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Abstract

Obesity is a common precursor to type 2 diabetes (T2DM); both reaching pandemic proportions and
are associated with cardiovascular complications such as diabetic cardiomyopathy. Diabetic
cardiomyopathy is linked with changes to mitochondrial function and dynamics; regulated by fission
and fusion. However, the underlying mechanisms remain unknown. This project aimed to characterise
cardiac function and investigate mitochondrial fission/fusion mechanisms in a diet-induced obesity
(DIO) murine model. Here | employed eight-week-old C57BL/6J male mice, fed with either a 60%
high-fat diet (HFD) or chow (10% fat) (n= 6-8) for 12 weeks to study mitochondrial function and
dynamics remodelling that could contribute to the development of diabetic cardiomyopathy. A second
trial group incorporated exercise (most common non-pharmacological management of obesity/T2DM)
training (a daily swimming regimen) and/or diet exchange for chow after 12 weeks HFD feeding for 5
weeks to determine the reversible impact upon cardiac and mitochondrial function. Therefore, this
study assessed the hypothesis that obesity-induced diabetes (DIO) alters mitochondrial dynamics in
the heart, promoting changes to mitochondrial function and structure.

HFD feeding led to weight gain, hyperglycaemia, hyperlipidaemia and insulin resistance in DIO mice,
and echocardiography revealed signs of diastolic dysfunction. Histology staining showed evidence of
apoptosis but no fibrosis or hypertrophy. Western blotting and RT-gPCR showed increased expression
of the fission proteins Drpl and Fisl with a decreased in the phosphorylation of Drpl at Ser637
suggest a shift towards fission. There was an upregulation of mitophagy proteins, PINK1 and Parkin.
Employing serial block face scanning electron microscopy (SBF-SEM) | determined that there was a
decrease in perinuclear mitochondria surface area and volume but with an increase in its surface area
to volume ratio in HFD (DIO) compared to control. In addition, perinuclear mitochondria in control
and HFD (DIO) were the smallest in size, and the largest surface area to volume ratio compared to
subsarcolemmal and interfibrillar mitochondria. Diet exchange and exercise with diet exchange led to
improve insulin sensitivity and lipid profile with restoration of normal fission-fusion axis, but the
mice that underwent exercise only remained insulin resistant with alterations to the fission-fusion
axis.

| identified that HFD (DIO) feeding led to a decrease in sirtuin 5 (Sirt5) and so next investigated
whether mechanistically there is a link to increased mitochondrial fission. siRNA-mediated Sirt5
knockdown in H9c2 cardiac myoblast cell line led to a similar alteration in mitochondrial dynamics as
seen in HFD (DIO) model (increase in Drpl, decrease in P-Drp1(S637). | further demonstrated that
there was no link between changes in mitochondrial dynamics in early-stage diabetic cardiomyopathy
and ER stress, Prohibitins (PHB1 and PHB2) and insulin resistance. Finally, proteomic analysis
comparing each permutation of exercise and diet showed perturbed inflammatory, cardiac contraction
signalling and stress defence network in HFD (DIO) cardiac mitochondria with a shift in the major
energy source from fatty acid oxidation to glycolysis. Moreover, PPARA was identified as one of the
main inhibitory upstream regulators in HFD (DIO).

Here | have identified changes in mitochondrial fission/fusion axis as a feature of diabetic
cardiomyopathy and hence represent an early pathogenesis event, thus providing novel insights that
can be incorporated into future therapeutic research. In addition, our studies on the reversible effect of
exercise and/or diet highlight the role of healthy lifestyle in managing cardiac mitochondrial function.
A putative mechanistic link between Sirt5 and mitochondrial fission/fusion processes has been
investigated, providing a novel understanding of the regulation of mitochondrial dynamics.
Furthermore, our proteomic data indicates perturbed mitochondrial pathways in HFD (DIO), exercise
and/or diet exchange groups and our datasets provide valuable information for future studies for
investigating novel therapeutic approaches to combat obesity induced diabetes particularly since
patient compliance to lifestyle changes remains generally poor.
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Chapter 1 General introduction

1.1 Obesity and diabetes

1.1.1 Obesity
Obesity and overweight are described as the excess fat in the body that could negatively

affect the health. According to World Health Organization (2017), 38.5% of adult global
population were overweight, 13% were obese in 2014, highlighting that obesity is reaching
pandemic proportions and represents a global healthcare burden. The most common cause of
obesity is the increased intake of high energy foods and the lack of physical activity (Lau et
al., 2007). However, few cases are caused by medical, psychiatric or genetic diseases (Bleich
et al., 2008). Health Survey for England (2015) reported that 27% of England’s population
are classified as obese. Foresight (2007) predicted that 60% of adult men and 50% of adult
women in England will defined as obese by 2050 (Bryony Butland, 2007). Obesity is
measured by body mass index (BMI), dividing an individual’s body mass in kilograms by the
square of the height in meters (kg/m?). BMI categorises the population into underweight,
normal, overweight or obese groups. Normal BMI is from 18.5 kg/m? up to 25 kg/m?,
whereas a BMI of 25 kg/m? up to 30 kg/m? is characterised as overweight and more than or
equal to 30 kg/m? is described as obese. Obesity is subdivided into different categories, class
1: BMI of 30 to 34.9 kg/m?, class 2: BMI of 35 kg/m? to 39.9 kg/m? and class 3: BMI of 40
kg/m? or higher. Obesity is a major risk factor for heart disease, stroke, obstructive sleep
apnoea, osteoarthritis and type 2 diabetes mellitus (T2DM) (World Health Organization,
2014). Furthermore, there are numerous studies on the association between obesity and
T2DM. For example, Resnick et al. (2000) stated that overweight and obesity were associated
with increased T2DM risk.

1.1.2 Diabetes
Diabetes mellitus (DM) is a serious health condition characterised by a persistent elevation of

blood glucose concentration (> 7 mmol/l fasting glucose) and presented with polyuria,
polydipsia and weight loss (American Diabetes Association, 2017). Diabetes is a global
problem with reports stating that 415 million adults around the world had diabetes in 2015,
which equals to 1 in 11. Figure 1.1 shows the number of diabetic patients in each continent in
2015 and the expected number of diabetic patients in 2040 (International Diabetes
Federation, 2015). It is estimated that DM accounts for 22,000 deaths per year in the United
Kingdom. There are two main types of diabetes: Type 1 DM (T1DM), also known as insulin-
dependent diabetes mellitus, and T2DM, also known as non-insulin-dependent diabetes

mellitus. Although the exact cause of TIDM is unknown, it is generally thought to result
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from autoimmune damage to pancreatic islet cells leading to decrease insulin secretion.
T1DM usually occurs during childhood or in youth while T2DM mostly occurs in adults
(Harjutsalo et al., 2010). Around 85% of diabetics, globally, are T2DM (World Health
Organization, 2004). The cause of T2DM includes lifestyle, genetics and some medical
conditions. Although the National Health Service (NHS) spends 9% of its budget annually
which equals £8.8 billion on the treatment of T2DM, it is preventable by controlling obesity,
which is an important risk factor for T2DM (Awa et al., 2012, Public Health England, 2015).
Around 90% of T2DM patients are overweight or obese (World Health Organization, 2004).
Overweight and obesity have been assigned to 44% of the diabetes burden around the world
(World Health Organization, 2009). It has been found that obesity can cause insulin
resistance and eventually inadequate insulin secretion which leads to T2DM (Muoio and
Newgard, 2008) (Gardner et al., 2011). Untreated DM can cause several short-term and long-
term complications. Short-term complications are hyperosmolar hyperglycaemic state,
hyperglycaemic diabetic ketoacidosis and death (Kitabchi et al., 2009), while the long-term

complications are neuropathy, nephropathy, retinopathy and cardiovascular disease.
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Figure 1.1: Number of diabetes cases by continent in 2015 and estimated number in
2040.
Adapted from International Diabetes Federation (2015).

1.1.3 Cardiovascular complications in obesity and diabetes
It has been found that obesity increases the likelihood of developing hypertension, heart

failure and coronary artery disease (CAD) (Lavie et al., 2009). Kenchaiah et al. (2009)

reported a doubling in the risk of developing heart failure in obese individuals compared to
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normal BMI individuals. Madala et al. (2008) described a strong negative relationship
between the BMI and the age of the patient presenting with a non-ST elevation myocardial
infarction. In addition, obesity has been linked to ventricular diastolic dysfunction (Pascual et
al., 2003), left atrial enlargement (Stritzke et al., 2009) and left ventricular hypertrophy
(Lauer et al., 1991) which are considered risk factors for atrial fibrillation (AF). Wanahita et
al. (2008) also reported an increased risk of AF by 49% in obese patients in comparison to
normal weight patients.

In addition to the association of cardiovascular disease with obesity, cardiovascular
complications are common in diabetic patients (Sarwar et al., 2010) and are associated with
increased mortality (Di Angelantonio et al., 2015). Diabetes is considered one of the major
risk factors for heart failure, which can be caused by CAD and myocardial dysfunction
(Aneja et al., 2008). Diabetic patients have a higher risk, greater than three-fold, to develop
CAD and are at higher risk for myocardial dysfunction (Avogaro. et al., 2004).

The term diabetic cardiomyopathy (DCM) which was introduced by Rubler et al. (1972)
identifies myocardial structural or functional abnormalities that are induced by diabetes
which could result in heart failure. DCM is categorized into three stages: early, middle and
late stage. In the earliest stage, metabolic and mitochondrial dysfunction is initiated with
normal ejection fraction and no obvious functional abnormality. Decreased ejection fraction
and diastolic dysfunction is seen in the middle stage. In the late stage, microvascular changes
lead to heart failure (Chavali et al., 2013) .

Cardiovascular complications in obesity and diabetes have been proposed to be caused by
various mechanisms including hyperglycaemia, lipid toxicity and mitochondrial dysfunction
(Duncan et al., 2010). There are four pathogenic mechanisms that are thought to be driven by
hyperglycaemia. One of the best characterised mechanisms by which hyperglycaemia leads to
organ damage is through accelerating the production of advanced glycosylation end-products
(AGESs), which in turn increase reactive oxygen species (ROS). Both AGEs and ROS have
been demonstrated to lead to collagen damage and stimulate the inflammatory cascade (Aneja
et al., 2008).

The increase in myocardial free fatty acids metabolism is reported to cause systolic and
diastolic dysfunction in addition to elevation of mitochondrial ROS level (Bando and
Murohara, 2014, Amaral and Okonko, 2015, Wang et al., 2014). These changes could lead to
myocardial abnormalities such as fibrosis, hypertrophy, microangiopathy and contraction
abnormality (Borbely et al., 2009, Bugger and Abel, 2014). Excessive fatty acids lead to

myocardial abnormalities in two mechanisms: increase rates of fatty acid oxidation and
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ectopic lipid deposition. The ratio of glucose and fatty acid oxidation by the heart
physiologically varies in a dynamic manner to ensure the maximum energy production.
Pathological changes in this ratio are seen in obesity and diabetes. Low level of cellular
glucose leads to an increase in fatty acid oxidation results in increased ROS production and
oxygen consumption, in addition to impaired energy production which could lead to
apoptosis (Duncan et al., 2010). For example, human and animal hearts of TIDM showed an
increase in fatty acid oxidation, oxygen consumption and decrease in glucose oxidation
associated with impaired cardiac function (How et al., 2006, Bugger et al., 2008, Herrero et
al., 2006). A similar finding has been reported in an animal model of T2DM (Boudina et al.,
2007, Buchanan et al., 2005, Mazumder et al., 2004, Boudina et al., 2005). The second
mechanism for myocardial abnormality associated with excessive fatty acid, ectopic lipid
deposition, has been reported in human and animal studies (Wende and Abel, 2010) (Sharma
et al., 2004). For example, fat accumulation around the animal heart, caused by a high fat
diet, lead to systolic and diastolic dysfunction (Montani et al., 2004). In addition, ectopic
lipid deposition in the heart associated with diastolic dysfunction has been reported in obese
mice model (Christoffersen et al., 2003).

The link between obesity and diabetes association in being major risk factors for
cardiovascular complications could be explained by the fact that obesity is a risk factor for
insulin resistance and, therefore, T2DM as previously explained. Obesity contributes to
T2DM development and can independently cause cardiac dysfunction. Therefore, studies on
the link between the possible mechanisms by which obesity and diabetes lead to
cardiovascular complications are required, in addition to research on the effects of lifestyle

routines in preventing obesity and consequently, diabetes and cardiovascular diseases.

1.2 Animal models of diabetes
Laboratory animals have been used as surrogate of human diseases to facilitate research when

it is difficult, harmful, and unethical to be conducted on humans. Laboratory animals have
been used due to the similarity of pathophysiology compared to human. Furthermore, it has
been determined that the mouse genome is similar to human genome by more than 90%
(Waterston et al., 2002). Accordingly, researchers have extensively used small animal models
of diabetes and obesity to delineate the molecular cardiovascular complications associated
with both DM and obesity.

T1DM rodent models are categorised into different groups depending on the induction
mechanism: chemical induction, spontaneous autoimmune, genetically induced and virally

induced. Chemical induction models have been used to test new insulin types (Sheshala et al.,
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2009, Jederstrom et al., 2005), as well as pancreatic islets transplantation (Makhlouf et al.,
2003, Deeds et al., 2011). The downside of this approach is the cytotoxicity of the chemicals
used, for example, the streptozotocin (STZ) contributes to increasing free radical formation
(Lee et al., 2010). In addition, misinterpretation of data could occur when studying the
autoimmunity in STZ models because it has been reported to reduce lymphocyte count and
increase suppressor T-cells (Muller et al., 2011). However, the STZ model remains one of the
most popular animal models of TIDM as it is relatively cheap and fast to develop with the
rats showing symptoms of diabetes at 8 weeks post-injection. Spontaneous autoimmune
induction includes the non-obese diabetic (NOD) model, which is the model of choice to
study autoimmunity (Yang and Santamaria, 2006). Disadvantages of this model include its
high susceptibility to bacterial infection, which could alter the development of DM.
Therefore, it is expensive to keep this model in a specific pathogen-free environment (King,
2012). The Akita mouse is an example of a genetically induced model, which has been
commonly used to study Endoplasmic reticulum (ER) stress in the pancreatic islets, which
could lead to an early death of mouse if left untreated (Chen et al., 2011a). A range of cardiac
abnormalities with each of the models have been reported, summarised in Table 1.1 (Moore
et al., 2014, Pacher et al., 2002, Bugger and Abel, 2009).

Table 1.1: Type 1 diabetes animal models.
(STZ, streptozotocin; NOD, non-obese diabetic; ER, endoplasmic reticulum).

Mechanism of Model Uses Disadvantage Cardiac features
induction
Chemically  STZ e Appropriate e Cytotoxic. e Diastolic
induced model for e Lymphopeni dysfunction
testing insulin a e Decrease
and islets e Increasein mitochondrial
transplantation suppressor T respiratory
e inexpensive cells capacity
e Decrease
cardiac
efficiency
Spontaneous NOD e Appropriate e Costly e Decrease left
autoimmune model for ventricular
autoimmunity systolic pressure
Genetically = Akita e Appropriate e Shortlife e Decrease cardiac
induced model for ER span function

stress in the
pancreatic islets
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Since T2DM is associated with obesity, the majority of T2DM models are obese and so are
also often used as models of obesity. Rodent models of T2DM are divided into obese and

non-obese models. Obesity is induced by monogenic, polygenic or diet.

Leptin, also known as satiety hormone, inhibits hunger. Dysfunctional leptin lead to obesity
by hyperphagia, which is the most common mechanism used in monogenic models.
Monogenic models include Lep®®®, Lepr®d mice and Zucker fatty rats (ZFR). Lep®”°® mice
have been often used to study metabolic disturbances leading to T2DM, and the association
between insulin and leptin (King, 2012). Moreover, hyperlipidaemia was found in Lep°”°®
and ZFR (Lindstrom, 2007), whereas ketosis and short life span were reported in Leprd”/@®
mice, whereas hypertension and glucose intolerance were reported only in ZFR (Srinivasan
and Ramarao, 2007).

Furthermore, polygenic models include Kasukabe (KK), New Zealand Obese (NZO) and
TallyHo mice. These models have been used to study oral hypoglycaemic agents (Yoshinari
and Igarashi, 2011, Mochizuki et al., 2011) and DM complications (Buck et al., 2011, Lee et
al., 2011). Different from monogenic models, these models have no wild-type phenotype, and
gender bias is present (Leiter, 2009). KK mice are reported to have signs of diabetic
nephropathy (lkeda, 1994) and they have mild obesity (Clee and Attie, 2007). Non-obese
models of T2DM include Goto-Kakizaki (GK) rats. Table 1.2 summarises T2DM models
with a range of cardiac abnormalities that have been reported (Bugger and Abel, 2009, Ye et
al., 2004, Fang et al., 2008, Daniels et al., 2012, Picatoste et al., 2013). The diet for all mice
models in the table is chow diet except for DIO model which is a high-fat diet. High fat diet
can be 45% or 60% (calories from fat).
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Table 1.2: Summary of the most used type 2 diabetes animal models.
(ZFR: Zucker fatty rats, KK: Kasukabe, NZO: New zealand Obese, GK: Goto-Kakizaki, Lepr:
deficient leptin receptor, Lep: leptin deficient, DIO: diet-induced obesity).

Mechanism  Model Hyper Hyper Hyper Specific features Cardiac features
glycaemia insulinaemia  phagia
Obese Lep®®  Yes Yes Yes e Severe obesity Diastolic
(monogenic) e Hyperlipidaemia dysfunction
o Infertile Decrease
mitochondrial
respiratory
capacity
Decrease cardiac
efficiency
Leprdd  Yes Yes Yes e Ketosis Diastolic
e  Short life span dysfunction
Decrease
mitochondrial
respiratory
capacity
Decrease cardiac
efficiency
ZFR Glucose Yes Yes e  Hyperlipidaemia Diastolic
intolerance e Hypertensive dysfunction
Obese KK mice Yes Yes Yes e Mild obesity, Contractile
(Polygenic) e Sign of diabetic dysfunction
nephropathy
e Hyperliptinimia
NzO Yes Yes Yes e Hyperliptinimic
mice
TallyHo  Yes Yes Yes e  Hyperglycaemia
is limited to male
mouse
e Hyperlipidaemia
Obese (DIO) HFD Glucose Yes No Cardiac
(45%, intolerance hypertrophy
60% Contractile
calories dysfunction
from fat)
Non-obese GK rats yes No No Diastolic

dysfunction

1.3 Mitochondrial dysfunction in diabetic cardiomyopathy
Evidence is converging to indicate that a hallmark of diabetes is altered cardiac metabolism

(Lee et al., 2017b, Lee et al., 2015, An and Rodrigues, 2006), a feature that will lead to

impaired contractile function (Miki et al., 2013). Central to myocardial metabolism are

mitochondria, organelles within the cardiac myocytes. It has been found that aberrant

mitochondrial

function and morphology occur as a result of obesity and DM,

pathophysiological changes that are proposed to contribute towards the development of heart

failure (Bugger and Abel, 2010). For this reason, understanding the effect of obesity and its
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possible consequence, T2DM, on cardiomyocyte mitochondria is central to research on

cardiovascular disease and prevention.

1.3.1 Mitochondria and energy production
Mitochondria are double membrane organelles found in all eukaryotic cells. Mitochondria

have an outer (OMM) and inner (IMM) membrane separated by the intermembrane space
(IMS). Infolding of the inner membrane forms the cristae. The space within the inner
membrane is called the matrix. Mitochondria are a major intracellular organelle that are
mainly responsible for energy production and as a regulator for various cellular mechanisms.
The main cellular energy source, adenosine triphosphate (ATP), | is produced by the
mitochondria. For example, a human heart produces over 30 kg of ATP daily (Mailloux,
2015). Cellular respiration is the process of generating energy, in the form of ATP, from
food. This includes glycolysis, the tricarboxylic acid (TCA) cycle, $-oxidation and oxidative
phosphorylation (OXPHOS). Glycolysis occurs in the cytosol, while citric acid cycle,
OXPHOS and beta-oxidation occurs in the mitochondria. Glycolysis and -oxidation produce
acetyl-CoA which are oxidized in the TCA cycle for energy production. OXPHOS occurs
through the electron transport chain (ETC), with the Complexes localised to the inner
mitochondrial membrane. ETC is formed from a series of protein complexes that relocate
electrons from a reducing agent to an oxidising agent in redox reactions; these electron-
transfer reactions generate energy. Electrons are derived from NADH and FADH2 which are
produced from glycolysis and TCA cycle. ETC consists of Complex I, II, 1lI, IV, V,

ubiquinone Q and cytochrome C.

In obesity and diabetes, mitochondrial energy production is affected due to the alteration of
Complex activity, which could lead to cardiac myopathy. For example, Vazquez et al. (2015)
reported a decrease in complex | activity resulting in decrease OXPHQOS in STZ mice heart
(TIDM). Boudina et al. (2007) observed a significant decrease in complex V proteins
associated with impaired OXPHOS in Lepr?® heart mitochondria. In addition, Boudina et al.
(2005) reported a decrease in protein levels of complex I, 11l and V in heart of Lep®®°® mice.
A study of hearts from STZ diabetic rats showed a significant decline in enzymatic activities
of complex I and Il that were associated with reduction in mitochondrial respiration (Lashin
et al., 2006).

1.3.2 Calcium ion uptake, storage and signalling
Calcium (Ca?") plays an important role in signal transduction and is considered one of the

most common intracellular signalling molecules which help in neurotransmitter release and
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muscle contraction (Brini et al.,, 2013). Excitation-contraction coupling (ECC) is a
mechanism that regulates cardiomyocyte contractility. Figure 1.2 summarises the main
processes in ECC. An action potential from sinoatrial (SA) node depolarizes the sarcolemma.
Depolarization of the sarcolemma leads to Ca?* entry into the cytosol via the L-type voltage-
gated calcium channels which then binds to the ryanodine receptors (RyR2) triggering a
release of a bolus of Ca?* from the sarcoplasmic reticulum by a mechanism known as Ca-
induced Ca-release (CICR) (Bers, 2002). CICR leads to an increase to cytosolic Ca?* levels
which leads to conformational changes to sarcomeric proteins culminating in cardiomyocyte
contraction. Following contraction, relaxation of the sarcomere occurs by decreasing the Ca?*
concentration in the cytosol through removal of the Ca?* from the cell predominantly via
sarcolemmal Na/Ca exchange (NCX) and with transfer of Ca®" back into the SR via
sarcoplasmic reticulum Ca-ATPase (SERCA). The Ca?" released in the CICR stage is also
taken up into mitochondria via the voltage dependent anion channel (VDAC) and
mitochondrial Ca?* uniporter (MCU). VDAC is located in the OMM, whereas MCU is found
in the IMM (Sejersted, 2011). Mitochondrial Ca®* uptake is essential in the cardiac cycle as
mitochondrial Ca?* uptake and buffering affect the cytosolic Ca?* concentration which has a
role in the contraction. In addition, mitochondrial Ca?* is central for regulating several TCA
cycle enzymes and other cellular metabolism such as apoptosis as well as for the production
of ATP (Marks, 2003).

Sarcolemma

Mitochondrion

CaZ2+

Ca?" m— ) Ca7*

Sarcomere

Contraction 5 Relaxation

Figure 1.2: Cardiac excitation-contraction coupling.

Calcium ions enter the cytoplasm via the L-type calcium channels which triggers opening of the RyR2, which
leads to the release of calcium from the SR into the cytoplasm. High cytoplasmic calcium stimulates proteins of
the sarcomere leading to contraction. Relaxation is initiated by decreasing cytoplasmic calcium by removal of
calcium via MCU, VDAC, SERCA and NCX. RyR2, ryanodine receptor; CICR, Calcium-induced Calcium-
release; SERCA, sarcoplasmic reticulum Ca ATPase; NCX, Na/Ca exchange; MCU, mitochondrial calcium
uniporter; VDAC, voltage dependent anion channel.
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Cardiomyocyte mitochondrial Ca?* mishandling has been reported in many T1DM animal
models (Suarez et al., 2008, Zhao et al., 2006, Ye et al., 2004) as well as in T2DM models.
For example, Belke et al. (2004) reported a myocardial contractile dysfunction associated
with decrease Ca®* handling by the sarcoplasmic reticulum (SR) in the Lepr®d diabetic
mice. In addition to this, Li et al. (2006) reported Ca** mishandling in cardiomyocytes in
Lep® obese diabetic mice, manifested as impairment contractility. From these studies and
others, there is a growing consensus that impaired calcium signalling in the cardiomyocyte

mitochondria in obesity and DM contributes to contractile dysfunction.

1.4 Mitochondrial subpopulations
The cardiomyocyte has a higher number of mitochondria than other cell types (around third

of its volume) because of its high energy demand (Ruiz-Meana et al., 2010). Cardiac
mitochondria consist of three different structurally, spatially and biochemically separate
populations: interfibrillar (IFM), subsarcolemmal (SSM) and perinuclear mitochondria
(PNM) (Hollander et al., 2014). SSM are situated underneath the cell membrane
(sarcolemma) and have been reported to have lamelliform cristae, whereas IFM are located
between the muscle fibrils and mostly have tubular cristae (Riva et al., 2005), whereas
perinuclear mitochondria are clustered around the nucleus. In addition, perinuclear
mitochondria are smaller, less complicated in structure than other subpopulations and
rounded in shape (Lukyanenko et al., 2009). It is believed that perinuclear mitochondria play
a role in nuclear transcription (Al-Mehdi et al., 2012). There is evidence that each population
may have a different function in the cell. Since IFM are embedded between myofibrils, IFM
have been reported to have greater OXPHOS and Ca?* loading, enzymatic activity and energy
production which could help in muscle contraction (Hatano et al., 2015, Schwarzer et al.,
2013). Although IFM have been reported to have greater OXPHOS, Crochemore et al. (2015)
found that ROS level is higher in SSM than IFM in normal condition. Mitochondria
subpopulations have been reported to be affected differently in pathological conditions.
Aging have been reported to affect IFM negatively. For example, Lesnefsky et al. (2001)
stated that aging decrease complex Il activity in heart IFM subpopulation only. In addition,
Suh et al. (2003) reported a higher oxidative stress and lower complex IV activity in old rats’
heart IFM compared to young. Ischemic injury has been reported to have a negative effect on
SSM. For example, Holmuhamedov et al. (2012) reported that SSM is more susceptible to
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ischemic injury and Ca?" overload than IFM. This could suggest that most cardiomyocyte

ischemic damage occurs in SSM.

However, SSM and IFM have been reported to be affected differentially in DM. A study on
cardiac myocytes from animal model of TIDM showed a decrease in complex | and IlI
activity with an increase in ROS in IFM and no changes in SSM (Dabkowski et al., 2009). In
the same study, mitochondrial size was decreased in SSM but not in IFM. Moreover, Baseler
et al. (2011) observed a decrease in complex I, 11, 11l, IV and V proteins in IFM of STZ mice
models. Interestingly, multiple mitochondrial respiration proteins were increased in SSM
which could be a compensatory protective mechanism. Although the exact mechanism is not
clear, this could explain the contractile dysfunction seen in TIDM patients since IFM is near
the muscle. However, contractile dysfunction is also seen in T2DM when SSM is affected.
For example, decrease in complex | activity in SSM was found in T2DM human heart with
no change in IFM (Croston et al., 2014). Taken together, different mitochondrial

subpopulation responses to different DM types require further investigation.

1.5 Mitochondrial dynamics
Mitochondria, specifically by OXPHOS in the ETC, are the major cellular source for ROS

which include superoxide and hydroxyl anions (Bugger and Abel, 2010). Excessive ROS
generation is seen in pathological conditions such as obesity and diabetes that lead to
oxidative stress which could induce cellular and mitochondrial DNA damage, and subsequent
cell death if unresolved (Betteridge, 2000). A number of studies revealed a correlation

between obesity and DM with increase ROS production (Liu et al., 2014).

Mitochondrial defensive mechanisms include antioxidant enzymes, mitochondrial uncoupling
and mitochondrial dynamics. Antioxidant enzymes are involved in protecting mitochondria
against ROS (Sena and Chandel, 2012). Several studies have also linked mitochondrial
membrane potential to ROS production (Suski et al., 2012). DCM contributes to the increase
in IMM potential resulting in high ROS production (Brand et al., 2004). Depolarization of
IMM and subsequent limitation of the ROS protect mitochondria by a mechanism known as
mitochondrial uncoupling (Arsenijevic et al., 2000). This mechanism is controlled by
uncoupling proteins (UCPs). UCP2 and UCP3 are the most UCPs in the heart (McLeod et al.,
2005). It has been reported that DCM is associated with an increase of UCPs in many animal
models (Murray et al., 2005, Gerber et al., 2006). For example, Murray et al. (2005) reported

db/db

an increase in cardiac UCP2 and UCP3 levels in Lepr mice. Although mitochondrial
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uncoupling leads to higher oxygen consumption with less ATP production, it could protect
the mitochondria from ROS. For example, Lepr®“ mice showed an increase of myocardial
oxygen consumption associated with ventricular dysfunction (Buchanan et al., 2005).
Moreover, Boudina et al. (2007) reported an increase of myocardial oxygen consumption
associated with impaired cardiac function. Another defensive mechanism is mitochondrial
dynamics which include mitophagy, fission, fusion and biogenesis. However, persisted
oxidative stress can overcome mitochondrial quality control and cause dysfunction of the
mitochondria and heart.

Mitochondrial dynamics maintain mitochondrial physiological function, quality control and
cellular homeostasis. Mitochondrial dynamics include the movement of the mitochondria and
the alteration in the size and structure by mitophagy, fission, fusion and biogenesis. Figure
1.3 illustrates these processes. These processes require energy and are controlled by certain
proteins. Unlike other cells, mitochondrial dynamics in the cardiomyocytes are restricted and
relatively slow due to a large quantity of myofilaments. However, most studies suggest a
fundamental role of mitochondrial dynamics in physiological and pathological conditions
such as DCM (Hwang and Kim, 2013).

Damaged mitochondrion

Mitophagy l Biogenesis
Healthy Healthy

D d ion
mitochondrion

Healthy mitochondrion

Figure 1.3: Role of mitochondrial dynamics in protection against oxidative stress.
Isolation of damaged mitochondria occurs by fission followed by mitophagy. Healthy mitochondria
fuse with a newly synthesized one by fusion.

1.5.1 Mitophagy
Mitophagy is involved with degradation of the damaged mitochondria. PTEN-induced kinase

protein 1 (PINK1) and Parkin are believed to regulate mitophagy (Youle and Narendra, 2011,
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Okatsu et al., 2012). PINK1 is synthesised in the cytoplasm and is intimately involved with
mitophagy (Narendra et al., 2012). The healthy mitochondria import PINK1 into the IMM
and cleave it by presenilins-associated rhomboid-like protein (PARL) and other proteases (Jin
and Youle, 2012). Depolarized mitochondrial membrane in damaged mitochondria inhibits
the import of PINK1. Therefore, accumulation of PINK1 in the OMM phosphorylates OMM
proteins which facilitate Parkin recruitment and activation. Parkin activation leads to

ubiquitination of the OMM fusion protein, mitofusin 2 (Mfn2) and consequently degradation.

It has been found that Parkin overexpression is associated with amelioration of dysfunctional
aged hearts in mice (Hoshino et al., 2013). In addition, Billia et al. (2011) found that swelling
of damaged mitochondria was associated with ventricular hypertrophy in PINK1-deficient
hearts. However, Parkin-deficient hearts showed an accumulation of disorganized

mitochondria without affecting the function in mice (Kubli et al., 2013).

STZ mice showed a decrease in PINK1 and Parkin levels in the heart (Xu et al., 2013).
Reduced PINK1 and Parkin could inhibit mitophagy which may contribute to the pathology
of DCM. Some medications used in treating heart problem have been reported to initiate
mitophagy. For example, Andres et al. (2014) proved that simvastatin provides
cardioprotection by triggering Parkin-dependent mitophagy. In addition, both mitophagy and
apoptosis are preceded by fission (Westermann, 2010).

1.5.2 Fission and fusion
Mitochondrial quality control includes fission and fusion as fission isolates damaged

mitochondria for mitophagy or apoptosis and fusion helps to fuse the mitochondria with a
newly synthesised one by biogenesis (Rimbaud et al., 2009). Mitochondrial fusion of the
OMM is mediated by mitofusins (Mfnl and Mfn2) which are present in the OMM, while
mitochondrial fusion of the IMM is regulated by optic atrophy 1 (Opal) which is in the IMM.
These proteins contain a GTPase domain, a transmembrane (TM) region and coil-coil (HR1
and HR2) domains. The GTPase domain is responsible for GTP hydrolysis, the TM domain
plays a role in tethering proteins to the OMM, and the coil-coil domain is proposed to
mediate protein interactions. The HR2 domains of Mfns play a role in tethering before fusion
(Koshiba et al., 2004). Mfnl and Mfn2 have an 80% similar structure (Santel et al., 2003).
The GTPase activity in Mfnl is higher than Mfn2. So, the tethering efficiency is more in
Mfn1 (Ishihara et al., 2004). Dilated cardiomyopathy, impaired mitochondrial respiration and

marked mitochondrial fragmentation are a feature of murine cardiomyocyte when Mfnl and
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Mfn2 are ablated (Chen et al., 2011b). Mfn2 has other function other than fusion include
regulating apoptosis and metabolism (de Brito and Scorrano, 2008). It has been found that
Mfn2 plays a role in mitophagy by recruiting Parkin. Mfn2 has to be first phosphorylated by
PINK1 for this recruitment to occur (Dorn, 2016). For example, both Parkin recruitment and
mitophagy were inhibited in ablated Mfn2 mouse cardiomyocytes with high number of
damaged mitochondria (Chen and Dorn, 2013). In addition to the role of Opal in fusion, it

has a role in preventing apoptosis by inhibiting cytochrome c (Frezza et al., 2006).

Mitochondrial fission is regulated by dynamin-related protein 1 (Drpl), which contains
GTPase domain. Drpl is a cytosolic protein that is recruited to the mitochondria via the
cytoskeleton such as microtubules and microfilaments (Varadi et al., 2004, De Vos et al.,
2005). Due to the lack of a TM domain in Drpl, it interacts with protein receptors on the
OMM that includes fission 1 protein (Fisl), mitochondrial fission factor (Mff) and
mitochondrial dynamics protein of 49kDA (MID49) or 51 kDA (MID51). Loson et al. (2013)
reported that Fisl, Mff, MID49 and MID51 play a role in Drpl recruitment. Moreover,
MID49 and MID 51 can recruit Drpl in the absence of Fisl and Mff. Figure 1.4 illustrates

mitochondrial fission and fusion processes.

Fission Fusion

Drpl— @ ® OPA1 Mitofusin

Figure 1.4: Mitochondrial fission and fusion processes.

Mitochondrial fission protein (Drpl) recruited to the mitochondria by
different receptors include (Fisl, Mff, MID49 and MID51) resulting in
smaller mitochondria. Fusion is mediated by Mfnl, Mfn2 and Opal leading to
bigger fused mitochondria. Adapted from (Kanamaru et al., 2012).

Alteration in fission and fusion proteins has been associated with mitochondrial dysfunction.

For example, in-vitro ablation of Opal results in impaired mitochondrial respiration and
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mitochondrial fragmentation (Song et al., 2009). Watanabe et al. (2014) reported a
mitochondrial dysfunction and insulin resistance in overexpressed Drpl H9C2 myoblasts.
Pharmacological inhibitors of Drpl in murine cardiomyocytes have been reported to be
cardioprotective against ischemia/reperfusion injury (Ong et al., 2010). Levels of Opal are
reported to be decreased in heart failure patients associated with mitochondrial dysfunction
(Chen et al., 2009).

Alterations in fission and fusion proteins have been reported in obesity and DM. For
example, Montaigne et al. (2014) reported a decrease in the expression of Mfnl in T2DM
human hearts with no alteration of Mfn2, Opal, Fisl or Drpl associated with mitochondrial
and contractile dysfunction. Moreover, Mfnl expression was inversely correlated to glycated
haemoglobin (HGBA1C), suggesting that hyperglycaemia is one of the major drivers of
mitochondrial dysfunction. In addition, Gao et al. (2012) reported a decrease in the
expression of heart Mfn2 in TLDM animal model. In addition, Makino et al. (2010) reported
a decreased level of Opal and an increased level of Drpl in diabetic mouse coronary
endothelial cells. Reduction in Opal levels have been reported in rat neonatal cardiomyocytes
treated with high glucose and was associated with mitochondrial dysfunction (Makino et al.,
2011). It has been found that some diabetes treatments affect fusion proteins. For example,
insulin treatment of rat neonatal cardiomyocytes showed an increase level of Opal associated
with an improvement in mitochondrial function (Parra et al., 2014). Taken together, impaired

fission/fusion in obesity and diabetes could be a cause of cardiovascular complications.

1.5.3 Mitochondrial biogenesis
Mitochondrial homeostasis depends on the balance between mitochondrial biogenesis,

fission, fusion and mitophagy (Peng et al., 2016, Palikaras et al., 2015). Mitochondrial
biogenesis is a process of synthesising mitochondria and increasing mitochondrial mass
resulting in more energy production (Hood, 2009). Assessing mitochondrial biogenesis
includes measuring mitochondrial DNA (mtDNA) copy number, Peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1a) and Mitochondrial transcription
Factor A (TFAM) (Medeiros, 2008). PGC-1a is the nuclear transcription factor regulating
mitochondrial biogenesis with links to OXPHOS, fission and fusion (Valero, 2014). In
addition, expression of antioxidant enzymes have been reported to be increased by PGC-1a
upregulation (St-Pierre et al., 2006). Pisano et al. (2016) found a decrease in PGC-1a mtDNA
expression that was associated with deranged mitochondrial biogenesis in adult human heart
with heart failure. Similarly, Yan et al. (2013) reported a down regulation of PGC-1a and a
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decrease in mtDNA copy number in Lep®®® mice cardiomyocyte. On the other hand,
Boudina and Abel (2006) observed an increase in mtDNA copy number in Lep®°® diabetic
hearts associated with impaired OXPHQOS, suggesting that there is no association between
mitochondrial biogenesis and function. In addition, Chandrasekaran et al. (2015) reported an
increase in TFAM level associated with an increase of mtDNA in STZ diabetic mice. Taken
together, these results could mean that impaired mitochondrial biogenesis in the diabetic

heart could contribute to the pathology of DCM.

1.6 Regulators of fission and fusion

1.6.1 Endoplasmic reticulum stress
The endoplasmic reticulum (ER) is an organelle situated in the cytoplasm which supports

many functions in human cells. A specialized form of the ER that is called sarcoplasmic
reticulum (SR), is present in myocytes (Michalak and Opas, 2009). The SR plays a role in
Ca?* storage and transport, therefore, mediating excitation-contraction coupling. The SR may
be classified on the basis of structure and function into junctional and longitudinal SR (Rossi
et al., 2008). ER/SR both participate in protein-folding that is mediated by specific chaperone
proteins (Glembotski, 2012). Accumulation of unfolded proteins causes ER/SR stress, which
triggers unfolded protein response (UPR). UPR maintains cell survival by eliminating
misfolded proteins, decreasing protein translation and increasing chaperones protein.
Pharmacological induction of ER stress was found to be protective against apoptosis by
controlling cytosolic Ca?* level (Zhang et al., 2004). Activation of UPR initiates three major
signalling pathways: activating transcription factor 6 (ATF6), inositol-requiring enzyme 1
(IRE-1) and protein kinase R-like endoplasmic reticulum kinase (PERK). Normally, Binding
immunoglobulin Protein (BiP) is bound to these proteins, which inactivates them. BiP is
released in ER stress which activates UPR that in turn activates the three signalling pathways
(Xu et al., 2005). Eukaryotic Initiation Factor 2 o (elF2a) is phosphorylated by PERK. This
phosphorylation leads to attenuation of mRNA translation and activation of the activating
transcription factor 4 (ATF4) to produce more chaperones (Minamino and Kitakaze, 2010).
Furthermore, mRNA expressing the x-box binding protein 1 (XBP1) is cleaved by IRE-1, and
this produces more chaperones, and degrades misfolded proteins by a mechanism known as
endoplasmic reticulum associated protein degradation (ERAD) (Ron and Walter, 2007).
There is also the ATF6 pathway whereby ATF6 cleavage regulates transcription of ER

chaperones (Minamino and Kitakaze, 2010). These pathways are summarised in Figure 1.5.
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Figure 1.5: Role of ER/SR stress in cell survival.

ER/SR stress activates PERK, ATF6 and IRE1 pathways. The end results of these pathways are
decreasing proteins translation, increasing chaperone production and endoplasmic reticulum
associated protein degradation (ERAD). (ER/SR, Endoplasmic/Sarcoplasmic; XBP1, x-box binding
protein 1).

ER/SR-mitochondria connections mediate crucial processes such as mitochondrial function,
Ca?" transfer and mitochondrial fission/fusion (Rowland and Voeltz, 2012). These processes
are essential for normal cellular function and survival. The ER/SR has been found to play a
role in mitochondrial fission. For example, Friedman et al. (2011) suggested that ER tubules
play a significant role in mitochondrial fission by recruiting Drpl at the ER-mitochondria
contact part. Thus, it localizes the site of mitochondrial fission. The role of ER as a site for
mitochondrial fission is also supported by Fujioka et al. (2012) who found that SR elements
were always related to mitochondrial constrictions sites in rat cardiomyocytes. ER/SR plays a
significant role in regulating mitochondrial function and dynamics. Therefore, ER/SR stress

could lead to mitochondrial dysfunction.

Obesity has been reported to be an important factor for ER stress and to cause insulin
resistance (Boden, 2009). Ozcan et al. (2004) proposed that ER stress associated with obesity
and T2DM is the cause for insulin resistance by activation of JNK pathway. In addition, ER
stress has been reported to be involved in the pathophysiology of the DCM (Li et al., 2010).
Another essential point is that ER stress is considered an early event in the development of
cardiac dysfunction in obesity and DM (Yang et al., 2015). ER stress and UPR activation are
associated with DCM by three main triggers: hyperglycaemia, free fatty acids (FFA) and
inflammation. Hyperglycaemia is responsible for ER stress in DCM by activating PERK and
ATF6 pathways (Lakshmanan et al., 2013). Multiple studies have reported saturated fatty
acids to cause ER stress (Camacho et al., 2012, Kim et al., 2011, Mayer and Belsham, 2010).
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In addition, FFAs have been found to upregulate CHOP and induce cardiomyocyte apoptosis
in TLIDM mice model (Pulinilkunnil et al., 2013). Diaz et al. (2015) suggested that saturated
fatty acids cause Mfn2 downregulation which cause ER stress and lead to insulin resistance.
This means that the association of hyperglycaemia and hyperlipidaemia with obesity and
T2DM is the main contributor to cardiomyocyte ER stress. In diabetic type 2 rat model, ER
stress inhibition by tauroursodeoxycholic acid (TUDCA) prevented heart damage (Miki et al.,
2009). This shows the important role of ER stress in the pathogenesis of cardiac complication

of obese and T2DM patients.

There is some evidence linking ER stress pathway to mitochondrial fission and fusion
proteins. For example, Leboucher et al. (2012) suggested that JNK activation leads to
phosphorylation of Mfn2. This results in recruitment of ubiquitin ligase (E3) Huwel, which
degrades Mfn2 resulting in mitochondrial fragmentation and apoptosis. Ablation of Mfn2 in
mouse cardiomyocyte has been reported to be associated with ER stress (Ngoh et al., 2012).
In the same study, induction of ER stress was associated with overexpression of Mfn2 in
mouse embryonic fibroblasts (MEF) while other fission and fusion proteins including Opal,
Mfnl, Fisl and Drpl remained the same. These data suggest that there is a link between
Mfn2 and ER stress in regulating ER homeostasis. It has been reported that ER stress is
associated with mitochondrial dysfunction. For example, Yu et al. (2007) reported that
activation of JNK pathway led to mitochondrial respiratory chain damage and mitochondrial
dysfunction. Understanding the exact mechanism of how ER stress affects mitochondrial
function and dynamics is important to prevent progression of DCM. Therefore, this study will

investigate the potential link of ER stress to mitochondrial dynamics.

Taken together, obesity and T2DM is associated with ER/SR stress and mitochondrial
dysfunction in the heart. ER/SR stress and mitochondrial dysfunction are considered early
events in DCM which could lead to cardiac cell death and subsequent dysfunction. ER/SR
stress appears to cause mitochondrial dysfunction by affecting mitochondrial fission and
fusion. Another potential regulator of mitochondrial dynamics is prohibitin.

1.6.2 Prohibitins
Prohibitins (PHBs) have received a lot of attention in recent years because of their many

functions in the mitochondria, including energy metabolism, apoptosis and proliferation
(Signorile et al., 2019). Both PHB1 and 2 form a ring-shaped structure, composed of around

16-20 subunits, located at the inner mitochondrial membrane (Nijtmans et al., 2000). PHB
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protein dysfunctions were linked to aging (Artal-Sanz and Tavernarakis, 2009) and metabolic
diseases (Supale et al., 2013). The PHBs are associated with the OXPHOS activity
regulation. In the absence of PHB1, mitochondrial coded subunits of the respiratory chain
were found to be unstable (Bayot et al., 2010).

Loss of Prohibitins is reported to impact upon mitochondrial morphology. For example,
Prohibitins ablation in mouse embryonic fibroblasts (MEFs) caused enhanced mitochondrial
fission (Merkwirth et al.,, 2008). A study recently conducted in isolated primary
cardiomyocytes showed that miR-361 triggers mitochondrial fission with consequent
apoptosis by suppressing PHB1 translation (Wang et al., 2015b). It has been reported that
PHB2 stabilizes L-Opal, and its loss impaired the stability of L-Opal, which may inhibit
mitochondrial fusion process (Merkwirth et al., 2012). Mitochondrial dynamics could also be

regulated by sirtuins.

1.6.3 Sirtuins
Sirtuins are a type of signalling proteins that are involved in the regulation of metabolism.

Seven sirtuins have been reported in mammals (Sirt1-7). The location of Sirtl, 6 and 7 is in
the nucleus, whereas Sirt2 if found in the cytoplasm. Sirt3-5 are located in the mitochondria
and are primarily involved in the regulatory processes of energy metabolism (Ye et al., 2017).
Sirtuins have deacylase activity, which requires NAD", for deacetylation, demalonylation,
desuccinylation, deglutarylation, and delipoylation (Mathias et al., 2014, Tan et al., 2014,
Hirschey and Zhao, 2015, Du et al., 2011). As the sirtuin function depends mostly on the
NAD*/NADH ratio, it is assumed that this protein family are sensors of the molecular energy
status. This could be important within the mitochondria, which have a high number of
acylated proteins and contain high amounts of NAD" and NADH (Kim et al., 2006, Park et
al., 2013).

Sirt5 has been found to deacetylate cytochrome ¢ and peroxiredoxin 1, thus participating in
apoptosis, redox regulation and mitochondrial respiration (Schlicker et al., 2008, Fischer et
al., 2012, Rauh et al., 2013). Sirt5 functions essentially as a protein lysine desuccinylase
(Peng et al., 2011). Rardin et al. (2013) reported that 56% of an identified 1190
succinyllysine sites on 252 proteins were likely targets of Sirt5. Many of these proteins were
found in mitochondrial metabolic pathways such as fatty acid oxidation, the TCA cycle,
glycolysis and ATP synthesis (Nishida et al., 2015, Park et al., 2013). Sirt5 is highly

expressed in the heart (Nishida et al., 2015) and it is downregulated under the condition of
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oxidative stress in cardiomyocytes. Knockdown of Sirt5 significantly increases apoptosis of
cardiomyocytes (Liu et al., 2013). Taken together, mitochondrial dynamics is potentially

regulated by multiple proteins include ER stress, prohibitins and sirtuins.

1.7 The effect of exercise on cardiac function and dynamics
According to World Health Organization (2009) estimation, 27% of diabetes is caused by

sedentary lifestyle. Preventing T2DM is achieved by managing obesity by healthy diet and
active lifestyle (Lau et al., 2007). One of the most known non-pharmaceutical treatments for
this chronic illness is exercise (Nogueira-Ferreira et al., 2016). Exercise has been reported to
play a major role in improving cardiac function and, therefore, the extension of life
expectancy (Ferreira et al., 2014). Exercise also protects the heart against acute conditions
such as myocardial ischemia and infarction (Alleman et al., 2015). In addition, exercise
reduces the risk factor for cardiovascular complications associated with obesity and T2DM
such as blood pressure, lipid profile, waist circumference, BMI and insulin resistance
(Golbidi and Laher, 2012). Obesity and T2DM related cardiovascular complications are
preventable. Exercise has been suggested one of the most effective measures to manage
obesity, DM and the associated DCM. Whether exercise prevents DCM by affecting the

possible mechanisms involved in mitochondrial dysfunction remains to be determined.

1.7.1 Mitochondrial function
Exercise has been found to improve cardiomyocyte mitochondrial function in healthy

individuals. For example, Ferreira et al. (2014) observed an improvement in cardiomyocyte
mitochondrial respiration through the activity of enzyme complex IV and V from regularly
exercised rats. In addition, cardiac mitochondria from mice that underwent swimming
showed an increase in mitochondrial number, density, volume and biogenesis (Vettor et al.,
2014). This means that exercise could be beneficial for non-diseased heart health. Studies on
the beneficial effect of exercise on damaged mitochondria in the heart have been also
reported. For example, Hafstad et al. (2013) observed a systolic and diastolic dysfunction in
diet-induced obesity mice model, which was reversed by exercise, as it ameliorates
mitochondrial dysfunction associated with reduced fibrosis. They also argued that only high
intensity exercise can improve glucose intolerance. In addition, Jiang et al. (2014) found an
improvement in complex I, Il and IV activities and overexpression of PGC-1la after
exercise in post MI rats. Moreover, Wang et al. (2015a) demonstrated that regular to
moderate intensity exercise increased mitochondrial biogenesis, prevented cardiomyocyte

apoptosis and maintained normal cardiac function in the advanced DCM of Lepr®/® mice
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hearts. This means that exercise could be cardioprotective even in the severe late stage of
DCM. Exercise is also beneficial in damaged mitochondria in that it prevents further
complications or restores normal function in various tissues. Lumini et al. (2008) stated that
exercise could prevent mitochondrial dysfunction in skeletal muscle caused by obesity or
DM by increase mitochondrial biogenesis and attenuate the reduction in UCP3 expression.
Skeletal muscle in mitochondrial myopathy patients showed improved function after chronic
exercise (Jeppesen et al.,, 2006). Taken together, this means that exercise counteract
mitochondrial dysfunction caused by obesity and subsequently prevent cardiac complications.
These studies advocate the non-pharmaceutical treatment of exercise in dysfunctional obese

heart mitochondria.

1.7.2 Mitochondrial dynamics
Enhancement of mitochondrial biogenesis in various tissues has been associated with regular

exercise in the literature (Hood, 2001). For example, Sutherland et al. (2009) reported an
increase in MRNA expression of PGC-la in white adipose tissue of exercising rats.
Furthermore, Little et al. (2010) reported an increase in PGC-1a expression in skeletal muscle
of high intensity trained human. It has been found that intensive exercise for three
consecutive days increase the mRNA expression of PGC-la in human skeletal muscle
(Dumke et al., 2009). However, Mille-Hamard et al. (2015) argue that expression of
mitochondrial biogenesis (PGC-1a) is negatively correlated with exercise intensities in

skeletal muscle.

Mitochondrial dynamics have been reported to be altered in normal individuals with exercise.
For example, Perry et al. (2010) found that high-intensity exercise increased Mfn1, Fisl and
Drpl proteins in skeletal muscle of humans. This could mean that exercise make the
mitochondria dynamically active by increasing both fission and fusion. Konopka et al. (2014)
reported an increase of Mfnl, Mfn2 and Fisl proteins level with no change to Opal level in
skeletal muscle of young and old individuals after regular exercise training associated with
better aerobic capacity. In regularly trained cyclists, mMRNA expression of Mfnl and Mfn2
were elevated 24 hours post exercise in human skeletal muscle (Cartoni et al., 2005).
However, prolonged intense exercise could be detrimental to mitochondria. For example, It
has been shown that a single high intensity exercise increased mRNA expressions of Fisl
after 24 hours of the exercise onset in rats skeletal muscle and decreased mRNA expression

of Mfns with a reduction in Mfn1 protein levels associated with an increase in ROS (Ding et
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al.,, 2010). This suggests that extreme exercise could lead to metabolic stress and

consequently mitochondrial dysfunction.

While less well studied than skeletal muscle, exercise has also been reported to alter
mitochondrial dynamics in different cardiac diseases as a defensive mechanism. For example,
dysfunctional mitochondria in the cardiac tissue of post-Ml rats showed an increase in Mfn2,
Opal and a decrease in Drpl associated with improvement of complex I, 1l and IV activity
after exercise (Jiang et al., 2014). This suggest that exercise could restore mitochondrial
function by altering mitochondrial dynamics proteins. Exercise has been demonstrated to
ameliorate DCM. For example, Givvimani et al. (2015) observed a decrease in Drpl
expression associated with decrease blood pressure (BP), interstitial fibrosis, apoptosis
(decrease cytochrome c leakage) and improvement of left ventricular function in moderately

bl compared to sedentary Lepr®®, Fealy et al. (2014) provided in vivo

exercised Lepr
evidence in the skeletal muscle of obese patients that underwent exercise training, there was a
decrease in Drpl activity and an increase in Mfns activity associated with an improvement of

insulin sensitivity. In a study on Leprd®®

mice, moderate intensity exercise prevented a
decrease in Mfn2/Drpl ratio in the heart. Although the blood glucose level did not
significantly change, an improvement of the heart function had been noted. There was a
decrease in the body weight, BP and cardiac fibrosis and an improvement of ejection fraction
and oxygen consumption rate (Veeranki et al., 2016). These results mean that moderate
exercise could protect the heart from obesity and diabetes-related cardiovascular
complications. However, very little is known about the mechanism that exercise regulate

mitochondrial dynamics.

Mitophagy has also been reported to be altered in exercise. For example, it has been shown
that during acute exercise there is an activation of mitochondrial autophagy by upregulation
of beclinl, LC3 and Bnip3 in heart which reduce cardiac damage (Li et al., 2016). Vainshtein
et al. (2015) reported an overexpression of Parkin mRNA levels in skeletal muscles following
exercise in wild type (WT) mice. On the other hand, Ju et al. (2016) reported no change to
transcript levels of PINK1 and Parkin levels, in skeletal muscle of WT mice swimming

regularly.

1.7.3 Mitochondrial apoptosis
Mitochondrial apoptosis has been found to be inhibited by exercise. Fernstrom et al. (2004)

reported an increase in mitochondrial resistance to Ca?* overload in human skeletal muscle
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after an acute exercise. This resistance might help to maintain cardiac function by preventing
apoptosis caused by Ca?* overload. For example, mitochondrial apoptotic pathway has been
inhibited in cardiomyocyte of exercised rat models by a decrease expression of Bax, Bak and
cytochrome C (Hsu et al., 2010). Susceptibility of opening the mitochondrial permeability
transition pore (mPTP) in the heart in response to cardiomyotoxicity has been found to be
decreased in exercised rats (Ascensao et al., 2011). Furthermore, Marcil et al. (2006)
suggested that mPTP in the heart are more resistant to Ca2* overload which induce mPTP and

subsequent apoptosis in treadmill running exercised rats.

Exercise has been found to be cardioprotective in normal and abnormal conditions. For
example, Pons et al. (2013) found that regularly exercise WT mice had less induced
myocardial infarct size by 60% compared to non-exercised corresponding mice, whereas
regularly exercised Lep®®® obese mice had less myocardial induced infarct size by 67%
compared to the non-exercised corresponding mice group. In addition, they found that
exercise improved the resistance of mPTP opening to Ca?* in WT and Lep®”®. Kavazis et al.
(2008) mentioned that SSM and IFM isolated mitochondria from hearts of exercised rats
were more resistant to ROS-induced apoptosis than sedentary group. In the same study, SSM
mitochondria are more resistant to apoptotic stimuli than IFM.

1.8 Conclusion
In summary, obesity and diabetes are both risk factors for the development of cardiovascular

disease, with mitochondrial dysfunction playing a key role. The molecular drivers of
mitochondrial impairment, specifically mitochondrial dynamics, still remain to be fully
resolved particular in the setting of obesity/diabetes. Understanding early pathological
changes is important for identifying novel therapeutic targets to prevent disease progression.

Therefore, the overall goals of this Thesis research work are:

1. Investigate the cardiac and mitochondrial phenotype (specifically mitochondrial
dynamics) in a high fat feeding mouse model.

2. Investigate whether changes to cardiac and mitochondrial function after a period of
high fat feeding are reversed restoring the healthy phenotype.

3. Investigate the putative mechanisms regulating mitochondrial fission-fusion, focussing
on Sirt5.

4. Large scale analysis of the mitochondrial phenotype from a number of animal models

combining exercise and diet.
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Chapter 2 Investigation of cardiac mitochondrial function and
dynamics in a mouse 60% high-fat diet (DIO) model

2.1 Introduction

Research into the pathogenesis of cardiac diseases in the human heart is difficult due to a
limited number of samples. It is mostly exclusively available for specific operations e.g.
heart transplant surgery. Therefore, the differences in the severity of the disease, age, other
comorbidities, and medications taken by the patient are an issue. Thus, the use of small and
large animal models has been a fundamental step forward in clarifying the mechanisms and
pathologies that cause cardiac disorders.

The mouse became the ideal model organism to study human cardiac diseases. One of the
reasons for this is the fact that 99% of human genes have direct mouse orthologous genes.
Another reason is that they have a short life span, so that the researchers can follow the
disease at an accelerated time frame. Additionally, they are easy to handle, house in large
numbers and less expensive to maintain compared to large animals (Recchia and Lionetti,
2007).

This thesis research employs a high-fat diet (HFD) (DIO) model since there is no genetic
modification in HFD (DIO) models, and it provides an accurate model of the human being
situation (King, 2012). Obesity in HFD (DIO) models is caused by high-fat diets. The
benefits of this model include being able to have a combination of genetic and dietary
influences at the same time. Also, the length of high-fat diet feeding can be controlled. It may
also be a fast method to induce obesity and it resembles western diet which is high in fat.
Overall, there is a notable similarity to human obesity, and it is cost-effective (Suleiman et
al., 2020).

Diet-induced obesity includes 45% and 60% fat by calories. On the 45% fat diet, mice
become obese, as well as mice on the 60% fat diet do so faster with more gain-weight. It is
convenient because it shortens the time needed to house the animals, thus reducing cage
expenses. Takahashi et al. (1999) investigated the linear relationship between dietary fat and
glucose tolerance by using C57BL/6J mice which were fed various percentages of fat calories
for 15 weeks (10, 20, 30, 40, 50, and 60% of total daily energy). Following a 12-week diet, a
noticeable impairment of glucose tolerance was reported in those diets containing more than

40% fat indicating a linear relationship between dietary fat and glucose tolerance.
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Hu et al. (2018) assessed several nutritional diets on adiposity. They investigated 29 types of
diets ranging from 10 to 80% carbohydrate, 5 to 30% protein and 8 to 80% fat on C57BL/6J
mice. The only increased dietary content that was associated with adiposity was the fat with a
peak reached at 50-60% fat content. However, some reports have not identified such
differences (Mundy et al., 2007, Morrison et al., 2010). One factor for this inconsistency is
the age of mice at the beginning of introducing the high-fat diet, as in Hu study the age of
mice were 10 weeks old while in Morrison study were 20-months old which is a huge

difference.

Another controlling factor is the duration of the high-fat diet. For example, Chen et al. (2018)
reported cardiac systolic dysfunction illustrated by a decrease in ejection fraction and
fractional shortening which were assessed by transthoracic echocardiography in Sprague-
Dawley rats fed 60% HFD (DIO) for 28 weeks in concomitant with cardiac hypertrophy.
Also, Fang et al. (2008) fed mice for 6 months 45% HFD (DIO) found a decrease in
fractional shortening (systolic dysfunction) with evidence of cardiac hypertrophy. Moreover,
Sokolova et al. (2019) found a reduction in systolic function by a decrease in longitudinal
strain assessed by cardiac MRI analysis in 60% HFD (DIO) fed C57BL/6J mice for 52
weeks. These studies have reported a middle to late-stage DCM as categorised by Fang et al.
(2004). Here we chose a 12-week HFD (DIO) feeding regimen to understand early pathology
of DCM.

The aims for this chapter include the following:

1) Characterise the cardiac phenotype after HFD (DI10O) feeding.
2) Investigate mitochondrial function and dynamics in the HFD (DIO) mouse

myocardium.
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2.2 Methods

2.2.1 Mouse model of obesity
The Personal license has been granted by the Home Office in order to perform regulated

procedures on laboratory animals. Procedures on animals adhered to the United Kingdom
Animals Scientific Procedures Act 1986 and fulfilled guidelines from the University of
Manchester Ethics Committee. The project license holder is Elizabeth Cartwright
(P3A97F3D1).

7-week-old C57BL/6J male mice were obtained from Envigo. They were left for
acclimatization for 1 week prior to the start of the experiment. They were randomized into
two dietary groups starting at the age of 8 weeks: high-fat diet (60% calories from fat, 20%
calories from protein and 20% calories from carbohydrates) (Special Diet Services, UK,
code: 824054) or control diet “chow diet” (13% calories from fat, 22% calories from protein
and 65% calories from carbohydrate) for 12 weeks. Mice were housed under designated
establishment for animal scientific procedures. Mice were maintained on a constant 12-hour
light-dark cycle and a specific pathogen-free environment. The exclusion criteria include all
HFD (DIO) mice with a bodyweight increase of under 10% when compared to controls
(Hariri and Thibault, 2010). At the end of the experiment, mice were euthanized with cervical
dislocation followed by decapitation (Schedule 1). The heart was excised afterwards and
chopped for different types of analysis. Figure 2.1 demonstrates the mouse heart anatomy.

Atrium was removed
e —————

[=

Figure 2.1: The posterior view of the mouse heart.

Heart was separated into sections for the different types of analyses.
Scale bar = 1 mm. RA= right atrium, LA= left atrium, RV= right
ventricle, LV= left ventricle.
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2.2.2 Physiological and metabolic parameters measurement
Bodyweight was measured at baseline and monthly. Overnight fasted blood glucose was

obtained by pricking the lateral tail vein at the end of the experiment (Accu-Chek Aviva).
Training in using echocardiography has been received by Dr Min Zi who is gratefully
acknowledged for also collecting the echo data. Echocardiography and electrocardiography
(ECG) were performed under nonterminal inhalational anaesthesia (isoflurane). Mice were
placed on a warming pad (37°C) to maintain body temperature. Blood was collected from the
jugular vein by a terminal procedure for lipid profile and insulin level. Blood was left to clot
in the fridge for 4 hours and then spun at 5,000 rcf for 10 minutes. The top serum layer was

collected and stored at 80°C until further use.

2.2.2.1 Insulin assay kit

Insulin intensity was assessed using a mouse insulin enzyme-linked immunosorbent assay
(ELISA) kit manufactured by ALPCO (80-INSMS-EOQ1). The samples, controls and standards
were added to a 96-well plate pre-coated with anti-insulin antibodies. After adding the
conjugate to each well, the plate was incubated on a microplate shaker for 2 hours at 700-900
rpm. The wells were washed 6 times with a washing buffer. Visualizing reagent 3,3',5,5'-
Tetramethylbenzidine (TMB) was added to each well and then the plate was incubated on a
microplate shaker for 15 minutes at 700-900 rpm. After incubation, a stopping solution was
added to measure the optical density using a plate reader at 450 nm. The optical density is
proportional to the concentration of insulin. The concentration of insulin was extrapolated

from a sigmoidal standard curve as per the kit manufacturer’s instructions.

2.2.2.2 HDL and LDL/VLDL

Serum was used to quantify high-density lipoproteins (HDL), low-density lipoproteins (LDL)
and very-low-density lipoproteins (VLDL) by an assay Kit from Abcam (ab65390). In this
experiment, free cholesterol is recognized and quantified by one of its products which
generate colour (570 nm) after reacting with a probe. The first step in this process was to
separate HDL and LDL/VLDL. The serum was mixed with the same volume of 2X
precipitation buffer and incubated for 10 minutes at room temperature. After the incubation,
samples were centrifuged at 2,000 rcf for 10 minutes. Supernatant which is the HDL was
transferred into a new tube. The precipitate which is the LDL/VLDL fraction was
resuspended by 200 pl phosphate-buffered saline (PBS). 50 ul of standards, controls and
samples were loaded into 96-well plate with 50 pl of total cholesterol reaction mixture

(Cholesterol assay buffer, cholesterol probe, enzyme mix and cholesterol esterase). The plate
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was mixed and incubated protected from light for 60 minutes at 37°C prior to measuring
absorbance at 570 nm. The cholesterol concentration was extrapolated from a linear standard

curve.

2.2.2.3 Triglyceride assay kit
To quantify triglyceride concentration, a Triglyceride Colorimetric Assay Kit was used
(Cayman Chemical 10010303). This assay measures triglyceride by a series of reactions as

follows.

Triglycerides Glycerol + Fatty Acids
Glycerol Kinase
Glycerol + ATP - ‘ Glecerol-3-Phosphate + ADP
Glycerol Phosphate Oxidase i
Glecerol-3-Phosphate + O, Dihydroxyacetone Phosphate + H,0,
2H,0; + 4-AAP + ESPA Peroxidase Quineneimine dye (purple colour) (530-550 nm)

In this assay, 10 pl of serial diluted standards and samples were added to the 96-well plate.
To initiate the reaction, 150 pl of diluted enzyme mixture was added to each well. The plate
was covered and incubated at room temperature for 15 minutes before reading absorbance at
540 nm. The total cholesterol concentration was calculated by the following Friedewald

equation (all concentration unit in mg/dl).
Total cholesterol = [LDL&VLDL + HDL + (Triglyceride / 5)]

2.2.2.4 Echocardiography

Depilatory cream was used to remove the chest hair of the mice. A transthoracic
echocardiogram was done using Acuson Sequoia 256 cardiac ultrasound system with 15L.8
transducer probe set to 14MHz. Before placing the probe on the thorax, the probe was
covered by warm transmission gel (Henleys Medical). Chamber dimensions include Diastolic
Left Ventricular Diameter (dLVD), Systolic Left Ventricular Diameter (sLVD), Diastolic

Interventricular Septum (dIVS), Systolic Interventricular Septum (sIVS) and Diastolic

Posterior Wall (dPW) thickness were measured using M-Mode (Figure 2.2). Formulae listed

in Table 2.1 were used to calculate other parameters.
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Table 2.1: Echocardiography parameters formula.
dLVD, diastolic left Ventricular Diameter. dPW, diastolic posterior wall. dIVS, diastolic
interventricular septum. sLVD, systolic left ventricular diameter.

Parameter Formula

Ejection fraction (EF%) [(dVol - sVol)/dVol] x100

Fractional shortening (FS%) [(dLVD-sLVD)/dLVD] x 100

Relative wall thickness (RWT) (dIVS+dPW)/dLVD

Left ventricular mass (LVM) 1.055 x [(dLVD+dPW+dIVS)3 — dLVD?]

Figure 2.2: Echocardiography of control mouse heart.

Representative image (M-Mode) used for measurement of wall thicknesses. dIVS, diastolic
interventricular septum. dLVD, diastolic left ventricular diameter. dPW, diastolic posterior wall.
sIVS, systolic interventricular septum. sLVD, systolic left ventricular diameter. sPW, systolic
posterior wall.

2.2.2.5 Electrocardiography

During unconscious electrocardiography (ECG), mice were placed on a warm pad after being
anaesthetised to maintain the body temperature. Electrodes were inserted into the right and
left forelimb muscles, and right hindlimb muscle. After that, ECG traces were recorded for 10
minutes using the PowerLab system (AD Instruments). Non-invasive conscious (without
anaesthesia) ECG traces were recorded using ECGenie (Mouse Specifics). LabChart 7 (AD

Instruments) was used to analyse both data (Figure 2.3). Corrected QT interval was

QT
V(RR) )

calculated using Bazett’s formula (QT. =
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Figure 2.3: Electrocardiography of control mouse heart.

Representative image used to measure waves length. P wave represents atrium
depolarization whereas QRS complex represents the ventricular depolarization. PR
interval represents the atrioventricular node conduction time.

2.2.3 Western blotting
2.2.3.1 Homogenization and protein extraction

Lysis buffer was prepared by adding one protease inhibitor tablet (Roche) to 10 ml RIPA
buffer (Sigma). 2 ml lysis buffer was added to 0.2 - 0.3 g of the mouse ventricles and then
added to the metal bead lysing matrix tube (MP Biomedicals). Homogenization was carried
out using the FastPrep-24 5G homogenizer (MP Biomedicals). A pre-programmed optimized
protocol for mouse heart lysis was used. The homogenate was centrifuged at 8,000 rcf for 10

minutes at 4°C to get rid of cell fragments.

Total protein was quantified using the Bradford assay (Bio-Rad Laboratories) where
Coomassie Brilliant Blue G-250 dye binds to the proteins and shifts the absorbance to 595
nm. A spectrophotometer (Jenway 6305) was used to measure the wavelength at 595 nm of
the sample after first zeroing the machine with buffer. Typically, 10 ul of tissue lysate was
added to 990 ul of Bradford reagent for a total volume of 1 ml. A series of diluted bovine
serum albumin (BSA) standard (0-2 mg/ml) were first analysed to generate a standard curve.
To determine the concentration of the protein content of the tissue lysate, the standard curve

was extrapolated with the reading then adjusted for the appropriate dilution factor.
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2.2.3.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis and Western blotting

10 ug of the lysed mouse ventricles was diluted with 5x Laemmli buffer [320 mM Tris (PH =
6.8), 5% (w/v) sodium dodecyl sulphate, 25% (v/v) glycerol, 5% (v/v) beta-mercaptoethanol
and 0.1% (w/v) bromophenol blue], then heated at 90°C for 10 minutes or 60°C for 20
minutes. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was
used to separate the proteins according to the molecular weight. 10 ug of each sample was
loaded into 10% SDS-polyacrylamide gel and was run electrophoretically in 1x running
buffer (25mM Tris, 119mM glycine and 3.5mM SDS). To visualise the protein bands a stain-
free image of the gel was taken using the ChemiDoc XRS+ imaging system (Bio-Rad
Laboratories). Proteins were then transferred onto low fluorescence polyvinylidene difluoride
(PVDF) membrane using a Trans-Blot Turbo Blotting System (Bio-Rad Laboratories). The
protein bands transferred were analysed again using a stain-free image of the membrane. The
membrane was then blocked to prevent nonspecific binding for an hour with 5% (w/v) non-
fat dry milk in Tris-buffered saline and Tween-20 (TBST) [10mM Tris, 150 mM NaCl and
0.1% (v/v) tween 20]. After that, membranes were incubated with primary antibody (Table
2.2) either overnight or 1 hour at 4°C. Following incubation, membranes were washed three
times with TBST for 5 minutes each. Membranes were then incubated for 1 hour at room

temperature with appropriate secondary antibody listed in Table 2.2.

Table 2.2: Primary and secondary antibodies list.

Primary Antibody Dilution Manufacturer ~ Secondary Antibody Dilution Manufacturer
Drpl 1:1000 SantaCruz  Anti-Rabbit HRP  1:3000 Bio-Rad
Opal 1:3000 Santa Cruz Anti-Goat HRP 1:3000 Santa Cruz
Mfnl 1:1000 Abcam Anti-Mouse HRP  1:3000 Bio-Rad
Mfn2 1:3000 Abcam Anti-Rabbit HRP  1:3000 Bio-Rad

Phospho-DRP1 1:2000 Cell Anti-Rabbit HRP  1:3000 Bio-Rad

(Ser637) Signaling
Technology
Phospho-DRP1 1:2000 Cell Anti-Rabbit HRP  1:3000 Bio-Rad
(Ser616) Signaling
Technology
Mff 1:2000 Abcam Anti-Rabbit HRP  1:3000 Bio-Rad
MID49 1:1000  ThermoFisher Anti-Rabbit HRP  1:3000 Bio-Rad
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MID51 1:2000 ThermoFisher Anti-Rabbit HRP  1:3000 Bio-Rad

Fisl 1:2000 Proteintech Anti-Rabbit HRP ~ 1:3000 Bio-Rad
PINK1 1:1000 Santa Cruz Anti-Rabbit HRP  1:3000 Bio-Rad
Parkin 1:5000 Abcam Anti-Mouse HRP  1:3000 Bio-Rad

Clarity Western ECL Blotting Substrate kit (Bio-Rad Laboratories) was used for
chemiluminescent Western blot detection. Briefly, Substrate kit components were mixed in a
1:1 ratio. The membrane was placed in the mixture for 4 minutes in the absence of light.
ChemiDoc XRS+ system imaging (Bio-Rad Laboratories) was used to detect
chemiluminescent signal. Total protein normalisation, also known as, stain-free technology,
was used to accurately compare protein signals (Gurtler et al., 2013). Proteins signals were
normalised to total protein loaded. This technique is termed ‘total protein Western blotting’
and instead of using a single housekeeping protein the total amount of protein loaded and
transferred is used to standardise each sample (see Figure 2.4). This technique has the
advantage that when comparing protein expression in disease animals the dependency upon
one housekeeping protein, which may also change, is removed. Additionally, house-keeping
proteins are often highly expressed and upon developing can skew the dynamic range. All
gels were run in technical triplicates. Fold change relative to control was used to describe

protein expression.
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Stain-free SDS-PAGE gel Gel transfer blot Western blot
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Label Total Protein Band density Ir ity Mean Intensity / Control Mean Average intensity
T W]
H1 1.08 7,579,063.20 7028408.481 247 1.66
H2 1.08 7,037,118.48 6541829.986 2.02
H3 0.92 3,749,480.56 4084152.334 HFD 1.26
H4 0.93 4,920,268.91 5277537.061 5370572.193 1.63
H5 1.02 5,331,677.33 5209462.433 1.61
H6 1.03 4,396,097.68 4285723.17 132
H7 0.91 4,691,512.00 5166891.888 1.60
~ Control
L9 1.00 2,614,127.92 2614127.923 0.81 1
L10 0.93 3,494,330.34 3763787.413 1.16
111 0.80 2,671,300.75 3341774.294 Control 1.03
L12 0.92 3,438,440.27 3756766.089 3235785.243 1.16
L13 0.96 2,386,859.64 2488645.226 0.77
L14 0.92 3,163,389.43 3449610.512 1.07

Figure 2.4: Total protein normalisation in Western blot analysis.
A. Steps involved in Western blotting. B. Table illustrating Western blot analysis by total protein
normalisation.

2.2.4 Gene expression
2.2.4.1 RNA extraction

500 ul of Trizol was added to two-quarters of frozen heart tissue in a tube and homogenised
using electrical tissue grinder (IKA RW 16 basic). Homogenates were incubated at room
temperature for 15 minutes. 200 ul of chloroform was added to the homogenate and were
shaken for 15 seconds and incubated for 2 minutes at room temperature. The mixture was
then centrifuged at 9184 rcf for 15 minutes at 4°C. The supernatant aqueous phase was
transferred to a new Eppendorf tube already containing 250 ul isopropanol. The tubes were
inverted 30 times and left for 10 minutes at room temperature. Next, tubes were centrifuged
15,521 rcf for 10 minutes at 4°C. The white pellet was then washed with 125 ul 75% (v/v)
ethanol and centrifuged again at 15,521 rcf for 10 minutes at 4°C. The pellet was resuspended
in 60 ul RNase free water. Quantification of RNA concentration was measured using the
Nanodrop 1000 spectrophotometer (ThermoFisher) at a wavelength of 260 nm. RNA purity

was assessed by the A260/A280 ratio. Samples were stored at -80°C until further use.
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2.2.4.2 DNase treatment

For RNA purification, DNase I, Amplification Grade (Invitrogen™) was used to degrade
DNA. 1 ul DNase I and 1 ul 10X DNase | reaction buffer were added to 1 ng RNA. RNase
free water was added to get to the final volume 10 ul. The mixture was incubated for 15
minutes at room temperature prior to stopping the reaction by adding 1 ul 25mM EDTA and

another incubating for 10 minutes at 70°C.

2.2.4.3 Reverse transcription

cDNA was synthesised using High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Reverse transcription master mix was prepared as illustrated in Table 2.3.
RNase free water was added instead of the reverse transcriptase enzyme in the negative

reverse transcription control.

Table 2.3: Reverse transcription master mix.

Component Volume per reaction (ul)
RNase free water 4.2

10X Random primers 2

10X RT buffer 2

MultiScribe Reverse Transcriptase 1

25X dNTP Mix 0.8

Total per reaction 10

10 pl of the master mix was added to 1 ug RNA sample in a PCR tube. After that, PCR tubes
were loaded to PCR thermal cycler (MJ Research PTC-200). Thermal Cycler was
programmed as described in Table 2.4. cDNA was diluted 1 in 5 and then stored at -20°C

until further use.

51



Table 2.4: Thermal cycler set up.

Step Time (minutes) Temperature (°C)
1 10 25

2 120 37

3 5 85

4 o0 4

2.2.4.4 Quantitative Polymerase chain Reaction (qPCR)

gPCR was used to determine the transcript expression changes. Amplification of a targeted

gene was done by using specific primers, summarized in Table 2.5.

Table 2.5: List of primer assay for mitochondrial dynamics.

Function Target gene Primer Supplier Catalogue
number
Fission Opal Mm_Opal 1 SG Qiagen QT00162085
Drpl Mm_DnmlL 2 SG Qiagen QT01166809
Fusion Mfnl Mm_Mfnl 1 SG Qiagen QT00167839
Mfn2 Mm_Mfn2_1 SG Qiagen QT00134295
Housekeeping Gapdh Mm_Gapdh_3_SG Qiagen QT01658692
Mitochondrial PGC1l- a Mm_Ppargcla 1 _SG Qiagen QT00156303
biogenesis

TFAM Mm_Tfam_1_SG Qiagen QT00154413
Mitophagy PINK1 Mm_Pinkl 1 SG Qiagen QT00111349
Parkin Mm_LOC641034 1 SG  Qiagen QT01278823
Drpl receptors MID49 Mm_Mief2_2 SG Qiagen QT01077776
MID51 Mm_Miefl_1 SG Qiagen QT00163443
Mff Mm_Mff_1 SG Qiagen QT00174125

gPCR reactions were prepared using Brilliant 111 Ultra-Fast SYBR Green gPCR Master Mix

(Agilent Technologies) as illustrated in Table 2.6.
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Table 2.6 : Composition of gPCR reaction mixture.

Ingredients (composition) Volume (ul)

2x Brilliant 111 Ultra-Fast SYBR Green QPCR Master 5

Mix

RNase free water 2.85
Primer 1
Reference dye, 1ImM (diluted 1:500) 0.15
Total 9

Each reaction has 1 pul cDNA and 9 pl gPCR reaction mix. Samples, negative RT controls
and RNase free water were loaded onto 96-well plate in triplicate. Water control was used to
exclude primer-dimer amplification. Negative RT controls were analysed to determine DNA
contamination. Plates were analysed in duplicate to assess between-run variation. The plates
run on a 7500 Fast Real-Time PCR instrument using the amplification cycle are listed in
Table 2.7. The Livak method was used for analysis. The housekeeping gene GAPDH was
used for normalisation, as previous lab members had evaluated different housekeeping genes
and found GAPDH to be most reliable. In addition, Perez et al. (2017) examined the stability
of 15 reference genes based on RT-gPCR for obese/diabetic heart and found that GAPDH is
one of the most stable reference gene.

Table 2.7: Real-time PCR thermal 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 0
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2.2.5 Mitochondrial respiration
2.2.5.1 Mitochondrial isolation

Mitochondria were isolated from mice heart using a Mitochondrial Isolation Kit for Tissue
(Abcam, ab110168). Typically, 0.2-0.3 g tissue was washed three times with wash buffer.
The tissue was then minced and homogenized manually by 40 strokes in pre-chilled Dounce
tissue grinder with 2 ml isolation buffer. The homogenate was transferred into 2 ml tube and
made up to 2 ml with isolation buffer. The homogenate was then spun down at 1,000 rcf for
15 minutes at 4°C, after which the supernatant was divided between 2 tubes which were again
made up to 2 ml with isolation buffer, and then centrifuged at 12,000 rcf for 15 minutes at
4°C. Supernatants were discarded and pellets then washed with 1 ml isolation buffer
supplemented with protease inhibitors (Sigma) and then centrifuged at 12,000 rcf for 15
minutes at 4°C. The pellets were collected, resuspended, and centrifuged again. Pellets were
then combined and resuspended in 500 ul of isolation buffer supplemented with protease
inhibitors. Aliquots were taken immediately for measuring oxygen consumption rates or

complexes activity.

2.2.5.2 Mitochondrial oxygen consumption rate

Oxygen consumption rate (OCR) was measured using fibre optic oxygen measurement
(Instech). After isolating the mitochondria, 100 ul of the mitochondria [final concentration =
0.25 mg /ml, diluted with OCR buffer (210 mM mannitol, 70 mM sucrose, 5 mM KH2PO4,
0.5 mg/ml BSA and 10 mM MOPS, PH = 7.4)] were added to the chamber, followed by the
addition of 5 ul of each substrate, pyruvate, malate, glutamate, ADP and succinate. The stock
solutions for the substrates are (2000 mM, 400 mM, 2000 mM, 500 mM and 1000 mM,
respectively). The OCR machine was initially calibrated and oxygen consumption recorded
until the oxygen reached zero per cent. Readings were done in technical triplicate. Rate was

measured after adding all the substrates for 5 minutes by the following equation:

Change in oxygen percentage (% rate per minute .
ge n oxygen percentage (6) _ 40 = ratep ) = rate/min/mg
Change in time (minutes) Mitochondrial concentration (mg)

=AY _
Slope—Ax =

3 upl of 10 mM Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP)
“mitochondrial oxidative phosphorylation uncoupler” were added to assess the mitochondrial

respiration during stress.
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2.2.5.3 Complex |

Mitochondrial respiratory complexes were measured individually by enzymatic colorimetric
function assay. Isolated mitochondria (method 2.2.5.1) were used in the following complexes
assay (I, I, IV and V).

In this assay (Abcam, ab109721), proteins were extracted by adding 10x detergent solution.
Following this, it was incubated for 30 minutes on ice. The mixture was then centrifuged at
16,000 rcf at 4°C for 20 minutes. The supernatant was transferred to a new tube and then
protein concentration was measured by BFA (method 2.2.3.1). Samples were then diluted to
0.Img/ml before loading 200 ul into MaxiSorp™ modular microplate. The plate was then
incubated at room temperature for 3 hours. After the incubation, the plate was washed 3
times. 200 pl Assay solution (1x dilution buffer, 20x NADH, 100x dye) was then added to
each well. The changes in the optical density at 450 nm for 30 minutes at room temperature

was monitored by FLUOstar® Omega microplate reader (BMG Labtech).

2.2.5.4 Complex Il

Proteins were extracted from isolated mitochondria and diluted to 0.1 mg/ml as described
above (method 2.2.5.3). Samples and background were added to the pre-coated wells
(Abcam, ab109908) and were incubated at room temperature for 2 hours in the dark. The
plate was then washed 2 times. After the wash, 40 ul of lipid mixture was added to each well
and the plate was incubated for 30 minutes. After the incubation, 200 pl of activity solution
(Ubiquinone, Succinate, DCPIP and activity buffer) were added on top of lipid mixture. The
change in the absorbance in 60 minutes at 600 nm at room temperature was then measured
using FLUOstar® Omega microplate reader (BMG Labtech).

2.2.5.6 Complex IV

In this assay (ab109911), the activity of cytochrome c oxidase enzyme is determined.
Proteins were extracted from mitochondrial isolation as described above (method 2.2.5.3).
Samples were then added to pre-coated wells and incubated for 3 hours at room temperature.
Wells were washed twice and then assay solution (Reduced cytochrome c¢ and buffer
solution) was added to wells. The changes in the absorbance in 2 hours at 30°C was measured
using FLUOstar® Omega microplate reader (BMG Labtech).

2.2.5.7 Complex V
Proteins were extracted from the samples as described above (method 2.2.5.3). Proteins were

added to the pre-coated wells (Abcam, ab109716) and left incubating at room temperature for
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3 hours. Wells were rinsed twice with water. The plate was incubated again with lipid mix for
45 minutes. After the incubation, the reagent mix was added to each well. The activity was
measured by monitoring the change in absorbance at 30°C for 2 hours at 340 nm using
FLUOstar® Omega microplate reader (BMG Labtech).

2.2.5.8 Citrate synthase activity

Mitochondrial protein is commonly normalized to citrate synthase activity (CS).
MitoCheck® kit (Cayman Chemical) was used to detect citrate synthase activity. To measure
CS activity, the production of 5-thio-2-nitrobenzoic acid (TNB) after a coupled reaction, as
shown in Figure 2.5, was monitored by measuring the absorbance at 412 nm. TNB is the
product of 5, 5’-dithiobis-(2-nitrobenzoic acid (DTNB) reacting with coenzyme A (CoASH).
The latter is a product of acetyl CoA reacting with Oxaloacetate regulated by CS.

The first step in this process was to prepare two Mixtures, A and B. Mixture A contains 960
pl of Assay buffer, 20 pl of Developer reagent and 20 ul of Acetyl-CoA and Mixture B
contains 480 ul of Assay buffer and 20 ul of Oxaloacetate reagent. 50 pl of Mixture A were
added to each well followed by adding 20 pl of diluted isolated mitochondria (1:200). Once
the mitochondrial isolations were added, the plate was centrifuged quickly to remove
bubbles. To start the reaction, 20 ul of mixture B was added to each well. The plate was
placed immediately on a plate reader to monitor the reaction for 20 minutes at 25°C by

measuring absorbance at 412 nm.

Oxaloacetate )GK Acetyl CoA
Citrate
DTNBE CoASH
A=A412 Nnm <e==a=TNB CoA-S-S-TNB

Figure 2.5: Citrate synthase activity reactions.

TNB, 5-thio-2-nitrobenzoic acid. DTNB, 5, 5'-dithiobis-(2-nitrobenzoic acid). COASH, coenzyme A.
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2.2.6 Histology
Fixation of the ventricle is to preserve cells and morphology. This was done by immersion in

4% (v/v) paraformaldehyde (PFA) and incubation for 24 hours at 4°C followed by immersion
in 70% (v/v) ethanol for 24-72 hours at 4°C. The routine overnight run in the enclosed tissue
processor (Leica ASP300S) was used to infiltrate paraffin wax overnight by removing PFA
and a process of dehydration. Tissues were then embedded vertically in paraffin wax into

histology cassettes.

For sectioning, Leica RM2155 microtome was used to cross-section 5-micron paraffin ribbon
which was transferred to float on a water bath at 37°C. This is followed by transferring
ribbon sections to polysine adhesion slides (ThermoFisher). The slides were left to dry in the

oven 37°C overnight and then stored at room temperature until further use.

2.2.6.1 Haematoxylin and eosin satin

Haematoxylin & eosin (H&E) staining is used to measure cardiomyocyte size. Slides were
stained by H&E using Leica ST5010-CV5030. Slides were dewaxed by heating and then
immersed in xylene to remove melted wax. For rehydration, descending dilutions of IMS was
used (100%, 90% and 75%) (v/v) respectively prior to washing with distilled water. Harris’
haematoxylin was used to stain cell nuclei for 5 minutes and then washed with distilled water.
After that, slides were immersed in acid alcohol for 10 seconds and then rinsed in distilled
water. Slides were then immersed in Eosin for 2 minutes to stain cytoplasm and then rinsed
with distilled water. For dehydration, ascending solutions of IMS were used (90%, 95% and
100%) (v/v) respectively before immersion in xylene for 30 minutes. Sections were then
mounted with DPX (Distryne, plasticizer and xylene). To image the slides, Panoramic 250
Flash 11 slide scanner (3D Histech) was used. Average cell size was calculated after randomly
measuring surface area for 100 cells in the cross-section of ventricles using Case viewer

software (version 2.3, 3D Histech).

2.2.6.2 Masson’s trichrome stain
Interstitial and perivascular fibrosis was assessed by using Masson’s trichrome staining to
detect collagen fibres deposition. Slides were dewaxed on a heat block. The steps of staining

are summarised in Table 7.1 (Appendix 1).

Slides were then mounted using DPX mountant and covered with coverslips. Panoramic 250
Flash II slide scanner (3D Histech) was used to image sections and then the percentage of

fibrosis was calculated using case viewer (version 2.3, 3D Histech).
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2.2.6.3 TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay is used to
detect apoptotic DNA fragmentation by a specific dye labelling DNA strand break. Initially,
the slides were dewaxed and then rehydrated by xylene and descending dilution of IMS
(100%, 75% and 50%) (v/v). Following this, it was placed in 3% (v/v) H20, for 15 minutes
and then washed once with distilled water and twice with PBS for 5 minutes each. For
permeabilization, each section was incubated in 40 pl of proteinase K (20 pg/ml) at 37°C for
15 minutes. It was permeabilised for the second time by 0.1% (v/v) Triton X and 0.1% (v/v)
Sodium citrate at room temperature for 8 minutes and then washed twice with PBS. After
that, it was placed in the enzyme solution mixed with label solution (Roche) for an hour at
37°C. 1% (v/v) bovine serum albumin (BSA) was used to block the sections at room
temperature for an hour. It was then incubated in a primary antibody cardiac troponin T
(cTnT) (Sigma) (1:100 dilution) overnight at 4°C covered from the light. The following day,
it was washed with PBS for 10 minutes followed by incubation in the secondary Alexa Fluor
647-conjugated anti-mouse at room temperature for an hour covered from light. It was then
washed 3 times with PBS for 5 minutes each. 4', 6-diamidino-2-phenylindole (DAPI) was
then added to the sections and incubated for 1 minute at room temperature followed by
washing 3 times in PBS for 5 minutes each. It was then cover slipped with VECTASHIELD
mounting medium. Zeiss Fluorescence snapshot microscope was used for imaging all areas of
the heart at 10X magnification. It was then analysed by ImageJ software to detect TUNEL-
positive cardiomyocytes and non-cardiomyocytes. The total number of apoptotic cells in a

sample was normalised to a total of 10,000 cells.

2.2.7 Statistical analysis
All results are presented as the mean + standard error of the mean (Mean £ SEM). Data were

analysed using GraphPad Prism (version 7, California, USA). Data were assessed for
normality using Shapiro-Wilk test. An unpaired t-test was used to compare readings between
the control (chow) and high-fat-fed mice. Pearson correlation coefficient was used for linear

correlation. Data were considered statistically significant when P<0.05.
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2.3 Results
A high-fat diet feeding regimen was set up as described in the Methods section. In brief,

phenotypic changes were studied by in-vivo analysis echocardiography and ECG as well as
metabolic changes. Fission and fusion mitochondrial proteins were analysed by western
blotting and gPCR. Finally, the complex activity and oxygen consumption rate of the

mitochondria was analysed for each group.

2.3.1 Characterisation of the cardiac phenotype after HFD (DIO)
We first investigated the effects of a HFD (DIO) upon physical parameters and blood

glucose. HFD-fed mice (DIO) for 12 weeks showed a significant weight gain compared to
age-matched controls (Figure 2.6A). Normalised body weight to tibial length (BW/TL) was
significantly higher in the HFD (DI10O) group (Figure 2.6B) an indicator of obesity.
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Figure 2.6: high-fat diet (DIO) significantly increased the body weight of mice over 12

weeks.
A. Body weight gain over time between control (n=7) and 60%HFD-fed (DIO) C57BL/6J mice

(n=8). B. Body weight normalised to tibial length in control (n=14) and 60%HFD (DIO) fed
C57BL/6J mice (n=16). Data are expressed as mean + SEM. **P<0.01, ****P<(0.0001.

Using tail vein sampling we determined that the mice on the HFD (DIO) showed a significant
increase in fasting blood glucose (Figure 2.7A). Plotting body weight against blood glucose
levels revealed a strong positive significant linear relationship between fasting blood glucose
level and body weight (Figure 2.7B) (Spearman correlation = 0.74, p= 0.0017). There was a
significant 4-fold increase in insulin levels in the HFD (DIO) group (1.6 + 0.5 ng/ml)

compared to control (0.4 £ 0.5 ng/ml) indicating insulin resistance.
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Figure 2.7: High-fat diet (DIO) significantly increased fasting blood glucose and insulin.

A. Fasting blood glucose level in control (n=7) and 60%HFD-fed (DIO) C57BL/6J mice (n=8). B.
Scatter plot of fasting blood glucose level and body weight (spearman correlation = 0.74, p<0.01, n=15).
C. Insulin level in 60%HFD (DIO) was significantly higher than control. Data are expressed as mean +
SEM. *P<0.05

cardiomyopathies. Therefore, the effects of HFD (DIO) on serum lipid profile were next
investigated (Figure 2.8). Triglyceride, HDL, LDL/VLDL, total cholesterol and total

cholesterol/HDL ratio were all significantly higher in HFD (DIO) mice compared to control.
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Figure 2.8: High-fat diet (D10) significantly altered the lipid profile.

A. Triglyceride level was significantly increased in HFD (DIO) compared to control. B. High density
lipoproteins (HDL) was increased as well as LDL/VLDL (C) in 60%HFD-fed C57BL/6J mice
compared to control. D. Total cholesterol was significant in 60%HFD-fed C57BL/6J mice compared
to control. E. The ratio of total cholesterol / HDL ratio was elevated after 60% HFD. Data are
expressed as mean = SEM (n=7). *P<0.05 **P<0.01 ****P<0.0001
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2.3.2 Characterisation of the cardiac function
Whilst other groups in the division have employed this HFD (DIO) feeding model for

vascular studies reporting that the mice become hypertensive (Saxton, 2017), there had been
no robust characterisation of the cardiac phenotype. Therefore, here we employed both
echocardiography and ECG to determine whether there is structural and electrical
remodelling. Echocardiography revealed that the systolic function has not been changed in
HFD (DIO) mice, as EF and FS showed no significant differences between groups (Table
2.8). EF% refers to the percentage of the blood volume pumped out from a contracted
ventricle, while FS% represents the percentage of the reduction in the diastolic dimension

length in systole.

Table 2.8: in-vivo cardiac function analysis by echocardiography showed no changes in
systolic function for high-fat diet (DI1O) mice.

Ejection fraction and fractional shortening parameters in 60%HFD-fed (DIO) C57BL/6J mice
and control. EF: ejection fraction, FS: fractional shortening, SV: stroke volume.

Parameters Control (n=7) DIO (n=8) P value
mean = SEM mean = SEM
EF% 78.7 +1.99 78.16 + 1.73 0.840
FS% 40.62 +1.85 40.1+ 1.65 0.840

On the other hand, HFD (DIO) mice showed a decrease in cardiac output illustrated by a
significant decrease in stroke volume (SV) (Figure 2.9A); the amount of ejected blood by left
ventricle per beat. As well as a sign of pulmonary congestion explained by a significant
increase in gross lung weight normalised to tibial length (LW/TL) (Figure 2.9B). In diastolic
dysfunction, blood flows back to the lung and leads to elevated hydrostatic pressure which

causes congestion.
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Figure 2.9: HFD (DIO) myocardium showed early signs of diastolic dysfunction;
decreased stroke volume and increased in lung weight.

A. Stroke volume in control (n=7) and 60%HFD-fed (DIO) C57BL/6J mice (n=8). B.
Normalised lung weight to tibial length in control (n=14) and HFD (DIO) mice (n=16). Data are
expressed as mean £ SEM. *P<0.05 **P<0.01.

Echocardiographic analysis of cardiac structure revealed a significant increase in the relative
wall thickness (RWT) in the HFD (DIO) heart compared to control (P<0.001, n=8, 7
respectively). RWT is used to classify LV geometric changes. This increase in RWT was not
associated with an increase in LV mass estimation by echocardiography (p=0.48) or gross
heart weight normalised to tibial length (HW/TL) (P value=0.7) implying concentric
remodelling (Figure 2.10). Also, there was a significant decrease in dLVD in HFD (DIO)

myocardium associated with a significant increase in dIVS and sPW (P<0.05).
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Figure 2.10: Increased RWT indicated concentric remodelling of HFD (DIO) heart.

A. Normalised gross heart weight to tibial length in control (n=14) and 60%HFD-fed C57BL/6J mice
(n=16) (p=0.7). B. Echocardiographic estimation of left ventricular mass in control (n=7) and HFD
mice (n=8) (p=0.49). C. Relative wall thickness in control (n=7) and HFD (n=8) mice. Data are
expressed as mean = SEM. ***P<0.001.

Table 2.9 presents the summary statistics for other wall thickness measurements and left
ventricular dimensions.
Table 2.9: In-vivo cardiac structure analysis by echocardiography for high-fat diet

(DI1O) model. s: systolic, d: diastolic, LVD: left ventricular diameter, IVS: interventricular septum,
PW: posterior wall, RWT: relative wall thickness. * P<0.05

Parameters Control (n=7) DIO (n=8) P value

mean = SEM mean = SEM

Left Ventricular Dimensions
sLVD (mm) 2.56 + 0.06 2.45 + 0.08 0.321
dLVD (mm) 4.31+0.07 4.08 £ 0.05 0.018*
Wall Thickness

sIVS (mm) 1.47 +0.05 1.53 + 0.05 0.366

dIVS (mm) 0.87+0.01 1.04 £ 0.06 0.017 *
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sPW (mm) 1.21 + 0.04 1.32 +0.03 0.048 *

dPW (mm) 0.77 +0.01 0.77 £ 0.01 0.899

2.3.4 Assessment of cardiac conduction system
To determine the effect of the HFD (DIO) on the electrical activity of the heart, parameters

were recorded by ECG in both groups. Table 2.10 summarises ECG parameters analysed in
HFD (DI10) and control mice. None of these parameters were statistically significant but there

is a trending of a prolonged PR interval in HFD (DIO) group (P value=0.072).

Table 2.10: ECG parameters comparison between control and HFD (D1O) mice.

QT.: corrected QT interval, ms: milliseconds, mV: millivolts.

Parameters Control (n=7) DIO (n=8) P value
mean * SEM mean * SEM

RR Interval (ms) 146.2 £ 4.11 151 +£4.92 0.476
PR Interval (ms) 39.99+1.18 43.33+1.22 0.072
P Duration (ms) 10.13 £ 0.7 10.62 £ 0.34 0.519
QRS Interval (ms) 10.4 +£0.33 9.2+0.76 0.192
QT Interval (ms) 17.66 £ 0.71 16.24 £ 0.8 0.211
QT (ms) 46.33+2.11 4194 +2.2 0.177

ST Height (mV) 0.01+£0.01 0.01+£0.01 0.498

There was no evidence that HFD (DIO) has an influence on heart rate (Figure 2.11). The next

goal was to focus upon cellular level changes, specifically mitochondrial fission and fusion.
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Figure 2.11: HFD (DIO) had no significant effect on heart rate.

A. Conscious heart rate in control and 60%HFD-fed (DIO) C57BL/6J mice (P value=0.88). B.
Unconscious heart rate in control and HFD (DIO) mice (p=0.43). Data are expressed as mean +
SEM (n=7, 8 respectively).
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2.3.5 Investigation of molecular level changes to mitochondrial dynamic proteins in HFD

(DIO) model
Employing RT-gPCR methods the transcript levels of the four principal proteins regulating

fusion, Mfn1, Mfn2, Opal and fission, Drpl were probed. Western blotting methods were
employed to investigate changes to protein expression levels with protein levels quantified

using the total protein method as described in the Material and Methods section.

For proteins involved in mitochondrial fusion, there was an increase in Opal transcript
expression in HFD (DIO) myocardium (p<0.05). Other fusion proteins e.g. Mfnl and Mfn2
showed no significant differences. Expression level of fusion proteins Mfnl, Mfn2 and Opal

showed no differences in HFD (DIO) myocardium compared to control (Figure 2.12).
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Figure 2.12: HFD (DIO) myocardium exhibited significantly increased Opal transcript
expression. A. There was a significant increase in Opal transcript expression in the HFD (DIO)
myocardium. There were no significant differences in other proteins involved in mitochondrial fusion
(Mfn1 and Mfn2). B. Western blot analysis for control and HFD myocardium showed no significant
differences in proteins involved in mitochondrial fusion (Opal, Mfnl and Mfn2). C. Representative
blot showing proteins involved in mitochondrial fusion expression (Mfnl, Mfn2, L-Opal and S-
Opal). An image for the membrane after the transfer of proteins showing the total protein has been
taken by ChemiDoc machine. Total protein normalisation, also known as, stain-free technology,
was used to compare protein signals (Gurtler et al., 2013). Proteins signals were normalised
to total protein loaded. This technique is termed ‘total protein Western blotting’ and instead
of using a single housekeeping protein the total amount of protein loaded and transferred is
used to standardise each sample. Data are expressed as mean = SEM (n=7). *p<0.05
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Drpl transcript expression was decreased in HFD (DIO) myocardium compared to control
(P<0.01). However, protein levels of Drpl were significantly increased in HFD (DIO)
myocardium (P<0.01). Elevated levels of Drpl may suggest that the processes leading to
protein turnover/degradation are impaired leading to accumulation in the heart. As post-
translational modification, namely phosphorylation is known to regulate Drpl activity, the
expression of two sites of Drpl phosphorylation at Serine 616 (pro-fission) and Serine 637
(inhibit fission) was measured. P-Drp1(S637) to total Drpl ratio was decreased in HFD
(DIO) myocardium compared to control while P-Drp1(S616) to total Drpl ratio showed no
differences between control and HFD (DIO) (Figure 2.13).
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Figure 2.13: The heart of 60% HFD (DIO) C57BL/6J mice exhibited a significant
increase in Drpl expression.

A. There was a significant decrease in Drp1 transcript expression in the 60%HFD (DI10) myocardium
of C57BL/6J using RT-qPCR. B. Upregulation of Drpl expression in 60%HFD mice with a
significant decrease in P-Drpl (S637) compared to control using western blotting. C. Expression of
proteins in western blot in control and HFD (DIO). An image for the membrane after the transfer of
proteins showing the total protein has been taken by chimidoc machine. Total protein normalisation,
also known as, stain-free technology, was used to compare protein signals. Proteins signals were
normalised to total protein loaded. Data are expressed as mean + SEM (n=6). *P<0.05 **P<0.01.
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Transcript expression of MID49 and MID51 showed no significant difference between
groups. There was a significant decrease in Mff transcript expression in HFD (DIO)
myocardium compared to control (P<0.05). Western blot revealed an increase expression of
MID49 and Fisl in HFD (DIO) myocardium compared to control and a decrease in Mff

expression (Figure 2.14).
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Figure 2.14: Drpl receptors showed altered transcript levels and expression in HFD
(D1O) model.

A. There was a decrease in Mff transcript expression in HFD (DIO) myocardium compared to control.
B. Western blot analysis showing an increase of MID49 and Fisl expression and a decrease in Mff
expression in HFD (DIO) myocardium compared to control. C. Representative blot showing Drpl
receptors protein expression. Data are expressed as mean + SEM (n=6, 7 respectively). *P<0.05
**P<0.01 ***P<0.001

PINKZ1 and Parkin are the key regulators of mitophagy. PINKZ1 recruits Parkin to ubiquitinate

damaged mitochondria. There was a significant increase in PINK1 and Parkin level at both
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transcript and protein expression in HFD compared to control (Figure 2.15). Therefore, it

may be inferred that mitophagy is activated in response to the high fat feeding.
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Figure 2.15: Increased PINK1 and Parkin indicated mitophagy activation in HFD

(DIO) heart.

A. Transcript level of PINK1 and Parkin are significantly increased in HFD (DIO) compared to
control. B. PINK1 and Parkin level expression in increased in HFD (DIO) myocardium. C.
Representative blot showing protein expression of PINK1 and Parkin. Data are expressed as mean +
SEM (n=7) *P<0.05 ***P<0.001****P<(.0001.

The transcript expression of TFAM and PGC-1a proteins regulating mitochondrial biogenesis
were analysed. TFAM transcript levels were significantly increased in HFD (DIO) mice
compared to control, while PGC-1a showed no significant differences between groups
(Figure 2.16).
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Figure 2.16: Increased TFAM (involved in mitochondrial biogenesis) transcript

expression was found in in HFD (DI1O) model.

There was a significant difference in the transcript expression of TFAM and no difference in PGC-1a
in HFD (DI1O) model compared to control. Data are expressed as mean £ SEM (n=6,8 respectively).
F*A*P<0.0001.

2.3.6 Measurement of mitochondrial respiration
Mitochondrial function was next investigated to identify whether the changes in Drpl were

associated with a change in mitochondrial function. The activity of respiratory chain
complexes of isolated mitochondria from control and HFD (D10O) was assessed. There were
no significant changes between groups. Citrate synthase activity assay was used to check
whether the results of mitochondrial function were altered due to changes in mitochondrial
content. It showed no changes in citrate synthase activity between groups which means there

was no variation in mitochondrial content (Figure 2.17).
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Figure 2.17 : No change was found in mitochondrial complexes activity in HFD (DIO).
A. Mitochondrial complexes activity in control and HFD (DIO) (n= 6, 8 respectively). B. Citrate
synthase activity. Data are expressed as mean + SEM (n=5)

In another approach to investigate mitochondrial function, we employed an Instech (based
upon the fibre optics) to measure the rate of oxygen consumption (OCR). The first step
involved isolating mitochondria using centrifugation techniques as described in Methods
section 2.2.5.1. Mitochondria from mice on chow and HFD (DIO) (n=5) were investigated.
As can be seen in Figure 2.18C, the oxygen percentage declines as ADP is consumed. There
was no significant difference between the groups (Figure 2.18). FCCP is a mitochondrial
uncoupler and the addition led to a noticeable increase in the oxygen consumption rate in
both control and HFD (DI10O) with no significant changes between the groups (Figure 2.18B,
D).
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Figure 2.18: No change was found in mitochondrial oxygen consumption rate in control
and HFD (DIO) mice.

A. Oxygen consumption rate (OCR) in control and HFD (DIO) mice. B. Oxygen consumption rate
after mitochondrial uncoupler FCCP. C. Representative plot for control and HFD samples. D.
Representative plot when add mitochondrial uncoupler FCCP. Data are expressed as mean + SEM

2.3.7 Assessment of cardiac hypertrophy and fibrosis
To determine whether there were any underlying changes in the heart structure, the size of the

cardiomyocyte cells and cardiac fibrosis were assessed. Changes in the size of cardiomyocyte
cells may be an indication for cardiac hypertrophy. To study the cell size of the
cardiomyocytes, H&E staining was used on both control and HFD (DIO). After cell size
analysis, there was no statistical difference in cardiomyocyte size between control and HFD
(D10) mice (Figure 2.19).
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Figure 2.19: No change was found in cell size of cardiomyocytes in control and HFD
(DIO) mice.

A. Representative H&E sections from a control and HFD (DIO) mice. Scale bar = 50 um. B. There
was no significant change between groups. 100 random cardiomyocytes evaluated per sample. Data
are expressed as mean £ SEM (n=6).

Since heart function may be impaired by collagen deposition in the left ventricle, we next
investigated whether fibrosis was present in the myocardium of HFD (DIO) mice using
Masson's trichrome staining was performed. Masson's trichrome stains muscle fibres red and
collagen fibres blue. The analysis of these sections showed less than 0.1% interstitial and
perivascular fibrosis in both control and HFD (D1O) mice (Figure 2.20).
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Figure 2.20: No evidence of interstitial and perivascular fibrosis was found in HFD
(DIO) mice.

A. The levels of fibrosis were measured following staining with Masson's trichrome in control and
HFD (DIO) mice. B. There was no significant difference in interstitial and perivascular fibrosis in
both groups. Scale bar: whole heart (left) = 1000 um, interstitial (middle) = 50 um, perivascular
(right) = 20 um. Data are expressed as mean = SEM (n=7).

2.3.8 Analysis of apoptosis
To further assess the effect of HFD (DIO) on cardiomyocytes (CM) and non-cardiomyocytes

(NCM) apoptosis in the heart, the TUNEL assay was performed. The TUNEL staining of
paraffin-fixed cardiac sections showed a significant increase in the number of apoptotic
cardiomyocytes (CM) per 10,000 cells in the HFD (DIO) group compared to control and no
statistical difference in non-cardiomyocytes (NCM) (Figure 2.22).
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Figure 2.22: HFD (DI10O) mice showed higher apoptotic cardiomyocytes in TUNEL assay.

A. Immunofluorescent images of HFD (DIO) hearts and their control showing DAPI staining for nuclei
(blue) and TUNEL staining for apoptotic cells (green) with co-staining of cardiac troponin T (red). Scale
bar = 100 um. B. Quantification of apoptotic cardiomyocytes per 10,000 cells showed significantly
increased apoptosis (TUNEL-positive CM). C. Quantification of apoptotic hon-cardiomyocytes per 10,000
cells was not significant (TUNEL-positive NCM). D. The difference between TUNEL-positive
cardiomyocyte (CM); nuclei position within the cells, TUNEL-positive noncardiomyocyte (NCM); located
outside the cells. Scale bar = 30 um. Data are expressed as mean = SEM (n=5). *P<0.05
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2.3.9 Summary of results
Chapter two focused on the study of the effects of obesity on cardiac function and at the

cellular level changes to cardiac mitochondrial fission/fusion proteins. The key findings were:

e Obesity led to a change in the cardiac phenotype with cardiac concentric remodelling

e Asignificant increase in body weight concomitant with hyperglycaemia.

e At the protein level the mitochondrial proteins Drpl, MID49, Fisl, PINK1 and
Parkin were significantly upregulated but Mff and P-Drpl (S637) were decreased in
the HFD (DIO) myocardium.

e At the transcript level there was an increase in Opal, PINK1 and Parkin expression
in the HFD (DIO) but a decrease in Drpl and Mff.
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2.4 Discussion

2.4.1 Weight gain, hyperglycaemia and insulin resistance and hyperlipidaemia
Obesity and T2DM have been associated with numerous cardiac complications. A range of

different animal models for obesity/T2DM have been employed to investigate the underlying
mechanism of DCM. The HFD (DIO) model has been used in this study because it mimics
obesity in humans without genetic modification. Besides, the severity of obesity can be
controlled by changing the HFD (DIO) percentage and feeding duration. To study the early
changes in obesity/T2DM, a duration of only 12 weeks of HFD (DIO) has been chosen. In
this study, the HFD (DI1O) model showed a weight gain concomitant with hyperglycaemia
and hyperinsulinemia, which agrees with previous studies (Cao et al., 2017, Antonioli et al.,
2017, Kothari et al., 2017). We did not find a definitive categorisation of glucose or insulin
limits for classification of diabetes in C57BL/6J mice in the literature; using a diagnostic
criterion for diabetes in human (fasting blood glucose > 7 mmol/l) is not applicable since
some of the control mice had a fasting blood glucose level > 7 mmol/l. However, after a HFD
(DIO) feeding the mice in this study were significantly hyperglycaemic, combined with 4-
fold increase in insulin in the HFD (DIO) group and so we suggest that this group can be

considered analogous to early stage T2DM.

The triglyceride (TG) level in the blood is increased by the high caloric consumption, while
the cholesterol level in the blood is increased by the total fat consumption. In our model, both
TG and cholesterol were increased. All types of cholesterol HDL, LDL and VLDL were
increased as well. This finding is consistent with that of Podrini et al. (2013) who found a
significant increase in both HDL and LDL/VLDL in C57BL/6NTac mice after just 2 weeks
of HFD (DIO). Most of the fat in our model is from lard which contains around 43% total
saturated and 57% total unsaturated fats. Saturated fat consumption elevates LDL cholesterol
(Siri-Tarino et al., 2010a) and also HDL (Siri-Tarino et al., 2010b), whereas unsaturated fat
increases HDL (Morton et al., 2019) which can explain the elevation in both types of
cholesterol. Total cholesterol / HDL ratio is used as a risk marker for cardiovascular diseases
(Arsenault et al., 2009) and there is an increase in this ratio in our model. Jeppesen et al.
(1998) found individuals with high total cholesterol/HDL ratios are insulin resistant. This
study supports the insulin resistance seen in the HFD (DIO) group. On the other hand,
Eisinger et al. (2014) showed no significant increase to TG nor total cholesterol in 14 weeks
of HFD (DIO) feeding mice model. The difference between the Eisinger study and here is the
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fat percentage was 60% in our model while they used 45% which could explain the

unchanged level of TG and cholesterol.

2.4.2 Concentric remodelling in HFD (DIO) mice
To determine whether cardiac remodelling occurred after the HFD (DIO), echocardiography

was used to determine any changes in the myocardial wall thickness in vivo followed by

histological H&E and Masson’s Trichrome stains in vitro to detect hypertrophy and fibrosis.

An increase in the RWT without change in estimated LV mass suggests concentric
remodelling (Drazner, 2011). In agreement with echocardiogram data, H&E stains showed no
hypertrophy is present with no significant difference in cell size in HFD (DI1O) myocardium
compared to control. Concentric remodelling in the HFD (DIO) myocardium is consistent
with a study which describing concentric remodelling in HFD-fed (DIO) mice for 9 weeks
(Hafstad et al., 2013). One explanation for the remodelling is excessive afterload which could
be caused by hypertension (HTN) (Mihl et al., 2008). The same strain used in our study has
been found to develop HTN when fed HFD (DIO) (Chaar et al., 2016, Saxton, 2017).
However, pressure overload in our study was not sufficient to cause hypertrophy. These data
agree with another study which found that 45% HFD (DIO) for 20 weeks was not enough to
induce hypertrophy in C57BL/6J mice (Littlejohns et al., 2014). However, increasing the
duration of HFD (DIO) and quantity was sufficient to induce hypertrophy. For example,
Wang et al. (2015c) found that chronic 60% HFD (DIO) feeding for 11 months induced
hypertrophy but not remodelling. This suggests that concentric remodelling is one of the early
signs of DCM.

As one of the causes of concentric remodelling is extracellular fibrosis, we excluded the
presence of fibrosis by Masson’s trichrome stain as it showed no significant interstitial or
perivascular fibrosis in HFD (DIO). A study of longer duration 18-24 weeks 60% HFD (DIO)

showed a significant interstitial fibrosis but not perivascular fibrosis (Naresh et al., 2016).

2.4.3 Diastolic dysfunction in HFD (DIO) mice
The function of the heart was studied by echocardiogram. There were no changes to systolic

function as assessed by EF% and FS%, parameters that were not significantly different when
compared to control. These results are in agreement with a previous study of HFD-fed (DIO)
C57BL/6J mice (Naresh et al., 2016) (Littlejohns et al., 2014). In contrast, Louwe et al.
(2012) reported a significant decrease in systolic function illustrated by a decrease in EF% in
40% HFD-fed (DIO) mice. This decrease in systolic function may be due to age. It has been
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found that the HFD (DIO) effects are different in different age groups (de Castro et al., 2013).
Louwe et al. (2012) started the HFD (DIO) on mice aged 12 to 16 weeks, whereas the HFD
was started at 8 weeks in our study.

We found a decrease in SV and an increase in LW/TL which might suggest diastolic
dysfunction. This finding agrees with Nilsson et al. (2016), who found a decreased SV in
female C57BL/6J mice fed 75% HFD (DIO) for 4 weeks compared to controls. Our data is
also supported by other studies in the literature (Abdurrachim et al., 2014, Kang et al., 2015).

Electrocardiogram was performed to assess the electrical function of the heart. There were no
significant differences in conscious and unconscious heart rate between HFD (D10O) mice and
controls consistent with reports from Higa TS et al. (2014) and Naresh et al. (2016). Although
there is one report where HFD (DIO) feeding for a duration up to 20 weeks made a
significant difference in the heart rate compared to control (Aizawa et al., 2013). A difference
in the heart rate could suggest a severe DCM phenotype. The reason for this is that severe
DCM will lead to compensated fast heart rate. Therefore, we suggest that our model
represents early-stage DCM.

There was a statistical trend of prolonged PR interval in HFD (DIO) mice studied here.
Interestingly, Sun et al. (2013) found that obesity is associated with prolonged PR interval in
humans. Long-term prolonged PR interval has been reported to increase the risk of atrial
fibrillation (Cheng et al., 2009). In contrast to our finding, Zhang et al. (2016a) found a
shortened PR interval in 8 weeks HFD-fed (DIO) male ICR mice with widening of QRS
complex interval compared to control. The differences in ECG parameters could be due to the
difference in animal strain and HFD (DIO) feeding duration. As previously mentioned, the
difference in age results in different HFD (DI10) effects (de Castro et al., 2013). Zhang et al.
(20164a) did not mention the age of the mice at the beginning of the experiment.

In summary, the characterisation of the cardiac phenotype suggests that the mouse model of
HFD (DI0) feeding exhibits diastolic dysfunction with a normal systolic function, heart rate
and ECG and therefore could be classified as early-stage DCM (Fang et al., 2004).

2.4.4 Increased transcript expression of the fusion protein Opal as a result of HFD (DIO)
In this study it was shown that at the transcript level Opal was increased in HFD (DIO) mice

compared to control but there were no significant changes in expression of L-Opal and S-

Opal. It should be noted that there are at least eight-transcript variant for Opal gene due to
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alternative splicing (Delettre et al., 2001) and so possibly the primer we used may not detect
all the variants. These variants could be categorised as long isoforms (L-Opal) and short
isoforms (S-Opal). Anand et al. (2014) suggested that long Opal (L-Opal) regulates fusion,
whereas short Opal (S-Opal) was associated with mitochondrial fragmentation and fission.
Different molecular weights for S-Opal and L-Opal have been reported in the literature (80
kDa and 100 kDa respectively) (Lang et al., 2017) (Lee et al., 2017a). Opal also undergoes

proteolytic cleavage to regulate mitochondrial morphology (Ishihara et al., 2006).

Since OMM fusion proteins Mfns were not changed then although the IMM fusion protein
Opal transcript level is increased this would not likely lead to increased fusion since IMM
fusion is dependent on OMM fusion. Cipolat et al. (2004) showed that Opal needs Mfnl to
initiate mitochondrial fusion. Therefore, the increase in Opal transcript expression could
have a non-canonical role, which is to prevent apoptosis. It has been found that Opal has a
role in cardio-protection by stabilizing the cristae (Patten et al., 2014). Stabilizing the cristae
could prevent mitochondrial dysfunction and consequently apoptosis (Varanita et al., 2015).
It has been found that Opal prevents apoptosis by inhibiting cytochrome ¢ (Frezza et al.,
2006). So, Opal transcript level increases might be a protective mechanism against cellular
apoptosis in mild stage DCM.

2.4.5 Increased expression of Drp1 and its receptor Fis1 and MID49 as a result of HFD
(DIO)
HFD (DIO) mice showed an increased expression of Drpl protein compared to age-matched

control. Increased Drpl will shift the balance towards smaller, fragmented mitochondria
(Karbowski et al. (2006). Littlejohns et al. (2014), also reported a significant increase in Drpl
expression in C57BL/6J mice heart fed 45% HFD (DIO) for 20 weeks relative to control.
Lionetti et al. (2014) showed an increase in Drpl expression in the liver of HFD-fed (DIO)
rats suggesting that obesity triggers dysregulation. Drpl over-expressed in H9c2 cells is
detrimental to mitochondrial function as it causes mitochondrial fragmentation associated
with mitochondrial dysfunction and insulin resistance (Watanabe et al., 2014). Inhibition of
Drpl in murine cardiomyocytes by mitochondrial division inhibitor-1 (Mdivi-1) protects the
heart from reperfusion injury (Ong et al., 2010). This could suggest that targeting Drpl
protein in obesity/T2DM prevents developing DCM. The effect of Drpl inhibition in obesity
and T2DM is still to be determined.

Interestingly, increased expression of Drpl was associated with a decrease in transcriptional

level of Drpl, which could be a cardioprotective mechanism of Drpl to reduce fission, but
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then offset by Drpl not being turned over at the protein level. Reported post-translational
modifications of Drpl include phosphorylation, S-nitrosylation, ubiquitination and
sumoylation (Chang and Blackstone, 2010). A possible inhibition of these post-translational
modifications in HFD (DIO) group could explain the overexpression of Drpl in contrast to its
transcriptional level, which was decreased. There was a decrease in P-Drpl (S637) in our
model which suggests a shift towards fission as phosphorylation at S637 inhibits fission.
These results are in agreement with Tsushima et al. (2018) showing a decrease in
phosphorylated Drp1-S637 in a study of lipid overload in a transgenic model of cardiac lipo-
toxicity in postnatal hearts. Ni et al. (2020) also showed a decrease in P-Drpl (S637) after 18
weeks 60% HFD (DIO) in mice but an increase in P-Drpl (S616).

Drpl receptors Fisl and MID49 were significantly increased while Mff was significantly
decreased. A decrease in Mff could be explained by the fact that Parkin ubiquitinates Mff
under non-stressed conditions (Lee et al., 2019) and Parkin levels were increased in our
model. Another explanation for that could be the interaction between Drpl and Mff creating
Drp1-Mff complex which was not detected by western blot. Liu and Chan (2015) confirmed
that a Drp1-Mff complex forms and migrates to a higher molecular weight using a pull-down

assay.

Drpl receptors can all recruit Drpl but it is still unclear about their function. A study found
that Mff and Fis1 can work independently in mouse embryonic fibroblasts (MEFs) to regulate
mitochondrial fission (Loson et al., 2013). They also found that MID49 and MID51 are
capable of stimulating mitochondrial fission in the absence of both Fisl and Mff. On the
other hand, Palmer et al. (2011) proposed that MID49 and MID51 recruit inactive forms of
Drpl.

2.4.6 Mitophagy and apoptosis and biogenesis
The PINK1-Parkin interaction is the most characterised pathway enabling mitophagy. An

increase in both proteins suggests an activation of mitophagy in our model. Tong et al. (2019)
found an increase in mitophagy using Mito-Keima at week 3 after 60% HFD (DIO) in mice
which persisted after 2 months. They concluded that mitophagy was initiated at week 3 of a
HFD (DIO) but was not adequate to maintain mitochondrial functionality during the early
stages of DCM. Too many damaged mitochondria will lead to apoptosis. The induction of
apoptosis in our model due to mitochondrial dysfunction is demonstrated by elevated TUNEL

staining. Cardiomyocyte apoptosis was seen in 24 weeks of HFD (DIO) mice (Hsu et al.,
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2016). Cai et al. (2002) showed an increase in apoptosis characterized by the release of
cytochrome C and activation of caspase-3 in cardiomyocytes of diabetic mice caused by
hyperglycaemia. It has been reported that mitochondrial diabetic heart has an increase
propensity for mitochondrial permeability transition pore opening in human (Anderson et al.,
2011) and diabetic animal models (Oliveira et al., 2003, Bhamra et al., 2008, Williamson et
al., 2010). Moreover, Zhang et al. (2016b) reported a high expression of Bax and low level of
Bcl-2 in STZ mice associated with left ventricular dysfunction. These finding suggest that
cardiomyocyte apoptosis can occur in diabetic patients which could be caused by

dysfunctional mitochondria and alteration in mitochondrial dynamics.

The balance between mitophagy and biogenesis is required for maintaining mitochondrial
quality control (Andres et al., 2015). As a compensatory mechanism to mitochondrial loss,
mitochondrial biogenesis will increase mitochondrial production which could explain the
increase in TFAM level in our model. To assess mitochondrial number, citrate synthase
activity, a marker for intact mitochondria, was measured but showed no significant
difference. This suggests that the change in molecular analysis and functional studies is not

due to changes in mitochondrial number.

Therefore, an increase in mitophagy/apoptosis and biogenesis was expected as a quality
control mechanism to prevent further cardiac dysfunction, which could explain why OCR as
well as respiratory chain complex activity was unchanged between groups. This finding was
also reported by Littlejohns et al. (2014) who found no change in mitochondrial respiration
after 20 weeks of HFD (DIO) In C57BL/6J mice. Delineating the mechanisms involved in
regulating mitochondrial dynamics is important to develop strategies to effectively target the
fission and fusion processes to attenuate mitochondrial dysfunction in obesity and in the early
stages of DCM.

2.5 Conclusion
In summary, the HFD (DIO) leads to a cardiac phenotype that recapitulates symptoms seen in

patients with early-stage DCM. The results of this chapter demonstrate an upregulation of
Drpl, Fisl and MID49 in the HFD (D1O) myocardium concomitant with a downregulation of
P-Drpl1(S637)/total Drpl and Mff. Mitophagy is activated by an increased in both PINK1 and
Parkin expression as well as apoptosis analysed by TUNEL assay. These protein changes
correlate with an alteration in lipid profile, hyperglycaemia, insulin resistance, diastolic

dysfunction and concentric remodelling. It is still unclear whether the changes in Drpl
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protein are an adaptive cardioprotective response or represent the early stages of the
pathogenesis of DCM. Most studies around Drpl are non-cardiac and currently there is an
incomplete understanding of the regulatory pathways involved. Similarly, the effect of this
protein change on mitochondrial structure remains to be established. Therefore, in the next
chapter, it will be investigated whether the elevation of fission proteins correlates with an

increase in mitochondrial fission by electron microscopy.
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Chapter 3 Cardiac mitochondrial remodelling in the high-fat diet
mouse model

3.1 Introduction
The characterisation of the cardiac phenotype of HFD (DIO) was described in Chapter 2 by

assessing heart function and other physiological measurements, which identified the
development of early diastolic dysfunction. On a molecular level, proteins involved in
mitochondrial dynamics and biogenesis have been altered. Therefore, it will be further
investigated in this chapter whether the changes in mitochondrial dynamic proteins are
reflected in a change in mitochondrial structure using serial block-face scanning electron
microscopy (SBF-SEM).

Two common types of electron microscopy (EM) include Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). TEM was used for the first time by Claude
and Fullam (1945) to reveal a new understanding of the morphology of mitochondria. TEM
uses a high-voltage electron beam to interact with the specimen’s atom and produce a 2D
image, while SEM is characterised by the detection of the backscattered electrons from the
specimen after the exposure to the electron beam. Consequently, TEM provides details about
the internal structure of the sample, while SEM presents details of the sample surface. Both
techniques use an electron source that is in a high vacuum chamber. There are TEM studies
that have shown that cristae morphology differs between cardiac mitochondrial populations.
For example, it has been reported that SSM show lamellar cristae (Hollander et al., 2014),
while PNM and IFM show tubular cristae (Riva et al., 2005). Even though TEM and SEM
have both been used to produce a wide range of images to promote understanding of the
structure of the mitochondria, the importance of understanding the three-dimensional (3D)
features of the mitochondria and other biological characteristics is still to be fully recognised.

Through the new development of serial block-face scanning electron microscopy (SBF-SEM)
by Denk and Horstmann (2004) the 3D reconstruction of a tissue's nanostructure has become
possible at nm resolutions. SBF-SEM houses a microtome and SEM with low-vacuum
operation and backscattering contrast. In short, the tissue (or cells) are chemically fixed (for
full details and a review of the technique see Pinali and Kitmitto (2014)) and the sample is
mounted on a pin in the microscope. The top of the block is imaged and then the microtome
removes a thin slice, which in the case here was 50 nm thick. After that, the newly exposed

block face is imaged. This process is iterative leading to the collection of serial images

through the tissue block that are in register (Figure 3.1). SBF-SEM has been applied
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successfully by Kitmitto’s group to reconstruct the t-tubule network within sheep heart
myocytes (Pinali et al., 2013) and the intercalated disc (Pinali et al., 2015). This thesis used
SBF-SEM for the first time to investigate potential differences in mitochondrial
subpopulations morphology between control and obesity-induced type 2 diabetes that is
characterized by a significant increase in Drpl expression. The putative differences in the
mitochondrial subpopulations, SSM, IFM and PNM, are discussed in detail in the main

Introduction, section 1.4.
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Figure 3.1: The principle of serial block-face scanning electron microscopy.

This is an illustration of a serial block-face scanning electron microscopy (SBF-SEM) technique
showing the repetitive process of cutting and imaging to collect serial images from a sample forming
a stack. The SBF-SEM consists of a scanning electron microscope (SEM) and an ultra-microtome
mounted in the SEM specimen chamber which employs a diamond knife to cut the sections. It is used
in this project to characterize the three-dimensional (3D) nanostructure of cardiac mitochondria at
medium-high resolution. Images of block surface are collected by backscatter detection of electrons
deflected from the electron beam scanning the surface of the block face.

One of the early events in the pathogenesis of diabetic cardiomyopathy is mitochondrial
dysfunction. Kelley et al. (2002) found smaller mitochondria of the skeletal muscle in obese
and type 2 diabetic patients. Using TEM, a significant decrease in subsarcolemmal
mitochondria in obese and type 2 diabetes individuals has been reported (Ritov et al., 2005).
Additionally, Dabkowski et al. (2010) showed a significant decrease in SSM size from the
cardiac tissue of type 2 diabetic db/db mice compared to control. However, none of these

studies employed 3D EM methods. The limitation of using 2D images is that the
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interpretation can be misleading due to the factors of mitochondrial orientation in the

specimen and the intersection of the cut angle.
Aims of this chapter include:

1) Collection of SBF-SEM datasets for the control (chow) and obese (high fat fed) apex;
followed by segmentation of mitochondrial subpopulations SSM, IFM and PNM
manually with IMOD software to measure the surface area and volume of each
mitochondrial subtypes.

2) Assess the variance between SSM, IFM and PNM in control.

3) Evaluate the difference in surface area and volume of each mitochondrial

subpopulation between control and HFD (DIO) model.
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3.2 Methods

3.2.1 Sample preparation
At the end of the HFD (DIO) experiment, four obese and four control mice were euthanized.

After heart excision, left ventricles (= 2mm?) were fixed immediately in a fixative buffer
containing 4% (v/v) formaldehyde, 2.5% (v/v) glutaraldehyde and 0.1M 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) and placed at room temperature for 2 hours prior to
incubate it overnight at 4°C. Tissues were then washed 5 times with HEPES for 3 minutes
each and then immersed in 2% (w/v) osmium tetroxide and 1.5% (w/v) potassium
ferrocyanide in 0.2 M cacodylate buffer with 2 mM calcium chloride at room temperature for
1 hour. Tissues were then washed 5 times with double distilled water (ddH20) for 3 minutes
each. Tissues were then incubated in a prepared thiocarbohydrazide solution (TCH) at room
temperature for 20 minutes. TCH solution was prepared by preparing 94 mM of TCH in
ddH20 and heat it in the oven at 60°C for an hour. The tissues were then washed again with
ddH20 5 times 3 minutes each. After the wash, tissues were then immersed for 30 minutes at
room temperature in 2% (w/v) osmium tetroxide covered with foil. After another 5 washes

with ddH20, Tissues were incubated overnight in an aqueous 1% (w/v) uranyl acetate at 4°C.

The tissues were then washed the following day 5 times with ddH2O for 3 minutes each then
incubated in Walton’s (Walton, 1979) lead aspartate staining (0.02 M of lead nitrate in 0.03
M aspartic acid, pH=5.5) and for 30 minutes in a 60°C oven. It was washed again with
ddH20 5 times 3 minutes each. For dehydration, tissues were placed in ice-cold 20%, 50%,
70%, 80%, 90%, 100% and 100% (v/v) ethanol for 10 minutes each and then placed in
acetone at room temperature for 20 minutes. It was then infiltrated with 25%, 50% and 75%
(v/v) resin in acetone for 2 hours each. After that, it was infiltrated in 100% (v/v) resin for 2
hours, this was repeated 3 times. Tissues were next embedded in a 100% resin in a mould
and were baked in a 60°C oven for 48 hours into resin capsules. The tissue pieces were then
mounted on aluminium pins. A glass knife was used to trim blocks to squares (=1 mm3).
After that, it was coated with gold for imaging.

3.2.2 Serial block face scanning electron microscopy

FEI Quanta 250 Scanning EM supplemented by 3View ultramicrotome (Gatan) was used to
image the samples. The vacuum was set to 0.3-0.5 torr and the operating voltage to 3.8 kV. A
diamond knife was used to cut a serial 50 nm sections. Each section was imaged producing a
stack of images with a voxel size 13.3:13.3:50 nm (X, Y, 2).
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3.2.3 Image analysis
Datasets of 1000 images were collected for each sample. IMOD software (Kremer et al.,

1996) was used to segment approximately 30 mitochondria for each different population of
mitochondria i.e. SSM, IFM and PNM in three different cells of one sample. Each
mitochondrion was segmented manually using closed contour by drawing around the surface

of it as shown in Figure 3.2, a published review by our group (Daghistani et al., 2019).

C

fr===mm————————

Figure 3.2: Three-dimensional reconstruction of cardiac mitochondrion from a mouse.
Each mitochondrion was segmented manually through the stack to generate 3D image. A. The stack
of images collected by serial block-face scanning electron microscopy of murine cardiac tissue (the
cut-depth in Z-direction = 50 nm). B. A mitochondrion segmented (outlined) in green. (B, i) The
mitochondrion when it becomes visible for the first time in the stack. (B, ii) A tubular shape after of
the mitochondrion after around 300 nm deeper. (B, iii) Approximately a square shape mitochondrion
after a further 100 nm deeper. C. 3D structure of the mitochondria using IMOD after segmentation of
the highlighted mitochondrion. Scale bars = 500 nm. (Daghistani et al., 2019).
3.2.4 Statistical analysis
Following the identification of the distinct subpopulations of mitochondria based on their
location, about 90 for each SSM, IFM and PNM from 3 different cells were segmented by the
IMOD software (Kremer et al., 1996) from each sample (Control n=4 and HFD (DIO) n=4
mice). One-way ANOVA (with post-hoc test) was used to assess inter-animal variation in
each experimental group. The mean £ SEM (n=4) was then calculated for SSM, IFM and
PNM for each sample and were compared together by one-way ANOVA (with post-hoc test).
The comparison between control and HFD (DIO) were analysed using unpaired t-test. Data

were assessed for normality using Shapiro-Wilk test. All statistical tests were conducted

88



using GraphPad Prism (version 7, California, USA). Data were considered statistically

significant when P<0.05.
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3.3 Results
To understand how changes in obesity affect mitochondrial structure, SBF-SEM was

employed to investigate different subpopulations. The first task was to define the spatial
location of the three mitochondrial subtypes. Figure 3.3 illustrates the definition of the three
different spatial subpopulations in a control cardiac tissue employed here. It is clear from the
figure that SSM are located under the cell membrane (sarcolemma). IFM are positioned
between the muscle fibrils, whereas PNM are around the nucleus. As can be seen from the
figure below, PNM formed clusters around the two poles of the nucleus. SSM as well tend to

form clusters underneath the sarcolemma, whereas IFM reside between contractile myofibrils

forming longitudinal rows.

Figure 3.3: Identification and segmentation of various control sub-populations of
mitochondria.

Green arrows highlight perinuclear mitochondria (PNM) which were selected only if they were
touching the nuclear envelope. Yellow arrows indicate subsarcolemmal mitochondria (SSM) which
were only selected if they were touching or immediately adjacent to the cell membrane. The long blue
arrow points out how the interfibrillar mitochondria (IFM) form a longitudinal row which only those
flanked by myofibrils (red arrow) were selected. The purple arrow highlights the z-line. Scale bar = 5
um.

90




Therefore, for consistency of analyses we only segmented those SSM that were in direct
contact (or immediately juxtaposed) to the sarcolemma, those IFM that were flanked on
either side by myofibrils and PNM that were touching or immediately adjacent to the nuclear
envelope. Figure 3.4 illustrates how the different spatial populations can be manually
reconstructed in 3D using the IMOD software. Similarly, other features such as the
sarcolemma and nucleus can be segmented to illustrate the inter-organelle relationships. This
figure shows how the SSM cluster below the sarcolemma and the longitudinal row nature of
IFM and the distribution of PNM around the nucleus.
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Figure 3.4: 3D reconstruction of different
mitochondrial subpopulations in the heart of control
mouse.

A. 3D segmentation of subsarcolemmal mitochondria adjacent
to the sarcolemma (Grey). B. Longitudinal rows of
interfibrillar mitochondria. C. Perinuclear mitochondria around
the nucleus (red). Scale bar = 2 pum.
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3.3.1 PNM of the control mice are the smallest compared to SSM and IFM.
To investigate inter-animal variability, one-way ANOVA was applied between control mice

for SSM, IFM and PNM for each of the surface area, volume and surface area/volume ratio
(SA/Vol) (Figure 3.5). There were no variations in these parameters between the control
animals for the different mitochondrial subpopulations.
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Figure 3.5: No inter-animal variability in control mice for morphometric parameters of
different subpopulations cardiac mitochondria.

There was no significant difference for each mitochondrial subset (SSM, IFM and PNM) surface area,
volume and surface area/volume ratio. Data represented as scatter plot where each dot represents one
mitochondrion reading. Horizontal lines represent mean value.

As there was no inter-animal variability in control, the average for the surface area and
volume for SSM, IFM and PNM were as follows: 5.2 + 0.26 x10® (SSM) 6 + 0.3 x10° (IFM)
3.8 + 0.1 x10° (PNM) (nm?); 8.4 + 0.5 (SSM) 9.8 + 0.3 (IFM) 5.2 + 0.2 x10® (PNM) (nm?3).
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The surface area and volume comparison between the SSM, IFM and PNM has shown that in
both parameters there was no significant change between SSM and IFM, while the PNM
were significantly smaller than SSM and IFM (Figure 3.6A and 4B). Interestingly, the surface
area to volume ratio (SA/Vol) of PNM was significantly higher than IFM and SSM in control
mice (Figure 3.6C), which may be related to function, i.e. juxtaposition to the nucleus to

improve diffusional properties.
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Figure 3.6: IFM were the largest in size in control mice compared to other cardiac

tissue mitochondrial subpopulation.

A. Comparison of the surface area showed that PNM are significantly smaller than SSM and IFM.
B. The volume of the PNM is significantly smaller than that of SSM and IFM. C. Surface
area/volume ratio of PNM s significantly larger than SSM and IFM. No significant difference
between SSM and IFM surface are, volume and surface area/volume. Data are expressed as mean +
SEM. n=4 animals. **P<0.01 ***P<0.001 ****P<0.0001.

3.3.2 Inter-animal variability in mitochondrial size of HFD (DIO) mice.
Next, the variation of each HFD (DIO) mouse morphometric parameters of its mitochondrial
subpopulations were studied using one-way ANOVA. As shown in Figure 3.7, unlike control

mitochondria, there was a significant inter-animal variation in HFD (D10O) mitochondria.
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Figure 3.7: Alteration in inter-animal variability for morphometric parameters of
different subpopulations mitochondria in HFD (DIO).

Raw data from cardiac tissue taken from HFD (DIO) mice. Using one-way ANOVA, it showed inter-
animal variability between morphometric parameters of SSM, IFM and PNM. *P<0.05 **P<0.01
*¥**¥P<0.001 ****P<(0.0001.

Due to the inter-animal variation in HFD (DIO), the analysis of morphometric parameters of
mitochondrial subpopulations for each HFD (DIO) animal was done separately (Figure 3.8).
There was a pattern of increasing size PNM < SSM < IFM, which was consistent for at least
three HFD (DIO) mice. Taken the average values of the surface area (Figure 3.8B), PNM was
significantly smaller than SSM and IFM. However, despite the inter-animal variation
calculation of the average (n=4) for each parameter showed a similar profile to surface area
with PNM being the smallest (Figure 3.9D). In addition, IFM were significantly larger than
SSM.
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Figure 3.8: IFM were the largest in size and PNM the smallest in HFD (DI1O) mice.

A. Analysis of the surface area for each HFD (DIO) mice separately. B. Analysis of the surface area
of the average values for each HFD (DIO) mouse. C. The volume of different mitochondrial
subpopulation of each HFD (DIO) mouse. D. The average volume of SSM, IFM and PNM of each
HFD mouse. Data are expressed as mean + SEM. n=4 animals *P<0.05 **P<0.01 ***P<0.001
*HXXP<0.0001.

The same analysis was applied for SA/Vol of each HFD (D10) mouse. A common pattern of
PNM having the largest SA/Vol is consistent with the control data (Figure 3.10A).
Calculating the average of all animals the PNM surface area to volume ratio was also shown

to be the largest (Figure 3.10B).

95



A HFD 1 Surface area/ Volume HFD 2 Surface area / Volume HFD 3 Surface area/ Volume HFD 4 Surface area/ Volume

0.010 ’—‘I—'
0,008
Eous

3
> 0.004

SA / Vol (nm™)
SA / Vol (nm™)
SA / Vol (nm™)

2 0.002

0.000:
IFM PNM

SSM IFM PNM

HFD Surface area / Volume
0.015-

'E 0.010

0.005

)

SA / Vol (nm

0.000-
SSM IFM PNM

Figure 3.9: The surface area to volume ratio in PNM was the highest in HFD (DIO)

mice compared to other subpopulation of cardiac mitochondria.

A. The surface area to volume ratio of each HFD (DIO) of each mitochondrial subpopulation. B. A
comparison of surface area to volume ratio of SSM, IFM and PNM of the average values of each
HFD (DIO) mouse. Data are expressed as mean = SEM. *P<0.05 **P<0.01 ****P<(0.0001

3.3.3 PNM are smaller in the HFD (DIO) model compared to control.

As shown in Figure 3.10A, SSM morphometric parameters were not changed in HFD (DIO)
compared to control. The same profile was for IFM (Figure 3.10B). Interestingly, both PNM
surface area and volume were significantly decreased in HFD (DIO) compared to control.
The HFD (DIO) PNM volume are at around 0.6x smaller than control PNM. The mean +
SEM of HFD (DIO) PNM volume is 3.1 + 0.2 x10® nm3 compared to age-matched control
5.1 + 0.2 x108 nm3; n=4 per group. On the contrary, the surface area/volume ratio was

significantly increased in HFD (DI1O) compared to control (Figure 3.10C).
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Figure 3.10: PNM were smaller in size in HFD (DI1O) mice compared to control.

A. SSM in the HFD model showed no significant difference in surface area, volume and surface area to
volume ratio compared to control. B. all morphometric parameters were not significantly changed in IFM in
the HFD model compared to control. C. PNM in the HFD model showed a significant decrease in surface area
and volume, while surface area to volume ratio was significantly increased compared to control. Data are
expressed as mean £ SEM. n=4 mice. *P<0.05 **P<0.01.

3.3.4 Summary of results
The present study explored by SBF-SEM the mitochondrial structure in the cardiac tissue and

how these are modulated in the HFD (DIO) diabetic mouse. The key results of this chapter

were:

e PNM were significantly smaller in size compared to SSM and IFM in control heart,
with no difference between the sizes of SSM and IFM.

¢ PNM from the control heart had the largest surface area to volume ratio among other
subpopulations.

e Although there is an inter-animal variability in the HFD (DIO) heart, there was a
consistent pattern of different mitochondrial subtypes size, IFM>SSM>PNM.

e As reported for control, the surface area/volume ratio of PNM was the largest in HFD
(DIO) heart as well.
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e A comparison of control and HFD (DIO) identified that PNM were significantly
smaller in HFD (DI10), but that the SA/volume ratio was significantly larger in HFD

(DIO) compared to age-matched control.

These novel results report mitochondrial morphological remodelling/adaptation to
obesity/T2DM stress on the heart that are in line with molecular changes identified in Chapter

2, indicating an increase in mitochondrial fission in the HFD (DIO).
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3.4 Discussion

3.4.1 Morphological differences in control mitochondrial subpopulations.

Interestingly, we determined that the PNM in the cardiac tissue of control mice were smaller
than SSM and IFM in size, in agreement by an independent study in our group using a
different mouse strain and genetic model of type 2 diabetes at 6 months of age (Bodour
Rajab, PhD Thesis). We suggest that this may be explained by the different mitochondrial
subtypes having distinct roles in the cell (as described in the general introduction (Chapterl),
physiological differences in structure therefore would be expected. Lukyanenko et al. (2009)
showed by using immunofluorescent labelling that PNM were smaller in size compared to
IFM in rat ventricular myocyte. They also noted that PNM has a round shape, whereas IFM is
more oval shape. It is worth noting that the immunofluorescence is limited by the quality of
staining that is targeted specifically to the protein of interest and only provides a 2D
visualization of the model at low-resolution (200-300 nm in the lateral axis and 500-700 nm
in the axial axis) (Huang et al., 2009). Here, we have advanced this earlier study by
measuring at a higher resolution using SBF-SEM that volume and surface area of PNM were
smaller than IFM and SSM. We have not noticed a difference in the shape between PNM and
IFM e.g. PNM rounder than IFM as mentioned in previous studies. These findings may be
biased due to the limitation of 2D images. Importantly, the study here allowed calculation of
the surface area to volume ratio (SA/Vol) showing that PNM in the control heart had a larger
SA/NVol compared to SSM and IFM. We propose that this parameter may aid diffusion
properties that are beneficial for mitochondria in close contact to the nucleus are important
for the efficiency of energy production may therefore be improved (Dzeja et al., 2002). Like
control, PNM of the HFD (DIO) were also the smallest among other mitochondrial subtypes

and its surface area to volume ratio was the largest.

Cristae morphology has been reported to be varied between different mitochondrial subtypes.
The resolution limitation of SBF-SEM (~13 nm: X-Y plane and 50 nm: Z plane) made it
difficult to study the cristae structures in these specimens. Cristae morphology would be
useful to study as future work. It could be valuable for future work as well to increase the
number of PNM and include the entire clusters around the nucleus, not just those that touch
the nucleus to determine if the larger SA/Vol is only a feature of those mitochondria directly
in contact with the nucleus. It is also worth comparing different types of PNM as well e.g.

PNM in the poles of the nucleus with PNM on the sides of the nucleus.
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3.4.2 Mitochondrial ultrastructure in HFD (DIO).

Smaller fragmented mitochondria have been widely described in a variety of cardiac diseases,
as reviewed in (Daghistani et al., 2019). For example, Boudina et al. (2007) concluded that in
a db/db mouse heart, a model of T2DM, there are smaller mitochondria, and that the
mitochondrial density is increased by 50%. Chen et al. (2009) found small and fragmented
mitochondria in failing hearts of a coronary ligation rat model using TEM. On the other hand,
cardiac samples from UCP-DTA transgenic mice, a model of obesity, showed larger
mitochondria than control by TEM. The variations noted in the previous studies could be a
consequence of the technique used. The interpretation of 2D images can be influenced by the

section angle or the area of the cell analysed which may be misleading.

Interestingly, the size of the PNM decreased in HFD (DIO) compared to control. This is
consistent with the molecular results reported in Chapter 2, showing an increase in fission
protein (Drpl) which intuitively would suggest smaller mitochondria. On the other hand, IFM
and SSM of HFD (DIO) was not changed in size compared to control. These data may
suggest that some subpopulations are more vulnerable than others to stress conditions. For
example, Dabkowski et al. (2009) reported a decrease in size in IFM but not SSM in the heart
tissue of STZ type 1 diabetic mice. The decrease in IFM size coincided with a reduction in
IFM complex activity. They suggested that IFM is more vulnerable to TIDM stress. In a
comparison of IFM and PNM in adult cardiac myocyte, Lu et al. (2019) suggested that IFM
are more sensitive to oxidative stress. They also showed translocation of IFM to the
perinuclear region for undergoing mitophagy under conditions of starvation in cardiac
myocytes (using photoactivatable mtPA-GFP), with disruption of the microtubule network
using nocodazole shown to prevent IFM movement to the perinuclear region. Significantly,
the study also showed that the fission/fusion rate of PNM is faster than that of IFM. Hence,
the perinuclear region may be the primary location for mitochondrial turnover for all
mitochondria subtypes. The damaged mitochondria of IFM in our model might be
translocated to the perinuclear region for mitophagy as a part of quality control. This could
explain the change in size of the HFD (DIO) model occurred only in the PNM. In previous
studies, the size of IFM were changed in some diabetic models. It may be the case that
translocation of damaged mitochondria to the perinuclear space occurs as a quality control
process only at the early stage of diabetic cardiomyopathy. Long-term uncontrolled stress
might affect mitochondrial motility so that damaged IFM will remain in their location, which

could eventually lead to systolic dysfunction, as IFM is the energy provider for contractile
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myofibrils of the heart. This can be further supported by our previous results, which showed
no systolic dysfunction in HFD (DIO) compared to control, illustrated by normal ejection
fraction. Since microtubules are crucial for the translocation of damaged mitochondria to the
perinuclear region for mitophagy, which is activated in our HFD (DIO) model (increased in
PINKZ1 and Parkin expression), future research could be undertaken to investigate changes in

mitochondrial motility e.g. Mirol and Miro2 with disease progression.

Although PNM were fragmented in HFD (DIO), mitochondrial function assessed by
complexes activity and oxygen consumption rate in section 2.3 was not affected. Early
changes in the structure could prevent further damage to the mitochondria and consequent
dysfunction. Ritov et al. (2005) found a decrease in Complex activity only in the SSM in the
skeletal muscle of T2DM individuals, while the overall activity was normal. They also found
SSM were significantly smaller in T2DM subjects compared to control. It may be useful for
future work to assess the function of each mitochondrial subtypes separately by isolation of
mitochondrial fraction. Ritov and his colleagues reported that mtDNA was lower in T2DM
volunteers than that of control. It might be informative as well to measure mtDNA in our

model in future work.

Surprisingly, the SA/Vol of the fragmented PNM of the HFD (DIO) was significantly higher
than that of the control despite being smaller in size. This could be a compensatory response
as higher SA/volume means more contact to the nucleus as a compensation of the small size.
Better diffusional properties are needed in the PNM of HFD (DIO) due to an increased
energy demand caused by smaller mitochondria. The contact of the PNM to the nucleus
might be important in crosstalk. A defective communication between these two organelles is
reported to lead to calcium overload, metabolism disorders and DNA damage (Xia et al.,
2019). Employing a higher resolution technique e.g. focused ion beam with scanning electron
microscopy (FIB-SEM) which is similar to SBF-SEM but employs a laser to remove the top
layer of the block, with resolutions up to typically <10 nm: X-Y plane and 20 nm: Z plane
(Xiao et al., 2018) or electron tomography (resolutions < 5nm) might also be useful for
studying the SA/volume ratio of the cristae in which the Complexes are organised for
optimising OXPHQOS (Davies et al., 2014).

PNM are believed to be involved in providing energy to the nucleus for transcription (Ong et
al., 2017). Given the fact that HFD (DIO) PNM were fragmented, metabolic pathways that

take place entirely inside mitochondria e.g. Krebs cycle and fatty acid oxidation or partially
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e.g. urea cycle might be affected in the HFD (DIO). These pathways investigated by LC-
MS/MS in Chapter 6. In this project, the implementation of SBF-SEM gives for the first time
a global picture of the in situ mitochondrial structure and the 3D reconstruction provides an
evaluation of the morphological parameters.

3.5 Conclusion
Taken together, these results illustrate that changes to mitochondrial structure in cardiac

tissue is an early sign of diabetic cardiomyopathy concomitant with changes to fission protein
expression (See Section 2.3). We found that PNM are more vulnerable to obesity/T2DM with
almost no impact on IFM and SSM. A further study with more focus on PNM may form the
basis of future work. These morphological changes may be a result of there being increased
damaged mitochondria due to increasing mitochondrial fragmentation but with defective
mitophagy. These conclusions support increases in fission protein (Drpl) and mitophagy
proteins (PINK1 and Parkin) expression, indicating a potential adaptive response to
obesity/diabetic insult. Given that functionally we have shown no change to Complex activity
or OCR we speculate that either fission is initially a cardioprotective response to the
obesity/diabetic stimuli or that there is a limited number of damaged mitochondria; however,
these remodelling events may be pathological under long-term exposure to the stress
conditions. There are still many unanswered questions around obesity and whether for
example lifestyle changes can bring about a reverse in the remodelling events at the level of
cardiac function and at the molecular level. The following Chapter will study the effect of
exercise, diet exchange and exercise/diet exchange to reverse molecular changes seen in HFD
(DIO) model.
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Chapter 4 Effects of exercise and/or diet exchange on the HFD
(DIO) cardiac and mitochondrial phenotype

4.1 Introduction

Although the National Health Service (NHS) spends 9% of its budget annually which equals
£8.8 billion on the treatment of T2DM, it is preventable by controlling obesity, which is an
important risk factor for T2DM (Awa et al., 2012, Public Health England, 2015). Preventing
T2DM is achieved by managing obesity by diet and activity (Lau et al., 2007). One of the
most recommended non-pharmaceutical treatments for obesity/T2DM is exercise (Nogueira-
Ferreira et al., 2016). Exercise has been reported to play a major role in cardiac function
improvement in DCM (Seo et al., 2019). Veeranki et al. (2016) found an amelioration of
cardiac dysfunction seen in obese-diabetic (db/db) mice through restoration of mitochondrial
function. Exercise reduces the risk factor for cardiovascular complications associated with
obesity and T2DM such as blood pressure, lipid profile, waist circumference, BMI and
insulin resistance (Golbidi and Laher, 2012). Reduced-calorie diets are also associated with
an amelioration of systolic and diastolic dysfunction in obese individuals (de las Fuentes et
al., 2009). However, a lack of patient compliance to exercise and healthy diet highlights the
need for a detailed understanding of cardiac mitochondrial function through molecular level
changes. There have been no detailed studies on the effects of exercise and diet on cardiac
mitochondrial function in obesity, particularly in the context of mitochondrial dynamics. The

following are the specific objectives of this chapter:

- To establish an exercise regimen in obese mice using a daily swim training protocol.

- To investigate using obese mice the potential effects of exercise, diet exchange
(replacement of the HF diet with normal chow) and exercise/diet exchange in
reversing diastolic dysfunction in obesity.

- Study the effects of exercise, diet exchange and the combination of both exercise and

diet exchange on mitochondrial dynamics alteration due to obesity.
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4.2 Method

4.2.1 Animal model

Chapter 2 characterised the molecular and structural changes and dysfunction in the heart of
obese/T2DM mice. This Chapter has established a second HFD (DIO) group incorporating
exercise training and/or diet exchange starting at week 12 for 5 weeks to determine if the
‘healthy’ cardiac phenotype at the physiological and mitochondrial level is restored.

Mice were acclimatised for 1 week before the start of the experiment and then randomized
into 4 groups at the age of 8 weeks (n= 4-5 mice per group). Group 1 (age-matched control)
was fed a chow diet for 17 weeks. Group 2 - the exercise group (E) was fed a high-fat diet for
17 weeks and then exposed at week 13 to swimming exercise for 5 weeks. Group 3 - the diet
exchange group (D) was fed for 12 weeks on a HFD (DIO) then replaced with a chow diet for
5 weeks. Group 4 - the exercise/diet exchange group (E+D) was fed a high-fat diet for 12
weeks, with the HF diet exchanged for chow and daily swimming for 5 weeks.

Mice were initially swim trained for 10 minutes on the first day. The training length was
increased daily by 10 minutes for 5 days to a final duration of 50 minutes at the end of the
first week. The following week, mice exercised five days per week for 1 hour once a day.
Mice were pen marked on the tail for identification. The tank was filled to an appropriate

level with water at a temperature of 29-32-C. The surface area of the tank was 2500 cm? and

the depth was around 35 cm (Figure 4.1)

——

— —— PIe—— |

T AR RS T T T e L |\ |

Figure 4.1: Swimming in a tank of water.

A maximum of 10 mice in the tank at the same time. The mice tails were

labelled for identification. The surface area of the tank is 2500 cm? and the

depth is 35 cm. 104



Mice were observed for the whole swimming time for any signs of stress. One mouse from
the exercise/diet exchange group was withdrawn from the study because he was unable to
swim comfortably and appeared distressed more than one time. Mice were scooped in and out
of the tank. At the end of each session, mice were thoroughly towel-dried and transferred to a
warming cabinet for a minimum of 1 hour and a maximum of 2 hours to ensure they are dry.

A maximum number of 10 mice were allowed in the tank at the same time.

4.2.2 Physiological and metabolic parameters measurement

The weights of mice were measured at baseline and at regular intervals during the trial.
Random blood glucose was assessed using Accu-Chek Aviva after restraining the mouse and
prick the lateral tail vein at the end of the experiment. Insulin levels were measured using an
ELISA kit by ALPCO (80-INSMS-E01) previously described in 2.2.2.1. TG level was
measured using a Colorimetric Assay Kit (Cayman Chemical 10010303) as described in
section 2.2.2.3. To assess cardiac function and wall thicknesses, echocardiography was
performed for all groups (See Chapter 2.2.2.4). In addition, non-invasive ECG was performed

to assess the heart rate (See Chapter 2.2.2.5).

4.2.3 Gene expression and Western blotting

Mice cardiac tissue harvested as described in section 2.2.1. Tissue harvesting Quantitative
RT-PCR (gPCR) for exercise, diet exchange and exercise/diet exchange groups were
performed to determine changes in mitochondrial dynamics protein transcript level. RNA
extraction, DNase treatment, reverse transcription and gPCR were described in Method
section 2.2.4. Changes to protein expression levels in each experimental model were carried
using Western blotting as described earlier in section 2.2.3.

4.2.4 Statistical analysis

All results are shown as mean * standard error of the mean (Mean = SEM). The data were
analysed with GraphPad Prism (Version 7, California, USA). Data were assessed for
normality using Shapiro-Wilk test. A one-way ANOVA followed by Dunnett's test was used
to compare each mean to the mean of the control group. The data were considered
statistically significant if P<0.05.
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4.3 Results

4.3.1 Weight loss in exercised and/or diet exchanged mice

A comparison of the weight gain between the experimental groups and control mice showed
that the percentage of weight gain in the first 12 weeks were significantly increased in
exercise, diet exchange and exercise/diet exchange groups compared to control (Figure 4.2A,
B and C). From the graphs below it can see that from week 12 (red arrow) mice start to lose
weight with the introduction of the new treatment regimen. The percentage of weight loss
from week 12 until week 17 was significantly increased in all groups with a maximum weight
loss in the exercise combined with diet exchange group followed by diet exchange only. The

exercise group still receiving a high-fat diet showed the lowest weight loss between the

groups (less than 6%) (Figure 4.2D).
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Figure 4.2: Weight loss in exercise and/or diet exchange mice groups.

A. Percentage of weight loss in all groups were significant with biggest %weight loss in combined
exercise and diet exchange and smallest in exercise only group. B. Percentage of weight gain over
time in exercise group, exercise started at week 12 (red arrow). C. Percentage of weight gain over
time in diet exchange group, diet exchanged to chow at week 12 (red arrow). D. Percentage of weight
gain over time in exercise/diet exchange group, (Exercise and diet exchange started at week 12 (red
arrow). Data are expressed as mean £ SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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4.3.2 Insulin resistance in the exercise group

As reported in Chapter 2, 12 weeks high fat feeding led to hyperglycaemia, hyperlipidaemia
and insulin resistance. After exercise and/or diet exchange trials, blood glucose and
triglyceride level returned to control level in all groups as shown in Figure 4.3A and B.
Additionally, insulin level returned to control level in diet exchange group (P=0.07) and
exercise/diet exchange group (P=0.5). However, the exercise group showed a significant
increase (P=0.02) in serum insulin level (insulin resistance) revealing that abnormalities in

the exercise group persists compared to control (Figure 4.3C).
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Figure 4.3: Exercise group remained insulin resistant.

A. Random blood glucose showed no significant differences between exercise, diet exchange and
exercise + diet exchange groups compared to control. B. Insulin level showed a significant increase in
exercise only group. C. There were no significant differences in triglyceride level in all groups. Data
are represented by Column Scatter chart with the mean line (n=4-5). *P<0.05.

4.3.3 Cardiac function and structure in exercise and/or diet exchange groups

In Chapter 2, it was shown that at 12 weeks of HFD (DIO) feeding the mice had developed
signs of diastolic dysfunction illustrated by a significant decrease in stroke volume and a
significant increase in gross lung weight normalised to tibial length (LW/TL) with normal
ejection fraction. These experiments show that in each of the experimental groups at 17

weeks cardiac parameters of ejection fraction remained normal and the stroke volume as well
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as LW/TL had returned to normal levels suggesting restoration of a normal diastolic function

Figure 4.4.
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Figure 4.4: Normal systolic cardiac function in exercise and/or diet exchange mice

groups.
A. There was no significant difference in ejection fraction between groups as well as stroke volume in
panel B. C. Lung weight normalised to tibial length (LW/TL) showed no difference between groups.

Data are expressed as mean + SEM.

As with the 12-week HFD (DIO) model, there were no significant differences in gross heart
weight normalised to tibial length and left ventricular mass estimated by echocardiography
between all groups (Figure 4.5A). The diastolic left ventricular diameter was significantly
decreased in our HFD (DIO) model, as shown before, which was reversed in all experimental
groups. Systolic left ventricular diameter, which was unchanged in HFD (DIO), was
significantly increased in groups that underwent swimming (exercise group and exercise/diet
exchange group), with restoration to normal diameter in diet exchange group (Figure 4.5B).
The HFD (DI10) group showed a significant increase in RWT compared to the control, which
had returned to a normal level in all groups. These changes seen in exercise and exercise/diet
exchange groups suggest an eccentric remodelling as a compensatory response to the
increased blood flow in exercise. As shown in Figure 4.5C, there was a significant decrease

in resting heart rate in both exercise and exercise/diet exchange groups which were within
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normal levels in HFD (DIO). The table below shows other echocardiography readings (Table
4.1).
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Figure 4.5: Eccentric remodelling in exercise and exercise/diet exchange groups.

A. No signs of hypertrophy as gross heart weight normalised to tibial length (HW/TL), left ventricular
mass estimated by echocardiography and relative wall thickness showed no significant differences in
all groups compared to control. B. Systolic left ventricular diameter (sLVD) was significantly
increased in exercise and exercise/diet exchange groups while diastolic left ventricular diameter
(dLVD) was increased in all groups compared to control. C. Exercise and exercise/diet exchange
groups showed a significant decrease in unconscious heart rate. Data are expressed as mean + SEM.
*P<0.05.
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Table 4.1: Echocardiogram readings in exercise, diet exchange and exercise/diet
exchange groups.
sLVD: systolic left ventricular diameter, dLVD: diastolic left ventricular diameter, sIVS: systolic
interventricular septum, dIVS, diastolic interventricular septum, sPW: systolic posterior wall, dPW,
diastolic posterior wall, RWT: relative wall thickness, EF: ejection fraction, FS: fractional shortening,
SV: stroke volume, HR: heart rate. Data are expressed as mean = SEM.

Parameters | Control (n=4) | Exercise (n=5) Diet exchange (n=5) | Exercise + diet exchange (n=4) | P value
mean = SEM mean = SEM mean = SEM mean = SEM
Left Ventricular Dimensions
sLVD (mm) 2.075+0.1 *2.554 4 0.1 2,518 £0.1 *2.655 + 0.2 P <0.05
dLVD (mm) 3.918+0.1 *4.332+0.1 *4.388 0.1 *4.44 +0.09 P <0.05
Wall Thickness
sIVS (mm) 1.655 + 0.08 1.466 + 0.06 1.558 + 0.06 1.488 + 0.04 ns
dIVS (mm) 0.8825 + 0.04 0.974 +0.02 0.88 +0.03 0.8675 + 0.03 ns
sPW (mm) 1.418 + 0.07 1.426 + 0.05 1.308 + 0.04 1.47£0.1 ns
dPW (mm) 0.8075 + 0.03 0.796 + 0.03 0.736 + 0.05 0.735 + 0.08 ns
RWT (mm) 0.4315 + 0.01 0.4094 + 0.02 0.3696 + 0.02 0.3615 + 0.02 ns
LV mass (mg) 117.1 £ 10.7 146.8 + 11.6 131.9+5.2 133.3+7.8 ns
Parameters | Control (n=4) Exercise (n=5) Diet exchange (n=5) | Exercise + diet exchange (n=4) | P value
mean = SEM mean = SEM mean = SEM mean = SEM
EF% 85.13+ 1.1 79.13+2.6 80.27 £3.1 78.34£2.9 ns
FS% 47.1+13 41.06 £2.4 42.42 +3.1 40.3+2.7 ns
SV (ul) 53.86 + 4.3 67.81+5.4 71.9£7.02 71.7£2.96 ns
HR (bpm) 601.8 + 19.9 *519.6 + 8.72 567.4 + 18.93 *506.5 + 27.23 P <0.05

4.3.4 Exercise with sustained high-fat feeding leads to downregulation of transcript

levels of Drp1 in myocardium

The high-fat feeding model developed in Chapter 2 showed alterations to the expression level

of several proteins regulating mitochondrial dynamics. Similar to the 12-week HFD (DIO)

model there was no change in the fusion protein Opal and its isoforms expression in the

myocardium of all experimental groups were detected (Figure 4.6).
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Figure 4.6: No change was found in Opal isoforms expression in exercise and/or diet

exchange groups.

A. No change to Opal transcript expression in all groups. B. No difference in opal isoforms were
seen in all groups compared to control. C. Representative blots showing S-Opal and L-Opal
expression. Data are expressed as mean + SEM (n=4-5).

Additionally, there was no significant changes to transcript expression of Mfnl and Mfn2, in
all experimental groups in this Chapter. Similar to the 12-week HFD (DIO) model, Mfnl
protein expression level in the myocardium was not changed in any of the experimental
groups. However, levels of Mfn2 level unchanged in HFD (DIO) were increased in exercise
group but with no changes in diet exchange group and exercise/diet exchange group (Figure
4.7).
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Figure 4.7: Mfn2 involved in mitochondrial fusion was significantly increased in HFD
(DIO) mice.

A. There was no changes to Mfnl and Mfn2 transcript expressions. B. There was a significant
increase in Mfn2 expression in exercise group, while Mfnl showed no significant changes. Data are
expressed as mean £ SEM (n=4-5). *P<0.05.

As reported for the 12-week HFD (DIO) model, the exercise group showed a significant
decrease in Drpl transcript expression which returned to normal level in diet exchange and
exercise/diet exchange groups (Figure 4.8A). However, the high level of Drpl expression
identified in the myocardium of the HFD (DIO) model returned to normal in all groups as
compared to the 17-week control as shown below in Figure 4.8B. Since the activity of Drpl
is linked to the phosphorylation state, P-Drpl (S616) and P-Drpl (S637) levels were
assessed. P-Drpl1(S616) to the total Drpl ratio, promoting fission, was unchanged in HFD
(DIO) model and remained the same in all experimental groups. However, the significant
decrease in P-Drpl (S637)/total Drpl, suggesting fission, seen in HFD (DIO) model had
returned to normal levels in exercise, diet exchange and exercise/diet exchange groups
(Figure 4.8B).
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Figure 4.8: Drpl transcript expression was significantly decreased in exercise group.

A. There was a significant decrease in Drpl transcript expression. B. There was no change in Drpl
and its phosphorylated forms (S616) and (S637) in all groups. C. Representative blots showing Drpl
and phosphorylated Serine 616 and 637 in all groups. Data are expressed as mean = SEM (n=4-5).
**P<0.01

4.3.5 Exercise in obese mice downregulates Mff and upregulate PINK1 in myocardium

Since Drpl is a cytosolic protein recruited to the outer mitochondrial membrane by its
receptors Fisl, Mff, MID49 and MID51, receptor expressions were investigated. A normal
level of MID51 in HFD (DIO) remained the same in all exercise and/or diet exchange groups.
The upregulation of Fisl in HFD (DIO) had returned to normal in all groups. Similar to the
HFD (DIO) model, there was a significant decrease in Mff level in the exercise group (p <
0.01), unlike diet exchange and exercise/diet exchange groups. A significant increase in
MID49 level in HFD (DIO) remained the same in diet exchange and exercise/diet exchange
groups (P<0.0001) and had returned to normal in exercise group (Figure 4.9B). Figure 4.9
presents the transcript and myocardium expressions summary for Drpl receptors in exercise
and/or diet exchange groups. Therefore, while the fission-fusion protein profile has returned
to normal in all the experimental groups, the expression of the receptors has not all returned

to basal levels.
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Figure 4.9: Alteration in Drpl receptors expression in exercise and/or diet exchange

groups.

A. There was no difference in MID51 and Mff transcript expression in all groups compared to control.
B. There was a significant increase in MID49 expression in diet exchange and exercise/diet exchange
groups and a significant decrease in Mff expression in exercise group while in HFD (DIO) compared
to control. C. Representative blot showing protein expression of MID49, MID51, Mff and Fisl. Data
are expressed as mean = SEM (n=3-5). **P<0.01, ****P<(0.0001.

The mRNA levels of the main mitophagy proteins PINK1 and Parkin were significantly
increased in our HFD (DIO) model, both proteins remained elevated in exercise group only
and returned to normal in diet exchange and exercise/diet exchange groups (Figure 4.10A).

Similarly, PINK1 protein levels in the myocardium were remained upregulated in the
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exercise group only (P<0.001) but returned to normal level in diet exchange group and
exercise/diet exchange groups. However, the elevated level of Parkin in HFD (DIO) model
reversed to control levels in all groups (Figure 4.10B). These results suggest that diet
exchange and the combination of exercise with diet exchanged reduces mitophagy which was
activated in response to 12 weeks HFD (DIO) feeding. However, exercise, while on HFD
(DIO), group showed an increase in only one of the two main proteins associated with
mitophagy pathway, which might induce mitophagy independently or could be involved in

another canonical pathway.
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Figure 4.10: PINK1 and Parkin transcript expression was significantly increased in

exercise group.

A. PINK1 and Parkin transcript expression was significantly increased in exercise while on HFD
compared to control. B. PINK1 protein expression was significantly increased in exercise group as
well with no difference in Parkin level. C. Representative blot showing PINK1 and Parkin expression.
Data are expressed as mean = SEM (n=4-5). *P<0.05, ***P<0.001.

The master regulator of mitochondrial biogenesis PGC-lo transcript expression was
unchanged in HFD (DIO) model and remained the same in exercise, diet exchange and
exercise/diet exchange groups (Figure 4.11). Another activator of mitochondrial transcription
is TFAM which was significantly upregulated in HFD (DIO) model and had returned to
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normal after exercise and/or diet regimes in all groups, suggesting inactivation of

mitochondrial biogenesis.
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Figure 4.11: No change in transcript expression of proteins involved in mitochondrial

biogenesis in exercise and diet exchange groups.
Unchanged mRNA level of mitochondrial biogenesis TFAM and PGC-1a in all groups. Data are

expressed as mean = SEM. n= 4-5 per group.

4.3.6 Summary of results
Exercise and a healthy diet are the main non-pharmacological management for

obesity/T2DM. In this chapter, the exercise and diet exchange potential for reversing diabetic

cardiomyopathy was examined. The primary results of this chapter were:

e There is reversal of TG and blood glucose levels in exercise, diet exchange and
exercise/diet exchange groups.

e Diet exchange and exercise/diet exchange, but not exercise with a sustained HFD
(DIO), restored insulin sensitivity.

e Reversal of diastolic dysfunction occurs in all groups with eccentric remodelling in
exercise and exercise/diet exchange groups.

e Restoration of the fission-fusion axis in all groups except the exercise group.

116



4.4 Discussion

4.4.1 Choice of exercise model

Exercise models are categorised based on the type, intensity, and duration of the training.
Different types of exercise will have a different outcome. For example, dynamic exercise is
known to prevent cardiovascular disease (Guo et al., 2020). The intensity of exercise is
described by low, moderate and vigorous. Vigorous physical activity increases the risk for
acute cardiovascular events in particular acute myocardial infarction in physically unfit
people with an underlying cardiac condition (Franklin et al., 2020). The lifespan of mice is
different from human; therefore, the exercise time relative to the lifespan has been introduced
to differentiate short, medium and long-term exercise. Less than 4 weeks is considered a
short-term, 4-8 weeks exercise is considered a medium-term, and more than 8 weeks is a

long-term exercise (Feng et al., 2019).

Swimming is a type of dynamic exercise, which involves the participation of many muscle
groups and an increase in heart output and is, therefore, considered effective aerobic training
(Kaplan et al., 1994). Swimming intensity is determined by the length of the swimming
session daily. Based on studies using swimming as model of exercise in mice, 60 — 90
minutes per day is considered a moderate-intensity, while 20 — 59 minutes per day is
considered a low intensity and more than 90 minutes is a high intensity (Guo et al., 2020).
The advantage of swimming is that it doesn’t focus on one part of the body but the whole-
body muscles. However, one disadvantage of this model is that it needs an observer to watch
the whole swimming session for floating or drowning mice. There are critics of swimming
with claims that swimming induces stress and increases the cortisol level. Studies which
found the increase in cortisol aimed to induce stress; for example, Gong et al. (2015) who
reported an increase in mice forced to swim in a cold water 23°C (thermal stress) for the
whole 2 hours at the first time. However, generally a swimming as a model of exercise is
well-established through several studies. For example, D'Souza et al. (2014) used swimming
training to study the bradycardia induced by exercise in mice. Mice were exercised twice
daily for an hour for 4 weeks. The authors reported a persistence of bradycardia after
blockage of the autonomous nervous system. They also found a decrease in HCN4, which
contributes to the pacemaker currents in the heart, explained by an increase in both Neuron-
Restrictive Silencer Factor (NRSF) and miR-1. Nogueira et al. (2017) studied the
physiological variables caused by swimming with weight load in mice fed a HFD (DIO);

swimming training for an hour daily for 8 weeks (5 days/week) was efficient to control the
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weight and glucose levels. However, the study did not address molecular level changes.
Moreover, Soares et al. (2019) analysed the effect of intense exercise on the cardiovascular
system by mice swim trained three times daily for 90 minutes with weight overload for 6
weeks. Mice developed cardiac hypertrophy with improved oxidative capacity. Also,
unchanged levels of angiotensin peptides and B-isoform myosin heavy chain to a-isoform

ratio was reported.

Another commonly used method is treadmill running. An advantage of this approach is the
ability to control the exercise intensity by increasing the treadmill pace. A limitation of this
technique is the possibility that mice refuse to run, when sometimes an electric shock is used
to force mice to run, which is considered inhumane. Svensson et al. (2016) found that forced
treadmill exercise for mice induced stress and anxiety associated with a high level of
corticosterone. Additionally, Tang et al. (2008) found that forced strenuous running in rats on
a treadmill induced osteoarthritis. This inflammation might have a systemic effect that might

interfere with molecular data obtained from the heart.

Each method has advantages and disadvantages. Here, to investigate the reversible effect of
exercise on mitochondrial dysfunction caused by HFD (DIO), swimming has been chosen as
a model of exercise primarily due to the ease and cost-effectiveness. Mice have been
acclimatised to swimming for one week followed by another 4 weeks of swimming sessions,
5 days a week, 1 hour per day, which is considered a dynamic moderate-intensity exercise for
a medium-term (Guo et al., 2020, Feng et al., 2019).

4.4.2 Exercise combined with diet exchange C57BL/6] mice group had the highest
weight loss

In the current study, all groups showed weight loss with the maximum loss occurring in the
exercise/diet exchange group. There was a decrease in weight in the exercise group in the
first 2 weeks after beginning the exercise protocol, after which the weight stabilised. One
reason for this might be an increase in skeletal muscle mass due to physical activity. Kemi et
al. (2002) observed an increase in skeletal muscle mass by 12-18% in treadmill running mice.
Another reason is that the exercise group was still on HFD (DI10O), the highest calories among
the others which explain the lowest weight loss in this group. A systematic evaluation of
studies with a minimum of one-year monitoring suggested that individuals who used exercise

alone for reducing weight experienced only minor weight loss (Franz et al., 2007). Thomas et

118



al. (2012) reviewed 15 studies and suggested that the low levels of weight loss in exercise is

because there is a subsequent increase in calorie intake.

4.4.3 Exercise group remained insulin resistant.

In our HFD (DIO) model, there was an increase in glucose, insulin and TG levels. However,
after exercise, diet exchange and exercise/diet exchange, glucose and TG returned to normal
levels at the end of the trial. Aerobic exercise is effective in lowering triglyceride levels
(Wang et al., 2019). Obese individuals with T2DM were introduced to a low-fat diet for 4
weeks showed a decrease in TG level (Papakonstantinou et al., 2010). Therefore, in
agreement with human studies, this mouse model of obesity showed that exercise, diet
exchange and exercise/diet exchange similarly reduced TG to the control levels.

Insulin levels remained high in the exercise group but not in the diet exchange and
exercise/diet exchange groups which returned to normal levels. It has been found that
exercise improves insulin sensitivity and therefore controls blood glucose in obese
individuals (Damaso et al., 2014, Suh et al., 2011, AbouAssi et al., 2015). Exercise improves
insulin sensitivity in T2DM; it is still not clear the exercise itself or the weight loss
accompanied exercise is the cause (Whillier, 2020). A decrease in pro-inflammatory
cytokines in skeletal muscle after weight loss is one of the causes for insulin sensitivity
improvement (Schenk et al., 2009). Our results suggest that weight loss which occurred in
both diet exchange groups (diet exchange and exercise/diet exchange) has a strong link in
insulin sensitivity improvement. A decrease in pro-inflammatory cytokines in skeletal muscle
after weight loss is one of the causes for insulin sensitivity improvement (Bradley et al.,
2009). Thus, features of the mouse HFD (DIO) model used here appears to mimic well

obesity in humans.

4.4.4 Improvement of diastolic dysfunction in exercise, diet exchange and
exercise/diet exchange groups.

Systolic function represented by EF% and FS% was unchanged in HFD (DIO) model and
remained the same in all exercise and/or diet exchange groups. Diastolic dysfunction was
reported in our HFD (D10O) model represented by a decrease in stroke volume associated with
an increase in lung weight normalised to tibial length (LW/TL); these parameters returned to
normal across all experimental groups. These results are consistent with those of Schuster et
al. (2012) who found an improvement in diastolic dysfunction include the E/A ratio after 8
weeks of dynamic exercise 3 times per week in obese nondiabetics patients. Moreover,
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weight reduction in obese individuals by 12 weeks of low-calorie diet was sufficient to
improve diastolic function and restore partially normal diastolic function (Karimian et al.,
2017). However, Hare et al. (2011) investigating the effect of an exercise-based lifestyle on
the progression of diastolic dysfunction in T2DM patients did not observe a positive effect of
exercise on the progression of diastolic dysfunction. The exercise was based in the gym,
twice a week for 4 weeks under full supervision followed by telephone counselling for 3
years. This rather contradictory result may be due to different exercise types and intensity,
and the severity of diastolic dysfunction. It can therefore be assumed that a moderate-
intensity aerobic exercise can attenuate diastolic dysfunction in the early stage of DCM.
Further work is required to establish the variable effect of different exercise intensity and

types on different stages of diabetic cardiomyopathy.

4.4.5 Eccentric remodelling in exercised groups.

There was a concentric remodelling in our HFD (DIO) model due to pathological stress
(pressure overload) as discussed in Chapter 2. During exercise, the heart is exposed to
intermittent hemodynamic stress. To normalise this stress and to cope with the systemic
demand for increased blood flow, the heart is morphologically adapted to exercise. Eccentric
remodelling in exercise and exercise/diet exchange groups is likely therefore due to
physiological stimuli (volume overload). In accordance with these results, Vega et al. (2017)
have demonstrated that eccentric remodelling represented by an increase in left ventricular
diameters with no change to RWT is physiological remodelling rather than pathological. A
study on human long-term swimmers > 5 years training with 1 hour 4 times a week showed a
significant increase in both sLVD and dLVD. (Lee and Oh, 2016). However, physiological
cardiac hypertrophy caused by strenuous exercise could be detrimental to cardiac function
associated with increased risk of cardiac sudden death, reviewed by Lauschke and Maisch
(2009). Therefore, exercise in diabetic patients, specifically, should be mild-moderate in

intensity due to the maladaptive cardiac response.

An expected finding was that exercise and exercise/diet exchange groups had a decrease in
resting heart rate with one explanation being the increase in left ventricular dimensions.
DeMaria et al. (1979) found a negative linear correlation between sLVD, dLVD and the heart
rate as an increase in the heart rate by atrial pacing was accompanied by a decrease in sSLVD
and dLVD. Moreover, Reimers et al. (2018) concluded in their systematic review that aerobic

exercise decreases resting heart rate which supports our finding. The effect of exercise on
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cardiac parameters reported here are mostly in agreement with human studies highlighting

that the swimming model used in this study is a good surrogate model of human exercise.

4.4.6 Upregulation of fusion protein MfnZ2 in exercise group.

While weight loss and cardiac function have been investigated in patients there is very little
known about mitochondrial function, in particular mitochondrial dynamics. Fusion proteins
were not changed in the HFD (DIO) model and remained the same in diet exchange and
exercise/diet exchange groups. However, there was un upregulation of Mfn2 in exercise
group. Stress-induced mitochondrial fusion was reported to be associated with a high
production of mitochondrial ATP (Tondera et al., 2009).

The increase in Mfn2, despite no increase in other fusion proteins, might promote fusion to
form bigger mitochondria. Cartoni et al. (2005) reported an increase in Mfn2 mRNA level,
but not protein level, in human skeletal muscle after acute exercise (cycling). Kang et al.
(2020) also showed an increase in Mfn2 levels in skeletal muscle of male Sprague-Dawley
(SD) rats fed 45% HFD (DIO) and underwent at the same time low-intensity treadmill
exercise for 6 weeks. Male C57BL/6 mice fed normal chow diet and swim trained for 8
weeks also showed an upregulation of Mfn2 in skeletal muscle (Ju et al., 2016). Further,
Cartoni et al. (2005) found an increase in Mfn2 transcript expression in human skeletal
muscle after 24 hours of the exercise. These results confirm the association between Mfn2
and exercise. However, there was no increase in Mfn2 in our exercise/diet exchange group. A
possible explanation for this might be that the exercise group was on a HFD (DIO) while the
exercise/diet exchange group were on chow diet after week 12. Thus, different body weights
might affect the intensity of exercise together with the high fat in the diet could affect the
outcome. Interestingly, the exercise group was insulin resistant which could have a link to
Mfn2 level. These results reflect those of Sebastian et al. (2012) who also found that using a
liver-specific Mfn2 KO mice, the insulin level in the plasma was increased and Western
blotting showed a decreased expression of insulin receptor substrate 1 (IRS1) and IRS2.
Therefore, Mfn2 upregulation could be a compensatory mechanism to restore normal insulin

signalling.

Mfn2 also has a role in tethering ER and mitochondria which allows calcium transportation
from ER/SR to the mitochondria to induce heart contractility (Merkwirth and Langer, 2008).
Papanicolaou et al. (2011) found an impaired Ca?* signalling and deterioration in LV
contractility in genetically ablated Mfn2 in the heart. It could be therefore assumed that the
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increase of Mfn2 expression in our exercise group was an adaptation mechanism to increased
cardiac contractility. In future investigations, it might be possible to use Langendorff hearts

to study the effect of Mfn2 on cardiac contractility.

Mfn2 has been studied as a therapeutic target for DCM. Hu et al. (2019) suggested that
overexpression of Mfn2 restored mitochondrial function and prevented the development of
DCM. Using db/db mice, model of T2DM, Ni et al. (2020) found that Icariin, an anti-
atherosclerotic drug, enhanced the function of the mitochondria as well as the cardiac
function (increased in EF% and FS%). Western blotting showed an increase in Mfn2
expression in db/db mice after Icariin treatment. These studies highlight the importance of

Mfn2 in quality control of the mitochondria.

A natural progression of this work is to investigate whether the increase in Mfn2 led to
increased fusion by assessing mitochondrial ultrastructure using SBF-SEM or was involved
in different non-canonical pathway. As Mfn2 is upregulated at protein level but not at
transcript level the data suggest that it is not being degraded. We showed for the first time
that exercise training while on HFD (DIO) can increase Mfn2 level in the myocardium and
suggest that it may be a compensatory mechanism contributing towards restoration of cardiac

function.

4.4.7 The fission protein Drp1 was unchanged in exercise, diet exchange and
exercise/diet exchange groups.

There was an increase in the total Drpl expression in the myocardium of the HFD (DIO)
model in our study with a decrease in the phosphorylated form at Serine 637 to the total Drpl
ratio. These changes were returned to normal in all groups after exercise and/or diet exchange
to chow diet. However, the decrease in the mRNA level of Drpl in the HFD (DIO) model
remained the same in the exercise group and returned to normal in diet exchange and
exercise/diet exchange groups. This suggest that Drpl is not being turned over in the HFD

(DIO) and this is process is not amended in the exercise group.

Mitochondrial fission proteins have been reported to be perturbed after exercise. Konopka et
al. (2014) reported an increase in Fisl protein level in skeletal muscles of young and old
individuals after 12 weeks of cycling training, 3-4 sessions per week, 20-45 minutes per
session, associated with better aerobic capacity. The paper does not quantify Drpl protein
and its isoforms. Givvimani et al. (2015) observed a decrease in Drpl expression in the

myocardium of treadmill trained db/db mice for 8 weeks associated with decreased blood
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pressure (BP), interstitial fibrosis, apoptosis (decrease cytochrome c¢ leakage) and
improvement of left ventricular function. The Givvimani did not compare changes in
mitochondrial dynamics before and after exercise. However, Yoo et al. (2019) found that

single-bout treadmill exercise did not alter Drp1 level in rats heart tissue.

Coronado et al. (2018) reported an increase in Drpl and S616 Drpl and fragmented
mitochondria by transmission electron microscopy (TEM) immediately after exercise. These
changes returned to normal after an hour of recovery from exercise. In addition, a single high
intensity exercise in rats increased transcript levels of Fisl after 24 hours of the onset of
exercise in skeletal muscle and was associated with an increase in ROS (Ding et al., 2010).
These experiments highlight the importance of the time between harvesting tissue post-
exercise and how that may be a factor which could lead to conflicting reports. Changes within
24-48 hours can be transient changes to recover from damages caused by exercise and does
not represent the long-term changes. In our model, we were interested in long term changes
and that is why we harvested the tissue after 48 hours of the last exercise. Interestingly, Drpl
level and P-Drpl (S637) returned to normal in all groups associated with improvement in
diastolic dysfunction highlighting that Drpl is an important therapeutic target. To our
knowledge, this is the first study assess the reversible effect of exercise on mitochondrial

dynamics in the setting of early-stage diabetic cardiomyopathy.

Although Drpl expression returned to normal in all groups, there were changes in its
receptors. Mff returned to normal in diet exchange and exercise/diet exchange groups and
remained downregulated in the exercise group. The exercise group was on HFD (DIO) and
remained insulin resistant indicating the potential link between Mff and insulin signalling
pathway. The decrease in Mff and the increase in Mfn2 in the exercise group may favour
mitochondrial fusion. On the other hand, MID49 returned to normal in exercise group and
remained upregulated in diet exchange and exercise/diet exchange groups. These finding
support the idea that Drpl receptors are involved in non-canonical pathways within the
mitochondria. Otera et al. (2016) have found a role of MID49 in cristae remodelling during
apoptosis using MID49 knockout HeL a cell lines by using transmission electron microscopy.
It has been suggested that MID49 recruits the inactive form of Drpl and has been shown to
inhibit fission by inhibiting the GTPase activity of Drpl (Osellame et al., 2016). The
expression of MID49 was induced in mouse embryonic fibroblasts and shown to lead to
elongated mitochondria using fluorescence microscopy (Palmer et al., 2013). Thus,
upregulation of MID49 in diet exchange and exercise/diet exchange groups might be a
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defensive mechanism indicating stabilisation of mitochondrial cristae and inhibiting fission.
However, there remains controversy surrounding the role of MID49 role in fission and
fusion. There are also still many unanswered questions about the role of Drpl receptors when
there is no change to Drpl. This study lays the groundwork for future research into Drpl

receptors.

4.4.8 Mitophagy still upregulated in the exercise group.

The main regulators of mitophagy PINK1 and Parkin were investigated in all groups. Both
transcript and protein levels of PINK1 and Parkin returned to normal in diet exchange and
exercise/diet exchange groups. These data indicate that mitophagy has returned to normal
level in these groups. However, both PINK1 and Parkin mRNA remained upregulated in
exercise group. At the protein level PINK1 expression was increased in the exercise group
whereas Parkin expression returned to normal. These finding could suggest that mitophagy
process is still upregulated in exercise group. The increase in Parkin transcript expression, but
not protein level, indicates an increase in the protein turnover. Koyano et al. (2014) reported
that PINK1 phosphorylates Parkin at Serine65 to activate it. A natural progression of this
work is to analyse phosphorylated form of Parkin. It has been suggested that mitophagy
needs to be preceded by fission (Arnoult et al., 2005, Gomes and Scorrano, 2008). However,
some studies reported that Drpl is not necessary for mitophagy (Mendl et al., 2011, Song et
al., 2015, Yamashita et al., 2016). For example, Drpl knockout in MEF led to an increase in
Parkin-mediated mitophagy concomitant with co-localisation of lysosomes and mitochondria
confirmed through fluorescent images of MitoTracker (Song et al., 2015). Therefore,
although Drpl has returned to normal in the exercise group, mitophagy might still be
activated. Instead, there might be mitochondrial fusion represented by Mfn2 upregulation.
Additionally, Mfn2 is a critical mediator of mitophagy. Mfn2 enhances the recruitment and
phosphorylation of Parkin as a marker to degrade damaged mitochondria (Chen and Dorn,
2013) and as described in the main Introduction (section 1.5). Xiong et al. (2019) stimulated
neonatal rat cardiomyocytes with angiotensin Il inducing injury, ROS and apoptosis were
increased together with decreased expression of Mfn2. Overexpressing Mfn2 in the same
cells using recombinant adenovirus attenuated ROS and apoptosis. Authors also reported an
increase in mitophagy by translocation of Parkin to mitochondria using MitoTracker
fluorescence images associated with an increase in PINK1/Parkin expression. An increase in
Mfn2, as well as PINK1/Parkin, could be indicative of mitophagy was still activated in
exercise group. However, further investigation is needed to confirm activation of mitophagy.
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To develop a full picture of mitochondrial structure, SBF-SEM will be needed to assess the

size of mitochondrial subpopulations.

Unchanged PGCla transcript level in the HFD (DIO) model remained the same in all groups,
whereas upregulation of TFAM transcript level in the HFD (DIO) model returned to normal.
TFAM and PGCla were within normal levels across all groups indicating no increase in
mitochondrial biogenesis. These data suggest that the alteration in molecular analysis is

unrelated to mitochondrial number.

4.5 Conclusion

The purpose of the current study was to determine the reversible effect of exercise and/or diet
exchange on cardiac mitochondrial dynamics identified in the 12-week HFD (DIO) model.
The findings of this study suggest that maximum benefits were gained in the combination of
exercise and healthy diet. Normal blood glucose, triglyceride and diastolic function were
restored in all groups, except insulin resistance which remained in the exercise group only.
This study has shown for the first time the effectiveness of exercise and/or diet exchange on
the reversibility of normalisation of mitochondrial fission/fusion axis, highlighting Drpl as a
potential therapeutic target in the early-stage diabetic cardiomyopathy. This Chapter has
provided a deeper insight into the reversible effect of exercise and diet on mitochondrial
dynamics. It was not feasible to assess mitochondrial size within the time frame of this
research; therefore, it is unknown if restoring mitochondrial fission/fusion axis reversed the

formation of smaller PNM reported in Chapter 3.
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Chapter 5 Mechanistic pathways regulating mitochondrial
dynamics and role of Sirt5

5.1 Introduction
Mitochondrial fission/fusion has been reported to be regulated by different mechanisms

including Prohibitins, ER stress and Sirtuins pathways. Prohibitins, PHB1 and PHB2, form a
ring-like structure in the inner mitochondrial protein; deletion of PHBs in mouse embryonic
fibroblasts leads to a decrease in L-Opal associated with mitochondrial fission (Merkwirth et
al., 2008). Another study illustrated that miR-361 induces mitochondrial fission by
decreasing PHB1 translation (Wang et al., 2015b). However, much uncertainty still exists

about the relation between PHBs and mitochondrial dynamics in the heart.

In addition, there is some research linking ER stress pathway to mitochondrial fission and
fusion proteins. For example, ablation of Mfn2 in mouse cardiomyocyte has been reported to
be associated with ER stress and apoptosis (Ngoh et al., 2012). In the same study, induction
of ER stress was associated with overexpression of Mfn2 in mouse embryonic fibroblasts
(MEF). Further, an increase in Drpl and a decrease in Mfn2 expression has been reported in
tunicamycin-induced ER stress mouse (Prola et al., 2019). Details of ER stress pathways are
described in the main Introduction section 1.7. There has been no detailed investigation
of activation of ER stress in the early-stage DCM.

Mitochondrial sirtuins have been shown to be associated with mitochondrial dynamics. For
example, Sirt3 targets OPA1 to stimulate mitochondrial fusion (Samant et al., 2014). Sirt5 is
linked to the down regulation of Drpl, Fisl and MID51, resulting in a reduction of
mitochondrial fragmentation (Guedouari et al., 2017). Sirt5 knock-out mouse embryonic
fibroblasts showed an increase in Drpl, MID51 and Fisl associated with mitochondrial
fission (Guedouari et al., 2017). A comprehensive overview of Sirt5 in cardiac physiology
and pathology can be found in Bugger et al. (2016). Despite these studies, there is a gap in
the knowledge about Sirt5 and its involvement in mitochondrial fission/fusion in the heart.
Therefore, we investigated whether Prohibitins, ER stress pathways and Sirt5 level were
altered in the myocardium of our model of HFD (DIO) feeding. To develop these studies, we

employed an H9c2 cardiac myoblast cell line.

Different cell lines have been used in cardiovascular research including primary neonatal
cardiomyocytes and immortalised cells, i.e., HL-1 (Claycomb et al., 1998) and H9c2 cardiac

myoblasts (Kimes and Brandt, 1976). The advantage of primary cells is that they come
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directly from the heart. For this reason, they exhibit comparable phenotypes. However,
isolating cells can be costly and time-consuming. They are difficult to culture and have a
short lifetime (Peter et al., 2016). For example, the cell shape changes and the density of the
t-tubule in primary cardiomyocytes decreases within 96 hours of culture (Leach et al., 2005).
Rat neonatal cardiomyocytes are also commonly used, although they are also costly,
requiring the use of animals. However, in terms of mitochondrial investigations, rat neonatal
cardiomyocytes may not be suitable, depending upon the research question posed, because
they are neonatal and, thus, use glucose rather than FFA as an energy source (Cao et al.,
2019). The use of an immortal cell line, on the other hand, is much more convenient and

affordable to generate.

HL-1 cells are derived from atrial tumours in mice and have been used to study atrial
fibrillation successfully. (Rao et al., 2009). H9c2 cells were originally derived from
embryonic rat ventricular tissue. Even though H9c2 cells are not able to beat and have been
manipulated to proliferate, they still show many common features of primary
cardiomyocytes, including electrophysiological characteristics, membrane morphology and
G-signalling protein expression (Sipido and Marban, 1991, Hescheler et al., 1991). In
particular, H9c2 cells have similar properties in terms of mitochondrial function and
morphology to primary cardiomyocytes (Kuznetsov et al., 2015). This makes them a viable

alternative for the primary cardiomyocytes and hence were employed here in this study.
The aims of this Chapter were:

1) Assess the ER stress in the HFD (D10) model.

2) Study the link between IR and mitochondrial dynamics.
3) Measure PHBs level in the HFD (DIO) model.

4) Quantify levels of Sirtuins in the HFD (D10) model.

5) Explore a mechanistic pathway regulating mitochondrial dynamics.
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5.2 Methods

5.2.1 Cell culture
H9c2 rat heart myoblasts were purchased from Sigma and cultured in Dulbecco's Modified

Eagle Medium (DMEM, 25 mM glucose, Gibco) containing 1% (v/v)
penicillin/streptomycin, 1% (v/v) non-essential amino acids and 10% (v/v) foetal bovine
serum. H9c2 were seeded onto (Grenier) tissue culture flasks and incubated at 37°C in 5%
CO2 and were passaged when they reached approximately 70-80% confluency. Cells were
used from passages 10-20. All experiments were conducted in triplicate with data averaged

from 3 technical replicates. Cell culture work was done in class II cabinets.

5.2.2 Protein extraction from cells
H9c2 cells were washed with cold phosphate-buffered saline (PBS) twice after removing the

media. RIPA buffer containing protease inhibitors was added to the cells and incubated on ice
for 20 minutes before the cells were scraped with a cell scraper. Lysates were then
centrifuged at 4°C for 5 minutes at 8,000 rcf to remove non-lysed cells. The supernatant was
transferred into new tubes to quantify total protein concentration by Bradford assay as

described in section 2.2.3.1.

5.2.3 RNA extraction from cells
RNA isolation from H9c2s was as follows: Cells were washed with PBS (Sigma). One

millilitre of Trizol was added to cells and scraped to collect the lysate in an RNase free tube
before incubating the tube for 5 minutes in the room temperature. 200 pl chloroform was
added to each tube before shaking the tubes vigorously for 15 seconds and incubating them at
room temperature for 3 minutes. After the incubation, tubes were spun at 13,225 rcf at 4°C
for 5 minutes. Top layer was transferred to new tubes and 500 ul isopropanol were added
prior to mixing the tubes. Tubes were incubated at -20°C for 30 minutes after which the tubes
were spun at 13,225 rcf for 10 minutes at 4°C. The supernatant was discarded, and the pellet
was washed with 1 ml 75% (v/v) ethanol before gently agitating the tubes. After that, the
tubes were spun 9184 rcf at 4°C for 10 minutes and supernatants were discarded. RNA
pellets were air-dried for 15 minutes prior to resuspending it with 50 pl RNase-free water.

5.2.4 Insulin resistant H9c2 cells
H9c2 cells were made resistant to insulin using a previously published protocol (Ha and Pak,

2005). In brief, cells were grown in a 6-well cell culture plate. Cells were starved for 4 hours
in a medium containing low glucose level (5.5 mM glucose and 0.5% (w/v) BSA) and a final

concentration of 100nM insulin was added to the wells and incubated for 24 hours.
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To validate the protocol, a glucose uptake assay kit from Abcam (ab136955) was used. This
kit uses the glucose analogue 2-DG to be taken up by the cells and metabolized to 2-DG6P,
which oxidized in the cells to generate NADPH, the latter entering a multiple oxidation

reaction producing a colour at 412 nm as illustrated in Figure 5.1.

Hexokinase

2-DG — 2-DG6P NADP
G6PDH
6PDG NADPH
6PG NAE)PH GSSG Product (A =412 nm)
G6PDH GR
G6P NADP 2GSH DTNB
Figure 5.1: Glucose uptake assay chemical interactions.

A final product measured at 412 nm is proportional to 2-DG (glucose) taken up
by cells.

The uptake of Glucose (2-DG) into the cells is directly proportional to the quantity of
NADPH. Following the protocol to generate insulin resistant cells, wells were washed with
PBS 3 times. 2-DG was added to insulin-treated and untreated cells and incubated for 20
minutes. After 20 minutes, cells were washed again with PBS for 3 times. 80 pl of extraction
buffer was added to cells then scraped using a cell scraper and transferred to tubes. Samples
were frozen/thawed and heated for 40 minutes at 85°C. Before neutralizing the samples by
neutralizing buffer, samples were cooled on ice for 5 minutes. Samples were mixed properly
by spinning briefly. 50 ul of diluted sample (1:10), standard dilution, background control was
added to 96-well plates. 10 ul of mixture A (assay buffer and enzyme mix) was added to each
well and incubated for 1 hour at 37°C. After that, 90 pl extraction buffer was added to each
well and the plate was heated for 40 minutes at 90°C. Plate was cooled on ice ad neutralized
by neutralizing buffer. 38 ul of mixture B (Glutathione Reductase, Substrate, Recycling Mix)
were added to each well. Optimal density at 412 nm was then measured using FLUOstar®
Omega microplate reader (BMG Labtech) every 2 minutes for 14 minutes. Glucose

concentration were interpolated from the standard curve of 2-DG6P.
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5.2.5 siRNA knockdown
Knockdown of Sirt5 gene using siRNA was achieved with “ON-TARGETplus smart pool rat

(Dharmacon)” and “non-targeting pool control (Dharmacon)” as a control. H9¢2 cells were

seeded into different density for various plate sizes as listed in Table 5.1.

Table 5.1: H9c2 cardiac myoblasts seeding density.

Plate Density
6-well plate 300,000
24-well plate 100,000
96-well plate 30,000

After the seeding, plates were incubated overnight at 37°C in 5% CO2. 25 nM of siRNA per
well (diluted with penicillin-free and serum-free medium OPTI-MEM) was used to transfect
cells using 4 ul of DharmaFECT (Dharmacon). After that, the plate was incubated for 48
hours before harvesting for different assays. The validation of Sirt5 knockdown was
confirmed by Western blotting and RT-qPCR.

5.2.6 qPCR and western blotting
Primary and secondary antibodies used in this Chapter are summarised in Table 5.2.

Mitochondrial fission/fusion proteins antibodies used were the same as listed in section 2.2.

Western blotting technique was carried out as detailed in section 2.2.

Table 5.2: List of primary and secondary antibodies for ER stress and sirtuin5
pathways.

Primary Antibody Dilution Manufacturer  Secondary Antibody  Dilution Manufacturer
ATF6 1:1000 Abcam Anti-Rabbit HRP 1:3000 Bio-Rad
Xbp1l 1:200 Proteintech Anti-Rabbit HRP 1:3000 Bio-Rad
ATF4 1:500 Proteintech Anti-Rabbit HRP 1:3000 Bio-Rad
AMPK 1:1000 Cell signalling  Anti-Rabbit HRP 1:3000 Bio-Rad
Sirt5 1:1000 cell signalling  Anti-Rabbit HRP 1:3000 Bio-Rad

Quantitative PCR was used to identify the changes in the transcript expression. A specific
primer was used to amplify a targeted gene, summarized in Table 5.3. Mouse mitochondrial
fission/fusion proteins primers used were the same as listed in section 2.2. gPCR was

conducted as described in section 2.2.
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Table 5.3: List of primer assay for ER stress, sirtuin5, prohibitins and mitochondrial
dynamics.

Species Target gene Primer Supplier  Catalogue number
Mouse Sirt3 Mm_Sirt3 1 SG Qiagen Q100147280
Sirt4 Mm_Sirt4_1 SG Qiagen QT00312536
Sirts Mm_Sirt5_1 SG Qiagen Q100494725
PHB1 Mm_Phb 1 SG Qiagen Q100152992
PHB2 Mm_Phb2_1 SG  Qiagen QT01057161
BiP Mm_Hspa5 1 SG  Qiagen Q100172361
Rat Sirt5 Rn_Sirt5_ 1 SG Qiagen QT01577317
Drpl Rn_dnmll 1 SG Qiagen QT05214855
Mfnl Rn_Mfnl 1 SG  Qijagen Q103621452
Mfn2 Rn_Mfn2_1 SG Qiagen QT00254863
Opal Rn_Opal 1 SG Qiagen QT07854412
Gapdh Rn_Gapdh_1 SG  Qiagen Q106214459

5.2.7 Reactive oxygen species dihydroethidium assay
A Dihydroethidium (DHE) assay (Abcam) was carried out to ascertain whether Sirt5

knockdown affects reactive oxygen species (ROS). In this assay, DHE is used as a
fluorescent probe to detect ROS. Cells were treated as prescribed in section 5.2.5. Culture
media was aspirated and 150 pl cell-based assay buffer was added. 130 pl of ROS staining
buffer was added to each well after aspirating most of the cell-based assay buffer. N-acetyl
cysteine reagent (antioxidant) was added to negative control wells before incubation at 37°C
for 30 minutes protected from light. After that, antimycin A (ROS generator) was added to
positive control wells and incubated for another hour. ROS staining buffer was aspirated, and
cell-based assay buffer was then added to all wells. The plate was placed on a FLUOstar®
Omega microplate reader (BMG Labtech) to measure the fluorescence excitation wavelength
at 480-520 and emission wavelength at 570-600 nm.

5.2.8 Mitochondrial membrane potential
A tetramethylrhodamine ethyl ester (TMRE) mitochondrial membrane potential assay kit

(Abcam) was used to assess changes in mitochondrial membrane potential. In this assay,
TMRE (red-orange dye) is used to label active mitochondria. Depolarized mitochondria will
have less staining. Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) is a
mitochondrial uncoupler used as a depolarization control. Cells were seeded and pre-treated
with sirt5 SiIRNA in 96-well plate as mentioned in section 5.2.5. FCCP (20 uM) was added
then incubated for 10 minutes. 1000 nM TMRE was added to all wells then incubated for 30
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minutes. After that, wells were washed twice with PBS. FLUOstar® Omega microplate reader
(BMG Labtech) was then used to read fluorescence at excitation/emission wavelengths =
549/575 nm.

5.2.9 Statistical analysis
All data are displayed as the mean + standard error of the mean (mean + SEM), assessed for

normality using Shapiro-Wilk test. Comparison of two groups were performed using unpaired
t-test. P value <0.05 was considered statistically significant. Statistical analysis was done by
GraphPad Prism (version 7, California, USA).
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5.3 Results
5.3.1 Sirtuins and Prohibitins level in the 12-week high-fat diet (DIO) model
Mitochondrial Sirtuins expression was first investigated in the HFD (DIO) model

characterised in Chapter 2 due to previous studies highlighting the association between
Sirtuins and mitochondrial fission/fusion proteins (Section 5.1). We found that transcript
expression of Sirts, but not Sirt3 and Sirt4, was significantly decreased in the HFD (DIO)

model compared to control (Figure 5.2).
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Figure 5.2: The transcript expression of Sirtuin5 was decreased in the HFD (D1O) mice

model.
Sirtuin3 and Sirtuin4 transcript expression showed no significant difference, while sirtuin 5 showed a

significant decrease in the HFD (D1O) model (n=8) compared to control (n=5-6). Data are expressed
as mean = SEM. *P<0.05
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As discussed above Prohibitins (PHBs) are involved in the mitochondrial apoptosis,
mitophagy, mitochondrial biogenesis and mitochondrial networks (Signorile et al., 2019).
However, PHB1 and PHB2 mRNA level was not changed in the HFD (DIO) model
compared to control (Figure 5.3). Therefore, we excluded the link between prohibitins and

fission/fusion proteins changes in early DCM.
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Figure 5.3: No change in the transcript expression of prohibitins in the high fat diet

(DI1O) model.
There were no significant changes detected in transcript expression of prohibitin 1 and 2 in HFD

(DIO) model (n=7-8) compared to control (n=6). Data are expressed as mean = SEM.



5.3.2 Endoplasmic reticulum stress in high-fat diet
We also assessed ER stress activation in our HFD (DIO) model as a potential regulator of

fission/fusion proteins by investigating the main ER stress pathway proteins. Binding
immunoglobulin protein (BiP) is an essential regulator for ER stress but there was no change
at the mRNA level in the HFD (DIO) model compared to control (Figure 5.4A). ATF6, Xbpl
and ATF4 proteins also form the main pathways in ER stress; however, none of these
proteins at the transcript level were affected by the HFD (DIO) (Figure 5.4B). Therefore, it
was concluded that there was no evidence that ER stress being activated by 12 weeks high fat

feeding.
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Figure 5.4: proteins involved in endoplasmic reticulum stress were not changed in the

high-fat diet (DIO) model.

A. Binding immunoglobulin protein (BiP) transcript expression showed no significant change in
HFD compared to control. B. No change in the expression of ATF6, Xbpl and ATF4 was detected.
C. Representative blots of ATF6, Xbpl and ATF4 in control and HFD. Data are expressed as mean

+ SEM (n=7).
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5.3.3 Investigation of the effect of insulin resistance upon expression levels of

mitochondrial fission-fusion proteins
We treated H9c2 cells according to the method described by Ha and Pak (2005) to render

them insulin resistant. We next confirmed that H9c2 cells were insulin resistant using the
glucose uptake assay. The figure below shows that 2-DG (glucose) uptake in treated H9c2
(100 nM insulin) cells were significantly decreased compared to untreated cells confirming
cells became insulin resistant (Figure 5.5). However, RT-qPCR and western blotting showed

that expression of the fission/fusion proteins were unchanged in response to IR (Figure 5.6).
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Figure 5.5: A decrease in 2-DG uptake in H9c2 treated
with 100nM insulin.

2-DG uptake is significantly decreased in treated cells (100nM
insulin) using glucose uptake assay. Data are expressed as
mean + SEM (n=3 technical replicates from 3 different

passages). * P<0.05
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Figure 5.6: Proteins involved in mitochondrial dynamic remain unchanged

in insulin resistant H9c2 cells.

A. The transcript levels of the main fission/fusion proteins showed no significant
changes compared to control. B. No differences were detected in the fission proteins
level. C. Representative blots of Drpl and Fisl in insulin resistant H9c2 cells and
control. Data are expressed as mean + SEM (n=3 technical replicates from 3 different

passages).
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5.3.5. Expression of mitochondrial fission and fusion proteins following siRNA mediated

Sirt5 knockdown in vitro
Based upon the above data revealing that levels of Sirt5 are reduced in the HFD (D10) model

we next focussed upon exploring the link between Sirt5 and mitochondrial fission-fusion by
undertaking experiments to knock-down Sirt5 in H9c2 cells using sSiRNA methods. As shown
below this approach led to a decrease by approximately 72-74% in Sirt5 mRNA and protein
expression levels after the siRNA transfection (Figure 5.7). These results show that the
siRNA-mediated knockdown of Sirt5 is effective for decreasing both the Sirt5 gene and the

protein expression.
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Figure 5.7: mRNA expression and protein level of Sirt5 decreased after Sirt5 siRNA-

mediated knockdown.

Validation of Sirt5 knockdown by Western blotting and RT-gPCR showed a significant decrease in
Sirt5 transcript expression (A) and Sirt5 protein level (B). C. Representative blot of Sirt5 protein in
Sirt5 knockdown H9c2 cells and non-targeted cells (control). Data are expressed as mean + SEM (nh=3

technical replicates from 3 different passages). ***P<0.001.

5.3.6 Analysis of mitochondrial fission/fusion proteins following Sirt5 knockdown
After the validation of Sirt5 siRNA-mediated knockdown, we investigated the changes in
mitochondrial fission/fusion proteins. Opal transcript expression was not significantly

changed between Sirt5 knockdown cells and control (Figure 5.8A), but Western blotting
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showed at the protein level Opal was increased. Analysis of both isoforms showed that the
short isoform (S-Opal) enhancing fission was upregulated, while the long isoform (L-Opal)

enhancing fusion was not changed (Figure 5.8B).
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Figure 5.8: An increase in the total Opal and S-opal expression following Sirt5 siRNA-

mediated knockdown.

A. mRNA of Opal showed no significant change compared to control in Sirt5 siRNA. B. Significant
elevation in the Opal level, specifically S-Opal in Sirt5 knockdown cells. C. Representative blots of
L-Opal and S-Opal in control and Sirt5 siRNA mediated knockdown. Data are expressed as mean +
SEM (n=3 technical replicates from 4 different passages). *P<0.05

Other fusion proteins (Mfns) were studied. Mfn1 mRNA level, but not protein expression,
was significantly decreased in Sirt5 knocked down cells compared to control. No changes

were detected in both Mfn2 transcript and protein expressions between Sirt5 knockdown and

control (Figure 5.9).
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Figure 5.9: A decrease in Mfnl transcript expression following Sirt5 siRNA-mediated

knockdown.
A. Mfn1, but not Mfn2, mRNA level was downregulated in Sirt5 siRNA compared to control. B. Both

Mfnl and Mfn2 showed no significant difference in expression between control and Sirt5 siRNA. C.
Representative blots showing Mfnl and Mfn2 expression level in control and Sirt5 siRNA H9c?2 cells.
Data are expressed as mean + SEM (n=3 technical replicates from 3 different passages). *P<0.05

The phosphorylation state of Drpl determine the function i.e. P-Drpl at position S616
stimulates fission whereas P-Drpl at S637 inhibits fission. There was a significant
upregulation of total Drpl in Sirt5 knockdown cells compared to control. This change was
associated with a reduction to the phosphorylated form of Drpl at Serine 637 (Figure 5.10B).
Interestingly, these results are identical to the findings seen in our HFD (DIO) model.

Therefore, these data suggest a potential link between changes in Sirt5 expression and

alteration to the fission/fusion axis.
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Figure 5.10: A decrease in the phosphorylated Drpl at S637 following Sirt5 siRNA-
mediated knockdown.

A. No change was detected in Drpl transcript expression between control and Sirt5 siRNA cells. B. A
significant increase in Drpl expression in Sirt5 knockdown cells compared to control was associated
with a significant decrease of the phosphorylated form of Drpl (S637) in Sirt5 knockdown cells
compared to control. C. Representative blots of total and phosphorylated forms of Drpl expression in
control and Sirt5 siRNA. Data are expressed as mean = SEM (n=3 technical replicates from 3
different passages). *P<0.05, **P<0.01.

However, none of the Drpl receptors includes MID51, Mff and Fisl was significantly

changed in Sirt5 knocked down cells compared to control (Figure 5.11).
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Figure 5.11: No change in the expression of Drpl receptors following Sirt5 siRNA-

mediated knockdown.
A. All Drp1 receptors level showed no significant difference in control and Sirt5 knockdown cells. B.

Representative blots of MID 51, Mff and Fisl expressions. Data are expressed as mean + SEM (n=3
technical replicates from 3 different passages).

The enzyme 5' adenosine monophosphate-activated protein kinase (AMPK) is involved in
cellular energy homeostasis and has been reported to regulate Sirt5 and mitochondrial
fission/fusion proteins (Zhang et al., 2019, Li et al., 2015). To exclude the effect of AMPK on
Sirt5 and vice versa, we assessed AMPK level in Sirt5 siRNA-mediated knockdown. We
found that AMPK expression was not statistically changed (Figure 5.12). This result excludes

that changes in mitochondrial fission proteins seen in the Sirt5 knockdown were due to

changes in AMPK.
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Figure 5.12: Level of AMPK protein was not changed in H9c2 cells after Sirt5

siRNA-mediated knockdown.

A. There was no difference in AMPK level between control and Sirt5 siRNA. B.
Representative blot showing AMPK level in control and Sirt5 knockdown H9c2 cells. Data
are expressed as mean + SEM (n=3 technical replicates from 3 different passages).

5.3.7 Assessment of reactive oxygen species levels and membrane potential following

Sirt5 siRNA mediated knockdown
To evaluate if the mitochondrial function has been affected following Sirt5 siRNA-mediated

knockdown, mitochondrial membrane potential and mitochondrial ROS were assessed.

Mitochondrial membrane potential detects depolarized and damaged mitochondria by a
decrease in the membrane potential. FCCP is a mitochondrial uncoupler of oxidative
phosphorylation. It was used for two reasons, as a positive control, and to assess
mitochondrial membrane potential in uncoupled respiration. As shown in Figure 5.13A, no
significant change in mitochondrial membrane potential was detected in Sirt5 knockdown

compared to control in both conditions i.e. with and without FCCP.

Reactive oxygen species were measured to assess oxidative stress. The level of ROS in Sirt5
knockdown cells showed no significant changes to control (Figure 5.13B). These results

suggest that a decrease in Sirt5 does not affect mitochondrial function.
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Figure 5.13: Mitochondrial membrane potential and reactive oxygen species
level were not changed after Sirt5 siRNA-mediated knockdown.

A. Measurement of membrane potential with nothing added (left side) and with FCCP added,
uncoupled, (right side) in Sirts knockdown cells. B. Reactive oxygen species level in both
Sirt5 siRNA and control showed no difference. Data are expressed as mean £ SEM (n=3).

5.3.8 Summary of results
In order to elucidate mechanistic pathway affecting mitochondrial fission/fusion protein in

our HFD (DI1O) model which represent an early mild phenotype of DCM, we investigated if
multiple regulatory pathways were activated due to IR, ER stress and expression levels of
Prohibitins and Sirtuins. The main findings of this Chapter are

e Sirt5, but not Sirt3 and Sirt4, is downregulated in our HFD (DIO) model
e There is no evidence that ER stress pathways are activated in the HFD (D10) model.
¢ In-vitro studies indicate that IR alone does not alter expression levels of the fission-

fusion proteins.
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e Our data suggest there is no link between mitochondrial fission and PHB1/2 proteins
in the HFD (DIO) model.

e | have shown for the first time (to our knowledge) that Sirt5 knockdown in H9c2 cells
shifts mitochondrial dynamics towards fission, but this has not led to changes to

mitochondrial membrane potential or ROS levels.
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5.4 Discussion

5.4.1 ER stress is not activated in HFD (DIO) model (early DCM)
Mitochondria and ER are highly connected, a requirement for healthy cardiac function

(Murley and Nunnari, 2016). Mitochondrial fission/fusion proteins are an important factor in
the tethering and interactions between mitochondria and ER (Gordaliza-Alaguero et al.,
2019). ER stress is induced by obesity and diabetes in several organs including the muscles

liver, pancreatic cells, adipose tissues and hypothalamus (Cnop et al., 2012).

Many studies suggest that DCM is associated with ER stress (Yang et al., 2015). For
example, Lakshmanan et al. (2013) found an activation of ER stress by increased expression
of some ER stress proteins in spontaneously diabetic torii rat (non-obese model of T2DM)
compared to control (Sprague-Dawley rat), associated with multiple complications i.e. ocular
complications, nephropathy, neuropathy and immunodeficiency. The activation of ER stress
is likely to be related to the severity of diabetes, as it has been reported that the spontaneously
diabetic torii rat typically presents with severe diabetic complications (Sasase et al., 2013). In
our HFD (DI10) model, which represents an early stage of DCM, no signs of ER stress were
found as assessed by expression levels of key proteins regulating the ER stress pathway.
However, levels of proteins do not necessarily indicate the formation of unfolded proteins in
the endoplasmic reticulum. Other methods can directly assess ER stress. For example, in ER
stress, there is significant widening of the ER lumen, detectable by electron microscopy
(Riggs et al., 2005). Another method is to measure real-time redox state by an oxidation
reporter, green fluorescent proteins (GFP) to evaluate ER stress (Merksamer et al., 2008). As
an oxidizing environment is required to facilitate the forming of disulphide bonds in new

proteins. These methods should be considered in future work.

Several reports focused on reducing ER stress as a potential treatment of diabetic
cardiomyopathy although since we show here that is not activated in the early stage of
disease it may make it a less attractive target. Given that we determined an imbalance
towards fission in the HFD (DIO) it would suggest that ER stress is not directly linked.
However, a caveat to this conclusion is if Drpl upregulation in the early stages of DCM is a
cardioprotective mechanism to remove damaged mitochondria rather than a pathological
development. Future studies could focus upon testing if in-vitro activation of ER stress
pathways (e.g. treating H9c2 cells with tunicamycin and dithiothreitol) impacts upon

mitochondrial dynamics.
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5.4.2 Insulin resistance has no effect on mitochondrial fission/fusion axis
Given that our HFD (DIO) model was insulin resistant and that both diet exchange and

exercise/diet exchange groups showed insulin levels returning to normal but not in the
exercise alone group, it highlighted the association between insulin resistance (IR) and HFD
(DIO) and the possible effect on mitochondrial dynamics. Currently, there is little in the
literature on the association between IR and fission/fusion proteins in the heart. For example,
Jheng et al. (2012) suggested that mitochondrial fission can cause insulin resistance in
skeletal muscle and that inhibition of mitochondrial fission protected muscle cells from
insulin resistance. In addition, Lin et al. (2018) reported that overexpression of Mfnl and
Mfn2 ameliorate IR while overexpression of Drpl and Fisl deteriorate IR by assessing
insulin receptor substrate 1 (IRS-1) phosphorylation of Tyr-896 and the translocation of
GLUT1 and GLUT4 to plasma membrane in diabetes-susceptible cybrid cells. Parra et al.
(2014) demonstrated that an increase in mitochondrial fusion was linked to an increase in
Opal levels after primary rat cardiomyocytes were treated with insulin for 3 hours (10
nmol/L). These studies suggest a relationship between IR and mitochondrial fission/fusion
proteins. However, the data here indicate there is no change in mitochondrial fission/fusion
proteins in the insulin-resistant cardiomyoblast cells. A possible explanation for these results
may be the difference in the cell line. Another explanation might be the severity and the
method used to induce insulin resistance in cells. The length of high insulin treatment could
result in a different severity of insulin resistance (48-72 hours). Insulin resistance can be
induced by different techniques including high insulin, dexamethasone, hypoxia, TNFa and
free fatty acids (Lo et al., 2013). These methods could be explored further to investigate

greater severity of insulin resistance.

5.4.3 Prohibitins has no effect on mitochondrial fission/fusion axis in vitro
Mitochondrial prohibitins (PHB1 and PHBZ2) are chaperone proteins. These two proteins

form a complex in the inner mitochondrial membrane which has been found to stabilize
mitochondrial respiratory enzymes (Nijtmans et al., 2000). Targeting prohibitins as a new
therapeutic approach is discussed in the review by (Mishra et al., 2005). Several studies have
indicated a relationship between PHBs and mitochondrial fission/fusion proteins. For
example, Merkwirth et al. (2008) found the loss of PHB1/2 in mouse embryonic fibroblasts
(MEFs) induced mitochondrial fission. Additionally, Wang et al. (2015b) suggested that
overexpression of PHB1 attenuates mitochondrial fission and apoptosis caused by H2O>
treatment in isolated cardiomyocytes from mice. However, here we determined that there was

no change to the expression of either isoform of PHB after HFD (DIO) feeding and thus we
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suggest that the PHB-regulated pathways do not affect mitochondrial fission/fusion proteins

in our early model of DCM.

5.4.4 The effect of Sirt5 on mitochondrial fission and fusion proteins
One of the key regulators of metabolism are Sirtuins. Sirtuins are capable of directly

modulating the activity of various metabolic enzymes (Houtkooper et al., 2012). The current
study found that only Sirt5 among the others, Sirt3 and Sirt4, is downregulated in the HFD
(DIO) model. However, the influence of sirtuin 5 on mitochondrial dynamics is still
unknown. Sirt5 is believed to act primarily as desuccinylase and demalonylase (Du et al.,
2011). Hundreds of proteins include mitochondrial proteins can be succinylated in Sirt5
deletion models (Yu et al., 2013, Rardin et al., 2013, Park et al., 2013, Boylston et al., 2015).

Following Sirt5 knockdown, levels of S-Opal were significantly increased as was total Drpl
with a decrease P-Drpl (S637) compared to non-targeted cells. Collectively, these protein
changes would likely promote mitochondrial fission. Interestingly, the HFD (DIO) model
showed the same significant decrease in P-Drpl (S637) compared to control. These results
highlighting the association between Sirt5 and the phosphorylation form of Drpl. These data
broadly support the work of other studies in this area linking Sirt5 ablation with
mitochondrial fission. For example, silenced Sirt5 human breast cancer cells showed a
significant decrease in Mfn2 and Opal shifting towards mitochondrial fission (Polletta et al.,
2015). In addition, Sirt5 ablation in mouse embryonic fibroblasts caused an increase in Fisl
and MID51 associated with mitochondrial fragmentation (Guedouari et al., 2017). However,
they showed that the level of phosphorylated forms of Drpl (S637) and (S616) did not
change in the Sirt5 ablated cells compared to control. This differs from the findings presented
here. A possible explanation for this might be the different cell type and that Sirt5 targets
different mechanisms for mitochondrial fission. Future work could include EM analysis
investigating the size of different subtypes of mitochondria and cristae morphology and
stabilisation. Further experiments investigating mitophagy and apoptosis e.g. PINK1/Parkin
expression levels, and TUNEL assay could provide a better indication of how Sirt5 impacts
mitochondrial dynamics. As our Sirt5 knockdown studies showed an increase in Drpl and S-
Opal, it will be interesting to explore the mechanism by which Sirt5 affects these proteins

and highlight a potential therapeutic target to stall disease progression.

One of the mechanisms that a decrease in Sirt5 cause mitochondrial fission is through

adenosine monophosphate-activated protein kinase (AMPK) which in turn activates Mff
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during mitochondrial stress (Toyama et al., 2016). No activation of AMPK was found in our
Sirt5 knockdown cells. Based upon these studies we would suggest that down-regulation of
Sirt5 is an early event in the pathology of DCM (confirmed by our HFD (DIO) feeding
model) with cell culture experiments indicating a direct link to mitochondrial fission.

Further work is required to identify whether Sirt5 can target mitochondrial fission proteins
directly via deacylation or to target them indirectly via other signalling pathways. For
example, target enzymes that affect the function of Drpl through phosphorylation include;
phosphorylation of Drpl at Ser616 by cyclin dependant kinase 1 (CDK1-cyclin B) (Taguchi
et al., 2007), Ser637 by protein kinase A (PKA), Ser600 by calcium/calmodulin-dependent
protein kinase la (CamKla) (Han et al., 2008) and dephosphorylation of Ser637 by
calcineurin (Cereghetti et al., 2008). Little is known about Sirt5 regulation. The transcription
level of Sirt5 was found to be regulated by miRNA-19b (Yang et al., 2018). In addition,
overexpression of mMIRNA-195 was reported in diabetic cardiac tissues to regulate
metabolism through Sirtl and Sirt3 (Gollmer et al., 2020). It would be useful in future work
to investigate expression levels of miRNA-19b and miRNA-195 in Sirt5 knockdown
experiments to further explore this link. Another pathway involved in the regulation of Sirt5
is PGCla-Sirt5 (Geng et al., 2011) which was unchanged in our HFD (DIO) model. It has
been reported in the literature that Sirt3 deacetylates Opal and increases its activity (Samant
et al., 2014). However, this is yet to be investigated in other sirtuins and Opal isoforms and
therefore could be a basis for future work to explore how Sirt5 alters S-Opal and Drpl

expression.

5.4.5 The effect of Sirt5 knock out on mitochondrial function
To assess mitochondrial function in Sirt5 knockdown cells, mitochondrial membrane

potential and ROS were measured and showed no significant changes. This finding was also
reported by Guedouari et al. (2017) who illustrated that mitochondrial membrane potential is
not affected by Sirt5 deletion in mouse embryonic fibroblasts (MEFs). This outcome is
contrary to that of Li et al. (2019) who found a decrease in the mitochondrial membrane
potential in Sirt5 knock down human kidney 2 (HK-2) cell line. This inconsistency may be

due to different cell lines.

Several reports have shown that Sirt5 knockdown leads to a deterioration in mitochondrial
function. For example, Sirt5 knockdown in HEK293 cells showed defects in mitochondrial

complex I and complex II (Zhang et al., 2017). Another study showed that basal and
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uncoupled cellular respiration, induced by FCCP, in Sirt5’~ was significantly decreased
compared to Sirt5** mouse embryonic fibroblasts (Guedouari et al., 2017). A possible
explanation for this inconsistency may be due to different levels of Sirt5 knockdown. Another
explanation is that mitochondrial membrane potential and ROS do not reflect all aspects of
mitochondrial function. Future experiments are needed to assess mitochondrial function
further i.e. ATP synthesis, oxygen consumption rate and enzyme activity. Methods of

assessing in vivo and in vitro mitochondrial function is reviewed in Lanza and Nair (2010).

Future investigations could implement the use of different cell lines, for example, human-
induced pluripotent stem cell (iPSC)-derived cardiomyocytes (beating cardiac muscle cells),
which better represent human cardiac cells than H9c2 cells; however, initial differentiated
cells have more foetal characteristics which have a different main source of energy (glucose)
which may impact mitochondrial metabolism and therefore the translational relevance to
adult cardiomyocytes. Additional studies could also include adding other stressors e.g. fatty
acids to Sirt5 knock down cells to investigate the link between Sirt5 and dyslipideamia, as in
obesity/T2DM.

Targeting Sirt5 as a therapeutic target for improving diabetic cardiomyopathy has not been
studied yet. However, activation of Sirtl and Sirt3 has been shown to effectivity reduce
mitochondrial dysfunction. For example, Ding et al. (2018) showed that melatonin inhibits
diabetes-induced cardiac dysfunction by preventing Drpl-mediated mitochondrial fission in
diabetic hearts via the Sirt1-PGCla pathway. We found no change to PGCla in the HFD
(DIO) model (Chapter 2), suggesting involvement of other pathways. In addition, Ni et al.
(2020) found that icariin ameliorated diabetic cardiomyopathy by preventing mitochondrial
dysfunction via Apelin/Sirt3 pathway. A recent review by Gollmer et al. (2020) presented a
proposed mechanism that impinges on mitochondrial dysfunction in DCM. However, these
studies have have not yet included Sirt5. Figure 5.14 summarised the main findings in the
HFD (DIO) model and Sirt5 siRNA knock down H9c2 cell line.
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Figure 5.14: Summary of the finding in the HFD (DIO) model and Sirt5 knockdown
H9c2 cells.

The red colour indicates down-regulated protein or mechanism, while the red colour indicates up-
regulated protein or mechanism. Our HFD model shows a decrease mRNA level of Sirt5, with an
increase in Fisl, PINK1 and Parkin expression. Sirts siRNA knock down in H9c2 cells was found to
lead to increased Drpl and S-Opal expression.

5.5 Conclusion

The main goal of this Chapter was to determine a mechanistic pathway regulating
mitochondrial dynamics. There was no activation of ER stress and no change in the
expression of prohibitins in our HFD (DIO) model. Using cell culture, we found no link
between insulin resistance and mitochondrial dynamics. The high-fat diet model which
represents an early stage of DCM showed a significant decrease in Sirt5 associated with a
decrease in P-Drpl (S637). The same changes in Drpl phosphorylation and an increase in S-
Opal expression were found after siRNA mediated Sirt5 knockdown in H9c2 cells. The
present study lays the groundwork for future research into exploring the regulation of Drpl
and S-Opal through Sirt5. Targeting Sirt5 could be a therapeutic target for early-stage
diabetic cardiomyopathy.
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Chapter 6 Proteomics analysis for HFD (DIO) model and
exercise/weight loss regimens

6.1 Introduction
Proteomics is a high-throughput approach to large-scale protein analysis. The purpose of

proteomics is to identify proteins within a sample type e.g. cell line, tissue or organelle and
provide a comprehensive representation of the levels of each protein and if for example there
is a change due to disease. Proteomic techniques mainly use mass spectrometry (MS) for the
identification and quantification of proteins. Mass spectrometry (MS) is an analytical
technique that provides a measurement of the mass-to-charge ratio (m/z) of the ionised
protein/peptide. A plot of intensity vs m/z, known as the mass spectrum, is then generated.
Proteins cover a wide range of sizes - ranging from the small protein histone H2A at 66
amino acids to the biggest titin at 34,350 amino acids in length with molecular mass of 3-
megadaltons. Proteins are usually digested to small peptides by proteases, such as trypsin for
MS analysis (Divan and Royds, 2013). Identification of peptide mix by MS is then matched
to protein sequence by computational methods. To improve the analysis, two MS procedures
done together in a process called tandem mass spectrometry (MS/MS), is commonly used in
the study of biological molecules such as peptides. First, at the entry of each sample (MS1),
the peptides are ionized and then separated by their m/z by quadrupoles mass filter consisting
of four cylindrical rods. There are several ways to ionise molecules include 1) electron
ionisation 2) electrospray ionisation 3) matrix-assisted laser ionisation. A second analysis
phase (MS2) is required for the identification of peptides. At this stage, the chosen m/z
peptides are fragmented by a collision with a gas to form smaller peptides. These sequences

of peptides are then processed in a database for identification (Figure 6.1).

El Collision
ESI

MALDI
m/z  + P Fragmentation v ¢ m/2 Detection
* separation L separation
MS1 MS2

Figure 6.1: Tandem mass spectrometry principle.
El: electron ionisation, ESI: electrospray ionisation, MALDI: matrix-assisted laser ionisation.
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Another commonly used technique to separate proteins is High-Quality Liquid
Chromatography (HPLC). The two techniques, HPLC and MS/MS have been combined to
improve the sensitivity and efficiency, liquid chromatography with tandem mass
spectrometry (LC-MS/MS). The HPLC separate the individual peptides in a mix before
entering the mass analysis of MS/MS. In this case, the results are typically presented as a
chromatogram, where the y-axis is the signal intensity, and the x-axis is the time in minutes
(See Figure 6.2). LC-MS/MS is a robust analysis technique that integrates the separation
efficiency of liquid chromatography with the high-sensitivity and selectivity power of the
quadrupole mass spectrometry (Bantscheff et al., 2007). It has a wide dynamic range up to

6000 m/z which improves the recognition of single-charged small molecules.
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Figure 6.2: The total ion chromatogram of a control sample.
The y-axis represents the summed intensity of masses that have been detected. The x-axis represents
the time in minutes.

Detection and quantifying proteins techniques include Western blot, mass spectrometry,
protein arrays and ELISA. Each one of them has its advantages and disadvantages. For
example, detection of pictograms levels of protein is one of the benefits for Western blotting
(Coorssen et al., 2002), which make it usable as an early diagnostic tool (Bertoni et al., 2012).
Some of the disadvantages of Western blotting include the molecular weight of a protein can
only be approximate, instead of being quantified exactly as in mass spectrometry. Another
downside is the limitation of proteins primary antibodies. Western blotting is focussed (one
protein at a time), unlike mass spectrometry which will provide global proteins identification.

In MS, two techniques are used for proteins identification: top-down analysis and bottom-up

analysis. Top-down analysis can be done in the form of intact proteins, while bottom-up
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analysis digest proteins to peptide before mass spectrometry analysis. Bottom-up analysis is
more sensitive than top-down analysis (Yates et al., 2009). However, the bottom-up
analysis has its disadvantages: 1) the limitation of protein sequence coverage 2) cannot detect
post-translational modifications and low abundance peptides of proteins. Top-down analysis
has some advantages include better sequence coverage of proteins and preferable detection of
posttranslational modifications. One of the drawbacks of top-down analysis is the separation
difficulty of intact proteins. In addition, there are not yet any effective techniques for
fragmenting bulk proteins. Because of these operational restrictions, the field of application
of the top-down method has been narrowed down to the analysis of simple protein mixtures.
Mass spectrometry needs highly specialized and costly equipment as well as technical skills
that are not common in most laboratories. The use of both mass spectrometry and WB can be
done to validate the specificity of antibodies and to detect PTM. Technologies and their

applications in proteomics are reviewed by Aslam et al. (2017).

Examples of where proteomics have been applied in the cardiovascular setting include
diabetic arteriopathy (Jullig et al., 2010), type 1 diabetic cardiomyopathy (Jullig et al., 2007,
Turko and Murad, 2003). Turko and Murad (2003) demonstrated in the quantitative protein
profiling of cardiac tissue lysate from STZ rats compared to controls that the TCA cycle was
not changed but identified a shift towards fatty acid B-oxidation over glycolysis as a major
source of energy. These changes were associated with a decrease in electron transport chain
proteins. To our knowledge, there have been no proteomics analysis of the cardiac
mitochondrial proteome in the early stage of type 2 diabetic cardiomyopathy. Around 46% of
mitochondrial proteins may not be identified by MS due to the low abundance of
mitochondrial proteins (Prokisch et al., 2004, Chaiyarit and Thongboonkerd, 2009).
Therefore, rather than analyse the whole, the mitochondria were first isolated, as described in
section 2.2. This Chapter reports the first large-scale protein profiling for cardiac
mitochondrial proteins in the early stage of a mouse model of diabetic cardiomyopathy.
Additionally, we have employed proteomics to investigate mitochondrial pathway alteration
in our HFD (D10) model. Moreover, we have used proteomics to study the reversible effects
of an HFD (DIO) by 1) exercise alone, 2) diet exchange alone, and 3) combination of diet

exchange and exercise.
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6.2 Methods
Quantitative mass spectrometry was used to study cardiac mitochondrial proteins.

Mitochondria were isolated from each group, as described in section 2.2.5. Sample
preparation was conducted in the biological mass spectrometry facility at The University of

Manchester. Sample processing was kindly performed by the facility team.

6.2.1 Sample lysis
An equal volume of 2x S-Trap lysis buffer (10% (w/v) SDS, 100 mM tetraethylammonium

bromide “TEAB”, PH = 7.5) was added to the mitochondrial isolate. The mixture was then
added to the microTUBE AFA Fibre Pre-Slit Snap-Cap tube (Covaris). Covaris tubes were
added to a steel rack (LE220 500282) and then placed in a LE220-plus focused
ultrasonicator (Covaris) to lyse the samples by the following settings: Duration: 300 Sec,
Peak power: 500, Duty factor: 40%, Cycles/Burst: 500 and AVG power: 200, and Sonolab
8.2 software.

6.2.2 Reduction and alkylation
A final concentration of 5 mM of dithiothreitol (DTT) was added to the lysates and the

mixture was heated for 10 minutes at 60°C. Samples were then alkylated with 15 mM
iodoacetamide (IAM) and incubated in the dark for 30 minutes at room temperature. The
alkylation reaction was quenched by adding the same amount of DTT again. An Eppendorf
5430R centrifuge was used to spin the lysates at 14,000 rcf for 10 minutes. The supernatants

were transferred to clean tubes.

6.2.3 Quantification of extracted proteins
Protein concentration was measured using a Direct Detect® Infrared Spectrometer. Two

microliters of the pooled sample, which consisted of 2 pl of each sample combined, was
loaded onto Millipore Direct Detect® Assay-free Cards (Merck). S-Trap buffer containing 10
mM DTT and 15 mM IAM was used as a blank.

6.2.4 S-Trap sample digestion
S-Trap digestion was used to digest proteins into peptides. A final concentration of 1.2%

aqueous phosphoric acid was added to the lysates along with S-Trap binding buffer (100 mM
Tetraethylammonium bicarbonate (TEAB), PH= 7.1, 90% (v/v) aqueous methanol). The
solution was then added to S-Trap plate on top of a 96 well plate. The plate was then
centrifuged at 1,500 rcf for 2 minutes using a Megafuge™ 16 centrifuge (ThermoFisher). The
trapped proteins were then washed three times with S-Trap binding buffer with centrifugation
at 1,500 rcf for 2 minutes. 125 microliters of digestion buffer (50 mM TEAB) containing 5
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Mg trypsin were added to the trapped proteins to digest them. The mixture was then placed in
a thermomixer (Eppendorf) for 1 hour at 47°C. For elution, 80 ul of digestion buffer (50 mM
TEAB) was added, followed by centrifugation at 1,500 rcf for 2 minutes. Further elution with
80 pl of 0.1% (v/v) aqueous formic acid was conducted, with centrifugation again at 1,500
rcf for 2 minutes. Last elution used 40 pl of 30% (v/v) aqueous acetonitrile containing 0.1%
(v/v) formic acid and another centrifugation at 1,500 rcf for 2 minutes. All flow-through from

elution steps was collected for further processing.

6.2.5 Sample desalting
Ten microliters POROS R3 beads were added to each well in a FiltrEX filter plate. Following

this, the filter plate and the beads were washed with 200 pl of 0.1% (v/v) formic acid in
acetonitrile, followed by centrifugation at 200 rcf for 1 minute (Thermo Megafuge). Then the
beads were washed twice by 0.1% (v/v) formic acid in water. Samples were added to the
wells, followed by incubation on the thermomixer (Eppendorf) at 800 rpm for 5 minutes. The
plate was then centrifuged at 200 rcf for 1 minute. Next, the plate was washed twice with 200
pl of 0.1 formic acid, followed by centrifugation at 200 rcf for 1 minute. For elution, 50 pl of
0.1% (v/v) formic acid in 30% (v/v) acetonitrile was added and the solution incubated for 2
minutes on the thermomixer (Eppendorf) at 800 rpm, followed by centrifugation at 200 rcf
for 1 minute. This step was repeated once and all flow-through was collected and transferred
to LC-MS sample vials. Samples were then dried in a Heto vacuum centrifuge, and stored at
4°C.

6.2.6 Sample processing

Samples were loaded into liquid chromatography with tandem mass spectrometry (LC-
MS/MS) (Q Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer, ThermoFisher)
by members of staff at Bio-MS research core facility at The University of Manchester, prior
to checking sufficient peptides number and a good sample quality. The analysis of the
obtained MS data was performed using Progenesis QI (v3.0, Non-linear Dynamics).
Resulting peak lists were searched against the Uniprot Mouse database (version 2018) by
Mascot (version 2.4, Matrix Science). The results of included samples were then analysed
using the Ingenuity Pathway Analysis (IPA) software (Qiagen) and STRING. Inclusion of a
sample in the study required the identification of at least two unique peptides, based on
previous published paper (Higdon and Kolker, 2007). In certain forms of IPA analysis, Z-

score was used to predict upstream (positive values) or downstream (negative values)
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processes. Z-score more than 2 or less than -2 and P value<0.05 were considered significant.

Log2 ratio was used to simplify the interpretation of the fold change.

6.3 Results
For a more comprehensive understanding of how mitochondria are impaired in the HFD

(DIO) mice compared to control, we applied quantitative proteomics of isolated
mitochondria, HFD (DIO) (n=5) and control (n=5). We identified a total of 1502 proteins in
HFD (DIO) model, 75 (5%) proteins were significantly changed. Of these significantly
changed proteins, 41 (54.7%) were upregulated, 34 (45.3%) were downregulated in HFD
(DIO) compared to control (Figure 6.3A). Analysis of the proteins that were either up or
downregulated by String showed that multiple pathways are potentially perturbed as shown in
Figure 6.3B.
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Figure 6.3: Percentage of upregulated and downregulated mitochondrial proteins in the
high-fat diet mice and the mechanisms perturbed compared to control by mass

spectrometry.

A. Pie chart showing that of the 1502 proteins identified, about 5% is significantly changed, with
most proteins upregulated (=55%). B. Significant altered proteins networks analysed by STRING
network analysis.

6.3.1 Ingenuity Pathway Analysis of canonical pathways altered in the HFD (DIO) model
IPA analysis indicated that the significantly altered proteins in HFD (DIO) were involved in

many canonical pathways and molecular function. Canonical pathways that have been
changed in HFD (DIO) include acute phase response signalling, IL-7 signalling and GP6
signalling (Figure 6.4A); proteins in these pathways were all upregulated. The acute phase
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response signalling was activated in HFD (D10) model (Z-Score=2.236) with around 20% of
total proteins in the pathway being upregulated. IPA analysis additionally revealed a
significant alteration in two pathways of the interleukin family, IL-7 and IL-12 signalling, a
group of cytokines in HFD (DI10O) compared to control. On the other hand, proteins involved
in apelin cardiomyocyte signalling were all downregulated. A combination between proteins
upregulation and downregulation were found in IL-12 signalling, atherosclerosis signalling,
production of ROS, ketogenesis and glucocorticoid receptor signalling pathways.
Ketogenesis includes the D-B-hydroxybutyrate dehydrogenase (BDH1) protein which was
upregulated and 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) which was

downregulated.

Significantly changed molecular functions in HFD (DIO) include cell death, lipid
metabolism, energy production, carbohydrate metabolism, molecular transport, protein
synthesis, amino acid metabolism and free radical scavenging, as summarised in Figure 6.4B,
of which the most significantly changed function was cell death and survival, with more than
80% of proteins being upregulated. Most of these proteins were associated with apoptosis
which may suggest an increase in cell death rate. These data are supported by our previous
finding of increased apoptosis as assessed using the TUNEL assay (Section 2.3). Free radical
scavenging showed 7 significantly downregulated proteins including UCP1, UCP3 and
catalase. IPA analysis also indicated that the quantity of ROS is increased (Z-score = 2.14).
The majority (=75%) of carbohydrate metabolism proteins were downregulated in HFD
(DIO). Most of these proteins were associated with the concentration of D-glucose. Our HFD
(DIO) model was insulin resistant (section 2.3) which could explain these changes. Upstream
regulator analysis in IPA can identify potential upstream regulators by the analysis of protein
expression changes and showed that one of the inhibited upstream regulators in HFD (DIO) is
PPARA (Z-score = -4.039).
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Figure 6.4: Alteration of canonical pathways in the high-fat diet (DIO) mice cardiac
mitochondria using proteomic analysis.

A. Significant canonical pathways altered in HFD (DIO) compared to control. Total protein number in
each pathway is shown on the right-hand y-axis. B. Significant molecular functions altered in HFD
(DIO) compared to control. The significant protein number in each pathway is shown on the right-
hand y-axis. The bars in both A and B illustrate the protein percentage within each pathway that are
upregulated (green) or downregulated (red). Pathways were listed by highest to lowest P value (top x-
axis).

6.3.2 Ingenuity Pathway Analysis of canonical pathways altered in the exercise model
To build upon the data in Chapter 4 quantitative proteomics of isolated mitochondria was

conducted in control (n=4), exercise (n=5), diet exchange (n=5) and exercise/diet exchange
(n=4). A total of 1706 proteins were identified in the exercise group, with 122 (7.2%)
proteins significantly changed. Interestingly, the majority of proteins (111 proteins, 91%)
were downregulated and only 11 (9%) proteins were upregulated in the exercise group
compared to control. In the diet exchange group, we identified a total of 1709 proteins and 81
(4.7%) proteins were significantly changed; 48 (59.3%) proteins were upregulated, and 33
(40.7%) proteins were downregulated in diet exchange group compared to control. The total
number of proteins identified in the exercise/diet exchange group were 1704; 118 (6.9%)
proteins were significantly changed, and 86 (72.9%) proteins were upregulated, and 32
(27.1%) proteins were downregulated compared to control. Interestingly, lipid metabolism
pathways were not affected in the exercise/diet exchange group. String analysis in Figure
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6.5B, D and F show the functionally associated networks between significantly changed
proteins in all groups. Most of the altered proteins in both exercise groups (exercise and
exercise/diet exchange) were associated with cardiac muscle development and actin-filament-
based processes.
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Figure 6.5: Mass spectrometry analysis of exercise, diet exchange and exercise/diet
exchange groups compared to control.

A. Pie chart showing that 7% of total proteins identified in the exercise group were altered, with the
majority being downregulated (=91%). B. STRING analysis of exercise group. C. Eighty one out of
1709 proteins were significantly changed in the diet exchange group and are mostly upregulated. D.
Diet exchange group STRING network analysis. E. Seven per cent of exercise/diet exchange group
proteins identified were significantly altered, with an increase to the vast majority proteins. F.
STRING network analysis in exercise/diet exchange group.

The reversible effect of exercise, diet exchange and exercise/diet exchange groups in
pathways were additionally assessed using IPA analysis, Control (n=4), exercise (n=5), diet

exchange (n=5), exercise/diet exchange (n=4). The analysis showed a significant alteration in
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the GP6 signalling pathway in the exercise group with downregulation of all proteins (Figure
6.6A). Changed proteins were either collagen (COL15A1, COL1Al, COL1A2, COL3AL,
COL4A2, COL6A1, COL6A2, COL6A3) or laminin (LAMA2, LAMAS5, LAMB1, LAMB?2,
LAMC1). The second most impacted canonical pathway is calcium signalling with proteins
being downregulated being either actin (ACTA1, ACTA2), myosin (MYH6, MYH13,
MYL2, MYL3, MYL4) or troponin (TNNC1, TNNI3, TNNT2). One of the categories of
cellular development (Figure 6.6B) affected were differentiation of muscle cells which were
significantly decreased (Z-score = -2.382). All proteins identified in the differentiation of
muscle cells were downregulated in the exercise group (DES, LAMA2, LAMC1, LMNA,
MYL2, NPPA and TTN).
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Figure 6.6: Down regulation of proteins involved in the most common altered canonical
pathways in the cardiac mitochondria of the exercise group.

A. Significant canonical pathways altered in the exercise group compared to control. Total protein
number in each pathway is shown on the right-hand y-axis. B. Significant molecular functions altered
in exercise compared to control. The protein number affected in each pathway is shown on the right-
hand y-axis. The bars in both A and B illustrate the protein percentage within each pathway are
displayed in green (upregulated) or red (downregulated). Pathways were listed by the least to most
significant “lowest P value” (top x-axis).

161



6.3.3 Ingenuity Pathway Analysis of canonical pathways altered in the diet exchange
model
The changed canonical pathways in diet exchange group are summarized in Figure 6.7A;

pathways identified with proteins being downregulated were IL-7, EGF, IL17A and FGF
signalling. Interestingly, free radical scavenging was altered in the diet exchange group
(Figure 6.7B) with the majority of proteins being upregulated (CA3, DPP4, FCGRT,
MGST3, TXN, UCP1) with the downregulation of only one protein (exog) suggestive of
increased antioxidant mechanisms. The quantity of ROS is predicted by IPA to be decreased
(Z-score= -1.016). IPA analysis revealed the cell death in the diet exchange group was
decreased (Z-score= -1.4). Although lipid and carbohydrate metabolism were significantly
altered, as shown in Figure 6.7B, none of the proteins were associated with either 3-oxidation

of fatty acid or glycolysis/gluconeogenesis.
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Figure 6.7: Alteration of canonical pathways in the cardiac mitochondria of diet
exchange group.

A. Canonical pathways significantly altered in diet exchange group than that of control. The right-
hand y-axis shows the total proteins number in each pathway. B. Molecular functions of proteins
significantly changed in diet exchange group compared to control. The number of significant proteins
in each pathway is shown on the y-axis (right-hand). The bars in both A and B represents the proteins
percentage within each pathway that are green (upregulated) or red (downregulated). Pathways were
ordered by P value “highest to lowest” (top x-axis).

162



6.3.4 Ingenuity Pathway Analysis of canonical pathways altered in the exercise/diet
exchange model
Canonical pathways that have been changed in the exercise/diet exchange group are

summarised in Figure 6.8A. Muscle contraction proteins in calcium signalling pathway were
upregulated including actin (ACTA1, ACTA2) myosin (MYH6, MYH13, MYL2, MYLJ3,
MYL4, MYL7) and troponin (TNNC1, TNNI3, TNNT2, TPM1). The GP6 signalling
pathway was activated (Z-score=2.236); all proteins in the pathway affected were collagen
types and were upregulated (COL1A2, COL3Al, COL6A1, COL6A2, COL6A3). The
majority of apelin cardiomyocyte signalling pathway proteins were upregulated (MYL2,
MYL3, MYL4, MYLY7). All the changed proteins in cardiomyocyte differentiation were
upregulated (MYL2, NPPA). In addition, the death receptor signalling proteins were all
upregulated (ACTAL, ACTA2, and LMNA). Most of the proteins in cell death and survival
were upregulated (LMNB1, LMNB2, LMNA, MYH6, DES, SAAL, TF, and OBSCN). Figure

6B summarises the molecular functions with proteins that are either up or downregulated.
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Figure 6.8: Alteration of canonical pathways in the cardiac mitochondria of exercise/diet
exchange group.

A. Significant alteration of canonical pathways in the exercise/diet exchange group compared to control.
The y-axis on the right hand illustrates the number of the total proteins in each pathway. B. Molecular
functions of proteins significantly changed in the exercise/diet exchange group compared to control. The
number of proteins in each pathway is shown on the right hand of the y-axis. The bars in both A and B
represents the protein percentage within each pathway that are affected displayed as either green
(upregulated) or red (downregulated). Pathways were sorted by the P value “highest to lowest” (top x-
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6.3.5 Proteomic analysis of metabolism
This comprehensive, unfocused screen has provided new details about the specific pathways

affected under each condition and how they connect. Since the proteomics identified in the
HFD (DIO) that there was alteration of the metabolism’s pathways (Carbohydrate, Lipid and
amino acid) and energy production, therefore we next examined these pathways, including
glycolysis, TCA cycle, B-oxidation of fatty acid and oxidative phosphorylation, in each of the
models. Log> fold change and P value of proteins in each pathway were displayed as a heat
map. Proteins forming each pathway were obtained from the KEGG pathway database.
Figure 6.9 illustrates the glycolysis pathway showing that Aldolase B was significantly
upregulated which plays a major role in glycolysis/gluconeogenesis and is encoded by
ALDOB in the HF feeding model. Aldolase B catalyses the reversible metabolism of
fructose-1-phosphate to glyceraldehyde and dihydroxyacetone phosphate. A pattern of

decreased expression of glycolysis proteins in exercise group is noted.
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Figure 6.9: Upregulation of glycolysis in the high-fat diet mice, but not in the exercise,
diet exchange and exercise/diet exchange mice.

A. The glycolysis pathway showing the conversion of glucose to pyruvate. Unidirectional arrows
indicate irreversible reactions, while bidirectional arrows represent the reversible reactions. B.
Glycolysis pathway proteins that were quantified in each of the four groups — high-fat diet (n=5),
exercise (n=5), diet exchange (n=5) and exercise/diet exchange (E + D) (n=4) are presented. Log, fold
change of proteins were represented by colour scale from green (+2) to red (-2). The significance was
presented by colour scale from 1 (white) to 0.05 (black). Significant changes (P value<0.05) in
proteins were marked by red asterisk.

Pyruvate

The TCA cycle is illustrated in Figure 6.10A with panel B showing that none of the proteins
involved in the TCA cycle were significantly changed. However, there was a significant

decrease in PDK4 and PDK3 in HFD (DIO) compared to control. Pyruvate dehydrogenase
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kinase (PDK) an enzyme inhibits pyruvate dehydrogenase (PDH). Interestingly, PDK3 and
PDK4 were no longer significantly changed in exercise, diet exchange and exercise/diet
exchange groups. A pattern of decreased expression of proteins in the TCA cycle in exercise

groups is noticed.
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Figure 6.10: Down-regulation of PDK in the high-fat diet (DIO) mice.

A. A series of chemical reactions in the tricarboxylic acid cycle (TCA). Pyruvate dehydrogenase
kinase (PDK) is an inhibitory enzyme (in red colour). B. TCA pathways proteins that were quantified
in each of the four groups — high-fat diet (n=5), exercise (n=5), diet exchange (n=5) and exercise/diet
exchange (E + D) (n=4) are presented. The left-coloured box of each group is a colour scale from +2
(green) to -2 (red) were represented of the Log. fold change of each protein identified. The right
coloured box is representative of P value from 1 (white) to 0.05 (black). Significant P value <0.05
were marked by red asterisk.

The fatty acid beta-oxidation pathway proteins were investigated in detail, as shown in Figure
6.11. There was a significant decrease in ACOX1, a protein in the beta-oxidation of fatty acid
pathway in the HFD (DI1O) model (P value=0.004). A pattern of a decrease in fold change
with no significant changes in the exercise group. Proteins’ expression returned to the normal

level in diet exchange and exercise/diet exchange groups.
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Figure 6.11: Decrease expression of ACOX1 in the high fat diet (D1O) model.

B-oxidation of fatty acid proteins that were quantified in each of the four groups — high-fat diet (DIO)
(n=5), exercise (n=5), diet exchange (n=5) and exercise/diet exchange (E + D) (n=4) are presented. A
heat map for Log, fold change of the protein expression represented by green (2), yellow (0) and red
(-2). Two colour scale black and white represent the P value. Significant P value <0.05 were marked
by red asterisk.

Additionally, IPA analysis showed that $-oxidation of fatty acid in 12-weeks HFD (DIO) was
significantly decreased (P value=0.004, Z-score = -2.1) with identifying proteins linked to the
pathway; 5 proteins significantly decreased (ABCD3, ACOX1, HMGCS2, LONP2, PLIN5)
and only 1 protein significantly increased (HSD11B1). Two of the downregulated proteins
(HMGCS2 and PLINS) were still downregulated in the exercise group with other proteins
returned to the normal level. Interestingly, all these proteins return to normal level in diet
exchange and exercise/diet exchange group. Figure 6.12 shows proteins associated with
electron transport chains. In the electron transport chain, there are five complexes, with the
first 4 (I-1V) electrons are passed from electron donor to electron acceptors. The
electrochemical gradient is utilized by Complex V to produce ATP. We identified 53 proteins
from all complexes in the HFD (DIO) (Figure 6.12). None of the proteins were significantly
changed in any of the groups with no notable changes in the expression as illustrated by the
heat map (Figure 6.12). Although there were no significant protein changes in the exercise

group, a pattern of decreased proteins expression is noticed. This pattern returns partially to
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normal in the diet exchange and exercise/diet exchange groups. Unexpectedly, there was a
significant decrease in COX6A2 and COX7C located in Complex IV and a significant
increase in ATPG6 located in Complex V.
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6.3.6 Quantitative mass spectrometry of mitochondrial dynamic proteins

Table 6.1 presents the proteomic analysis of mitochondrial dynamic proteins. In contrary to

Western blotting data in Chapter 2, the fission protein Drpl and receptor Mff showed no

significant changes in HFD (DIO) and exercise groups compared to control. Other

mitochondrial fission and fusion proteins in HFD (DIO) and exercise groups agreed with the

Western blotting data. All mitochondrial fission and fusion proteins in diet exchange and

exercise/diet exchange are consistent with earlier results with no changes. Proteins associated

with mitochondrial motility were not significantly changed in all groups. Unlike gPCR

results, Sirt5 showed no significant difference in HFD (DIO) compared to control.

Interestingly, Sirt5 was trending down (P value= 0.056, Log> fold change = -1.1) in the diet

exchange group with unchanged levels in other groups.

Table 6.1: Quantitative analysis of mitochondrial dynamic proteins expression changes
in HFD (DIO) group, exercise, diet exchange and exercise/diet exchange groups.

Role Protein HFD Exercise Diet exchange E+D
(Logs fold change, P (Log; fold change, P (Log, fold change, P (Log; fold change, P
value) value) value) value)
Mfn1 (0.1,0.9) (-0.88, 0.9) (-0.29, 0.9) (-0.63, 0.9)
Fusion  Mfn2 (-0.04, 0.9) (-0.77,0.9) (-0.25, 0.9) (-0.65, 0.9)
Opal (0.07,0.9) (-3.31,0.9) (-0.03, 0.8) (-0.49, 0.9)
Drp1l (-0.03, 0.9) (-0.48, 0.7) (-0.88, 0.2) (-1.04, 0.8)
Fission  Fis1 (0.03, 0.9) (-0.78, 0.9) (-0.83,0.1) (-1.04, 0.8)
MFf (0.05, 0.9) (-0.56, 0.9) (0.04, 0.8) (-0.25, 0.9)
Mirol (-0.04, 0.9) (-0.88, 0.9) (-0.36, 0.8) (-0.85, 0.9)
Miro2 (-0.18, 0.9) (-0.77,0.9) (-0.11, 0.9) (-0.44, 0.9)
Motility K FsB (-0.03, 0.9) (-0.65, 0.9) (-0.21,0.9) (-0.53,0.9)
TRAK1 (-0.01, 0.9) (-0.42, 0.6) (-0.24, 0.9) (-0.97, 0.8)
Sirtuins  Sirt5 (-0.1,0.9) (-0.74,0.9) (-1.1, 0.056) (-1.33,0.6)
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6.3.7 Summary of results
Global protein study for cardiac mitochondrial pathways in HFD (DIO) model along with

exercise and/or diet exchange trials has been studied in this Chapter using LC-MS/MS. The
key findings of this chapter were:

e There is a perturbed inflammatory pathway in HFD (DIO) model.

e A decrease in oxidative stress defence network proteins in HFD (DIO) which return to
basal levels in all exercise and/or diet exchange experimental groups.

e There is alteration to cardiac contraction signalling in HFD (DI10O) model.

e In the HFD (DIO) myocardium there is a shift of the main source of energy from [-
oxidation of fatty acids to glycolysis.

e One of the main inhibited upstream regulators in HFD (DIO) is Peroxisome
proliferator-activated receptor alpha (PPARA).

e Many of the proteins associated with oxidative stress defence network returned to
basal levels in all exercise and/or diet exchange experimental groups.

e The upstream regulator PPARA returned to control levels in exercise and

exercise/diet exchange groups, and was activated in diet exchange group.

A summary of mitochondrial fission/fusion proteins changes in all mice groups studied are
shown in Table 6.2.
Table 6.2: Summary of mitochondrial dynamic proteins expression in the HFD (DI10O),

Exercise, diet exchange and exercise and diet exchange mice models.
NS, non-significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001

Protein HFD Exercise Diet exchange  Exercise + diet
exchange

Mfnl NS NS NS NS
Mfn2 NS T NS NS
Total Opal NS NS NS NS
S-Opal NS NS NS NS
L-Opal NS NS NS NS
Total Drpl 1 NS NS NS
P-Drp1(Ser637)/total Drpl L* NS NS NS
P-Drpl1(Ser616)/total Drpl NS NS NS NS
Fisl 1 NS NS NS
M1D49 R NS s =
MID51 NS NS NS NS
Mff 1 1 NS NS
PINK1 1 (. NS NS
Parkin 1 NS NS NS
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6.4 Discussion

6.4.1 Activation of inflammatory signalling in HFD (DIO) model
An activation of acute-phase response signalling in HFD (DIO) suggests an early

inflammatory response (Baumann and Gauldie, 1994). The acute phase response leads to
release of inflammatory cytokines. More commonly studied interleukins in diabetic
cardiomyopathy e.g. IL-1B, IL-18, IL-6 and TNF-alpha were not detected (Westermann et
al., 2007). IL-7 and 1L-12 signalling networks were also altered. Both cytokines (IL-7 and IL-
12) have an anti-inflammatory response (Willis et al., 2012, Chang and Radbruch, 2007).
While most IL-12 signalling proteins were downregulated. All those changed in the IL-7
pathway were upregulated including immunoglobulin heavy constant gamma 2B and
immunoglobulin heavy constant gamma 2C. According to these data, we can infer that
inflammation is activated in our HFD (DIO) model. IL-7 expression has been previously
reported to be increased in the adipose tissue of obese individuals (Maury et al., 2007). Lucas
et al. (2012) demonstrated that IL-7 could contribute to the progression of metabolic
pathologies by the modulation of adipose tissue, with impaired insulin sensitivity in 1L-7
overexpressed transgenic C57BL/6J mice. IL-12 has been reported to be increased in
cardiovascular diseases including coronary artery disease, atrial fibrillation, cardiac ischemia-
reperfusion injury and autoimmune cardiomyopathy as recently reviewed by Ye et al. (2020).
One study has reported that lowering IL-12 activity improves cardiac function in psoriasis
patients (Ikonomidis et al., 2017). Here we determined that the IL-12 signalling pathway was
not altered in exercise and exercise/diet exchange group but was affected in the diet exchange
group (majority being downregulated). Interestingly, proteins in IL-7 signalling in diet
exchange and exercise/diet exchange groups were downregulated (40% of total proteins in
the pathway) whereas there was no change to the pathway in the exercise group. The role of
IL-7 and 1L-12 in developing diabetic cardiomyopathy in the myocardium is not currently
understood; the data here indicate that future work may be warranted.

6.4.2 Increased oxidative stress in HFD (DIO) model by quantitative mass spectrometry
analysis
Proteins associated with the oxidative stress defence network were downregulated in the 12-

week HFD (D10) model. For example, catalase is an antioxidant enzyme that protects the cell
from oxidative stress by decomposition of hydrogen peroxide. In a cardiac-specific catalase
overexpressing mouse model, there was a decrease in ROS associated with prevention of
pathological abnormalities (Cong et al., 2015). Cong and colleagues showed that the
suppression of inflammatory responses by catalase protected the heart of mice from DCM.
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Interestingly, levels of catalase returned to normal levels in exercise, diet exchange and
exercise/diet exchange groups consistent with lifestyle changes leading to reduced body mass

and hyperglycaemia being beneficial.

Uncoupling proteins (UCPs) play a major role in limiting ROS production, as reviewed by
Mailloux and Harper (2011). Further, Jastroch (2017) found a significant reduction of ROS
production in the brown fat mitochondrial inner membrane by UCP1 activity. UCP1 and
UCP3 were identified in our proteomic analysis showing a significant downregulation in
HFD (DIO) by log. fold change -4.5 and -1, respectively. In the exercise group, UCP1
remained downregulated, unlike UCP3, which showed no change. Interestingly, in the diet
exchange group, UCP1 was upregulated (Log: fold change = 1.32) but the level of UCP3 was
not affected. The exercise/diet exchange group showed no differences in both UCPs.
Increased levels of mitochondrial uncoupling proteins (UCPs) have been reported to be
linked to increased free fatty acid levels (Murray et al., 2008). Apolipoprotein E and
apolipoprotein A4 which were involved in multiple pathways in HFD (DIO) were both
significantly downregulated. They have roles in atherosclerosis and production of ROS. A
study used apolipoprotein E knockout mice found an increase levels of oxidized LDL (Kato
et al., 2009). Apolipoprotein A4 shows anti-atherogenic and antioxidant properties. Both
these proteins returned to control levels in exercise, diet exchange and exercise/diet exchange
groups. Oxidative modification of LDL by reactive oxygen species produces oxidized LDL
which is widely studied as a potential risk factor for cardiovascular disease due to its
association with the progression of atherosclerosis (Stocker and Keaney, 2004). Seven
proteins were significantly downregulated in free radical scavenging which also suggest an
increase in ROS production.

Although obesity/T2DM is linked to oxidative stress, most antioxidant proteins were
downregulated. It was reported in the early stage of obesity there was an increase in
antioxidants which decreased after fat accumulation (Alcala et al., 2015, Alcala et al., 2017,
Alcala et al., 2018). This could be explained by the imbalance of free radicals and
antioxidants which could lead to cell death. Twenty-one proteins were significantly changed
in the cell death pathway in the HFD (DIO) with more than 80% being upregulated. This is
further supported by our previous finding illustrated an increase in apoptosis by the TUNEL
assay in HFD (DIO) (see section 2.3). Interestingly, level of antioxidants returned to normal

after exercise, diet exchange and exercise/diet exchange.
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6.4.3 Proteomics revealed alteration to cardiac contraction signalling in HFD (DIO)
model
Apelin is one of the regulators of cardiac contractility (Szokodi et al., 2002). Apelin

cardiomyocyte signalling is altered in HFD (DI10O), with all proteins downregulated including
myosin light chain 4 and 7 (MYL4 and MYL7); both MYL4 and MYL7 have been reported
to improve contractile parameters in the heart (Abdelaziz et al., 2004, Grimm et al., 2005).
Peng et al. (2017) reported that MYL4 knockout mice developed atrial cardiomyopathy.
Other cardiac muscle contraction proteins identified in this proteomics analysis include both
isoforms of myosin heavy chains (MYH6 and MYHT7); with unchanged level of MYH6 and
downregulation of MYH?7 in the HFD (DIO) model (Warkman et al., 2012). This finding is
contrary to that of Nakao et al. (1997) who found a decrease in MYH6 mRNA expression in
end-stage heart failure. This contradictory result is likely to be related to the different stage of

heart failure.

Although some contractile proteins were downregulated, ejection fraction was within normal
parameters in our HFD (DIO) model (Section 2.3), therefore one explanation may be that the
changes are linked to diastolic dysfunction. Liu et al. (1997) found a decrease in the total
myosin light chain (40-45%) in the diabetic rat heart. However, the authors did not quantify
the different isoforms of myosin light chain. In general, there have been few studies been
published about myosin light and heavy chains in the heart tissue in diabetic cardiomyopathy
and therefore the data here provides new information as to how contractile dysfunction may

develop in response to a high-fat diet.

MYL7 and MYHY returned to normal levels in the exercise group but not MYL4 which was
still significantly downregulated. The downregulation in MYL4 alone might not cause any
cardiac dysfunction, supported by normal function earlier (Section 3.3), but can cause
dysfunction with additional stress i.e. bacterial infection, psychological stress, etc.
Interestingly, MYL4 and MYL7 were both significantly upregulated in diet exchange group
and exercise/diet exchange group with restoration of MYH7 normal level which suggests
improvement in cardiac contractility function. This support previous results of normal

diastolic function seen in diet exchange and exercise/diet exchange group (Section 3.3).

6.4.4 Proteomics analysis shows changes to energy production pathways in HFD (DIO)
One of the major enzymes in regulating glycolysis and gluconeogenesis is ALDOB (aldolase

B) which was significantly upregulated in HFD (DIO). Aldolase B is responsible for the
metabolism of fructose. It is involved in the reversible break down of fructose 1,6-
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bisphosphate into glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. An
alteration in its expression can indicate an effect on its catalytic activity in the metabolism of

glucose.

Pyruvate dehydrogenase kinase has 4 isoforms which are encoded by PDK1, PDK2, PDK3
and PDK4. PDKA4, inhibits pyruvate dehydrogenase, and was downregulated in the HFD
(DIO) model. This suggests increased generation of acetyl CoA from pyruvate produced by
glycolysis and a decrease of fatty acid B-oxidation. Park et al. (2013) found an increase in
pyruvate dehydrogenase complex activity in Sirt5 knockdown human embryonic kidney
(HEK) cells. The authors also demonstrated that Sirt5 inhibits pyruvate dehydrogenase
complex by desuccinylation of multiple subunits of the complex. Our finding of decrease
Sirt5 mRNA level in the HFD (DIO) model support the idea of increasing the activity of

pyruvate dehydrogenase.

To further support this concept, B-oxidation of fatty acid was decreased in HFD (DIO) (P
value = 0.004, Z-score= -2.1). Five proteins in the pathway were downregulated (ABCD3,
ACOX1, HMGCS2, LONP2, and PLIN5) . Two of these proteins remained downregulated in
the exercise group (HMGCS2 and PLINS). Interestingly, all the changes in proteins
associated with B-oxidation of fatty acid seen in HFD (DIO) return to normal level in diet

exchange and exercise/diet exchange groups.

Normally, 60-80% of the heart's ATP is generated by mitochondrial fatty acid oxidation. The
rest comes from carbohydrates (glucose and lactate) and to a lesser extent from the oxidation
of the ketone body (Aubert et al., 2013). The heart functions optimally when it oxidizes
glucose and fatty acid at the same time (Taegtmeyer, 2000). The myocardial energy supply in
heart failure switches from fatty acids to glucose (Razeghi et al., 2001b). The shift of
substrate preference in the failing heart from fatty acids towards glucose metabolism has been
reported to protect against further deterioration and enhance contractile function (Stanley et
al., 2005). However, cardiac diabetics cannot make full use of glucose due to insulin
resistance and may have to increase the usage of fatty acids as a source of energy (Boudina
and Abel, 2007). Our data suggest an increase in glycolysis which could be explained by the
mild insulin resistance in our model. Uncontrolled diabetes will lead to deterioration of
insulin sensitivity which could increase the fatty acid B-oxidation as a compensatory

mechanism. However, the oxygen required for fatty acid metabolism is more than glucose
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and therefore leads to the production of more reactive oxygen species (Janardhan et al.,
2011).

Mizuno et al. (2017) reported a decrease in myocardial uptake of glucose, lactate and
pyruvate in diabetic patients compared to non-diabetics, associated with an increase
myocardial uptake of ketone bodies, f-hydroxybutyrate and acetoacetate. Here we also
identified changes to the ketogenesis pathway in the HFD (DIO) model. Notably, proteomics
revealed an increase in D-B-hydroxybutyrate dehydrogenase (BDH1), a mitochondrial
enzyme that catalyses the reversible reaction of B-hydroxybutyrate to acetoacetate, the two
main ketone bodies generated by break down of fatty acid. Further, HMGCS2 which
catalyses the first reaction in ketogenesis was significantly decreased in HFD (DIO). D-
lactate dehydrogenase (LDHD) catalyses the reversible conversion of pyruvate to D-lactate

also found to be significantly decreased in HFD (DIO).

One of the predicted inhibited upstream regulators in HFD (DIO) model is PPARA, as it is
linked to the downregulation of 15 different proteins (APOA4, APOE, APOC3, CAT, DB,
ECH1, HMGCS2, HSD17B11, PDK4, PLIN5, UCP1, UCP3, ABCD3, ACOT2, and
ACOX1). PPARA is an important lipid metabolism regulator as it regulates fatty acid
catabolism, utilization and uptake (Kersten, 2014). This finding is consistent with that of
Depre et al. (2000) who reported a decrease in PPARA expression in the cardiac tissue of
STZ chronic type | diabetic rats. Similar results have been found in other diabetic models.
For example, obese Zucker Diabetic Fatty (ZDF) rats had lower expression of PPARA
compared to controls associated with lower fatty acid oxidation which agrees with the results
shown in this Chapter (Zhou et al., 2000). This reduction could be a response to oxidative
stress, as heart muscle of rat model of hypoxia has been shown to have decreased PPARA
expression (Razeghi et al., 2001a). Similarly, downregulation of PPARA has been reported in
the failing human heart and can be linked to the decreased utilisation of free fatty acids seen
in heart failure (Karbowska et al., 2003).

Conversely, PPARA upregulation has been reported in type | diabetes. For example, it has
been shown that in STZ diabetic mouse hearts there is an activation of PPARA (Finck et al.,
2002). Moreover, Finck and his colleagues found that upregulation of PPARA has induced a
phenotype similar to the diabetic heart, highlighting the role of PPARA in DCM
pathogenesis. The variation in the expression of PPARA in diabetic models can be caused by

various factors influencing the pathogenicity of diabetes. Another possibility is that age is an
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essential factor in regulating PPARA, as expression in the diabetic heart has been observed to

decrease with time (Depre et al., 2000).

Interestingly, upstream regulator (PPARA) was activated in the diet exchange group (Z-
score=2.148), unlike exercise and exercise/diet exchange groups. Fibrates drugs (class of
amphipathic carboxylic acids) are used to treat patients with high cholesterol level (Kersten,
2008). Interestingly, these drugs are classified as PPARA agonists. This highlights the
importance of dietary habits. Although exercise/diet exchange group had similar phenotype
and molecular changes to diet exchange group, PPARA was not activated in exercise/diet

exchange group.

Many of the proteins linked to energy production were downregulated, in the HFD (DIO)
model, highlighting the importance of measuring ATP level in the future work. Luptak et al.
(2018) studied the association between ATP production and metabolic heart disease by
feeding the mice high fat, high sucrose (HFHS) diet. The concentration of myocardial ATP,
ADP and the rate of ATP production were quantified. ADP concentration was significantly
increased associated with unchanged ATP levels. The authors demonstrated that the
impairment in energy production may contribute to diastolic dysfunction in obesity-related
cardiomyopathy. It may be useful in the future to quantify ATP/ADP levels in our study to
determine if it may be a factor responsible for the diastolic dysfunction and mitochondrial

dysfunction in the HFD (D10) myocardium.

The electron transport chain produces ATP by electrons transfer through the inner
mitochondrial membrane by creating an electrochemical proton gradient. None of the
proteins associated with mitochondrial respiratory complexes were changed in HFD (DIO)
model. Unexpectedly, COX6A2 one of the proteins located in complex IV was significantly
downregulated in diet exchange group. Interestingly, it was found that mice deficient in this
protein were protected against HFD (DIO) and IR and reported its role in regulating
respiratory uncoupling (Quintens et al., 2013). There was an increase in ATP6 located in
complex V in diet exchange group could be as a compensatory mechanism to the
downregulation of COX6A2. Moreover, it is known that the complexes interact with each
other to form structures of a higher order, called super complexes (Wittig and Schagger,
2008). Complexes 1V and V can form dimers and oligomers. These complexes contribute to
the stability of the mitochondrial membrane (Signes and Fernandez-Vizarra, 2018). An

increase in ATP6 in complex V might be a compensatory mechanism to the decrease of
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COX6A2 protein in complex IV to stabilise the bonds between both complexes. The
proteomics data showing no change to the Complex subunits in the HFD (DI1O) model is

consistent with the biochemical data in Chapter 2.

6.4.5 Quantitative mass spectrometry analysis of mitochondrial dynamic proteins
Quantification of the mitochondrial fission/fusion proteins in mass spectrometry analysis was

not consistent with Western blotting and gPCR. The reason for this is could be that the
detection of protein depends on its abundance. Low-abundance proteins are dominated by
high-abundance proteins; one of the disadvantages of bottom-up analysis used in this study.
The analysis time of LC-MS/MS could be an important factor. In our study, we ran the
samples for three hours, while other studies run samples for 2 weeks (Piehowski et al., 2013),
as complex peptide mixtures required a long run time. Liu and Chan (2015) reported that
Drpl is recruited to Mff forming a higher molecular weight Drp-Mff complex. This could
explain the inconsistency in Drpl and Mff expression between proteomics and Western
blotting where total lysate was employed rather than isolated mitochondria. Another
downside is the loss of labile post-translational modification (PTM). For example, the
function of Drpl could not be detected because such a technique does not determine the
phosphorylation status of a protein which could determine the protein function (although
there are MS techniques to measure PTMs e.g. phosphoproteomics). However, bottom-up
analysis is more sensitive than top-down analysis. Advantages and disadvantages of each

method are reviewed in (Gregorich et al., 2014).

Limitations of proteomics studies include the reliance of the protein turnover rate on a
specific protein half-life which is a key factor in measuring protein abundance (Belle et al.,
2006). It is also important to note that multiple proteins can be translated from a single
transcript by alternative RNA splicing. In addition, the activity of proteins can be affected by
post-translational modifications including phosphorylation and glycation; protein function is
not always correlated with protein level. Therefore, it is worth considering metabolomics
work in the future. Moreover, the properties of a peptide such as length, mass, amino acid
composition, solubility and net charge may affect peptide detection. This variability in
peptide detection can result in inaccuracies in the assessment of the abundance of the protein
(Braisted et al., 2008). It has been reported that the coefficient of variation in LC-MS/MS
peptide intensity level in two samples under the same conditions from different cultures was
25% (Piehowski et al., 2013). Furthermore, the expense of an LC-MS/MS device in
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combination with the cost of collecting data is a substantial disadvantage (Bereman, 2015).

For further evaluation of the proteomics technique see Gupta and Kumar (2014).

6.5 Conclusion
In this investigation, the aim was to assess mitochondrial pathways changes in our HFD

(DIO)model and whether effects were reversed by exercise and/or diet exchange. Most
altered pathways in HFD (DIO) were associated with metabolism, while most proteins
changes in exercise and exercise/diet exchange group were associated with cardiac muscle
contractility. The analysis of exercise group has shown that the majority of proteins (91%)
altered were downregulated. The study has shown that inflammation pathways were
significantly altered in HFD (DIO) model but not after exercise training suggesting that the
inflammatory response can be adaptive. A major enzyme in regulating the source of energy
(PDK) was significantly downregulated in HFD (DIO), suggesting a shift toward glucose
metabolism. One of the key findings to emerge from this study is that the upstream lipid
metabolism regulator PPARA was inhibited in HFD (DIO), which changed after the diet
exchange highlighting the effect of dietary habits. Overall, the results of this chapter
strengthen the idea that exercise and/or diet exchange is beneficial in reversing pathological
processes but also highlights that certain pathways are not reversible. In conclusion, this
research has provided a new insight into mitochondrial pathway alterations occurring in
early-stage diabetic cardiomyopathy. A limitation of this study include that some proteins
were not identified. A natural progression of this work is to confirm some of the main
changed proteins by other techniques such as gPCR and western blotting and also functional
assays to investigate whether changes to protein expression levels translate into reduced or

overactive activity.
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Chapter 7 General discussion

7.1 Main findings
Obesity due to a high-fat diet is one of the most common causes of T2DM. Here, employing

a mouse model of diet-induced obesity we assessed cardiac and mitochondrial function,
specifically mitochondrial fission and fusion, an alteration of which is believed to be one of
the developmental causes of diabetic cardiomyopathy. Understanding changes in the early
stages of the disease is a major factor for preventing disease progression. For this purpose,
the project also integrated global proteomic analysis with molecular biology, measurement of
mitochondrial bioenergetics properties and morphological investigations using 3D electron

microscopy.

The main findings from this research were that C57BL/6J mice fed HFD (DIO) for 12 weeks
exhibit signs of diastolic dysfunction, concentric remodelling and at the cellular level has
changes to mitochondrial fission/fusion proteins as well as mitochondrial bioenergetics and
evidence of inflammation. Physiological measurements revealed insulin resistance,
hyperglycaemia and hyperlipidaemia. Significantly, the echocardiography data with normal
ejection fraction and signs of early diastolic dysfunction indicate a type of heart failure
known as heart failure with preserved ejection fraction (HFpEF). HFpEF represents about
half of all cases of heart failure (Nanayakkara et al., 2018). Although the growing prevalence
of HFpEF, the effect of treatment on functional outcomes has not been successful (Zheng et
al., 2018). Hence, early diabetic cardiomyopathy patients may have limited therapeutic
options preventing the progression of the disease. There was an association between proteins
regulating mitochondrial dynamics in the HFD (DIO) model favouring fission and the
ultrastructure of the cardiac mitochondria by SBF-SEM showing smaller PNM compared to
control. These data show that a relatively short period of high-fat feeding results in mild

diastolic dysfunction and alteration in mitochondrial dynamics.

The mechanistic pathways regulating mitochondrial fission/fusion proteins remain poorly
understood. Therefore, the next aim was to investigate the regulator of mitochondrial
dynamics, activation of Drpl which was upregulated in the HFD (DIO) model, by exploring
the role of insulin resistance, ER stress, prohibitins and Sirt5. It was determined that there is
no link between insulin resistance and levels of fission/fusion proteins. This result using
H9c2 cells was supported by our exercise model which shows that Drpl levels returned to
normal whilst the animals remained insulin resistant. Previous work from our group had

shown that the concentration of glucose in the culture medium (5.5 mM or 25 mM) had no
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effect upon the expression of fission or fusion proteins (Lucy Murfitt, PhD Thesis). Due to
the close contact between mitochondria and endoplasmic reticulum and known
communication between the two organelles, we investigated endoplasmic reticulum stress in
our HFD (DIO) model; however, there was no evidence of activation of the ER stress
pathways which would imply that molecular remodelling of these pathways does not occur in
the early stage of the disease. Based upon some reports in the literature linking prohibitins to
Drpl expression we also measured levels of prohibitin 1 and 2 but found that these were
unchanged (Raut et al., 2019). However, we did identify a decrease in expression of
mitochondrial Sirt5 (regulator of cellular homeostasis) mMRNA level in our HFD (DIO)
model. By knocking down Sirt5 in vitro using a cardiomyoblast cell line (H9c2), we showed
a novel finding that Sirt5 expression is connected to the mitochondrial structure through an
increase in S-Opal and total Drpl associated with a decrease in P-Drpl (S637). Future work

will investigate the mechanistic link between Sirt5 and Drp1 activation.

The most important management of obesity/T2DM is weight loss through a low-calorie diet
and exercise, which is why the second aspect of this project focused on the investigating
reversible effect of exercise and a low-fat diet both in terms of gross cardiac function and at
the cellular and molecular level. The best outcome in terms of cardiac function was in the diet
exchange group and the combination of both exercise and diet exchange group. This is
illustrated by the reversal of insulin resistance, hyperglycaemia, hyperlipidaemia, and
fission/fusion proteins. Interestingly, one of the Drpl receptors remained upregulated which
may be involved in a different mechanism. The exercise group, while on HFD (DIO), showed
the least weight loss and remained insulin resistant. Although some of the fission proteins
returned to normal level in the exercise group, the fusion protein Mfn2 became upregulated.

Proteomic analysis revealed more extensive changes to mitochondrial function with a shift in
fuel energetics to glucose, disturbance in inflammatory pathways, a downregulation of
cardiac contractility proteins and inhibition of the upstream regulator of fatty acid, PPARA.
We also reported the activation of mitophagy and evidence of apoptosis. Interestingly,
significant downregulation of beta-oxidation of fatty acid in the HFD (DIO) model was not
changed in exercise, diet exchange and exercise/diet exchange groups. Another interesting
finding was that PPARA, an upstream regulator of fatty acid, was significantly increased in

the diet exchange group, unlike exercise and exercise/diet exchange groups.
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Therefore, these data indicate that in young obese mice gross cardiac function may be
restored through a combination and diet with the fission-fusion axis largely rebalanced.
However, proteomics revealed that some mitochondrial pathways remained perturbed.
Whether these discrete molecular level changes would leave the mice more vulnerable to any

future stress would be an interesting area to investigate in future studies.

7.2 Methodological considerations
7.2.1 Model of obesity and exercise

The use of animal models is often employed to study obesity. Although human tissue may
offer a better understanding of human physiology, availability for study is understandably
limited. As lifestyle and eating habits are the most common cause of obesity in humans, HFD
(DIO) feeding is physiologically the best relevant to the animal model of obesity. A high-fat
diet was chosen over a high-glucose diet because fat has more calories (one gram of fat has
nine calories while one gram of carbohydrates has four calories) which is important in a
calorie surplus to gain weight. For example, Tang et al. (2014) reported obesity in 20 weeks
of HFD (DI10O) on C57BL/6J and no significant change in body weight in 20 weeks of the
high-glucose diet. Obesity in rodents is classified as moderate obesity when there is a 10-25%
increase in body weight compared to control and severe obesity if it exceeded a 40% increase
in body weight compared to control (Hariri and Thibault, 2010). Therefore, it was decided,
before starting the HFD (DIO) trial, to exclude all HFD (DIO) mice with a bodyweight
increase of under 10% when compared to controls. Our mice were moderately obese. The
behaviour of the mouse is also to be considered; we have found that in each cage there is a
hierarchy determined by mice fighting. Typically, there is an alpha mouse who gains the most
weight, and a mouse at the lower end of the hierarchy gaining the least weight. We were able
to eliminate these mice according to the 10% exclusion criteria. The differences in obesity-
related cardiovascular diseases between human genders are well known (Cordero et al.,
2009). Nevertheless, in the process of this research, male mice were included only. The
reason for this was to exclude the hormonal fluctuations associated with the female oestrus
cycle. However, the ranges of blood glucose level in diagnosis diabetes in laboratory mice are
not known. Therefore, the severity of hyperglycaemia was difficult to interpret and so the

prediabetes or borderline diabetes could not be determined.

Our HFD (DIO) model was a surrogate model to human obesity as it develops a similar

phenotype to obese humans include weight gain, hyperglycaemia, hyperinsulinemia and
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hyperlipidaemia. Although exercise and weight loss are the first-line management of obesity,
patient noncompliance is one of the challenges. The opposite is in the murine model as you
can organise the exercise protocol as well as the dietary regime. We understand that
swimming can be stressful to mice if they have never experienced it before. Thus, one week
of introducing mice to water and gradually increased the duration of swimming was
performed. Additionally, any mouse showing signs of distress was excluded from the study.
However, physiological changes to our exercise (swimming) model i.e. eccentric remodelling
and bradycardia were comparable to humans which strengthen the interpretation of our
results to humans. Future work could include validating the results with other types of
aerobic exercise, with different intensity and different duration. Further research could also
be conducted to determine the distribution of body fat and its effect on cardiac complications.
As it is known that different fat distribution would lead to a different outcome. For example,
obese individuals with visceral obesity develop a worse outcome of metabolic dysfunction
(Koster et al., 2010).

7.2.2 Cell culture

Cell culture using an immortal H9c2 rat cardiomyoblast cell line was used to study the effect
of Sirt5 on mitochondrial dynamics. The cell culture techniques allow better control of the
culture environment and reveal more information on the development of molecular diseases,
especially in T2DM pathogenesis. The use of H9c2 cells offers a powerful benefit of having
an unlimited supply of cells available, thus negating the ethical concerns, such as those for
murine model studies. However, attention is drawn to the fact that an extensive passage of
cell lines like H9c2 would lead to the variation of primary cell phenotypes and was taken into
consideration while performing this work. This was overcome by using new cell lines when
they reach passage 20. In the case of primary cell lines, they have slow cell growth and more
susceptible to contamination. Therefore, optimization of the culture condition is required. For
cardiac research, it is not a trivial task to isolate primary cardiomyocytes at every phase of the
experiment. Neonatal rat cardiomyocytes (NRCMs) display a downside in the assessment of
mitochondrial function, since their major source of energy is glucose, while fatty acid
oxidation takes place in mature cardiomyocyte. Overall, neither of these cell models offers a
complete solution and the choice of either option has its pros and cons. As a validating
method, it could be assessed in the future whether the findings in this project could be

reproduced in primary adult cardiomyocytes.
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7.3 Limitations
7.3.1 SBF-SEM

The novel technique SBF-SEM produces three-dimensional high-resolution images from
fixed tissue. In this project, SBF-SEM was successfully performed to assess the
mitochondrial size of the HFD (DIO) cardiac mitochondria. By doing so it was feasible to
develop a better understanding of the alteration of mitochondrial dynamics proteins and the
link to mitochondrial ultrastructure. This technique, however, has different limitations such as
each mitochondrion has to be segmented manually with high accuracy through the stack to
form the 3D structure which takes a huge amount of laborious work at least three months.
The resolution also is limited as cristae formation is not visible. Alternative techniques such
as focussed ion-beam scanning electron microscopy (FIB-SEM) based on the same concept
as SBF-SEM can produce higher resolution images up to 9.4 nm in the X-Y plane and 20 nm
in the Z plane (Xiao et al., 2018) which may facilitate details of the cristae to be resolved.
There is currently much effort in the community to develop automated methods for organelle
segmentation which as well as making the process more towards high throughput (manual

segmentation can take several months) it will also remove selection bias.

7.3.2 Mitochondrial oxygen consumption rate

To investigate whether functional changes occur in the mitochondria, an Instech (based on
the fibre optics) was used to measure the oxygen consumption rate (OCR). Since this
machine is relatively new in the research laboratory and the protocols are still being
optimized, an enormous amount of time was spent on optimisation. In the future we can
develop this technique to measure the activity of each complex by using a combination of

substrates and inhibitors.

7.4 Future direction
7.4.1 The age factor

A possible major influencing factor on the outcome of this study is the age of the mice at the
start of the HFD (DIO) feeding, as we started the HFD (DI10) feeding at the age of 8 weeks
old which approximately matches a human age of 14-18 years old. Laboratory mice have an
average lifespan of about 24 months (Wilkinson et al., 2012). On average, mice reach puberty
at about 6 weeks (Hagenauer et al., 2009, Kercmar et al., 2014). The estimations for maturity
in C57BL/6J mice are a mature adult (13-26 weeks old), middle-aged (43-65 weeks old), and
old (78-104 weeks old) (Liu et al., 2016). So, our HFD (DIO) model corresponds to an

183



adolescent, the transition between childhood and adulthood. After the 12-week HFD (DIO)
feeding, mice aged 20 weeks were at the stage of a mature adult, as well as exercise and/or
diet exchange models (25 weeks). A study on overweight and obese adolescents showed an
increase in LV mass as compensation to the high hemodynamic load in overweight
adolescents, while the increase in LV mass in obese adolescents exceeded the demand
leading to a decrease in ejection fraction and cardiac contractility (Chinali et al., 2006).
Therefore, beginning HF feeding at 8 weeks old can mean that most of the compensatory
mechanisms are active against disease progression. Interestingly, another study within our
group with mice between 13 and 17 weeks, considered as mature adult (Liu et al., 2016)
being fed HFD (DI10O) for 12 weeks, showed a significant impairment of cardiac function and
a significant decrease in mitochondrial complexes activity; but it may be an additional factor
that a different strain of mice was used. However, these data may be important in the context
of childhood and adolescence obesity, given that almost a third of the population in the UK
between 2 and 15 years of age are overweight or obese in government statistics (Health
Survey for England, 2018). Accordingly, future work could investigate the potential different
results of starting the HFD (DIO) at an older age (13-26 weeks). Research questions that
could be asked include changes to mitochondrial fission/fusion proteins in extended HFD
(DIO) duration (severe obesity), as we mentioned before our model represented a moderate
obesity, and whether these changes are still reversible by exercise and weight loss. Therefore,
longitudinal study of increasing the HFD (DIO) duration is also an important consideration

for future studies.

7.4.2 Phosphorylation of Drp1

The main regulator of mitochondrial fission is Drpl. PTMs including phosphorylation,
ubiquitination, S-nitrosylation and SUMOylation are applied to Drpl. Of these, the best
studied is phosphorylation. For example, phosphorylation of Drpl in Ser616 by cyclin
dependent kinase 1 (CDK1-cyclin B) is reported to enhance its GTPase activity leads to
fragmentation of mitochondria (Taguchi et al., 2007). Furthermore, phosphorylation of Drpl
in Ser637 by protein kinase A (PKA) reduces its activity (Cribbs and Strack, 2007). This can
be antagonized by dephosphorylation of Ser637 by calcineurin (Cereghetti et al., 2008).
Another phosphorylation site that has not been studied in this thesis is Ser600 which can be
phosphorylated by calcium/calmodulin-dependent protein kinase lo (CamKla) to induce
mitochondrial fission (Han et al., 2008). The multiple phosphorylation sites with different

functions highlight the complexity and importance of this protein. Further research should be
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undertaken to investigate the enzyme levels in our models; phosphoproteomics may be a
useful approach. Similarly, given the link between Sirt5 and Drpl shown here exploring
changes to protein post-translational modifications will also be important. Additionally,
investigating how Sirt5 may be associated with the upstream regulator PPARA (identified in
the proteomics analysis) may also be an area for development. Purushotham et al. (2009)
reported that Sirtl activates PPARA to increase fatty acid beta-oxidation by deacetylation in
hepatocytes. This is linked to our study as we found an inhibition of the PPARA pathway in
our HFD (DIO) as well as a decrease in mRNA of Sirt5 which may be linked. The
deacetylation activity of Sirt2 is inhibited by nicotinamide (vitamin B3), which is considered
a non-competitive inhibitor of Sirtuins (Avalos et al., 2005); it has been reported to inhibit
Sirtl in vitro (Hwang and Song, 2017), as well as other isoforms include Sirt3,4,5 and 6 (Hu
et al., 2014). Nicotinamide has been used to treat niacin deficiency, acne and skin cancer.

Activation of Sirt5 is potentially essential for the protection of obesity-related cardiovascular
complications. So, rather than directly focussing on the fission and fusion proteins, a strategy
we are considering in future work will be how we can target Sirt5 to manipulate Drpl. There
is a lot of interest in regulating sirtuins in the literature with a number of agonists and
antagonists, reviewed in (Dai et al., 2018). However, the disadvantage of targeting Sirt5 as a
therapeutic target is that it could have multiple off-target effects as there are vast array of

proteins substrates regulated by its deacetylation and desuccinylation activity.

7.5 Conclusion
Combining a variety of experimental techniques, this PhD thesis explored early changes in

mitochondrial fission proteins linked to the pathogenesis of early-stage diabetic
cardiomyopathy, using a mouse model of HFD (DIO) feeding for 12 weeks. In summary, our
new data show that relatively short periods of high fat feeding lead to cardiac complications
and with an imbalance in mitochondrial fission/fusion processes, providing insights into
potential regulatory pathways. Additionally, we have reported that a combination of diet and
exercise is most beneficial for the return of cardiac function to a healthy phenotype,
consistent with clinical practice. Further, we have described for the first time that the fission-
fusion axis can also be restored, although proteomics identified some mitochondrial proteins
that did not exhibit this plasticity. There is a lot of interest in the therapeutic applications of in
targeting fission and fusion, mainly for promoting fusion, for a recent review see (Kalkhoran
et al., 2020), since small and fragmented mitochondria have been reported in patients and

animal models of diabetes, as discussed in Chapter 3. However, future work is required to
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ascertain whether the increased fission that is occurring after 12 weeks high fat feeding is a
cardioprotective reaction to remove damaged mitochondria with increased expression of the
mitophagy proteins PINK1 and Parkin. A detailed understanding of the mitochondrial
dynamics and the morphological changes mediated by these proteins will be important for
future translational into strategies for therapeutic intervention in the treatment of progression

of early-stage diabetic cardiomyopathy.
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Appendices:
Appendix 7.1

Table 7.1: Masson’s trichrome staining protocol.

Step Solution Time
1. Pure xylene 15 minutes
2. 100% IMS 3 minutes
3. 90%IMS 3 minutes
4. 70% IMS 3 minutes
5. Wash in distilled water 4 minutes
6. Bouin’s solution (water bath =56°C) 120 minutes
7. Wash in tap water 7 minutes
8. Filtered haematoxylin 5 minutes
9. Wash in tap water 7 minutes
10.  Acid alcohol 10 seconds
11.  Wash in tap water 30 seconds
12.  Biebrich scarlet-acid fuchsin solution 5 minutes

(0.9% Biebrich scarlet, 0.1% Ponceau

Fuchsin in 1% acetic acid)
13.  Wash in distilled water 30 seconds
14.  2.5% phosphomolybdic acid solution 15 minutes
15.  Aniline blue 60 minutes
16. Distilled water 10 seconds
17. 1% acetic acid 2 minutes
18.  Distilled water 10 seconds
19. 90% IMS 1 minute
20.  95%IMS 1 minute
21. 100% IMS 1 minute
22.  Xylene 2 minutes
23.  Xylene 2 minutes
24.  Xylene 2 minutes
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