitochondria

compared to in the GENA348 (Figure. 4.6A). A significantly number of proteins were

upregulated 177 proteins (87%), whilst 26 proteins (13%) were downregulated (Figure. 4.6A).
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Ingenuity Pathway Analysis revealed an overall increase of protein expression identified in
GENA348-HFD compared to GENA348, suggesting widespread changes to a number of
pathways regulating mitochondrial function in HFD conditions (Table 4.2). An in-depth analysis
of the proteomics revealed changes in proteins involved in oxidative stress, decreased

Complex Il activity and fatty acid metabolism.

The pathway with the greatest number of proteins identified was the cardiac hypertrophy
signalling and phospholipase C signalling pathways (Figure 4.6C). The cardiac hypertrophy
pathway has 29 proteins that were modified, of which, the majority were upregulated. Two G-
protein subunits were identified as upregulated; GNAS (G-protein a-subunit) and GNB2 (G
Protein Subunit B 2) were measured at 2.1-fold and 1.8-fold upregulated, respectively. The G-
protein signalling pathway is involved in interacting with stimulated adrenoceptors and
angiotensin Il receptors that initiate intracellular signalling cascades, controlling cardiovascular
pathways (Farfel et al., 1999; Frey et al., 2008). Through the identification of single-nucleotide
polymorphisms, Wieneke et al. (2016) showed that the GNAS gene was associated with an
increased risk of heart disease. Furthermore, a GNB2 gene mutation has been linked to sinus
node dysfunction (SND) and atrioventricular block (AVB) (Stallmeyer et al., 2017). Using
genome analysis mapping, the authors mapped the disease locus to the GNB2 gene,
suggesting that its dysregulation is a factor for heart failure. On the other hand, our results
showed apoptosis-inducing factor mitochondrion-associated 1 (AIFM1) downregulated by 2.3-
fold (Table 4.2). Normally, AIFM1 is found tethered to the IMM and is involved in ATP
production (Susin et al., 1999). Mutations in AIFM1 has been reported to be involved in
mitochondrial diseases, thus, result in metabolic defects and severe myopathy (Wischhof et
al., 2018). In one study, the targeted deletion of AIFM1 has been shown to be protective
against obesity and diabetes (Pospisilik et al., 2007). The authors ablated muscle- and liver-
specific AIFM1 to further investigate the link between mitochondrial OXPHOS and insulin
resistance. Results showed that ablated mice had patterns of OXPHOS deficiency, increased
insulin sensitivity and reduced fat mass (Pospisilik et al., 2007), evidencing the importance of

AIFM1 function in the progression of heart failure.
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All identified proteins related to oxidative stress were upregulated (Table 4.2), including
catalase, which increased activity 3.2-fold in GENA348-HFD mice compared to GENA348
controls. Catalase is an important protein that is present in cardiac mitochondria and protects
insulin-producing cells from ROS oxidative injury. It has been reported that its overexpression
of catalase can protect against cell death and mitigates the impact of inflammation (Gurgul et
al., 2004). As mentioned above, Complex lI-related proteins were observed to have resulted
in down-regulation in GENA348-HFD mice. Both succinate dehydrogenase A and C
(SDHA/SDHC) proteins were downregulated in GENA348-HFD mice by 1.3-fold and 1.5-fold,
respectively (Table 4.2). Inherited SDHA gene defects are a known cause of mitochondrial
disease, leading to cardiomyopathy (Alston et al., 2012). Complex Il is involved in both the
Krebs cycle and the respiratory chain, suggesting that impaired function would result in a

magnified impact on mitochondrial function.
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Figure 4.6 Mass spectrometry analysis of GENA348-HFD protein compared to

GENA348.

(A) Charttoillustrate 1134 proteins identified. 18% of the mitochondrial proteome were altered,
with the majority of proteins downregulated (87%). (B) STRING Network analysis highlights
significantly altered proteins networks (p<0.05). (C) Ingenuity Pathway Analysis reveals 17
significantly altered protein pathways organised by P value (top x-axis). The bars detail the
percentage of proteins within each pathway (bottom x-axis) that are upregulated (red) or
downregulated (green), The total number of proteins within each pathway is listed on the right-

hand y-axis.
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Table 4.2 Mitochondrial dysfunction pathway protein expression changes from

guantitative MS in GENA348 mice vs GENA348-HFD.

: . Peptide | Unique Fold
Role Protein Accession Numb count peptide P Value Change
Complex Il SDHA SDHA_MOUSE 42 35 0.0386 1.3
catalase Q3TVvZ1_MOUSE 17 6 0.0015 3.2
ALDH5A1 SSDH_MOUSE 6 5 0.0106 15
Oxidative ACOX3 ACOX3_MOUSE 5 3 0.0095 2.9
Stress -
prohibitin-2 PHB2_MOUSE 17 14 0.0353 15
CAT CATB_MOUSE 4 4 0.0089 1.7
ACAAl SYTL4 _MOUSE 6 2 0.0236 1.9
ACAA2 TIMBA_MOUSE 3 3 0.0027 1.8
ACSL1 ETFA_MOUSE 21 17 0.0138 15
ACSL1 ACSL1_MOUSE 54 36 0.0139 1.6
Fatty Acid
Metabolism
ACSL5 ACSL5_MOUSE 6 2 0.0032 3.42
CPT2 CPT1A_MOUSE 15 9 0.0024 1.8
CPT1A ITPR1_MOUSE 15 4 0.0020 1.9
CPT1B NOMO1_MOUSE 5 4 0.0314 1.3
GNAS STOM_MOUSE 6 3 0.0017 2.1
GNB2 ACADV_MOUSE 53 44 0.0199 1.8
Cardiac
Hypertrophy Calm1 MORC1_MOUSE 6 2 0.0249 1.9
Signalling
Myl10 PHB2_MOUSE 17 14 0.0353 1.5
Aifm1 MYL9_MOUSE 8 2 0.0477 2.3

Note. Fold change in red- increase, fold change in blue- decrease

169




Regarding mitochondrial proteins with a role in regulating dynamics, no change was recorded
to levels of Mfn1, Mfn2, Opal or the receptors for Drpl Fisl and MiD49 in both WT-HFD or
GENA348-HFD conditions. As previously mentioned, Drpl was not detected, possibly due to
its solubility and the mitochondrial isolation process. Interestingly, Mirol (Rhotl) was
significantly downregulated in the WT-HFD mouse mitochondria by 1.8-fold (p=0.0251) (Table
4.1), whilst no change was recorded in GENA348-HFD mice. It appears that Mirol is impacted
in GENA348, however, this downregulation disappears in HFD feeding conditions. Further
analysis of the data revealed no change to the abundance of Trakl, Trak2, Kif5b, dynein light
chain 2 and Kif5A. This data indicated that the HFD impacts proteins involved in motility in WT
mice, however, the diabetes GENA348 model appears to have protected Mirol from this

change.

4.3.6 HFD impacts fusion and fission proteins in WT-HFD and GENA348-HFD

myocardium

To investigate changes in expression levels of fusion and fission proteins in WT-HFD and
GENA348-HFD myocardium, ventricular tissue was lysed for Western blot. There was no
difference in expression of Mfnl in the GENA348-HFD compared to the GENA348 mice
(Figure. 5). There were also no identified changes of Mfn1 protein expression in WT-HFD and
WT-GENA348, consistent with MS data. In contrast, there was a 1.4-fold increase in Mfn2
(P=0.0364) in the WT-HFD myocardium compared to controls and no change in Mfn2 levels
in GENA348-HFD compared to GENA348 (Figure. 4.7). For both the inner membrane fusion
protein Opal and the fission protein Drpl, there was no changes to their expression when
comparing HFD to WT controls (Figure. 4.7). Therefore, whilst Mfn1, Mfn2 and Opal proteins
were elevated in the GENA348 compared to WT controls (Chapter 2, Figure. 2.10), HFD did

not yield the same changes in expression of fusion-fission proteins.

As previously stated, MS results differed with Western blotting protein expression levels of
Mfn2 in WT-HFD, whereas Mfn1/Opal results were the same and Drpl was undetected. This

data suggests that HFD has not led to other changes to expression levels of fission-fusion
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proteins. In contrast, high fat feeding of the WT mice led to an increase in Mfn2 protein

expression (Figure. 4.7).
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Figure 4.7 WT-HFD myocardium exhibits significant upregulation of Mfn2 protein
expression.

Western blot analysis of LV from control (n=5) and WT-HFD (n=5) revealed a significant
increase in WT-HFD in comparison to WT, whilst no change was recorded in protein
expression of Mfn1, Opal or Drpl in WT-HFD or GENA348-HFD (n=13). Data represented as
mean +/- SEM *p < 0.05.

Similarly, there was no difference in Mirol expression in GENA348-HFD compared to
GENA348 mice (Figure. 4.8). In contrast, Mirol protein expression was significant 0.4-fold
downregulation in GENA348 compared to WT (Chapter 2, Figure. 2. 11) this is in agreement

with MS data (Table 2.9).
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Figure 4.8 Mirol level in GENA348-HFD myocardium.

Western blot analysis of LV revealed no change in Mirol expression in GENA348-HFD
compared to GENA348 (n=5) mice. Data represented as mean +/- SEM *p < 0.05.

Further analysis of proteins regulating mitochondrial mitophagy, namely PINK1 and Parkin,
also had no change in protein expression between the WT and WT-HFD or GENA348 and
GENA348-HFD (Figure. 4.9). In comparison, while there was no change to PINK1 protein
expression, Parkin was significantly downregulated in GENA34 compared to WT showed
(Chapter 2, Figure. 2.12). This suggests that a HFD does not exasperate mitochondrial
degradation pathways, whilst it appears that in the diabetes model of GENA348, there is an
impact in this pathway.
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Figure 4.9 PINK1 and Parkin protein expression in WT, WT-HFD, GENA348 and
GENA348-HFD myocardium.

Western blot analysis of LV revealed no change in the experimental group. Data are
represented as mean +/- SEM.
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4.3.7 Protein transcript levels of mitochondrial dynamics proteins in HFD

myocardium

To correlate changes of protein expression of with gene transcript levels, gPCR was run. There
was a 2.4-fold increase in Mfnl expression in WT-HFD compared to WT (P=0.0005: Figure.
4.10). This disagrees with protein expression data and MS whereby no change in expression
levels was recorded (Figure. 4.7). This could be to do with the sensitivity in the different
methods used. Similarly, a 1.3-fold increase was found for Mfn2 mRNA in WT-HFD compared
to WT (p=0.0051). This data is in agreement with protein expression (Figure. 4.7) but differs
from MS results. There was also a 2.8-fold increase of Opal mRNA in WT-HFD compared to
WT (p=0.0017), again differing with western blot data. Lastly, no change was previously
recorded in Drpl protein levels (Figure. 4.7), gene expression levels (Figure. 4.10), or MS
results. Although there was a difference in GENA348 compared to WT controls, consistently,
there was no change in gene expression of any fission-fusion protein in GENA348-HFD,

compared to controls.
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Figure 4.10 Upregulation in fusion transcript expression in WT-HFD Myocardium.

Mfnl, Mfn2 and Opal transcript level were assessed using gPCR and revealed a significant
increase in the transcript level in WT-HFD (n=6) compared to WT (n=6) myocardium with no
significant difference in transcript level of Drpl. There was no change in the fusion or fission
gene expression in GENA34-HFD. Data represented as mean +/- SEM **p < 0.01 and ***p <
0.001.

For both PINK1 and Parkin gene expression, there was a 0.2-fold and 0.3-fold decrease in the
WT-HFD myocardium compared to the control group (P=0.0157, P=0.0054), respectively
(Figure. 4.11). Furthermore, there was no change in gene expression of PINK1 or Parkin in
GENA348-HFD compared to GENA348 myocardium. A reduction in PINK1/Parkin in the WT
myocardium would possibly explain the increase in Mfn2, since they are involved in

ubiquitinating Mfn2 for degradation.
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Figure 4.11 Downregulation of PINK1 and Parkin gene transcript in WT-HFD
myocardium.

PINK1 and Parkin transcript level were assed using gPCR and revealed a significant decrease
in WT-HFD (n=6) compared to control (n=6) with no change in PINK1 and Parkin in GENA348-
HFD (n=6) compared to GENA348 (n=6). Data is represented as mean +/- SEM, *p < 0.05
and **p < 0.01.

4.3.8 Upregulation of mitochondrial biogenesis marker transcripts in the

WT-HFD myocardium

High fat feeding resulted in an increase of PGC-1a and TFAM transcripts in WT-HFD
compared to a control group with a 1- and 2.7-fold increase (P=0.0029 and P=0.0002),
respectively. There was no effect on GENA348-HFD; it appears the increase in GENA348 and

HFD removed this increase (Figure.4.13).
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Figure 4.12 WT-HFD myocardium exhibit upregulation in the gene expression of PGC-
1a and TFAM.
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PGC-1a and TFAM transcript level were assed using gPCR and revealed a significant
increase in WT-HFD (n=6) compared to control (n=6) with no effect on GENA348-HFD
compared to GENA348. Data represented as mean +/- SEM **p < 0.01 and ***p < 0.001.

In agreement with proteomics, there was a 0.3-fold decrease of Mirol transcript levels in WT-
HFD compared to controls (P=0.0255). Similarly, in agreement with MS data there was no
change to mRNA levels of TRAK1, KIF5A and KIF5B in WT-HFD compared to WT mice
(Figure. 4.12). There was a significant increase in the Mirol transcript level in GENA348-HFD
compared to GENA348 mice (1.7-fold, P= 0.0234), This result differs from MS and western
blot, while there was no difference in TRAK1, TRAK2, KIF5A and KIF5B (Figure. 4.12).
Transcript levels generally indicate the presence of the protein and the level that it can be
expected to be found. Thus, a highly abundant protein would have a highly expressed mRNA.
The differences here could be explained by the protein being controlled by its activation and

not on its level of gene expression.
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Figure 4.13 WT-HFD myocardium exhibit downregulation of Mirol and upregulation in
GENA348-HFD.

Mirol, TRAK1, TRAK2, KIF5A and KIF5B transcript level were assed using qPCR and
revealed a significant decrease in Mirol in WT-HFD (n=6) compared to control (n=6) with
significant increase in GENA348-HFD (n=6) compared to GENA348 (n=6) with no significant
difference in TRAK1, TRAK2, KIF5A and KIF5B in the experimental group. Data represented
as mean +/- SEM *p < 0.05.

4.3.9 Upregulation of inflammatory cytokines in high fat fed myocardium

To assess changes in inflammatory cytokines (IL-1f, IL-6 and TNF-a), gene expression levels
of cytokines were measured in control, HFD mice, GENA348 and GENA348-HFD. Gene
expression levels of IL-13 were increased by 2.3-fold in WT-HFD compared to WT, whilst no

change was measured in GENA348-HFD compared to GENA348 (Figure. 4.14). High fat
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feeding led to a 3.4-fold increase in IL-6 WT-HFD compared to control and a 2-fold increase
in GENA348-HFD compared to GENA348 (P=0.0032; Figure 4.14 and P=0.0064; Figure.
4.14), respectively. TNF-a gene expression was increased by 3.1-fold in WT-HFD (P=0.0031),

compared to WT with no change in GENA348-HFD compared to GENA348.
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Figure 4.14 Upregulation of Inflammatory cytokines in WT-HFD myocardium.

IL-1B, IL-6 and TNF-a transcript level were assed using qPCR and revealed a significant
increase in WT-HFD (n=6) compared to control (n=6) with significant increase in IL-6 in
GENA348-HFD (n=6) compared to GENA348 with no change IL-1 and TNF-a. Data
represented as mean +/- SEM **p < 0.01.
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4.4 Discussion

We previously reported changes to mitochondrial function, protein expression of mitochondrial
dynamic regulation and increased levels of inflammatory cytokines in the GENA348
myocardium, a mouse model for MODY2 diabetes (Chapter 2). A major cause for diabetes is
obesity, thus, to further elucidate the impact of obesity on mitochondrial homeostasis and
cardiac function, we investigated the same physiological parameters, proteomics, cellular
function and levels of inflammatory markers, as that described in Chapter 2, in high fat fed

mice in both the WT and GENA348.

The key findings of a HFD on the background of WT mice compared to normal chow include:
(1) A significantly larger heart weight, body weight and lung weight in HFD mice compared to
WT,; (2) Clear evidence of increased oxygen consumption rates, although Complex activity in
HFD conditions appears significantly reduced; (3) Some change in expression of proteins
involved in mitochondrial fission-fusion, particularly in Mfn2 and Mirol; (4) Lastly, all
inflammatory cytokines were significantly upregulated in WT-HFD. We then compared a HFD
on the background of GENA348 compared to normal chow. The key findings include: (1) While
the GENA348-HFD has significantly larger body weight and lung weight compared to
GENA348, there was no change to heart weight or the HW:TL ratio; (2) Clear evidence of
reduced OXPHOS activity and changes to oxygen consumption through diminished Complex
activity in HDF conditions; (3) Lastly, only the IL-6 inflammatory cytokine was significantly

upregulated in GENA348-HFD, whilst IL-18 and TNF-a remain unchanged.

4.4.1 High fat fed mice have impaired cardiac function

To study the impact of cardiac function in high-fat fed conditions, we measured a number of
physiological factors (Figure. 4.1), citrate synthase activity (Figure. 4.2), oxygen consumption
rate (Figure. 4.3) and run proteomics to determine changes in mitochondrial function that may
lead to heart failure (Figure. 4.5). These physiological measurements were heart weight, body
weight, HW:TL and lung weight. These measurements were first used to quantify cardiac

hypertrophy in ageing rats (Yin et al., 1982). Tibia length is thought to stay constant after
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maturity, providing an accurate measurement for changes in heart weight in relation to tibia
length. Our results showed that heart weight was significant increase in WT-HFD mice
compared to WT, whereas this was not mirrored in GENA348-HFD mice. Furthermore, body
weight was significantly greater in both WT-HFD and GENA348-HFD compared to their
respective controls. This correlates with a number of studies that show that a HFD leads to
increased body weight, and leads to disease severity, such as diabetes (Droz et al., 2017). A
higher body weight can also impact on heart function, leading to an increased risk of heart
failure (Sardu et al., 2019). The HFD also led to an increase in lung weight in GENA348-HFD
compared to controls. For the future plan, echo data will be collected for comparison, however,

it was not possible during the timescale of this project due to issues with machinery.

As previously mentioned, changes to citrate synthase are associated with increased
mitochondrial activity. Oxygen consumption rate measurement found that GENA348-HFD
mice consumed more oxygen, compared to GENA348 mice, over time. This may suggest that
mitochondria ‘burn out’, rapidly consuming O: as a result of dysfunction mitochondrial complex
activity, impacting OXPHOS rates. We report a significant decrease in complex activity (I, 11,
IV and V) in all HFD conditions, both in WT and GENA348 (Figure. 4.4). This is corroborated
by proteomics, whereby all identified complex proteins were significantly downregulated
(Table 4.1 and Table 4.2). Chen et al. (2018) investigated the impact of a HFD on the
respiratory chain complex in rat myocardial tissue, showing dramatically reduced complex
activity and abnormal expression of genes involved in mitochondrial dynamics. The authors
also compared mitochondrial morphology in HFD mice to control groups and noticed obscured
striation, lower mitochondrial density and fewer cristae in the IMM (Chen et al., 2018). Although
mitochondrial morphology was not completed in our study, the impaired OXPHOS rates could
be a result of defected mitochondrial synthesis of fully assembled complexes, reflected by the
severe change to complex activity in HFD conditions. Due to time limitations, EM data for the

HFD group were not analysed, rather, pushed forward as a future plan.

In addition to HFD mice, reduced complex activity has been implicated in mouse models of

obesity, whereby mitochondrial dysfunction is responsible for reduced cardiac performance.
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Boudina et al. (2005) measured cardiac function, mitochondrial respiration and ATP synthesis
in ob/ob mice. The authors reported a reduction in protein expression of complex I, Il and IV,
suggesting this impairment contributes towards decreased myocardial energetics and
efficiency in obesity (Boudina et al., 2005). With support of our data, this shows that obesity
causes impairment of the mitochondrial complexes, which are crucial to the normal functioning

of the heart and impairment results in metabolic inefficiencies.

Studies have also suggested that a change in OCR in high fat-fed hearts may be explained by
mitochondrial metabolism (Murray et al., 2008). It has been reported that increased protein
levels of mitochondrial uncoupling proteins (UCP3) is associated with elevated free fatty acid
concentrations. This suggestion is supported by our proteomics data whereby UCP3 and
UCP1 were identified as proteins that were significantly upregulated in WT-HFD mice by 1.7-
and 3.1-fold, respectively (Table 4.1). Furthermore, UCP3 levels in T2DM heart of rodent
models are also reported to be elevated (Murray et al., 2008). As the final product of OXPHOS
is ATP, it would be interesting to investigate ATP content and ATP:ADP ratio in our model to
further understand the metabolic impact on mitochondria of a high fat-fed diet. OCR rates and

complex dysfunction suggests the existence of multiple pathways involved.

Obesity is a chronic hypoxic condition associated with reduced nitric oxide (NO) bioavailability
(Rajapakse et al., 2016). As mentioned earlier, biochemical studies showed catalase was
increased 3.2-fold in the GENA438-HFD mice (Table 4.2). Increased fatty acid oxidation
enhances mitochondrial H202 production, requiring an increased catalase concentration to
mitigate the excessive production (Rindler et al., 2013), suggesting that catalase protects
against damage against toxic ROS. It has also been reported that catalase can protect against
proinflammatory cytokines (Gurgul et al.,, 2004). Gurgul et al. (2004) showed that
overexpression of catalase was able to prevent the cytokine-induced inhibition of glucose
oxidation, reducing the high rate of cell death observed without catalase. In addition, a number
of cardiac hypertrophy signalling proteins were found to be upregulated in the GENA348-HFD
mice in comparison to GENA348 (Table 4.2). Interestingly, calmodulin (CALM1) was identified

as upregulated 1.9-fold. CALM1 is involved in the functioning of crucial calcium channels that
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mediate excitation contraction coupling of the human heart (Liu et al., 2015). Liu et al. (2015)
investigated 20 SNPs associated with sudden cardiac death in Chinese patients with heart
failure and coronary heart disease. Of these, DNA variants located within functional regions
of CALM1 were found linked to sudden cardiac death. In our data, we found that there was an
increase in CALM1 expression, suggesting that the HFD resulted in similar outcomes to that
of heart failure, although its exact association would require further investigation. Furthermore,
myosin light chain 10 (MYL10) was also identified as upregulated 1.5-fold in GENA348-HFD
data (Table 4.2). Again, MYL10 has been reported as associated with cardiomyopathy (Alcalai

et al., 2008).

Oxidative stress and mitochondrial dysfunction are involved in the pathogenesis of different
diseases. When the antioxidant pathways of the body become exhausted and incapable of
removing the reactive oxygen species (ROS) then oxidative stress happens. ROS can damage
cellular lipids, proteins and DNA, which in turn causes cellular dysfunction and organ damage.
Mitochondrial dysfunction, as a secondary outcome of pathophysiology of the disease, results
in increased production of ROS along with damage to cellular energy production (Stepien et
al., 2017). Dysfunction of mitochondria may result in free radical-induced oxidative damage or
damage by lethal metabolites which accumulate in different metabolic disorders (Orio et al.,
2016). Overall, this shows that obese patients are at risk of cardiac dysfunction, irrespective

of a diabetic co-morbidity.

4.4.2 Increased insulin resistance in GENA348-HFD myocardium

Insulin levels in high fat-fed mice were significantly higher, compared to controls (Figure. 4.1F).
GENA348 mice are hyperglycaemic compared to WT (Chapter 2). Here, we show that HFD
results in insulin resistance, known to be linked to cardiac dysfunction and progression to heart
failure. In the presence of prolonged excess fatty acid oxidation, mitochondrial oxidative stress
and damage leads to abnormal cardiac function (Lopaschuk et al., 2010). The role of cardiac
insulin sensitivity in obesity and the impact of excess fatty acids on cardiac function has been
much debated in literature. As mentioned, in humans, obesity has been traditionally

associated with worsened cardiac mitochondrial function (Niemann et al., 2011), however
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accumulating evidence suggests that the adaptation to fatty acid oxidation may afford the heart
some protection during heart failure, preventing the worsening of cardiac function after high
fat feeding (Stanley et al., 2012). Therefore, we suggest that perhaps a similar effect of HF

feeding of the GENA348 mice has occurred here.

Insulin is thought to impact mitochondrial function through the repression of PDK4, an inhibitor
of the pyruvate dehydrogenase complex (Kim et al., 2006). This inhibition enhances oxidative
decarboxylation of pyruvate to acetyl-coenzyme A, for use in the Krebs cycle (Kim et al., 2006).
Interestingly, we identified PDK4 as a protein that was highly significantly upregulated in WT-
HFD mice 11.3-fold, compared to chow fed WT mice (Table 4.1). Gupte et al. (2013)
investigated the impact of high-fat feeding-induced hyperinsulinemia on cardiac mitochondrial
function. After feeding with a Western HFD, mice were analysed for insulin tolerance, cardiac
function and mitochondrial content (Gupte et al., 2013). Their results showed that cardiac
glucose uptake and mitochondrial function were enhanced in response to high-fat feeding.
This study shows that hyperinsulinemia preserves mitochondrial function, presenting an
alternative theory for the differences in mitochondrial function observed in HFD conditions to
WT chow-fed mice. The obesity paradox also describes the discrepancy between OCR and
HF prognosis (Artham et al., 2007). In some cases, patients with chronic HF and obesity show
an improved survival compared to normal weight patients (Horwich et al., 2018). In fact,
recently, it was shown that weight loss was unfavourable in non-obese patients without T2DM
(Niedziela et al., 2019), suggesting that hyperglycaemia may afford some protection against
heart failure in diabetic obese patients. This appears to be an increasingly reported finding in

literature (Brainard et al., 2013b).

4.4.3 Expression of proteins involved in mitochondrial dynamics in HFD

Previously, we showed a change in fission-fusion protein expression levels (Chapter 2) in
response to GENA348. In this chapter, we investigated the same proteins in HFD conditions
using a number of experimental methods. The expression of genes involved in mitochondrial
dynamics was measured using gPCR and Western blot. Proteomic analysis was also

performed to identify the proteins affected by HFD treatment. These results could show that
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the ability to reverse the changes measured in GENA348 are not feasible, or that the impact
of fission-fusion proteins cannot deteriorate further. By comparing GENA348-chow to WT-
HFD, we can see that the fission-fusion profile appears similar in both our obesity (WT-HFD)
and diabetes (GENA348-chow) models, suggesting a common pathological development.
However, it should be noted that this profile is inconsistent in the combined diabetes-obesity

(GENA348-HFD) model. Further analysis of the data is discussed below.

4.4.3.1 Mfnl

In the Western blot results, Mfn1 did not differ in WT-HFD compared to WT and there was also
no change in GENA348-HFD compared to GENA348 (Figure 4.7). In comparison, gPCR data
showed an increase in Mfnl in WT-HFD compared to the controls, with no change in
GENA348-HFD compared to GENA348 (Figure 4.10). Western blot data was consistent with
our mass spec results. This noncorrelation between transcript and protein levels could suggest
tight post-translation regulation. Interestingly, in literature, Mfnl knockout mice have
demonstrated a preference for the use of lipids as the predominant energy source (Kulkarni
et al., 2016). Furthermore, the authors showed that mitochondrial complex | appeared more
active in these knockouts, protecting against insulin resistance. Combined with our findings,
these observations suggest that mitofusins may be important for the control of mitochondria

in both diabetes and obesity.

4.4.3.2 Mfn2

In our Western blot results, Mfn2 increased in WT-HFD compared to WT and there was no
change in GENA348-HFD compared to GENA348 (Figure 4.7). Similarly, g°PCR data showed
an increase in Mfn2 in WT-HFD compared to the controls, with no change in GENA348-HFD
compared to GENA348 (Figure 4.10). Here, Western blot data and gPCR were not consistent
with our mass spec results. Mfn2 has been associated with mitochondrial and endoplasmic
reticulum function; Mfn2 has been reported as impaired in HFD conditions (Chen et al., 2018).
Chen et al. (2018) aimed to investigate the molecular mechanism behind the association of
HFD and heart failure. To this aim, the authors used male rats and fed them with HFD for 28

weeks followed by measurements of genes involved in mitochondrial dynamics. Chen et al.
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(2008) also measured the expression of myocardial genes involved in mitochondrial dynamics
in rats fed with HFD and showed altered expression. In comparison to our data, the authors
reported a significant decrease in mitochondrial fusion proteins in the HFD group, whereas a
significant increase was reported in fusion proteins, such as Drpl (Chen et al.,, 2018).
Furthermore, in addition to abnormal mitochondrial morphology, it has been reported that Mfn2
(not Mfn1) directly interacts with perilipin 1, a lipid droplet-associated protein. In comparison
to Mfnl, our observations may suggest a more important role of Mfn2 in mitochondrial

dynamics and is particularly impacted in conditions of obesity or diabetes.

4.4.3.3 Opal

In our Western blot results, Opal has no change in WT-HFD compared to WT and no change
in GENA348-HFD compared to GENA348 (Figure 4.7). However, gPCR data showed an
increase in Opal in WT-HFD compared to the controls, with no change in GENA348-HFD
compared to GENA348 (Figure 4.10). Here, Western data was consistent with the mass spec
results, but differed from qPCR data. In the literature, Opal has been implicated in both obesity
and diabetes. Opal regulates lipolysis through translocating from the mitochondria to lipid
droplets (Rogne et al., 2018), after which it is cleaved by the protease Omal (Quirés et al.,
2012). This is in addition to mediating fusion of the IMM to complete fusion of the two smaller
mitochondria into one. In mice, a deficiency in Omal has shown to cause perturbation of the
mitochondrial fission-fusion pathway, a reduction of OXPHOS, enhancement of fatty acid
oxidation that eventually leads to obesity (Quiros et al., 2012). Similar to that reported in this
chapter, increased insulin levels have been shown to result in increased Opal (Parra et al.,
2014). Here, the authors reported that increased insulin promoted mitochondrial fusion in
cardiomyocytes, resulting in enhanced OXPHOS (Parra et al., 2014), suggesting a unique
regulating pathway between mitochondrial metabolism in obesity and diabetes. Our data
shows that insulin appears to affect mitochondrial dynamics in cardiomyocytes given that in

the WT model there was no change to glucose levels.

As described in the main introduction Opal is also thought to be involved in the stabilisation
of mitochondrial cristae, with the formation of Opal-S through cleavage of Opal-L, associated
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with mitochondrial disorganisation and cristae disarray (An et al., 2013). Furthermore,
neonatal cardiomyocytes cultured in high glucose concentrations were shown to reduce
expression of both Opal and Mfn1, associated with fragmented mitochondria (Makino et al.,
2011). Thus, it would be interesting to collect electron microscopy data of WT-HFD and
GENA348-HFD to assess if the diet is associated with mitochondrial morphology abnormalities

that may be resultant of Opal changes.

4.4.3.4 Drpl

In our Western blot results, Drpl has no change in WT-HFD compared to WT and no change
in GENA348-HFD compared to GENA348 (Figure 4.7). Similarly, gPCR data showed no
change in Drpl in WT-HFD compared to the controls, with no change in GENA348-HFD
compared to GENA348 (Figure 4.10). Here, Western data was consistent with gPCR results.
On the other hand, mass spec did not identify Drpl in its analysis which is not surprising given
that it is a soluble protein localised to the cytosol unless actively bound the mitochondrial OMM
receptors Fisl, Mff, MiD49/51. These data may suggest that increased fission is not
upregulated in the myocardium, as a result of obesity. In a recent study, Hu et al. (2020)
investigated the role of Drpl in mice fed HFD for signs of lipid-overload and its involvement in
cardiomyocyte function. After 18 weeks of HFD, mice developed signs of obesity and T2DM.
Interestingly, Drpl appeared activated in mouse hearts as a result of HFD suggesting that
Drpl has an important role in mediating lipid overload in heart failure (Hu et al., 2020). Here,
however, we did not record any differences in Drpl in HFD-fed conditions, although it should
be noted that there are some notable differences in the feeding protocols, mice strain and data
maybe dependent upon the length of high fat feeding and the balance between early

cardioprotective adaptations and the switch to pathological remodelling.

4.4.3.5 PINK1 & Parkin

In our Western blot results, PINK1 & Parkin had no change in WT-HFD compared to WT and
no change in GENA348-HFD compared to GENA348 (Figure 4.7). qPCR data showed a
decrease in both in WT-HFD compared to the controls, with no change in GENA348-HFD

compared to GENA348 (Figure 4.10). Here, Western data differed to our gPCR results. As
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prior mentioned, mitochondrial health is managed through PINK1-Parkin mediated mitophagy.
Protein levels of both remain the same in GENA348-HFD mice, compared to GENA348
controls (Figure. 4.9 and Figure. 4.11). This may suggest an accumulation of dysfunctional
mitochondria through the restriction of the PINK1-Parkin facilitated mitophagy pathway. It is
known that oxidative stress, LV dysfunction, cardiac hypertrophy, and mitochondrial

dysfunction all occur due to the reduction of PINK1 (Zhao et al., 2018).

4.4.3.6 Mirol

In our Western blot results, Mirol showed no change in GENA348-HFD compared to
GENA348 (Figure 4.8), however, unfortunately there is no data to compare WT-HFD with WT
due to a time constraint and a lack of sufficient lysate. For those completed Westerns, results
were consistent with mass spec data. gPCR reflected an increase in mRNA of mirol in
GENA348-HFD compared to GENA348 and reduction of Mirol in WT-HFD compared to the

control (Figure 4.13). Our data for Mirol poses a number of questions.

As previously discussed, Mirol is an important protein that acts as a switch at the centre of
mitochondrial regulation. It plays a myriad of roles that coordinate cellular processes, including
regulation of microtubule motor proteins within the mitochondria (Eberhardt et al., 2020). In
our data, we notice a significant decrease in Mirol associated with WT-HFD; the condition of
obesity. In contrast, the GENA348-HFD condition appeared to result in the opposite, a
significant increase in Mirol. These data support that obesity as a cause of mitochondrial
dysfunction which may be in part due to impaired trafficking/motility of mitochondria. Notably
Mirol was down regulated in the GENA348 (chow) model; perhaps the increase in the
GENA348 (HFD) is reflective of the obesity paradox with an attempt to rescue the levels of
Mirol. The increase in Mirol may be suggestive of the increased need of mitochondria to
move along microtubules to attempt the regulation of mitochondrial dynamics in this condition.
It is also possible that Mirol up-regulation in the GENA348-HFD model is as a result of an

aggravated inflammatory response (Figure 4.14).
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4.4.3.7 PGC1-a. and TFAM

The results showed an increase in both PGC1-a and TFAM mRNA in WT-HFD compared to
WT, whereas no change was recorded in GENA348-HFD compared to GENA348 (Figure
4.12). There have been some studies that have investigated the link between HFD and
mitochondrial biogenesis, suggesting that the attenuation of mitochondrial dysfunction during
the development of diabetic cardiomyopathy occurs through the increase of mitochondrial
turnover (Tong et al., 2019). To investigate mitochondrial turnover in diabetic cardiomyopathy,
Tong et al. (2019) measured mitophagy markers to associate its increase or decrease with
mitochondrial quality control mechanisms in the heart during HFD consumption. The authors
showed that downregulation of mitophagy induces cardiac hypertrophy and dysfunction in
response to HFD. Using a mitophagy-activating injection, Tong et al. (2019) measured levels
of PGC1l-a and TFAM; interestingly, levels of both did not change, however NRF1 (nuclear
respiratory factor), another mitochondrial biogenesis marker, were significantly upregulated in
response to the injection. Similarly, the activation of mitophagy in HFD-induced diabetic
cardiomyopathy was reported as early as three weeks after the start of HFD in mice
(Rabinovich-Nikitin et al., 2019). Here, during the early stages of diabetes, mitophagy
appeared to be diminished, suggesting an alternative pathway for the removal of damaged

mitochondria during T2DM.

4.4.4 Inflammatory cytokines in the GENA348-HFD myocardium

Our results show a significant increase in inflammatory marker gene expression, IL-6, IL-1p
and TNF-a, in WT-HFD compared to WT. In comparison, our data shows an upregulation of
only IL-6 in both HFD conditions, WT and GENA348 mice (Figure. 4.14). IL-6 is involved in
lipid metabolic homeostasis, whereby it was first reported that IL-6 deficiency results in the
development of mature-onset obesity (Wallenius et al., 2002). Furthermore, it has been shown
that the overexpression of IL-6 in obese mice results in decreased body weight through the
reduction of fat mass (Ma et al., 2015). In the heart, there is a precise balance between fatty
acid uptake and B-oxidation, ensuring that the accumulation of fatty acids in the myocardium

is prevented. This control is unbalanced in obesity (Goldberg et al., 2012). Excessive fatty acid
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accumulation results in lipotoxicity, causing cell injury and eventual cardiac dysfunction. In this
cycle, it is thought that IL-6 may be cardioprotective. IL-6 deficiency has been shown to
upregulate CD36, a key carrier protein of fatty acids across the plasma membrane, thus,
increasing its uptake and accumulation, aggravating lipotoxicity (Angin et al., 2012). In addition
to this, IL-6 deficiency has been shown to impact mitochondrial OXPHOS, through the reduced
expression of mitochondrial cytochrome c (cyto c), a key hemeprotein involved with the ETC
(Bonda et al., 2016). In this study, the authors showed that a HFD reduced expression of
cardiac cyto ¢ in WT and IL-6 null mice (Bonda et al., 2016). Interestingly, this decrease was
greater in IL-6 null mice, possibly suggesting that IL-6 protects cardiac cells from mitochondrial
dysfunction (Bonda et al., 2016). Although not completely understood, it is thought that the IL-
6 deficiency reduces PGC-1q, inhibiting mitochondrial biogenesis and decreasing OXPHOS
as a result of decreased mitochondrial function. This could link and explain our earlier data

whereby citrate synthase activity was altered in both HFD conditions (Figure. 4.4).

The level of inflammatory biomarker IL-6 was found to be increased in GENA348-HFD mice
and thus as discussed before might suggest that the HFD to an extent has triggered rescue
mechanisms rather than exacerbated the GENA348 phenotype. Interestingly TNF-a was not
elevated in the GENA348-HFD compared to GENA348 (chow) but was in the WT-HFD model
(Figure. 4.4). It is known that elevated levels of TNF-a are associated with T2DM. Elevated
levels of TNF-a have also been linked to a HFD (Kesherwani et al., 2015). In addition, our
results also showed an increase in IL-1p in WT-HFD compared to WT, but no change in
GENA348-HFD compared to GENA348 (Figure 4.14). Previous studies have also shown that
IL-1B expression is induced in the infarcted heart, whereby it may play a role in cardiac
remodelling (Bujak et al., 2008). More recently, Geng et al. (2019) reported obesity-induced
lipid overload impacts the production of ROS, leading to cardiac inflammation and oxidative
stress. The authors identified fibronectin type Ill domain containing 5 (FNDC5), a lipolysis
enhancer, as protective against such inflammation in the heart. In fact, a deficiency of FNDC5
appeared to worsen HFD-induced cardiac hypertrophy in mice (Geng et al., 2019), through

the aggravation of the inflammatory pathways. Here, we also note an increase in the three
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investigated inflammatory markers in WT-HFD, compared to WT alone, further supporting the

detrimental role of inflammatory markers on the heart in obesity and diabetes.

4.5 Conclusion

The objective of this chapter was to investigate the effect of a high fat diet (HFD) upon the
cardiac and mitochondrial function of the GENA348 mouse model, with the aim to reveal
additional pathogenic consequences that obesity exasperates in MODY2 patients. Firstly, we
conclude that a common pathological development is apparent in the GENA348-chow mice in
comparison to WT-HFD, suggesting a similar pathophysiology in obesity and MODY2
diabetes. Secondly, although no significant difference was apparent between GENA348 and
GENA348-HFD mice according to the fission-fusion proteomics, there were significant
decreases in all mitochondrial complexes in all HFD mice, suggesting that obesity impacts
mitochondrial function in ways yet to be understood through this work. This could be a common
feature of the general pathology, initially presenting during hyperglycaemia and worsen during
hyperinsulinemia. Surprisingly, there were also some indications that the ‘obesity paradox’ to

an extent may be at work in the GENA348-HFD model.
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Chapter 5 Inflammatory cytokines and mitochondrial function

5.1 Introduction

Increasing evidence has shown that diabetes can be classified as an inflammatory disease.
In animal models, increased inflammation is a cardiac abnormality characteristic of diabetes.
In diabetes Type 1 STZ-induced mice, Becher et al. (2013) reported significant impairment of
cardiac function associated with an increase in cardiac CD3+ and CD8a+ immune cell invasion
and fibrosis. Furthermore, in chronic HF in mice, CD4+ T-cell activation leads to disease
progression (Bansal et al., 2017). Similarly, in Akita mice, an attenuation of IL-10 contributes
to diabetic cardiomyopathy (Chavali et al., 2014). In Akita mice, animals develop
hyperglycaemia as a result of a mutation in the Ins2 gene, causing proinsulin misfolding,
aggregation and ultimately, B cell failure (Yoshioka et al.,, 1997). Chavali et al. (2014)
investigated the localisation of TNF-a, indicating its hypertrophic cardiomyocyte localisation
suggests a relationship between TNF-a and cardiac hypertrophy. In db/db mice (Papinska et
al., 2015) and ZDF animal models (Jadhav et al., 2013), supression of inflammatory markers

act as a protective mechanism against diabetic cardiomyopathy.

5.1.1 Inflammation and Mitochondrial Dysfunction

The mitochondria have a wide range of physiological roles, including inflammation,
homeostasis, cell proliferation, cell death, cell signaling, metabolism, regulation of
inflammatory responses, and the control of innate and adaptive immunity (Missiroli et al.,
2020). The mitochondria also play a significant role in regulating pro-inflammatory signaling
mediated by cytokines such as TNF-a, IL-1, IL-6, IL-12, IL-18, and IFNy (Missiroli et al., 2020).
Pro-inflammatory signaling alters the functioning of the mitochondria as they increase
mitochondrial oxidative stress and promote a vicious cycle of inflammation. In particular, IL-6
has a role in neuronal reactions to injuries, while macrophages and monocytes produce IL-1
in response to infections, antibody-antigen reactions, and tissue damage. The TNF-a is

involved in regulating apoptosis in different cells and is key in different signaling pathways.
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Studies have shown that TNF-a impedes the oxidative phosphorylation of the mitochondria
and ATP production, thereby instigating the production of reactive oxygen species (ROS)
(Horssen, Schaik, and Witte, 2019). The increased accumulation of the ROS alters the
dynamics of the organelles and result in mitochondrial membrane permeabilization, reduced
cytoplasmic levels of NAD+ and potassium concentration, aberrant calcium mobilization, and
cell death. Alterations to mitochondrial autophagy also result in the release of the
mitochondrial contents into the extracellular environment and cytosol (Lopez-Armada et al.,
2013: Cruz and Kang, 2018 & Sandhir, Halder and Sunkaria, 2017). This further promotes
inflammation through the activation of inflammasomes such as caspase-1 that is involved in
the activation of pro-inflammatory cytokines contribute to the development of inflammation and
pathophysiological conditions (Horssen, Schaik and Witte, 2019: Gurung, Lukens and
Kanneganti, 2015). The chronic inflammation that results from the mitochondrial dysfunction
mediates the development of various chronic metabolic, neurological, cardiovascular,
autoimmune, and rheumatoid diseases (Cruz and Kang, 2018). However, the inflammation
induced by oxidative stress acts as a feedback mechanism for maintaining the stressful

conditions that lead to chronic diseases, tissue damage, and chronic inflammation.

Besides, the damage of the mitochondria results in reduced production of ATP molecules and
subsequent intracellular depletion. This leads to increased intracellular adenosine
monophosphate (AMP) that binds to the y subunit of AMPK, a key metabolic sensor whose
activation initiates various multiple signaling events (Wu et al., 2014). Also, the mitochondrial
biosynthetic intermediates like acetyl CoA increase, and with the free oxygen reactive radicals,
signaling pathways such as hypoxic signaling are activated, and these contribute to

inflammation (Eltzschig and Carmeliet, 2014: Shadel and Horvath, 2015).

5.1.2 Inflammation in the heart

Chronic inflammation that results from the mitochondrial dysfunction mediates the
development of various chronic metabolic, neurological, cardiovascular, autoimmune, and
rheumatoid diseases (Luscher, 2018). The dysfunction of mitochondrial cells leads to the

production and activation of pro-inflammatory cytokines and inflammasomes, leading to
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atherogenesis. Markedly, the accumulation of low-density lipoproteins (LDLS) in the sub-
endothelial blood vessels spaces where there is abnormal permeability precedes
atherosclerosis. The accumulated LDLs form bulky complexes, and the ROS and
myeloperoxidases oxidize them, inducing immune-mediated phagocytosis, hence the loss of
smooth muscle cells (Katsiari, Bogdanos & Sakkas, 2019). The macrophages and dendritic
cells of the immune system present in the arterial intima are involved in the phagocytosis.
Monocytes from the bone marrow that differentiate into macrophages infiltrate the vascular
walls and uptake the modified LDLs, initiating fatty streaks (Getz & Reardon, 2015). The LDLs
in these macrophages activate the TLRs-mediated pathways and inflammasomes that lead to
the secretion of pro-inflammatory cytokines that promote the progression of atheromatosis
and, consequently, the cardiovascular events (Katsiari, Bogdanos and Sakkas, 2019 &
Stewart et al., 2010). Moreover, the macrophages, mast cells, and activated T-cells continue
to accumulate in the atherosclerotic lesions when there is an injurious stimulus. Besides, the
number of chemokine receptors increase in cardiac events, activating inflammatory responses
and oxidative damage, further triggering cardiovascular diseases (Fioranelli et al., 2018:
Steven et al., 2019). Notably, atherogenesis steps involve pro-inflammatory cytokines, and
macrophages promote angiogenesis, rendering cardiomyocytes responsive to stimuli through

minimal inflammation.

5.1.3 Aim of study

At the time of writing, no studies have been completed on inflammatory cytokines in MODY2
patients. The aim of this section was to test in vitro, the effect of cytokines upon the proteins

regulating mitochondrial dynamics.
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5.2 Methods

5.2.1 Cell culture = H9c2 cells

All methods employed in this component of the thesis research work are described in Chapter

2, sections X, Y, Z.

5.2.2 Testing the effects of cytokines on fission-fusion proteins and Mirol

expression

To assess mitochondrial dynamics, H9c2 cells were incubated for 24 h with IL-1 (10 nmol/l;
Sigma, UK), IL-6 (10 nmol/l; Sigma, UK) and TNF-a (10 nmol/l; Sigma, UK). All experiments
were performed in triplicate using passages that were between (1-20). Cells were lysed

according to sections 2.2.3 and 2.2.9 for Western blotting and RT-qPCR, respectively.

5.2.3 Statistical analyses

All data are shown as the mean + the standard error of the mean. Statistical analyses were
performed using a student t-test. Results were deemed significant when p<0.05. All statistical
analysis was performed using GraphPad Prism 8. *p £ 0.05, ** p< 0.01, *** p<0.001 and ****

p < 0.0001.
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5.3 Results

5.3.1 Upregulation of inflammatory cytokines in the GENA348 myocardium

Inflammatory cytokines, such as TNF-q, IL-1p and IL-6, are considered to play a role in heart
failure in diabetes (Lee et al., 2017). TNF-a is an insulin resistance regulator and known to be
involved in heart dysfunction in diabetes (Donato et al., 2012). TNF-qa, IL-1p and IL-6 levels
have been shown to be significantly elevated in diabetes, making them good molecular
candidates for investigation of inflammation in the GENA348 myocardium (Kern et al., 2001,
Ko et al.,, 2009; Liu et al., 2015). Thus, transcript levels of IL-1B, IL-6 and TNF-o were
measured. Gene expression levels of IL-1B, IL-6 and TNF-a were significantly increased in

GENA348, by 2.2, 2.7, and 3.1-fold (P=0.0101, P=0.0065, P=0.0047), respectively (Figure.

2.17).
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Figure 5.1 Increased inflammatory cytokines in GENA348 myocardium.

IL-1B, IL-6 and TNF-a transcript levels were assessed using gPCR and revealed a significant
increase in GENA348 (n=6) compared to control (n=6). Data represented as mean +/- SEM
*p <0.05 and **p < 0.01.
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5.3.2 Impact of inflammatory cytokines IL-1, IL-6 and TNF-a on H9c2 cell

mitochondria

5.3.2.1 The effects of inflammatory cytokines on H9c2 Viability

H9c2 cells were treated with IL-1B, IL-6 and TNF-a for 24 hours at 5ng/ml and 10ng/ml
because 20ng/ml showed characteristics of apoptosis (Zhao et al., 2015). There was no
change in cell viability upon treatment with IL-183 (5ng/ml and 10ng/ml) compared to negative
control. All cells where then treated with H20: (Figure 5.). Control cells, IL-1f treated cells
(5ng/ml and 10ng/ml) showed a 0.2-fold decrease in cell viability after treatment with H202

(P<0.0001; Figure 5.) showing H20: induced apoptosis.
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Figure 5.2 H20:2 treated cells exhibit a decrease in cell viability.

Cell viability assays revealed no significant difference between IL-18 (5ng/ml and 10ng/ml)
treated cells and the negative control, while the H2O2 treatment caused a significant decrease
in cell viability. Data represented as mean +/- SEM (n=3 lane from 3 different passage) ****p
< 0.0001.

Following treatment, the cells were lysed, gPCR and Western blot analyses were run to assess
levels of Mirol and proteins regulating mitochondrial dynamics. We first investigated the levels
of Mirol gene expression in IL-1p treated H9c2 cells However, rather than a decrease we

observed a 2.1-fold increase of Mirol in IL-1B (5ng/ml and 10ng/ml) in gene expression level

(P=0.0135 and P=0.0075, respectively) (Figure 5.).
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Figure 5.3 IL-1B treated cells exhibit an upregulation in Mirol gene expression.

Mirol transcript level were assessed using gPCR and revealed a significant increase in Mirol
in IL-1B (5ng/ml and 10ng/ml) treated cells compared to control. Data represented as mean +
SEM (n=3 lane from 3 different passage) *p < 0.05 and **p < 0.01.

In order to corroborate this result with protein expression data, we measured changes protein
expression and Western blot analysis in H9c2 cells. A significant 1.8-and 2-fold increase of

Mirol in IL-1B treated cells (5ng/ml and 10ng/ml) (P=0.0358 and P=0.0135, respectively)

(Figure 5.) was recorded, in comparison to control cells. This data is consistent with gPCR

data.
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Figure 5.4 IL-1B treated cells exhibit an upregulation in Miro1 protein expression.
Western blot analysis revealed a significant increase in the Mirol protein expression in IL-13
(5ng/ml and 10ng/ml) treated cells compared to control cells. Data represented as mean +
SEM (n=4 lane from the same page) *p < 0.05.
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5.3.2.2 Mitochondrial dynamics-regulating gene expression altered in

IL-1B treated H9c2 cells

Atthe gene level it was determined that treatment with IL-1 8 (5ng/ml and 10ng/ml) led to no
changes in Mfn1 and Mfn2 expression compared to controls. As shown in

Figure 5.1), a significant 0.2-fold decrease in the mRNA was identified for Opal in IL-13
(5ng/ml and 10ng/ml) (P=0.0323 and P<0.0290 respectively). Conversely, IL-13 treatment
(5ng/ml and 10ng/ml) led to 5 and 5.5-fold increase in Drpl (P=0.0064 and P<0.0024
respectively).

A decrease in Opal would indicate a loss of inner membrane (cristae) stability with increased
levels of Drpl suggesting increased fission and generation of smaller fragmented

mitochondria.
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Figure 5.1 IL-1B treated cells exhibit changes in mitochondrial dynamics-regulating
proteins transcript expression.

gPCR revealed a significant decrease in Opal and a significant increase in Drpl in IL-1
(5ng/ml and 10ng/ml) treated cells compared to control. Data represented as mean + SEM
(n=3 lane from 3 different passage) *p < 0.05, **p < 0.01 and ***p < 0.001.

To determine if changes in Opal and Drpl gene expression (Figure 5.2) correlates to
increased protein levels, Western blot analysis was carried out. We observed a significant 0.7-

fold decrease in the Opal in IL-18 (5ng/ml and 10ng/ml) treated cells (P=0.0148 and

P<0.0133, respectively). This data is consistent with gPCR data.
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Figure 5.2 IL-1 B treated cells exhibit a downregulation in Opal protein expression.
Western blot analysis revealed a significant decrease in the Opal protein expression in IL-13
(5ng/ml and 10ng/ml) treated cells compared to control cells. Data represented as mean *
SEM (n=4 lane from same passage) *p < 0.05.
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A 1.3-fold increase in Drp1l protein expression was revealed in IL-1p treated cells (5ng/ml and

10ng/ml) (P=0.0214 and P=0.0280, respectively). This data is consistent with q°PCR data

Figure 5.3).
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Figure 5.3 IL-1B treated cells exhibit an upregulation in Drpl protein expression.
Western blot analysis revealed a significant increase in the Drpl protein expression in IL-13
(5ng/ml and 10ng/ml) treated cells compared to control cells. Data represented as mean +
SEM (n=4 from same passage) *p < 0.05.

There was no significant difference in transcript levels of PINK1 and Parkin gene expression

in IL-1B cells treated cells either at 5ng/ml or 10ng/ml, compared to controls (Figure 5.4).
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Figure 5.4 PINK1 and Parkin gene expression in IL-1 treated cells.

PINK1 and Parkin transcript level were assessed using gPCR and revealed no significant
difference in IL-18 (5ng/ml and 10ng/ml) treated cells. Data represented as mean + SEM (n=3
from 3 different passage).

Mitochondrial biogenesis markers were also measured in IL-1B (5ng/ml and 10ng/ml) treated

H9c2 cells. A significant decrease was observed of levels of PGC-1a 0.4-fold and TFAM 0.2-
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fold in the IL-1P treated cells, compared to controls (TFAM: P=0.0340, P=0.0442, PGC-1a:

P=0.0195 and P=0.0217 5ng/ml and 10ng/ml respectively). (Figure 5.5).
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Figure 5.5 IL-1B treated H9c2 cells exhibit a downregulation in the gene expression of
PGC-1a and TFAM.

PGC-1a and TFAM transcript level were assessed using gPCR and revealed a significant
decrease in IL-1B (5ng/ml and 10ng/ml) treated cells. Data represented as mean + SEM (n=3
from 3 different passage) *p < 0.05.
5.3.2.3 Treatment with IL-6 does not affect viability of H9c2 cells

Cells showed no change in viability upon treatment with IL-6 (5ng/ml and 10ng/ml) compared
to negative control. All cells where treated with H202 (Figure 5.6). Both control cells and IL-6
(5ng/ml and 10ng/ml) treated cells showed a 0.2-fold decrease in cell viability after treatment
with H202 (P<0.0001; Figure 5.6), showing H202 induce apoptosis both in the presence and

absence of IL-6.
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Figure 5.6 H202 treatment of H9c2 cells decreases cell viability.
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Cell viability assay revealed no significant difference in positive control and IL-6 (5ng/ml and
10ng/ml) treated cells compared to negative control while the H20: treatment showed a
significant decrease to both the control and IL-6 treated cells. Data represented as mean +/-

SEM (n=3) ****p < 0.0001.

We next tested the effect of IL-6 upon expression of Mirol and mitochondrial dynamic related
proteins. In contrast to treatment of H9c2 cells with IL-1f3, IL-6 treatment at both concentrations
led to a 0.4-fold (5ng/ml) and 0.2-fold (10ng/ml) decrease in Mirol gene expression compared

to controls (P=0.0002 and P<0.0001, respectively) (Figure 5.7).
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Figure 5.7 IL-6 treated cells exhibit downregulation in Mirol gene expression.

Mirol transcript levels were assessed using gPCR and revealed a significant decrease in
Mirol in IL-6 (5ng/ml and 10ng/ml) treated cells compared to control. Data represented as
mean + SEM (n=3 from 3 different passage) * ***p < 0.001 and ****p < 0.0001.

Western blotting similarly showed a decrease, 0.5-fold, of Mirol in IL-6 (5ng/ml and 10ng/ml)

treated cells (P=0.0110 and P=0.0146, respectively) (Figure 5.8).
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Figure 5.8 IL-6 treated cells exhibit a downregulation in Mirol protein expression.

IL-6(5ng/ml)

IL-6(10ng/ml)

Western blot analysis revealed a significant decrease in the Mirol protein expression in I1L-6
(5ng/ml and 10ng/ml) treated cells compared to control cells. Data represented as mean +
SEM (n=4 lane from same passage) *p < 0.05.

No significant difference was recorded in the gene expression level of Mfn1l, Mfn2 and Drpl

in IL-6 (5ng/ml and 10ng/ml) treated H9c2 cells, compared to the control. Interestingly, we

observed a significant 0.1-fold decrease mRNA gene expression for Opal in IL-6 (5ng/ml and

10ng/ml) treated cells (P=0.0029 and P<0.0026, respectively). This could suggest an

interactive relationship between Opal and the inflammatory response (Figure 5.9).
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Figure 5.9 IL-6 treated cells exhibit changes in mitochondrial dynamic protein transcript
expression.

Mfnl, Mfn2, Opal and Drpl transcript level were assessed using qPCR and revealed a
significant decrease in Opal only in IL-6 (5ng/ml and 10ng/ml) treated cells compared to
controls. Data represented as mean + SEM (n=3 from different passage) **p < 0.01.

Western blotting identified a 0.5-fold decrease in Opal expression in cells after treatment with

IL-6 at both 5ng/ml and 10ng/ml, (P=0.0147 and P<0.0238, respectively) compared to H9c2

control cells (Figure 5.10). This data is consistent with qPCR data.
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Figure 5.10 IL-6 treated cells exhibit a downregulation in Opal protein expression.
Western blot analysis revealed a significant decrease in the Opal protein expression in IL-6
(5ng/ml and 10ng/ml) treated cells compared to control cells. Data represented as mean +
SEM (n=4 lane from same passage) **p < 0.01.

We further investigated PINK1 and Parkin gene expression and found no significant difference

in transcript levels in IL-6 (5ng/ml and 10ng/ml) treated cells, compared to controls (Figure

5.11).
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Figure 5.11 PINK1 and Parkin gene expression in IL-6 treated cells.

PINK1 and Parkin transcript level were assessed using gPCR and revealed no significant
difference in IL-6 (5ng/ml and 10ng/ml) treatment. Data represented as mean + SEM (n=3 lane
from 3 different passage).

205



5.3.2.4 Mitochondrial biogenesis markers are significantly
downregulated in IL-6 treated H9c2 cells
There was a significant decrease in levels of PGC-1a and TFAM transcripts in the IL-6 (5ng/ml
and 10ng/ml) treated cells compared to control with a 0.1-fold (PGC-1a) and 0.3-fold (TFAM)
decrease (PGC-1a: P=0.0015, P=0.0014, TFAM: P=0.0162 and P=0.0172 respectively),
indicating a non-equilibrium state in the biogenesis of mitochondria in IL-6 (5ng/ml and

10ng/ml) treated H9c2 cells (Figure 5.12).
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Figure 5.12 IL-6 treated H9c2 cells exhibit downregulation in the gene expression of
PGC-1a and TFAM.

PGC-1a and TFAM transcript level were assessed using gPCR and revealed a significant
decrease in IL-6 (5ng/ml and 10ng/ml) treated cells compared to control. Data represented as
mean + SEM (n=3 lane from 3 different passage) *p < 0.05 and **p < 0.01.

5.3.2.5 Cell viability not affected in TNF-a (5ng/ml and 10ng/ml) treated

H9c2 cells
Cells showed no change in viability after treatment with TNF-a (5ng/ml and 10ng/ml) compared
to negative control. All cells were then treated with H202 (Figure 5.13). Control cells and TNF-
a (5ng/ml and 10ng/ml) treated cells showed 0.1-fold decrease in cell viability after treatment
with H202 (P<0.0001; Figure 5.13) showing treatment with TNF-a does not affect normal

cellular H202 induced apoptosis.
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Figure 5.13 H20: treatment of H9c2 cells decreases cell viability.
Cell viability assay revealed no significant difference in TNF-a (5ng/ml and 10ng/ml) treated
cells compared to negative control while the H202 treatment caused a significant decrease in

cell viability. Data represented as mean +/- SEM (n=3 lane from 3 different passage) ****p <
0.0001.

Interestingly, TNF-a led to an increase in Miro 1 at the gene expression level as shown in
(Figure 5.14). A significant 3.4- and 4.5-fold increase was recorded in Mirol gene expression
levels in TNF-a treated cells (5ng/ml and 10ng/ml) compared to the control (P=0.0128 and

P=0.0004, respectively).
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Figure 5.14 TNF-a treated cells exhibit an upregulation in Mirol gene expression.
Mirol transcript level were assessed using gPCR and revealed a significant increase in Mirol
in TNF-a (5ng/ml and 10ng/ml) treated cells compared to control. Data represented as mean
+ SEM (n=3 lane from 3 different passage) *p < 0.05 and ***p < 0.001.
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Western blotting revealed a significant 5- and 8-fold increase in Mirol after TNF-a treatment
(5ng/ml and 10ng/ml) (P=0.0489 and P=0.0005, respectively) compared to control H9c2 cells

(Figure 5.15). This data is consistent with gPCR data.
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Figure 5.15 TNF-a treated cells exhibit an upregulation in Mirol protein expression.
Western blot analysis revealed a significant increase in the Mirol protein expression in TNF-
a (5ng/ml and 10ng/ml) treated cells compared to control cells. Data represented as mean +
SEM (n=4 lane from same passage) *p < 0.05 and ***p < 0.001.

Treatment of H9c2 cells with TNF-a did not affect gene expression levels of Mfn1, Mfn2 or
Opal, compared to the control. However, there was a significant 4- and 8-fold increase in the

MRNA of Drpl in TNF-a treated cells (5ng/ml and 10ng/ml) (P=0.0006 and P<0.0001,

respectively) (Figure 5.16).
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Figure 5.16 TNF-a treated cells exhibit an increase in fission protein Drpl transcript
expression.

Mfnl, Mfn2, Opal and Drpl transcript level were assessed using gPCR and revealed a
significant increase in Drpl transcript in TNF-a (5ng/ml and 10ng/ml) treated cells compared
to control. Data represented as mean + SEM (n=3 lane from 3 different passage) ***p < 0.001
and ****p < 0.0001.

Western blotting showed a 3- and 5-fold increase in Drpl in cells when treated with TNF-a
(5ng/ml and 10ng/ml) (P=0.0167 and P<0.0004, respectively). This data is consistent with

gPCR results (Figure 5.17).
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Figure 5.17 TNF-a treated cells exhibit an upregulation in Drpl protein expression.
Western blot analysis revealed a significant increase in the Drpl protein expression in TNF-a
(5ng/ml and 10ng/ml) treated cells compared to control cells. Data represented as mean +
SEM (n=4 lane from same passage) *p < 0.05 and ***p < 0.00.

There was no significant difference in the gene expression of PINK1 and Parkin in cells when

treated with TNF-a (5ng/ml and 10ng/ml), compared with controls (Figure 5.18).
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Figure 5.18 PINK1 and Parkin gene expression in TNF-a.

PINK1 and Parkin transcript levels were assessed in H9c2 cells using gPCR and revealed no
significant difference after TNF-a (5ng/ml and 10ng/ml) treatment. Data represented as mean
+ SEM (n=3 lane from 3 different passage).
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5.3.2.6 No change in mitochondrial biogenesis marker transcript levels

in the in TNF-a treated H9c2 cells
Next, the regulation of mitochondrial biogenesis marker transcripts was investigated in TNF-a
(5ng/ml and 10ng/ml) treated H9c2 cells. There was no change in levels of PGC-1a and TFAM

transcripts in the TNF-a (5ng/ml and 10ng/ml) compared to controls (Figure 5.19).
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Figure 5.19 TNF-a treated H9c2 cells exhibit no change in the gene expression of PGC-
1a and TFAM.

PGC-1a and TFAM transcript levels were assessed using gPCR and revealed no significant
difference in TNF-a (5ng/ml and 10ng/ml) treated cells compared to control. Data represented
as mean + SEM (n=3 lane from 3 different passage).
5.3.2.7 Reduced citrate synthase activity in IL-1, IL-6 and TNF-a H9c2
cells

As previously mentioned, citrate synthase can be measured to determine mitochondrial
content. This data can help distinguish if a change could be attributed to an alteration of the
mitochondrial structure. We observed a significant 0.6-, 0.5-, 0.7-fold decrease in citrate
synthase activity in IL-13, IL-6 and TNF-a treated cells, compared to controls (p<0.0001,

Figure 5.20). This is indicative of a possible role for the cytokines in changing the mitochondrial

structure and content, thus leading to a modification in citrate synthase activity.
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Fig_ur.e 5.20 IL-1B, IL-6 and TNF-a treatment exhibit downregulation in citrate synthase
?’Eg\r/eltzv'as a significant decrease in citrate synthase activity in IL-1 3, IL-6 and TNF-a treated
cells compared to control H9c2 cells. Data represented as mean + SEM (n=3 lane from 3
different passage) ****p < 0.0001.
5.3.2.8 Oxygen consumption in IL-1B, IL-6 and TNF- a H9c2 cells

As described earlier Oz consumption rate was measured in isolated mitochondria from control
and IL-1pB cells, IL-6 cells and TNF-a treated cells. Isolated mitochondria from cells took five
minutes to plateau. The gradient for (20-140) seconds was calculated for each group (Figure
5.21A). There was a significant increase in oxygen consumption rate in IL-18 and IL-6 with

1.7-fold change. The oxygen percentage rate of TNF-a was found to be the same compared

to control (Figure 5.21B).
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Figure 5.21 Oxygen consumption rate in IL-1B, IL-6 and TNF-a treated cells.

(A) There was a significant increase in IL-13 and IL-6 (10ng/ml) while no change in oxygen
consumption rate in TNF-a compared to control H9c2 cells. (B) Representative plot indicating
oxygen percentage varying with time in IL-13, IL-6 and TNF-a treated cells. Data represented
as mean +/- SEM (n=3 lane from 3 different passage) **p < 0.01 and ***p < 0.001.
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5.4 Discussion

Thus, the main objective of this chapter was to investigate Miro1’s function in mitochondrial
dynamics and function. The main findings were: (1) Cytokines differentially affected Mirol
expression with IL-1 3 treated cells leading to increased Mirol expression, whereas IL-6 and
TNF-a led to a decrease in Mirol expression. (2) Treatment of H9c2 cells with IL-1 3, IL-6 and
TNF-a also impacted proteins regulating fission and fusion. IL-13 and IL-6 treated H9c2 cells
resulted in decrease in Opal transcript expression. Whereas there was an increase in Drpl
expression after application of IL-1  and TNF-a. (3) IL-1 B and IL-6 treatment resulted in an
increased rate of mitochondrial oxygen consumption with TNF-a treated cells showing no
change compared to controls. (4) there is evidence of increased levels of inflammatory

cytokines within the GENA348 myocardium, compared to controls.

Zhong et al. (2017) have linked diabetes with cardiac dysfunction as a result of inflammation.
Increasing evidence has shown that diabetes can be classified as an in inflammatory disease
as aresult of the auto-immune destruction of pancreatic B-cells (Zhong et al., 2017) (Marques-
Vidal et al., 2012). To our knowledge, there have been no published studies of inflammation
and MODY2. Therefore, another aim to this study was to investigate cytokine levels in
GENA348 mice. This data will advance understanding of the characteristics of GENA348 and
effect of glucokinase malfunction with potential translational value for MODY2 patients. Here,
we found inflammatory cytokine levels, IL-183, IL-6 and TNF-a, as significantly increased in
GENA348 mice. As discussed, earlier, different cytokines are associated with either

deleterious or cardioprotective roles in the heart, with a general lack of consensus.

5.4.1 Inflammatory cytokines (IL-18/ IL-6/ TNF-a) impact upon mitochondrial

dynamics, biogenesis, citrate synthase and OCR

Here, we have dissected out the putative effects of these cytokines on proteins regulating
mitochondrial dynamics. The table below (Table 5.3) details the summary of results for the

impact on inflammatory cytokines IL-1(, IL-6 and TNF-a.
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Table 5.1 Summary of inflammatory cytokine results (up arrow — upregulation; down
arrow —downregulation; dash — no change)

IL-1B IL-6 TNF-a
a s
OCR
Citrate synthase ¥ v l
Biogenesis v v

*Opal *Drpl

] ] * Drpl
Mitochondrial 1 1 l 1

dynamics

1 | 1

IL-1 increases in patients with heart failure, relating to impaired systolic function (Szekely and

Arbel, 2018). More specifically, IL-IB increases NOS in cardiac myocytes, reducing energy
production through mitochondrial dysfunction (Tatsumi et al., 2000). Blockade of IL-1 has been
investigated as a therapeutic avenue, with the aim to disrupt its detrimental effect on left
ventricular function and progression of heart failure (Szekely and Arbel, 2018). As discussed,
blockade of IL-1 represents a putative therapeutic approach for treating several cardiovascular
conditions. Interestingly, here we determined that IL-1(3 leads to down regulation of Opa1 and
upregulation of Drpl, which has the potential to promote fission. The biogenesis markers,
PGC-1a and TFAM, were down regulated in agreement with citrate synthase activity.
Respiration rates were increased, suggesting a greater need for ATP in mitochondrial
biogenesis. In future work, it would be useful to measure levels of ATP production. Therefore,
the data suggest that IL-13 has altered the fission-fusion axis towards destabilised smaller

mitochondria, reduced mitochondrial content and impaired OXPHOS. However, surprisingly,
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Mirol levels were upregulated. This could be a compensatory mechanism to modulate

mitochondrial availability as a result of destabilised mitochondria.

Depending on the cardiovascular condition, IL-6 can be cardioprotective or pathological and
is elevated in response to injury, activating immune cells. Although in the long-term, IL-6
elevation is pathogenic, studies have shown that short-term IL-6 signalling can be protective
for the heart (Fontes et al., 2015). In the heart, elevated IL-6 is associated with cardiac injury
and depressed function (Yang et al., 2004), whilst acute cardio protection occurs through the
induction of an anti-apoptotic programme in myocytes (Yamauchi-Takihara and Kishimoto,
2000). In humans, IL-6 has been studied as a therapeutic option in DCM patients (Podewski
et al., 2003). Here, the authors investigated the intricate balance between cardiomyocyte
hypertrophy and apoptosis, related to the JAK-STAT signalling pathway. In this pathway, JAK-
STAT activation mediates IL-6 signalling via a shared gp130 receptor, controlled in a negative
feedback loop by suppressors of cytokine signalling (SOCS1, SOCS3); together this pathway
has been implicated in a critical myocyte survival pathway (Podewski et al., 2003). Yasukawa
et al. (2001) reported a decrease in myocardium SOCS3 protein (non-limiting IL-6 family
signalling), resulted in continuous IL-6 signalling and was a characteristic found in the left
ventricle of DCM patients. This is mirrored in cultured cardiac myocytes whereby the
overexpression of SOCS3 supressed the anti-apoptotic abilities of IL-6. Here, we determined
that IL-6 leads to down regulation of Opal and no change in Drpl. The biogenesis markers
were down regulated in agreement with reduced citrate synthase activity. In future work, it
would be useful to measure levels of ATP production. Therefore, the data suggest that, like
IL-1B, IL-6 has altered the fission-fusion axis towards destabilised smaller mitochondria,
reduced mitochondrial content and impaired OXPHOS. In contrast to IL-18, Mirol levels were

down-regulated by IL-6 treatment.

TNF-a is another cytokine found elevated in heart failure, contributing towards cardiac
dysfunction through its association with IL-6 (Schumacher et al., 2018). TNF-a responds to
injury through an acute pro-inflammatory stage, followed by an anti-inflammatory response,

prolonged as a result of cardiac stress. This can progress to chronic inflammation, resulting in
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the generation of proinflammatory cytokines through cardiac tissue infiltration of macrophages
(Schumacher et al., 2018). Due to this pathophysiology, TNF-a is a good candidate for a
marker of heart failure (Hartupee and Mann, 2013). It has been shown that the downstream
cellular effects of TNF-a are mediated by two receptors, TNF receptor 1 or 2 (TNFR1 or
TNFR2) (Cabal-Hierro and Lazo, 2012). It is thought that TNFR1 activation is deleterious
(mediating cell death), whilst TNFR2 activation is beneficial (promoting cell activation,
migration and proliferation) (Al-Lamki, 2005), adding to the complexity of the signalling
pathways in cardiac pathophysiology. In order to utilise TNF-a as a potential therapeutic target,
it is important to understand the differential roles of signal events initiated by both receptors.
Here, our results were surprising. We determined that TNF-a leads to the up regulation of
Drp1, with no change in other fission-fusion proteins or biogenesis markers. Like IL-13, Miro-

1 expression was up regulated.

It was determined that there is a significant increase in the transcript level of inflammatory
biomarkers TNF-q, IL-1, and IL-6 in GENA348 mice myocardium. Evidence suggests that IL-
1B is able to depress cardiac function through nitrogen oxide pathways (Bujak and
Frangogiannis, 2009; Schulz et al., 1995). IL-1p induces cardiomyocyte apoptosis alone, or in
combination with TNF-a (Ing et al., 1999), further evidencing its importance in contractile
function and cardiac repair. Similarly, in a study of 88 heart failure patients for inflammatory
activation and disease progression, increased IL-6 expression was been described to cause
left ventricular dysfunction in heart failure with reduced ejection fraction (Ptaszynska-
Kopczynska et al., 2017). Anti-inflammatory drugs have also been investigated as a potential

treatment for diabetic sufferers (Pollack et al., 2016).

IL-1 has also been identified as a feature of diabetes (Gabay et al., 2010). IL-1 triggers a series
of signalling events through the binding of IL-1a/IL-1p to cell surface receptors. This activates
the signal transduction cascade, causing inflammation and p-cell damage, leading to T2DM
(Banerjee and Saxena, 2012). This signal cascade involves a protein known as mitogen
activated protein kinase (MAPK), that when increases, transmits stress and apoptotic

signalling (Miyauchi et al., 2009). Cytokines such as IL-1 act through the upregulation of genes
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including Fas and inducible nitric oxide synthase (iNOS). IL-1 expression has been linked to
the progression of diabetes. Using an IL-1 receptor mice knockout, Thomas et al. (2004)
reported slow diabetes progression in IL-1 receptor deficient animals. However, authors report
that 75% of IL-1 deficient mice still developed spontaneous diabetes, suggesting IL-1 may not
be essential for disease progression (Thomas et al. (2004), and the presence of redudancy
with TNF may explain this unchanged diabetes frequency. There have been some of studies
that have investigated the cardiac role of IL-1 in a diabetic model, establishing IL-1 as an
inflammatory connection between metabolic dysfunction and heart failure. In an streptozotocin
(STZ) model of diabetic mice, Monnerat et al. (2016) reported that IL-1p causes a prolongation
of the action potential duration and calcium spikes in cardiomyocytes, resultant of arrhythmia.
STZ damages pancreatic B cells, resulting in hypoinsulinemia and hyperglycemia (Graham et
al.,, 2011). Interestingly, this was treated with the use of an IL-1 receptor antagonist.
Inflammation is central to the development of diabetic cardiomyopathy (Sarkar et al., 2018).
Sakar et al. (2018) have shown that inflammation increases leukeocyte invasion in the

myocardium, releasing inflammatory serine proteases (ISPs) that trigger cardiac dysfunction.

IL-6 has a pleiotropic role, acting on various tissues and organs. IL-6 has been implicated in
diabetes and cardiovasular complications (Qu et al., 2014). Elevation of IL-6, similar has been
chacterised as a marker of metabolic disorder and cardiovascular disease (Scheller et al.,
2011), however, a casual association is yet to be elucidated. In IL-6 diabetic knockout mice,
cardiac function improved, suggesting a protective effect against diabetic cardiomyopathy and
(Zhang et al., 2016). In this study, wildtype (WT) diabetic mice were induced by STZ and
investigated 12-weeks after diabetes induction (Zhang et al., 2016). In relation to the present
study, this suggests that an elevation of IL-6 in the GENA348 worsens cardiac function. Future
work could include investigating if there is migration of e.g. macrophages into the GENA348
myocardium to act as a source of the inflammatory cytokines, although cell types such as
fibroblasts can secrete cytokines. Generally, it can be said that chronic inflammation and
diabetes depend on each other and play a common role (Feng et al., 2018). A possible future
diagnostic application of inflammatory markers may be to refine diabetes risk prediction to
target individuals for patient-centred lifestyle interventions.
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55 Conclusion

Inflammatory markers in the myocardium were measured to determine molecular changes in
the GENA348 myocardium. In summary, our study shows evidence of increased levels of
inflammatory cytokines within the GENA348 myocardium, compared to controls. An intriguing
finding was that Miro1 expression is differentially regulated by the three cytokines investigated
here; the next step would be to investigate the mechanism involved to advance current

understanding of how inflammation may be a driver of mitochondrial dysfunction.
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Chapter 6 General Discussion

Maturity Onset of Diabetes in the Young (MODY?2) is a genetic form of diabetes with a mutation
in the Gck gene (Carmody et al., 2016). It is thought that MODY affects 1-2% of people
diagnosed with diabetes mellitus (Kleinberger and Pollin, 2015), with the majority of MODY 2
cases undiagnosed due to the absence of diabetes-like clinical symptoms. Heart failure is a
well-known feature of patients with TIDM and T2DM diabetes. However, cardiovascular
complications experienced by MODY2 patients are less clear, despite also presenting with
marked hyperglycaemia and diabetic complications similar to those exhibited in T2DM (Velho
et al., 1997). Diabetes suffers are at a higher risk of developing cardiovascular dysfunction.
Treatment, particularly for MODY?2 patients, is limited as the molecular mechanisms leading
to dysfunction are complex and poorly understood. Due to its high energetic demands, the
heart requires mitochondria to constantly supply energy (Bugger and Abel, 2010) and impaired
mitochondrial function is known to lead to cardiac cell death and eventual heart failure (Bugger
and Abel, 2010). To understand mitochondrial structural and molecular remodelling that leads
to diabetic cardiomyopathy was studied using a genetic T2DM mouse model, GENA348 as it
represents a mild phenotype. As discussed earlier the GENA348 mouse contains an Ato T
transversion mutation in the glucokinase gene (Toye et al., 2004). and has been shown to be
analogous and clinically relevant to the MODY2 (Fabiano et al., 2016). Obesity is a key risk
factor for the development of T2DM, and so, the second aspect of this project investigated
cardiovascular function as a result of a high fat diet. Identifying changes in the early stages of
disease, as a result of obesity, can be important to prevent disease progression. To this aim,
3D electron microscopy imaging was combined with biochemistry, mitochondrial bioenergetic

profiling, physiological analyses echocardiography. and cell and molecular biology techniques.

This thesis demonstrates that the GENA348 mice develop mitochondrial dysfunction, as early
as 6 months of age and equivalent to 30 human years. More specifically, a mitochondrial
proteomic screen identified an imbalance in a number of fission-fusion proteins, resulting in
larger mitochondria, impaired mitophagy and compromised motility. We also recorded

impaired OXPHOS in GENA348 mice, further suggesting defects in cardiomyocyte
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contractility. A clear link between proteins regulating mitochondrial fission and fusion and
mitochondrial ultrastructure has been demonstrated with image analysis of tissue taken from
the GENA348 myocardium revealing enlargement of the mitochondria compared with controls.
The impact of obesity on MODY?2 is yet to be explored in relation to cardiac impairment. Thus,
the second aim was to study the cardiac phenotype of GENA348 mice fed normal chow or
HFD and to investigate how high-fat feeding impacts mitochondrial function in our mouse
model. Here, we noted a common pathological development in the GENA348-chow mice
compared to WT-HFD, suggesting a similar pathophysiology in obesity and MODY2 diabetes,
particularly with respect to the development of impaired mitochondrial function. Through the
initial studies, we noted a marked decrease in Mirol expression in the GENA348 mouse model
(and also in the WT high fat fed mouse), a regulator of mitochondrial transport and
homeostasis (Lopez-Doménech et al., 2018). Through Mirol knockdown in-vitro investigations
employing a cardiomyocyte cell line, we found evidence that Miro1 expression is linked to the
balance between fission and fusion proteins and mitophagy, through an increase of protein

expression of mitochondrial dynamic-regulating factors, such as Opal and PINK1.

One hallmark of diabetes/obesity is chronic inflammation and a link between the mitochondrial
proteins and inflammatory signalling pathways have been indicated in skeletal muscle.
However, molecular and cellular mechanisms are yet to be fully defined within the heart.
Therefore, the final part of this project investigated the impact of specific inflammatory triggers
upon mitochondrial function and morphology with an emphasis upon fission and fusion, since
these processes influence both mitochondria morphology and mitochondrial bioenergetics.

Our data show a complex interplay between three different cytokines
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6.1 Main Findings

6.1.1 The GENA348 mouse develops mitochondrial dysfunction

This thesis builds upon a previous student reporting that at 6 months of age the GENA348
mice develop early LV dysfunction (Gibbon ,2011) now demonstrates that the GENA348 mice
also exhibit mitochondrial dysfunction at 6 months. These results are coherent with that
reported in patients with T2DM, whereby diastolic dysfunction marked the inability to maintain
and increase left ventricular filling volumes (Wilson et al., 2017). More specifically,
biochemistry methods coupled with a mitochondrial proteomic screen identified an imbalance
in several fission-fusion proteins, proteins associated with mitophagy and motility. We also
recorded impaired OXPHOS in GENA348 mice, which may be one contributing factor to

defects in cardiomyocyte contractility.

As discussed in Chapter 3, typically small fragmented mitochondria have been reported in
various models of heart disease, including diabetes with down-regulation of Mfn2 reported
(Hall et al., 2016). However, the GENA348 mouse model differs from many other models in
that the mice are not insulin resistant, Although, work by a previous student in our group, Lucy
Murfitt, also reported elevated levels of Mfn2 in an STZ rat model of TLDM (Lucy Murfitt Thesis,
2016). Like our results, there were defects in ETC Complex activities, and the PNM were
enlarged. The upregulation of fusion proteins could in part be explained by the downregulation
in PINK1/Parkin in the GENA348 myocardium. PINK1/Parkin regulate levels of Mfn1 and Mfn2

ubiquitination, marking mitochondria for mitophagy (Sarraf et al., 2013).

Here, we also showed that the mitochondria, primarily the SSM were enlarged in the GENA348
myocardium and there was an increase in mitochondrial density; the data is consistent with
the biochemical data such as an increase in fusion proteins and increased citrate synthase
activity. Furthermore, the data showed an upregulation of Opal in GENA348 mice, a protein
required for the fusion of the IMM the necessary next step after fusion of the OMM, and for
stabilisation of the cristae (Olichon et al., 2007). This increased expression is consistent with

the overexpression of Mfnl and Mfn2, and the formation of new mitochondria. As discussed
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above there are a range of conflicting data in the literature possibly since different animal
models (species and strains) at different ages with different methods of disease induction, type
of diabetes and stage of disease have been studied. Taken together, this shows that an
increase in Mfn1/Mfn2 in response to diabetic insult, is associated with mitochondrial

dysfunction and altered morphology.

Table 6.1 Comparison between the level of mitochondrial dynamic protein in the

GENA348 myocardium compared to reports from studies of T2DM:

GENA348 T2DM Reference
s (Park, Wiederkehr &
Mfnl
v Wollheim, 2012)
4 (Patten et al., 2020)
OPA1l  Z
(Josifova et al.,
DRP1 T 2008)
1 (Xiagn et al., 2020)
PINK1 1
1 T (Xiagn et al., 2020)
PARKIN
(Haijiang et al.,
PGC1ALPHA
T 2016)
TFAM T T (Koh et al., 2019)

OCR measurements, whilst important, alone are insufficient for the accurate quantification of
energy metabolism due to variability in oxidation and phosphorylation rates (Salin et al., 2015).
Variability can arise as a result of environmental changes, including growth rate; thus, both

ATP generation and OCR require measurement in synchrony for a more accurate
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representation of the overall consumption rate. The OCR data would suggest that initially the
mitochondria are able to generate more ATP compared to WT mitochondria but are then
unable to sustain that level of output. Taking both the OCR and molecular data, it would
suggest that increased fusion (as indicated by increased levels of Mfn2) is not necessarily
beneficial for function. Therefore, future work should include measuring the rate of ATP
production and membrane potential. In humans, cardiac metabolism measurements present
challenges, particularly with obtaining cardiac tissue and low sensitivity techniques such as
magnetic resonance. The use of chemical exchange saturation transfer (CrCEST) has been
used in a mouse model studying myocardial mitochondrial function, through measuring the
conversion of phosphocreatine to creatine by creatine kinase as an indication of ATP
production (Haris et al., 2014). This could be a useful technique applied for future work, though
currently we do not have a small animal MRI machine. One can also simply measure ATP
using tissue extracts and Glo reagent, which is a luminescence-based assay that measures

proteasome activity (Strucksberg et al., 2010).

Proteomics identified that a myriad of mitochondrial signalling pathways was impaired in the
GENA348 heart including fatty acid metabolism, oxidative stress and metabolism. An example
of this was a significant decrease in the carnitine palmitoyl transferase protein subunit (CPT1B)
included in the mitochondrial I-carnitine shuttle pathway transport of fatty acids into the lumen
for energy production via B-oxidation. Another such protein, prohibitin-2, was identified as
significantly decreased in the GENA348 mouse. Prohibitin is a protein implicated in
mitochondrial protein folding alongside various cellular functions. Its downregulation has been
reported as relevant in various diseases, thought to attenuate oxidative stress conditions
(Zhou et al., 2013). Thus, this method provided an insight into such proteins that are impacted
in MODY?2 diabetes. Further analyses also indicated that a feature of the GENA348 heart
included elevated levels of inflammatory cytokines within the GENA348 myocardium. An early
characteristic of cardiac complication associated with diabetes is recognised by an increase
in inflammatory markers (Becher et al., 2013), In agreement with this, we found a significant
increase in the transcript level of inflammatory biomarkers TNF-a, IL-1f, and IL-6 in GENA348
mice myocardium. These data could suggest that inflammatory markers could be used
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diagnostically and be indicative of a possible therapy using anti-inflammatory drugs for

MODY2 sufferers (Pollack et al., 2016) and for intervention of diabetic cardiomyopathy.

In conclusion, we have shown that at 6 months of age the GENA348 mice have developed
cardiac complications and at the cellular and molecular level exhibit impaired mitochondrial
dysfunction. Therefore, from a translational perspective these data suggest that MODY2

patients require increased monitoring and are at risk of developing cardiac failure.

6.1.2 Obesity exacerbates mitochondrial dysfunction in the GENA348 mice

Obesity significantly increases the risk of T2DM and, although asymptomatic; however, to our
knowledge there have been no in-depth studies of how obesity impacts MODY2 patients.
Using the GENA348 model, diet-induced obesity was investigated for its impact on
mitochondrial cardiac function. Here, mice at 3 months of age were fed a high-fat diet for three
months. In literature, studies have investigated the impact of obesity and diabetes using other
genetic models of diabetes, such as db/db or the ZDF rat, with chemically induced obesity
using streptozotocin to destroy pancreatic B cells. Some studies have reported the failure in
identifying cardiac pathologies after HFD feeding (Brainard et al., 2013), which could be
representative of the variability in the different models for inducing obesity and diabetes, the

length and the type of high fat diet.

Unsurprisingly, a HFD led to an increased body weight, a risk factor for developing T2DM. In
addition, HFD led to increased lung weight, suggestive of pulmonary congestion. The mice
were now also insulin resistant. However, a comparison of the expression levels of proteins
associated with mitochondrial fission-fusion, mitophagy and motility showed no change in the
GENA348 myocardium after high fat feeding; with the exception of Miro1 that was upregulated.
Given that the high fat fed mice are now insulin resistant these data may suggest that insulin
resistance/signalling does not influence mitochondrial dynamics. Similarly, there was no
change to TFAM and PGC1-a, regulators of mitochondrial biogenesis, which is perhaps
incongruent with the increase in citrate synthase levels indicative of increased mitochondrial

content. Changes to mitochondrial biogenesis markers have been linked to HFD. In an
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investigation of mitochondrial turnover by Tong et al. (2019) revealed no change in levels of
PGC1l-a and TFAM during HFD consumption. Although these proteins did not change in
expression in the GENA348 heart due to HFD, there are other mitochondrial biogenesis
markers, such as NRF1, that could be investigated for changes the GENA348 mouse.
Interestingly, there was an increase in Mirol levels which would suggest that the organisation
of the mitochondria may be altered as a result of a high fat diet. Future work could collect SBF-

SEM datasets of the GENA348-HFD myocardium to compare with the data in Chapter 3.

While there were no changes to the principal proteins regulating mitochondrial a proteomic
screen of isolated mitochondria was carried out. We found a significant upregulation of 117
proteins that show an obvious widespread change to pathways involved in mitochondrial
function regulation as a result of obesity. These included proteins involved in oxidative stress
management, mitochondrial complex activity and fatty acid metabolism. Interestingly, the
pathway with the greatest modification of protein expression was that involved in cardiac
hypertrophy signalling, such as the G-protein signalling pathway. In the diabetic state, excess
fatty acids are present inside the cell leading to excessive mitochondrial FAO. Increased
oxidative stress is common in models of diabetic cardiomyopathy. Studies have shown that
oxidative stress correlates with excess lipid delivery and elevated mitochondrial FAO rates,
suggesting that mitochondria are a crucial source of free radicals in the diabetic heart (Van De
Weijer et al., 2011). It is also a possibility that dysfunctional ROS scavenging mechanisms
cause increased oxidative stress in the diabetic heart. We identified a significant 1.8-fold
decrease in both SOD1 and SOD2 in the GENA348 compared to WT controls and a significant
1.8-fold decrease in SOD2 in WT-HFD mice, compared to WT controls. As previously
mentioned, SOD2 is a marker of oxidative stress, with the overexpression of cardiac SOD2
preventing mitochondria from undergoing oxidative stress (Kang et al., 2015). Thus, such

protein changes are strongly suggestive of heart failure progression.

The proteomics data also likely explain that there were also a significant decrease to the
activity of the mitochondrial complexes in all HFD mice; which would also explain the decrease

in OCR in the GENA348-HFD cardiac mitochondria. Again, these data are in agreement with
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studies showing a dramatic reduction in complex activity in response to high fat fed animal

models e.g. (Chen et al., 2018).

Interestingly, expression of proteins involved in mitochondrial dynamics presented a similar
profile when comparing GENA348-chow and WT-HFD, suggesting a comparative fission-
fusion profile. A previous study showed that Mfnl liver-specific deletion knockout mice
demonstrated a preference for the use of lipids as the predominant energy source (Kulkarni
et al., 2016). Based on this, it may have been expected to observe an increase of Mfnl in the
GENA348-HFD heart. It should be noted that Kulkarni et al. (2016) was testing the effect of
reduced mitochondial fusion on a hepatic model; however, in our model, no change was
measured in Mfnl in all HFD conditions. Interestingly, an increase in Mfn2 was recorded in
WT-HFD compared to the WT controls with many of the changes mirroring those observed
between WT and GENA348-chow mice. Mfn2 has been reported as impaired in HFD
conditions (Chen et al., 2018). Why there is no change or further increase to Mfn2 expression
in the GENA348 mouse after high fat feeding may suggest that it is mechanisms around the
development of hyperglycaemia and not insulin resistance that drive changes to Mfn2
expression. Additionally, the increase in Mfn2 may be a cardioprotective or adaptive
mechanism with the cardiomyocytes having a limited capacity for adaptation. It should also be
noted that Chen et al. (2018) investigated HFD conditions with rats fed HFD for 28-weeks.
This is a 2.3-fold increase in terms of duration of high-fat feeding compared to the three months
in this study and may suggest that longer durations of high-fat feeding cause worsening of the

cardiac dysfunction.

Overall, this data suggests that obesity impacts mitochondrial dynamics in both WT and the
GENA348. However, the study comparing the GENA348-chow and GENA348-HFD highlights
that while there may be no change to proteins governing fission-fusion, mitophagy or
biogenesis there is evidence of worsen mitochondrial function through a myriad of pathways
including oxidative stress. Interestingly, while there was no change to the levels of IL18 or
TNF-a, IL-6 was elevated after high fat feeding in the GENA348 mice, indicative of a change

to the inflammatory profile. Inflammatory events triggered at the start of diabetes causes the
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release of pro-inflammatory cytokines including TNF-a, IL-1B, and IL-6 (Medzhitov and
Janeway, 2000), which gradually increase as the disease progresses. A number of studies
have shown that elevated levels of IL-6 are associated with T2DM (Meigs et al., 2004; Pradhan
et al., 2001), supporting a role of elevated IL-6 as a potential marker for predicting the
development of T2DM. It is thought that pro-inflammatory cytokines downregulate the major
anabolic cascades involved in insulin signalling to impair glucose homeostasis, particularly in
obesity-related diabetes (Hotamisligil et al., 1995; Bastard et al., 2006). In response to pro-
inflammatory mediators, the endothelial lining of the microvasculature increases expression
of intracellular adhesion molecule 1 (ICAM-1) and/or vascular cell adhesion molecule (VCAM-
1), to interact with leukocyte-expressed integrins, enabling their capture and migration to the
injured area (Henderson et al., 2001). In fact, adipose tissue acts as motor for obesity-induced
inflammation, through the recruitment of macrophages leading to the activation of IL-6 cytokine

secretion (Vachharajani and Granger, 2009).

Further work could expand on characterising cytokine levels in each of the animal models here
using method such as ELISA broad screen or measuring plasma levels, such as IL-18. In a
study of obese and T2DM patients, Zilverschoon et al. (2008) investigated the concentration
of IL-18 for its role in improving insulin resistance. The study showed that patients with T2DM
and obesity exhibited increased circulating concentrations of IL-18, suggestive of IL-18
resistance that is associated with a mechanism that may be due to defective signalling. An

investigation into such plasma concentrations could further explain the results of this study.

6.1.3 Mirol impacts mitochondrial homeostasis and inflammation in rat

ventricular H9c?2 cells

Building upon the findings that several cytokines were elevated in the GENA348 myocardium,
we undertook studies to investigate if there is a link between increased TNF-a and IL-6 and
mitochondrial dynamics focussing on Mirol, due to its upregulation in GENA348-HFD. This
result suggests an impact of mitochondrial transport in our MODY?2 model which worsened
with obesity. Saotome et al. (2008), showed that knockdown of Mirol H9c2 cells resulted in

mitochondrial morphological defects and dysfunction of mitochondrial movement through the
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cardiomyocyte. The PINK1/Parkin pathway targets Mirol for phosphorylation and degradation,
leading to the arrest of mitochondrial movement (Wang et al., 2011); although these were
down-regulated in the GENA348-chow, no further change was observed after high fat feeding.
We showed that knockdown of Mirol did not directly affect Mfn1, Mfn2 or Drp1 levels but there
was data showed a significant increase in Opal gene expression. Further, this was
accompanied by a decrease in mitochondrial volume and surface area (although it should be
noted that for SBF-SEM, there was a low n-number of 1). Thus, repeats are necessary to
corroborate and validate findings. It is known that Opal protects the mitochondria through
stabilising the cristae morphology (Frezza et al., 2006), suggesting that the increase in Opal
reflects the need for mitigating mitochondrial stress. The data also showed no change in Parkin
and an increase in PINK1. Since the PINK1/Parkin works in synchrony for mitochondrial quality
control, it could be indicative that this pathway is damaged but then it might be expected to
see changes to Mfnl1/2 protein levels which was not the case. However, PINK1 works
upstream to Parkin, so disruption in this pathway would impact PINK1 initially. These results

may indicate a more complex pathway is involved for regulating Mlrol and also Mfn1/2.

Mirol knockdown also resulted in a differentially altered expression of mitochondrial
biogenesis markers PGC1-a. and TFAM. Knockdown of Mirol in H9c2 cells led to a decrease
in PGC-1a whilst TFAM expression was significantly increased. The increase in TFAM
expression could indicate that mitochondria are damaged or under stress, requiring the
formation of new mitochondria. However, this doesn’t appear true for PGC1-a, which would
be expected to also have increased expression due to the same reason. The rate of oxygen
consumption and citrate synthase activity were unchanged in Mirol knockdown, again,
suggesting that there was no change in mitochondrial content. These results contradict our
data and what is known about PGC-1a and how it regulates mitochondrial respiration through
altering mitochondrial density (Austin and St-Pierre, 2012). As discussed above other measure
of metabolic function and levels of ROS levels could form the basis of future work to assess
more detailed effects of MIrol loss. For the first time, our data used 3D electron microscopy
to investigate changes in mitochondrial morphology in Mirol knock down H9c2 cells. The
results showed a decrease in mitochondrial volume and surface area as a result of Mirol
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knockdown. Although this change is prominent, it does not indicate change to internal
mitochondrial structure. Given more time, a greater sample size would have been employed

coupled with imaging using TEM at higher resolutions to visualise the cristae organisation.

A further novel finding from this research was the link between inflammatory cytokines and
mitochondrial dynamics and motility at the cellular level. Our data suggests that IL-13 alters
the fission-fusion axis towards destabilised smaller mitochondria, reduced mitochondrial
content and impaired OXPHOS. However, surprisingly, Mirol levels were upregulated,
reflecting a possible compensatory mechanism to modulate mitochondrial availability as a
result of destabilised mitochondria. In contrast to IL-13, Miro1 levels were down-regulated in
IL-6 conditions, possibly due to differing roles of each cytokine and the cardioprotective
abilities of IL-6. Lastly, we investigated the involvement of TNF-a as another cytokine elevated
in heart failure and associated with IL-6. Here, we found upregulated Mirol, similar to IL-13
results. To compare, in our animal studies, it was determined that there is a significant increase
in the transcript level of inflammatory biomarkers TNF-a, IL-18 and IL-6 in GENA348 mice
myocardium. There was also a significant increase in inflammatory marker gene expression,
IL-6, IL-18 and TNF-a in WT-HFD compared to WT, whilst only IL-6 was upregulated in
GENA348-HFD mice. This, it appears that Mirol expression is differentially regulated by all
three cytokines investigated in this study. Further study could investigate this mechanism to
advance current understanding of how inflammation may be a driver of mitochondrial

dysfunction.

6.2 Methodical Considerations

6.2.1 Clinical relevance of animal models

Animal models are commonly used for research into cardiac pathology and disease, providing
a reliable alternative to the use of human participants or tissue samples. In this study
investigating MODY?2 diabetes and obesity, the GENA348 mouse model enabled reliable
investigation into disease development. This model is easy to generate and displays excellent

characteristics that replicate the human phenotype. Previous studies have demonstrated that
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the GENA348 mouse is clinically relevant as a MODY2 model (Fabiano et al., 2016), making
it a strong candidate model for use in this study. Despite this, there have been a lack of studies
about MODY2 and inflammation or MODY2 and cardiac function associated with the
mitochondria. Unfortunately, it was not possible to carry out echo data for GENA348 and to

compare with GENA348-HFD, due to the use of differing echo machines.

6.2.2 Clinical relevance of cell models

For the investigation in Mirol, cell culture studies were used, focusing on the immortal H9c2
cell line, derived from rat neonatal cardiac myoblasts. Cell culture studies enable tighter control
into the culture environment and provide greater detail into molecular disease development,
particularly in the pathogenesis of T2DM. Using H9c2 cells provides a strong advantage in
that an endless supply of cells are available, negating the need for ethical considerations, such
as that for studies with mouse models. For cardiac studies, it can be difficult to isolate primary
cardiomyocytes for each stage of the study. AS discussed in the previous Chapter compared
to primary rat neonatal cardiomyocytes, H9c2 cells showed an almost identical response to
hypertrophic factors angiotensin Il and endothelin-1 (Watkins et al., 2011). Primary cell lines
can also be hard to isolate in a pure population, are more sensitive and require frequent media
changes. Furthermore, primary cardiomyocytes are well known to become flattened and
rounded after 48h in culture (Mitcheson et al., 1998), making molecular manipulation using
transfection techniques difficult. However, it is important to note that extensive passage of cell
lines such as H9c2 can result in the divergence of primary cell phenotypes and was considered

during the undertaking of this work.

To overcome this, new cell line stocks were used after every 15 passage repeats. Neonatal
rat cardiomyocytes (NRCM) have a disadvantage when studying mitochondrial function as the
substrate occurs through glycolysis rather than in mature cardiomyocytes whereby fatty acid
oxidation takes place. Overall, neither cell model provides a complete solution and choice of
either option comes with its advantages and disadvantages. As a method of validation, future

work could test if the results in this thesis can be replicated in primary adult cardiomyocytes.
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6.2.3 Limitations of SBF-SEM

SBF-SEM is a novel technique whereby high-contrast images are obtained from fixed tissue.
Here, SBF-SEM was used to investigate putative remodelling of the GENA348 cardiac
mitochondria and to determine volume and surface area of individual mitochondria. This
enabled an improved understanding of why molecular level proteins mediating mitochondrial
dynamics and biogenesis were perturbed along which changes OXPHOS and linking this to
ultrastructural mitochondrial changes. However, there are several limitations of the method.
The rate-limiting step is that features such as mitochondria need to be manually segmented
so although sample preparation and data collection took approximately two weeks, data
analysis required at least three months. The resolution of SBF-SEM is also limited such that
the internal features of the mitochondria are not resolved. Other similar techniques such as
focussed ion-beam scanning (FIB)-SEM work on a similar principle to SBF-SEM but can yield
higher resolution images in the X:Y:Z planes but captures a much smaller field of view (Xu et
al., 2017). There was a greater variability in mitochondrial morphological parameters in the
GENA348 mitochondria a contributory factor may be the low n-number and/or a reflection of
the remodelling. However, we and others have previously shown that for this technique than
n=3 per experimental group yields reliable data even for acute conditions such as myocardial

infarction where variability due to differences in infarct size may play a role (Pinali et al., 2017).

6.3 Directions for Further Research

6.3.1 Investigate the direct effects of fission-fusion proteins using cell

culture

One of the main findings of this thesis was a significant upregulation in molecular levels of
Mfnl, Mfn2 and Opal, whilst Drpl was downregulated, associated with changes to
mitochondrial morphology in the GENA348 mouse. Through our data, we showed that the
GENA348 mouse exhibits altered mitochondrial dynamics. To further investigate these
pathways, expression of these proteins could be modified through cell culture techniques in

combination with the manipulation of PINK1/Parkin. This data would provide an insight into
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understanding the mitochondrial molecular pathways involved in the pathogenesis of diabetes,
as seen in the EM images. Additionally, studies could also extend to older GENA348 mice e.g.
1 year of age as unpublished data from the Cartwright group have shown that LV dysfunction

worsens; although maintaining animals for long periods of time is very costly.

6.3.2 Investigate increased inflammatory markers as a diabetes risk

predictor

Our data showed an elevation of IL-6 in the GENA348, suggestive of a worsening in cardiac
function. IL-6 has been implicated in diabetes and cardiovascular complications (Qu et al.,
2014) and is a characteristic marker of metabolic disorder and cardiovascular disease (Qu et
al., 2014). It would, therefore, be interesting to knockout IL-6 in GENA348 mice and investigate
cardiac function. Elevation of IL-6, similar has been characterised as a marker of metabolic
disorder and cardiovascular disease (Scheller et al., 2011). In line with other studies, it would
be expected that this knockout would provide protection against diabetic cardiomyopathy
(Zhang et al., 2016). In this study of IL-6 diabetic knockout mice, cardiac function improved,
suggesting a protective effect against diabetic cardiomyopathy (Zhang et al., 2016). Here,
wildtype diabetic mice were induced by STZ and investigated 12-weeks after diabetes
induction (Zhang et al., 2016). In relation to the present study, this suggests that an elevation
of IL-6 in the GENA348 worsens cardiac function. Thus, this could provide valuable data as a
therapeutic marker and suggesting future risk probability. Future work could investigate the
migration of macrophages into the GENA348 myocardium as a source of inflammatory
cytokines, although cell types such as fibroblasts can secrete cytokines. Generally, it can be
said that chronic inflammation and diabetes depend on each other and play a common role
(Feng et al., 2018) and the novel work from this thesis has shown that it is also a feature of
the GENA348 mouse. Again, this would provide an insight into how inflammation characterises

in cardiac abnormality.

6.4 Conclusion

Through the combination of a wide range of experimental techniques, this PhD research

investigated mitochondrial dysfunction linked to the pathogenesis of cardiovascular
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complications identified in TLDM and T2DM, using a mouse model (GENA348) with a mutation
in the glucose kinase gene. Our data reveals that the GENA348 mice develop cardiovascular
complications, with an imbalance in mitochondrial dynamics. However, it is unclear whether
increased fusion is a cardioprotective response. The role of fission-fusion proteins that
regulate mitochondrial dynamics and morphological changes determined by these proteins
will provide invaluable information that can be used for therapeutic intervention in the
treatment of cardiac mitochondrial dysfunction in MODY2 diabetes. Further our data indicate
that monitoring of cardiac function in MODY2 patients may be important since our mouse

model incorporating the Gck mutation appears to develop diastolic dysfunction.
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