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Abstract

The pathological events initiating diabetic cardiac changes in response to chronic
hyperglycemia and hyperinsulinemia remain unclear. Due to the high metabolic activity of
the heart, and its sensitivity to acute changes in oxygen and substrate flux, mitochondrial
dysfunction has been proposed as a potential early indicator of diabetic cardiac disease. We
hypothesize that mitochondrial changes in cardiac tissue will precede the onset of
hyperglycemia in the Nile grass rat (NR), a model of spontaneous Type 2 diabetes. Male NRs
were fed standard rodent chow (Prolab 2000) or a high fibre low fat diet (Mazuri Chinchilla).
Hearts were studied at 2, 6, 12 (echo only) and 18 months. Mitochondrial dysfunction was
assessed in permeabilized cardiac fibres utilizing the OROBOROS Oxygraph-2k high-
resolution respirometry system. Four protocols were applied, including two states: LEAK
state (non-phosphorylating, ADP-free) and the oxidative phosphorylation state, measuring
oxygen consumption coupled to the phosphorylation of ADP to ATP. We used substrates
feeding electrons into Complexes I (NADH-pathway), II (Succinate pathway) or IV of the
electron transport system. Mitochondrial metabolism for fatty acids octanoylcarnitine,
palmitoylcarnitine, and acetylcarnitine was similarly assessed. Additional testing included
citrate synthase activity, glycated hemoglobin Alc, plasma insulin levels, and transthoracic
echocardiography. Echocardiography results were suggestive of mild diastolic dysfunction at
12 months of age. Hyperglycemia and elevated %HbAlc were noted in Prolab-fed animals
after 6 months, preceded by hyperinsulinemia detectable at 2 months. High resolution
respirometry results showed an increase in the flux control ratio of Complex IV and citrate
enzymatic assay results suggest an increase in mitochondrial content in Prolab-fed animals at
2 months. This preceded the onset of hyperglycemia, but not hyperinsulinemia. Other

dietary and aging-related changes were noted in mitochondrial LEAK and OXPHOS
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capacities per mg permeabilized fibres at 6 and 18 months, and an increase in fatty acid -
oxidation (FAO) for medium-chain fatty acids was observed at 6 months. These results
suggest that mitochondrial functional changes are detectable prior to the onset of
hyperglycemia in the NR, and these dysfunctions coincide with the onset of

hyperinsulinemia.
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A.1 Chapter 1- INTRODUCTION

A.1.1 Diabetes Mellitus

The global health burden of diabetes mellitus IDM) has increased significantly over
the last 50 years and is anticipated to continue rising'. The International Diabetes Federation
(IDF) has classified the DM epidemic as a global emergency, estimating that approximately
415 million people worldwide live with DM'. This figure is anticipated to tise to 642 million
by the year 2040. Affecting one in every 11 adults worldwide in 2015, estimates indicate that
one person dies every six seconds from complications relating to DM. Furthermore,
approximately 318 million adults display aggravated glucose intolerance, which puts them at
risk for developing DM in the future'. Although Canada does not rank in the top ten
countries for adults with DM, prevalence is increasing; approximately 3.4 million Canadians
live with DM, and Canadian statistics predict a 44% increase in DM cases between 2015 and
2035. Despite treatment developments and global awareness initiatives, the number of
individuals afflicted with DM continues to grow, posing a serious risk to the stability of the
Canadian and global health care systems”.

DM is a metabolic disorder characterized by chronic hyperglycemia with
disturbances in carbohydrate, protein, and fat metabolism, secondary to disrupted insulin
secretion ot action’. DM is divided into two subtypes. Type 1 diabetes mellitus (T1DM)
describes diabetic hyperglycemia secondary to autoimmune beta cell destruction, whereby
patients are largely aninsulinemic (lacking endogenous insulin production) and thus become
insulin dependent. Type 2 diabetes mellitus (T2DM) describes an “insulin-independent”
phenotype. Patients may present with insulin resistance combined with normal insulin levels

or relative hyperinsulinemia; alternatively, patients may develop insulin secretory deficits,



leading to hypoinsulinemia®. The prevalence of T2DM significantly exceeds that of T1DM,
accounting for up to 85 — 90% of diagnosed cases’. This is likely exacerbated by poor dietary
habits, and the sedentary lifestyles more characteristic of modern nations, although family
history of T2DM, hypertension, and dyslipidemia are also significant risk factors for disease
onset’.

Clinically, diabetic patients may present with chronic thirst, polyuria, blurred vision,
and weight loss; in severe cases, patients may show signs of ketoacidosis, and require
emergency treatment’. A clinical diagnosis of diabetes is confirmed with a combination of
fasting plasma glucose (FBG) =27.0 mmol/L, two hour plasma glucose (2hPG) post 75 g oral
glucose tolerance test (OGTT) 211.1 mmol/L, or hemoglobin Alc (HbAlc) =26.5% (48
mmol/mol) in adults’. Patients at risk of developing diabetes are classified as “pre-diabetic”,
and present with a FBG of 6.1 — 6.9 mmol/L, 2hPG post OGTT of 7.8 — 11.0 mmol/L, or
HbA1lc of 6.0 - 6.4%. In addition, these individuals may present with other clinical indicators
of T2DM, such as obesity, glucosuria, hypertension, or polydipsia. Therefore, annual
screening for T2DM in individuals with pertinent family history, and/or clinical risk factors
may improve detection®. In practice, a diagnosis of diabetes is based on the threshold HbAlc
value for developing microvascular disease®. Although commonly utilized as a longitudinal
marker of glycemic status, HbAlc is a useful diagnostic tool in diabetes management’.
HbAlc readings represent an average plasma glucose value over a 2-3 month period, and
therefore lack the variability occurring in FBG readings over the course of a day’. Timely
initiation of treatment for T2DM is critical to improve glycemic status, and to reduce the risk
of complications. Dietary and lifestyle changes, self-management care, and manual blood
glucose testing are frequently recommended as first-line treatments to achieve a target

HbA1lc of 6-7%, in most patients. If glycemic targets are not met, Canadian Diabetes Clinical



Practice Guidelines recommend adding pharmacological agents best suited to the individual’s
clinical profile’. Metformin is frequently selected as the agent of choice, due to its
effectiveness at reducing blood glucose, low incidence of mild side effects, proven
cardiovascular benefit, and lack of causing weight gain, not to mention low cost®. However,
Metformin is not effective in all cases, and is contraindicated in patients with chronic kidney

disease, due to a perceived risk of lactic acidosis’.

A.1.2 Complications of Diabetes

Sustained hyperglycemia in T2DM is associated with the development of severe
complications, affecting the heart, eyes, kidneys, peripheral nerves, and liver. According to
the IDF, the most prevalent complications include diabetic retinopathy, cardiovascular
disease, pregnancy complications (in gestational diabetes, or diabetic women who become
pregnant) and diabetic foot disease, with resultant amputations'. In the literature,
complications are classified as microvascular (retinopathy, neuropathy, or nephropathy), or
macrovascular (coronary, cerebrovascular, peripheral) in nature'’. These complications are
commonly associated with patient morbidity and mortality, respectively. Furthermore,
complications increase physical and psychological burdens on patients, who must adapt their
lifestyle to accommodate dietary restrictions, frequent visits to a primary care provider and
the additional stress associated with managing a chronic disease. Other bodily systems
affected by T2DM (digestive, hepatic, and musculo-skeletal) may lead to complications
including gastroparesis (secondary to vagal nerve damage), liver cirrhosis (secondary to non-
alcoholic fatty liver disease) and cheiroarthropathy (limited joint mobility of the hands)",
respectively. Further studies also indicate that T2DM is associated with changes in cognitive

12,13

functioning and increased susceptibility to pancreatic and colorectal cancers =~ Primary

management of these patients involves promptly reducing their glucose level(targets



determined by age and risk status), cardiovascular risk factors, and HbAlc percentage®.
There is consensus that aggressive glycemic control and reduction of HbAlc provides a
relative risk-reduction of diabetes-related death, and reduced incidence of major
microvascular complications'*". The effect of aggressive glycemic control on macrovascular
complications is still in question. While some studies have shown benefits, others have
reported significant harm, leading to discontinuation of treatment'®. Multi-drug regimens
may be beneficial in older patients, or in those with significant co-morbidities, as they
facilitate management of multiple complications; however, these regimens may reduce
patient compliance and drug adherence'’. Contributors to poor compliance include, lack of
confidence in future drug benefits, poor understanding of the purpose for treatment and
prolonged course of treatment, which must be managed by the prescriber'. Therefore,
finding a balance of appropriate management with thorough patient education and

compliance is key to preventing the onset of further complications.

A.1.3 Cardiovascular Complications of Diabetes

T2DM is a major risk factor for cardiovascular disease, such that cardiovascular
complications are the leading cause of morbidity and mortality in DM patients. People
afflicted with DM are 2-4 times more likely to develop cardiovascular disease, and over three
times more likely to be hospitalized secondary to cardiac problems'. DM also increases heart
failure risk 4-fold, even after adjustment for standard risk factors®. Cardiac complications
include may include systolic and diastolic dysfunctions®?, left ventricular hypertrophy™,
atherosclerosis™, atrial fibrosis and fibrillation®, and myocardial infarction®. Increasing
T2DM awareness and prophylactic treatment approaches have significantly improved patient
outcomes; recent data suggests that the rate of myocardial infarction in DM patients in the

US has decreased by 68% from 1990 to 2010”". Diabetes-induced cardiovascular disease may



stem from different causes, such as: 1) coronary atherosclerosis associated with risk factors
(obesity, hyperlipidemia, and hypertension); 2) microangiopathy of cardiac microvasculature;
3) cardiac dysfunction in the absence of coronary artery disease and hypertension, termed
“diabetic cardiomyopathy”. Although ischemic heart disease is acknowledged as the most
common cause of death in persons with diabetes, diabetic cardiomyopathy is becoming

increasingly recognized as a clinically significant entity™.

A.1.4 Diabetic Cardionyopathy

Diabetic cardiomyopathy (DCM) is clinically defined as biochemical, morphological,
and functional myocardial changes in the absence of coronary artery disease (CAD),
hypertension, and significant valvular disease”****". DCM was first described by Rubler e# /.
in 1972, who reported four diabetic patients who died of heart failure, without displaying
signs of CAD”. A widely accepted clinical definition of DCM remains undefined, and
clinicians may rely on disparate criteria when making a diagnosis. DCM patients may present
asymptomatically, or may be short of breath with a combination of non-specific symptoms,
including weakness, fatigue, and ankle edema. However, this presentation is highly variable
and remains a puzzle for clinicians™. The most common cardiac clinical features of DCM are
diastolic dysfunction and left ventricular hypertrophy. However, cardiac studies of DCM
patients also report subclinical systolic dysfunction, and coronary microvascular

dysfunction™

. Estimates of DCM prevalence vary among the diabetic population, with
reports ranging from 30 up to 75%. Patients with DCM are at risk of adverse outcomes,
such as late-stage systolic dysfunction, progressive cardiac failure, and death™.

The molecular basis for the onset of diabetic cardiomyopathy remains uncertain.

Various contributing pathways have been studied in isolation, and their combined effects on

cardiac muscle likely contribute to the development of DCM. Advanced glycation end



products (AGEs) have been implicated in the development of ventricular dysfunction in
T2DM. AGEs are formed by glycation, where a protein or lipid molecule becomes
covalently bonded to a carbohydrate molecule, such as glucose. Chronic hyperglycemia
accelerates AGE formation, which leads to their increased deposition in various organs,
including the heart’. AGEs may increase left ventricular (V) stiffness directly by cross-
linking myocardial collagen or other extracellular matrix proteins, directly affecting diastolic
and/or systolic function™. A sustained increase in mitochondrial fatty acid oxidation (FAO)
has also been discussed as a significant contributor to cardiac metabolic remodelling in
T2DM. High dietary fat contributes to increasing plasma fatty acids (FAs), leading to
increased cellular and mitochondrial uptake of FAs. Loss of malonyl-CoA-mediated
inhibition of carnitine palmitoyl transferase (CPT1) may contribute to increased
mitochondrial uptake of FAs, due to an increase in malonyl-CoA decarboxylase (MCD) in
DM. MCD is the enzyme tresponsible for the degradation of malonyl-CoA in the heart™.
Chronic influx of FAs shifts substrate utilization towards increased oxidation of FAs, and
decreased glucose oxidation in the heart. This shift is perpetuated by intercellular
hyperglycemia, and insulin resistance™. Enhanced myocardial FAO occurs with the
activation of peroxisome-proliferator activated receptor o (PPAR«). PPARa is a
transcription factor involved in myocardial regulation of FA oxidation rates”. Cardiac
overexpression of PPAR« induces a diabetes-like state, with combined increase in FAO and
decline in both glucose uptake and oxidation”. Activation of PPAR« indirectly promotes the
accumulation of toxic ceramides and diacylglycerol through activation of protein kinase c
(PKC), which compromises the viability of cardiac cells, and may contribute to cardiac

dysfunction®. PKC activation has also been shown to perpetuate insulin resistance by



reducing insulin signalling through phosphorylation at the insulin receptor, and reducing the
translocation of glucose transporter 4 (GLUT4)”.

Schilling e a/. have presented a hypothesis implicating mitochondrial dysfunction
directly at the center of the pathogenesis of DCM™. They discuss three discrete phases — a
compensated phase, transition phase, and decompensated phase — whereby mitochondrial
management of FAO within the cardiomyocyte is progressively dysregulated in DM, leading
to reactive oxygen species (ROS) accumulation, disruption of triacylglycerol (TAG)
synthesis, and eventual myocardial contractile dysfunction and fibrosis*. Additional studies
also discuss the role of mitochondrial changes in the pathogenesis of diabetic cardiac
disease* ™. Although promising, further studies investigating prodromal stages of diabetic
heart disease, and measuring several markers of mitochondrial function/oxidative stress are

required to clarify the mechanistic progression of DCM.

A.1.5 Echocardiographic Assessment of the Diabetic Heart

Echocardiography is a standard imaging modality utilized clinically to directly
visualize cardiac function. It is safe, non-invasive, and relatively inexpensive, making it a
useful imaging technique among clinicians and researchers. Routine echocardiography
involves directing high frequency two-dimensional, three dimensional, or Doppler
ultrasound waves at the tissue of interest, using a handheld probe. A transthoracic approach
is commonly used to image the heart; alternatively, clinicians may utilize a trans-esophageal
approach if transthoracic images are inadequate, or if more precise visualization of aortic and
atrial structures is required. The resulting images allow clinicians to visualize the dimensions
of the cardiac muscle, quantify internal chamber size, assess mechanical pumping
capabilities, and quantify the direction and velocity of blood flow*. Echocardiograms are an

invaluable diagnostic tool for serial monitoring of cardiac functional changes in DM patients.



At very early stages of diabetic cardiac disease, damage to cardiomyocytes is
subcellular, meaning that echocardiographic findings are not apparent; however, this is not
sufficient to rule out a diagnosis of DCM, as overt changes often arise later in disease
progression®”. Diastolic dysfunction is frequently the initial abnormality detected on
echocardiography in DCM patients. By definition, diastolic dysfunction implies that the
cardiac ejection fraction is preserved, while cardiac relaxation is disrupted. Studies have
reported a prevalence of diastolic dysfunction in up to 30% of T2DM patients; however, this
may be underrepresented, as studies utilizing tissue Doppler imaging (TDI) have reported up
to 75% prevalence in T2DM patients”. Echocardiographic evaluation of diastolic
dysfunction is commonly performed using transmitral inflow Doppler imaging, whereby the
velocity of blood flow through the mitral valve is measured. Mitral inflow imaging permits
the analysis of functional variables, such as the E-wave, the A-wave, and isovolumic
relaxation time (IVRT), among many others**". The E-wave and A-wave refer to peak early,
and late (atrial) diastolic filling (respectively). In a healthy individual, the E-wave is greater
than the A-wave. IVRT is a marker of myocardial relaxation, and refers to the interval
between the closure of the aortic valve, and the opening of the mitral valve (indicating filling
onset)®. In the initial stages of diastolic dysfunction, the IVRT will become prolonged (>200
ms), and the E/A ratio will fall below 1, due to a slower E-wave and a faster A-wave. This is
suggestive of abnormal relaxation of LV myocardium®’. Additional outcome variables for
diastolic dysfunction may include changes in mitral inflow with the Valsalva maneuver,
pulmonary venous flow monitoring, color M-mode flow propagation velocity, or eatly and
late mitral tissue velocities using tissue Doppler imaging (TDI)".

An additional useful diagnostic parameter in diabetic patients is the assessment of

LV dimensions. Changes in LV size and compliance are acknowledged contributors to the



progression of diastolic dysfunction, as a stiff or oversized ventricle may impair ventricular
relaxation. Left ventricular hypertrophy (LVH) and increased LV wall thickness are known
to occur in patients with both TIDM and T2DM; in a study of 294 patients with T2DM,
56% were reported to have LVH, although this varied by BMI and hypertensive status®.
Larger studies have shown that T2DM patients have up to a 1.5-fold increased risk of
developing LVH, when compated to non-diabetic controls™. Impairment of LV function
may arise by various mechanisms, including systemic hypertension, microangiopathy,
increased extracellular collagen deposition, or left atrial dysfunction, all of which may occur

in diabetic patients’"

. LVH can be evaluated using two-dimensional echocardiography
(parasternal long axis views) to measure interventricular septal wall thickness, LV internal
diameter and LV posterior wall thickness. Approximate LV mass can be calculated

formulaically, when indexed by patient height”. Additional variables and recommendations

for thorough evaluation of left ventricular function are reviewed elsewhere™.

A.1.6 Mitochondrial Physiology

Given their primordial function in aerobic metabolism, mitochondria are of major
interest to the pathogenesis of T2DM and its complications. Considered the energetic
powerhouse of eukaryotic cells, mitochondria are double membrane-bound organelles that
consume oxygen, electrons, and physiological intermediates to stimulate biosynthetic
reactions, ultimately generating adenosine triphosphate (ATP)”. They also play host to
important biochemical circuits, such as the TCA or Kreb’s cycle, the urea cycle, and
ketogenesis™. Mitochondtia are implicated in cell death signalling™, cellular metabolism™,
calcium homeostasis™, and regulation of redox processes’’, and have been studied

extensively for their role in disease processes, including neurodegenerative disorders™”,
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cancers and malignant tumor progression®®', insulin resistance®*’, Type 2 diabetes"*, and

cardiovascular complications associated with diabetes®>***".

Mitochondria generate energy through a process called oxidative phosphorylation
(OXPHOS). In this process, the movement of electrons through the electron transport
system (ETS) is coupled with the production of energy in the form of ATP by ATP
synthase. The ETS is comprised of four multi-protein complexes, each containing several
specific electron carriers. Respiratory complexes I (NADH dehydrogenase), 11 (succinate
dehydrogenase), III (Ubiquinol — cytochrome c oxidoreductase), and IV (cytochrome
oxidase) are located in the inner mitochondrial membrane. Lipid-soluble mobile electron
carrier co-enzyme (Q (ubiquinone) receives electrons from complex I and II, and acts as both
a double and single electron carrier. Water-soluble cytochrome ¢ receives electrons from
complex III, and acts as a single electron carrier. Electrons are passed in sequence from
carriers with lower reduction potentials to carriers with higher reduction potentials. Different
sources of electrons provide the reducing equivalents to the ETS. Depending on the source,
electrons enter the ETS at (1) Complex I (CI, electrons from NADH), (2) Complex 1T (CII,
electrons from succinate), (3) electron-transferring flavoprotein (electrons from FADH,
from fatty acid oxidation), and (4) glycerol-phosphate dehydrogenase (electrons from
glycerophosphate). All entering electrons then converge at the Q-junction, and follow a
common path to Complex III and Complex IV®. At the level of CIV, electrons are
transferred to the final electron acceptor oxygen, which is converted to water, and allows the
measurement of mitochondrial respiration (mitochondrial oxygen consumption). The energy
released by electron transport is harnessed to pump protons from the mitochondrial matrix
to the intermembrane space, generating an electrochemical gradient. The chemiosmotic

force generated across the inner mitochondrial membrane is harnessed by ATP synthase,

10



effectively coupling electron transport into the ETS with the phosphorylation of ATP from
ADP.

Under normal or pathological conditions, there is a dissipative component to
mitochondrial respiration called LEAK respiration, which is in compensation for proton leak
(not through ATP synthase), proton slip, cation cycling, and electron leak”. This process can
be used to produce heat instead of ATP, but may also play an important role in the control
of ROS production.

Dietary FAs are an abundant mitochondrial energy source for cardiac metabolism. In
healthy hearts, approximately 70% of ATP generated by cardiac mitochondria is generated
by FAO™. Cytosolic FAs are converted to acyl-CoA by acyl-CoA synthetase, producing fatty
acyl-CoA molecules of various lengths. Short and medium-chain FAs (4-12 C) are oxidized
in the mitochondria, whereas long-chain FAs (12-16 C) are oxidized in both the
mitochondria and the peroxisomes’. Short and medium-chain fatty acyl-CoA molecules
diffuse through the mitochondrial membrane; however, long-chain fatty acyl-CoA molecules
enter the mitochondrion via a carnitine shuttle system to proceed with B-oxidation. Distinct
enzymatic activities ensure FA degradation into units of acetyl coenzyme A (acetyl CoA),
NADH and FADH.”. For example, electrons from FADH, become available to
mitochondria as they are shuttled via the electron transfer protein (ETF) to ubiquinone
following the reduction of various chain-length specific FAD dehydrogenases’.

Electrons for mitochondrial respiration are also available from carbohydrate sources.
Increasing systemic glucose levels (i.e. postprandial) initiates intracellular glucose oxidation,
generating NADH and pyruvate via glycolysis. Pyruvate is imported into the mitochondrial
matrix, transformed into acetyl-CoA by the pyruvate dehydrogenase complex (PDC), and

integrated into the Kreb’s cycle. The PDC is a large mitochondrial matrix protein that is
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necessary for the oxidative decarboxylation of pyruvate within the mitochondria. The
complex consists of three catalytic enzymes: pyruvate dehydrogenase (E1), dihydrolipoamide
acetyltransferase (E2) and dihydrolipoamide dehydrogenase (E3)™™. These components
sequentially process the irreversible decarboxylation of pyruvate, generating acetyl-CoA,
NADH, and CO,™. PDC regulation occurs by pyruvate dehydrogenase kinase (PDK) and
pyruvate dehydrogenase phosphatase (PDP), which inactivate and activate the complex
(respectively) based on fed or fasting status”™. In a fed state, PDC is phosphotylated, and its
activity increases to promote glucose oxidation and energy use. Under fasting conditions, the
complex is dephosphorylated and PDC activity is reduced to spare pyruvate for
gluconeogenesis”. PDC activity is an important upstream contributor to the NADH

pathway and CI activity, as it contributes to the reduction of NAD+ to NADH.

A.1.7 Mitochondria and Cardiac Function

Cardiac and mitochondrial metabolism are highly interdependent™. In order to beat
approximately 100,000 times daily, the human heart consumes up to 6 kg of ATP, the bulk
of which is sourced from mitochondria”. Mitochondria occupy approximately 30-35% of
cardiomyocyte cellular volume, reflecting the high metabolic demands of cardiac cells™. Two
subpopulations of mitochondria have been identified within cardiac cells: subsarcolemmal
mitochondria (SSM) located directly beneath the plasma membrane, and intrafibrillar
mitochondria (IFM) located between the myofibrils”. SSM mitochondria are more
susceptible to the effects of T2DM than IFM mitochondria®. The spatial localization of
these two subtypes may be indicative of a need to tailor responses to specific physiological
stimuli. The effects of changes in glycaemia on cardiac mitochondrial function have been
studied in models of both TIDM*"** and T2DM®**| as well as in humans***"*. A pervading

theory addresses the effects of T2DM on metabolic flexibility in cardiomyocytes, since the
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heart is capable of utilizing multiple energy sources, such as FAs, glucose, ketones, lactate,
and free amino acids. As mentioned previously, FAO is arguably a predominant contributor
to cardiac oxidative energy metabolism, providing up to 70% of cardiac ATP*. The usage of
energy substrates will vary based on their relative abundance, as well as on metabolic status®.
Cardiac metabolism is tightly regulated, and responds to multiple factors, such as oxygen
availability, hormone levels, substrate availability and demand, and mitochondrial function.
Metabolic flexibility is important for ensuring a continuous energy supply for use by the
heart, and for providing optimal use of oxygen to produce ATP. Therefore, systemic
conditions affecting substrate availability and/or uptake will impact cardiac metabolic
flexibility, ultimately affecting cardiac function. For example, perfusates from isolated
working hearts of diabetic db/db mice revealed a reduction of glucose oxidation by 52% and
an increase in palmitate oxidation by 29% compared to controls**. These diabetic animals
were shown to display increased LV end diastolic pressures, a reduction in cardiac output,
and a significant reduction in cardiac power, suggesting early signs of diabetic cardiac disease
or DCM®*. Furthermore, increasing infused palmitate levels stimulated an increase in
myocardial oxygen consumption, which suggests increased fatty acid usage by the tissue™.
Since FAO is less efficient than aerobic glucose oxidation (requiring higher mitochondrial
oxygen consumption per ATP produced), this suggests that diabetic hearts operate under
reduced metabolic efficiency, which puts diabetic hearts at a significant mechanical
disadvantage®.

T2DM induces specific changes to mitochondrial respiratory pathways, which in turn
affects the ability of the heart to efficiently metabolize energy substrates. In general, the
literature suggests that mitochondria exposed to conditions of DM are prone to dysfunction.

Significant changes in mitochondrial activity, ADP-stimulated OXPHOS capacity,
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biogenesis, protein expression and morphology have been reported in the skeletal muscle,
hepatic tissue, and adipose tissue of insulin-resistant individuals”. Increased cellular and
mitochondrial uptake of fatty acids in combination with increased FAO occurs in the
diabetic heart, which may lead to ectopic lipid accumulation®. Defects to the OXPHOS
capacities of the ETS Complexes I***, II*?, and IV* have been reported in rodent models of
T2DM. Poor coupling between substrate oxidation and phosphorylation has been shown in
permeabilized atrial tissue of human T2DM patients, which is suggestive of mitochondrial
uncoupling®'. Furthermore, mitochondrial reactive oxygen species (ROS) are a significant
contributor to oxidative stress associated with T2DM, and can be produced at CI, CIII, or
during electron transfer from acyl dehydrogenases to ubiquinol during FAO®™. Finally,
fragmentation of the cardiac mitochondrial network has been reported in hepatic cell lines”
and human atria* in response to hyperglycemic conditions. Reducing mitochondrial size may
reduce capacity for oxidative phosphorylation. Morphological defects in cardiac
mitochondria have also been shown to impair cardiac recovery post-MI in hearts of diabetic
ob/ ob mice, as indicated by reduced ejection fraction and poor animal survival rates”. These
findings are indicative of reduced metabolic efficiency in the diabetic heart.
A.1.8 High Resolution Respirometry: Measurement of Integrated Mitochondrial Function

There is increasing interest in the monitoring of mitochondrial function and
dysfunction 7z witro, as mitochondria have been implicated in the pathophysiology of
numerous disease processes. Consumption of oxygen by the process of OXHPOS can be
measured using oxygen electrodes attached to a respiration chamber. As the process of
OXPHOS occurs in the mitochondria from the biological sample, the oxygen added to the
chamber is converted to water, and a resulting decrease in the oxygen concentration in the

chamber is recorded”. Traditional respirometry assumes that samples exist in a closed
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system, where consumption of oxygen occurs exclusively by metabolic reactions within the
sample. Unfortunately, this is not the case, as oxygen flux should be corrected for oxygen
back-diffusion and oxygen consumption by the polarographic oxygen sensors. Other
limitations associated with traditional respirometry include low signal stability, high limits of
detection (preventing ability to utilize small tissue samples), and limited titration steps due to
low chamber volume. Due to the sensitive nature of functional mitochondrial testing, these
older methods are now considered unreliable™.

High-resolution respirometry (HRR, Oroboros Oxygraph 2k, OZ2k, Oroboros
Instruments, Innsbruck, Austria)) has emerged as an advanced technique for investigating
functional capacities of mitochondria 7z vitro. The term “high-resolution” refers to a limit of
detection of oxygen flux as low as 1 pmol Ozs'.ml", allowing for measurements in very
small samples without sacrificing measurement accuracy or sensitivity. Materials used to
construct the O2k are specifically selected to minimize oxygen diffusion, and to improve the
sensitivity of the electrode, thus increasing the signal to noise ratio. HRR allows evaluation
of the capacity of mitochondrial complexes, enzymes, and transporters in real time, by
detecting fluctuations in oxygen consumption in the presence of different substrates,
uncouplers, and inhibitors. This enables detection of specific defects in the mitochondrial
OXPHOS process”. The O2k is considered the gold standard in respirometry.
Conceptualized in 1989, the O2k consists of twin oxygen sensors adjacent to Duran glass
chambers with adjustable volume, encased in an insulated copper block™. The block is
electronically and precisely controlled with a built-in Peltier thermostat Samples are
separated from sensors by an oxygen-permeable 25 um fluorinated ethylene propylene

5

membrane.” Oxygen concentration is measured amperometrically by the Clark-type
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polarographic oxygen sensors (OroBoPOS), which consist of a gold cathode and
silver/silver chloride anode®.

Another advantage of the O2k is the software DatlLab (Oroboros Instruments,
Innsbruck, Austria) which provides an online display of oxygen concentration and
respiration (oxygen flux or negative derivative of oxygen concentration as a function of time)
in real-time for each chamber. This allows the user to easily run multiple protocols

simultaneously™.

A.1.9 Animal Models of Type 2 Diabetes

An increasing number of experimental animal models are becoming available for the
study of T2DM and its complications. Most involve the expression or suppression of key
genes in lines that are genetically similar, allowing selection for traits of interest. For instance,
the leptin-receptor deficient db/db mouse represents a useful monogenic model of obesity
and T2DM; animals demonstrate elevated plasma insulin by as early as 10-12 days of age,
and are nearly double the weight of control mice (40-50g compared to 25g) by as eatly as 2
months of age. Furthermore, these animals are useful for the study of cardiovascular diabetic
complications independent of atherosclerotic and hypertensive factors, as db/db rodents are

resistant to atherosclerosis and hypertension%’97

. Therefore, cardiac complications can
manifest free of undetlying heart disease. The hearts of db/db mice mimic the marked
metabolic inflexibilty manifested in humans, with a preferential use of fatty acid oxidation by
cardiomyocytes as a source of energy over glycolytic and glucose oxidation sources, making

% However, because the

them useful for investigating cardiac outcomes from dyslipidemia
db/db model is an inbred transgenic model, it is difficult to know whether all complex

pathogenic mechanisms present in humans are also present in each animal.
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Experimentally induced animal models make use of non-genetically manipulated
animal strains, which are more readily available, and considerably cheaper than transgenic
models. Induction of T2DM is typically achieved using chemical or dietary means. As these
animals mature, their health status resembles the pathogenesis of diabetes in humans.
Rodent species, animal age, pre-treatment nutritional and health status, as well as route of
administration (if applicable) must be carefully considered. Although there is no model that
perfectly recapitulates T2DM progression, the majority of models do demonstrate some
primary hallmatks of T2DM: hyperglycemia, insulin resistance, and/or subsequent beta-cell
dysfunction. Experimental approaches used to induce T2DM include injections with
streptozotocin (STZ) or alloxan, fructose feedings or other high sugar/fat alternatives,
administration of monosodium glutamate (MSG) injections to intrauterine growth restricted
(IUGR) animals, and vatious combinations thereof”. Alloxan models undergo selective
pancreatic beta-cell loss by generation of oxidant species within the tissue; however, these
models have steadily lost popularity due to alloxan’s limited efficacy, and side effects
affecting the liver and kidneys™. STZ models are more appealing, as manipulating dosage
and time course of diabetogenic injections gives a phenotype of varying severity, with high
dose STZ (> 60kg/mg body weight) causing massive beta cell destruction akin to T1DM,
and multiple intermediate doses (~40-55 kg/mg body weight) producing an intermediate
phenotype more characteristic of T2DM. STZ is a broad-spectrum antibiotic originally
isolated from Streptomyces achromogenes that acts to inhibit DNA synthesis by alkylating DNA
and subsequently poly-ribosylating ADP, thus depleting NAD* and ATP”. STZ-injected
animals are consistently insulin-resistant after 9 days with high dose STZ, and will also

develop hyperglycemia, hyperinsulinemia, and elevated serum free fatty acids/triglycerides by
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69, 7(

approximately 4 months of age® ". These effects are exacerbated by high-fat feeding and
often coincide with obesity'”.

Selection of the optimal model to study outcome parameters is crucial, as
physiological attributes of each model may affect parameters of interest. As such, new
models of T2DM are being introduced to the lab environment to model specific aspects of

T2DM and related complications. Here, we present a promising candidate for the study

T2DM, and its associated cardiac complications.

A.1.10 Nile Grass Rat model of Type 2 Diabetes
The Nile Grass rat Arvicanthis niloticus (NR) has recently emerged as a promising

101

candidate model for studying protracted metabolic disease™ . NRs are herbivorous murine

rodents, native to sub-Saharan Africa'®

. These animals are comparable in size and weight to
young rats, weighing approximately 90-120 g. Unlike common lab rodents, NRs display
diurnal tendencies; this makes them a valuable model for the study of circadian rhythm'”
and neural activation'”. Furthermore, the retina of the NR is cone-rich compared to the
cone-poor retinas of other rodents, making them useful for the study of optic diseases
known to occur in humans'”.

Recent studies have investigated the tendency of NRs to spontaneously develop
pathological markers congruent to the Metabolic Syndrome (MetS) and T2DM progression
in humans'""'*. Noda ¢ a/. studied over 1100 NRs bred in captivity, from an initial group of
29 NR founders trapped in their native environment by Dr. Laura Smale'”". Interestingly,
they reported that chow-fed animals displayed dyslipidemia and hyperglycemia by one year

101

of age™". Further investigation revealed other indicators of T2DM: liver steatosis, advanced-
glycation endproduct (AGE) accumulation in renal tissue, disrupted islet cell distribution and

morphology, elevated triglycerides (T'Gs), and persistent hyperinsulinemia at eatly stages of
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disease progression. A strong correlation between elevated TGs and HbAlc was noted,
suggesting that aberrant lipid metabolism in these animals may correlate with disease
progression, as is seen in humans''. Work by our lab and others has shown that NRs
develop hyperinsulinemia by as early as 2 months of age, and follow a predictable disease
course, similar to that seen in humans'’. The model of diabetes progression proposed by
Weir et al. in 2004 suggests a framework for categorizing diabetes progression that
corresponds to the metabolic decline of the NR'. Based on this model, normoglycemic
NRs aged 2 months represent a subclinical stage 1 (Figure 1.1, compensation).
Hyperglycemic NRs aged 6 months represent stage 2 (Figure 1.1, decompensation), and
hyperglycemic NRs aged 18 months represent stage 4 or 5 (Figure 1.1, severe

decompensation and collapse)'”

. To our knowledge, the Sauvé lab currently maintains the
only laboratory colony of NRs in Canada, which have been utilized primarily to study
vascular and retinal circuitry changes associated with diabetic retinopathy'". Studies on the
cardiovascular status of these animals have not been attempted, and will provide valuable
insight into cardiac changes occurring over time. Our preliminary findings do support that

the NR model of T2DM exhibits hallmarks of cardiovascular dysfunction during their

lifespan.
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Figure 1.1 Progression of Type 2 Diabetes Mellitus in the Nile Grass Rat.
Healthy NRs maintain a low fasted blood glucose (FBG) and plasma insulin (A). On a
standard chow diet, hyperinsulinemia occurs at 2 months of age (B), which is followed
by hyperglycemia at 6 months of age (C) and severe decompensation up to 18 months
of age (D). Stage (E) is thought to occur in elderly NRs (18 months+), and represents
complete metabolic collapse. Red line represents cut-off for hyperglycemia in NRs
(FBG > 5 mmol/L).
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A.2 Chapter 2 - EXPERIMENTAL RATIONALE
As approximately 1 in every 11 adults worldwide currently lives with diabetes, it is
evident that holistic strategies are warranted to improve prevention and treatment
approaches. A better understanding of the aetiology, pathophysiology, and symptom
progression of T2DM may improve treatment efficacy, and elucidate alternative pathways of
intervention. The NR model of T2DM provides a unique opportunity to study the onset of
pathology free of induced pharmacological effects seen in other animal models. Cardiac
studies in this animal model have not been undertaken. Furthermore, understanding of early
indicators of dysfunction induced in pre-diabetic stages could hasten clinical intervention,
and prevent the development of severe complications.
A.2.1 Hypothesis
We hypothesize that prodromal functional mitochondrial changes will be occurring
in cardiac ventricular tissue, prior to the onset of clinically detectable hyperglycemia and/or
hyperinsulinemia.
A.2.2 Aims
1. To evaluate the viability of the NR model of T2DM as a model of diabetic cardiac
complications.
2. To investigate early changes in cardiac mitochondrial function using high-resolution
respirometry.
3. To examine differential effects of diet, and age on cardiac mitochondrial function.
4. Provide preliminary echocardiographic data on the cardiac function of the healthy

and diabetic NR.
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A.3 Chapter 3 - METHODS
A.3.1 Experimental Animal Model

Male NRs were maintained on a 14:10 h light-dark cycle, at room temperature of
21£2 °C and relative humidity of ~40 %. After weaning at 21-23 days, the animals were
divided into two dietary groups. The control group was fed a high-fiber diet (Mazuri®
Chinchilla Diet, 5M01, Purina Mills, LL.C, St. Louis, MO, USA; 4.0 % fat, 15.3 % fibers,
21.6% protein). The diabetic group was fed standard rodent chow (Prolab® RMH 2000,
5P06, LabDiet, Nutrition Intl., Richmond, IN, USA; 9.6 % fat, 3.2 % fibers, 19.9 % protein).
Nutritional information for the Prolab and Mazuri diets are presented in Table 1. The
animals received food and water ad /ibitum. A fasting period of 16-18 hours preceded blood
and tissue collection, but did not precede electrocardiography. Animals were studied at 2, 0,
12 (echo only) or 18 months of age. All experiments were carried out in accordance with the
Institutional Animal Care and Use Committee (University of Alberta) and the NIH (USA)

guidelines regarding the care and use of animals for experimental procedures.
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Table 3.1 Nutritional content of Prolab and Mazuri diets.

Mazuri® Chinchilla Diet

Nutrients
Protein, % 20
ATgININe, %o...c.cecececeiieierrieiecceeees 1.2
Cystine, %... 0.28
Histidine, %.

Isoleucine, %..
Leucine, %..
Lysine, %
Methionine, %
Phenylalanine, %..
Tyrosine, %....
Threonine, %.
Tryptophan, %
Valine, %

Fat (Ether extract), %..
Linoleic Acid, %.

Fiber (Crude), %
Neutral Detergent Fiber, %.
Acid Detergent Fiber, %.

Starch, %

Glucose, %.
Fructose, %
Sucrose, %.
Lactose, %.

Metabolizable Energy,
keal/kg ........cooueeens 2,910

Minerals
Ash, % 6.9
Calcium, Yo...c.cveveveereeieeereeieannnd 0.90
Phosphorus, %
Potassium, %..
Magnesium, %

Sodium, %...

Chloride, %. 0.55
Iron, ppm ...

Zinc, ppm

Manganese, ppm ..
Copper, ppm .
Todine, ppm ...
Selenium, ppm .
Cobalt, ppm

Vitamins

Thiamin, ppm
Riboflavin, ppm ...
Niacin, ppm
Pantothenic acid, ppm
Choline, ppm ...
Folic acid, ppm

Pyridoxine, ppm ..
Biotin, ppm
Vitamin B,,, ug/kg ....
Vitamin A, [U/kg
Vitamin D;, TU/kg
Vitamin E, TU/kg ...
Vitamin K, ppm
Beta-carotene, ppm

Prolab® RMH 2000

Nutrients

Protein, %...
Arginine, %.
Cystine, %...
Glycine, %..
Histidine, %
Isoleucine, %..
Leucine, %.
Lysine, %,
Methionine, %
Phenylalanine, %
Tyrosine, %....
Threonine, %..
Tryptophan, %
Valine, %

Serine, %

Aspartic Acid, %
Glutamic Acid, %..

Alanine, %..
Proline, %...
Taurine, %o......oeeeeeveveerereeneerinnenns 0.01
Fat (Ether extract), %.. ..9.6

Cholesterol, ppm .
Linoleic Acid, %...
Linolenic Acid, %
Omega-3 Fatty Acids, %.

Fiber (Crude), %
Neutral Detergent Fiber, %.
Acid Detergent Fiber, %.
Starch, %
Glucose, %.
Fructose, %.
Sucrose, %..
Lactose, %..

Metabolizable Energy,
keal/kg ....evveennnnen 3,520

Minerals
Ash, % 6.5
Caleium, Yo...c.ceeeneneeeeeccieend 0.80
Phosphorus, %...
Potassium, %.
Magnesium, %
Sodium, %..
Chloride, %.
Iron, ppm ...
Zinc, ppm ..
Manganese, ppm ..
Copper, ppm .
Todine, ppm
Selenium, ppm ....
Cobalt, ppm

Vitamins

Thiamin, ppm ....
Riboflavin, ppm ..
Niacin, ppm .
Pantothenic acid, ppm
Choline, ppm
Folic acid, ppm ...
Pyridoxine, ppm .
Biotin, ppm
Vitamin B,,, pg/kg .
Vitamin A, [U/kg
Vitamin D, [U/kg ..
Vitamin E, TU/kg ...
Vitamin K, ppm

Beta-carotene, ppm ...

Animals were fed ad /ibitum for the duration of the study period. The Mazuri diet contains

107

higher fibre and lower fat, whereas the Prolab diet is considered standard rat chow™".
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A.3.2 Echocardiographic In vivo Functional Assessment

Thoracic echocardiography was performed on 12 month of age NRs (5 Prolab-fed, 4
Mazuri-fed) according to a slightly modified procedure''”. NRs were mildly anaesthetized
(sedated with 3 % isoflurane and maintained with 2% isoflurane) using a nosecone (VEVO
Compact Anaesthesia system). Anaesthesia was monitored every 5 minutes using
physiological measures (ECG display, heart rate, respiratory rate) and maintained for ~30
min per animal. NRs body temperature was monitored using a rectal probe and a warmed
platform (P/N 11437 VisualSonics™) was used to maintain optimal physiological
temperature at 37 °C. Animal paws were taped to ECG metal strips on the same platform to
record ECG tracings simultaneously with imaging. Hearts were imaged using the Vevo
770™ High-Resolution In-Vivo Micro-Imaging System (Fujifilm VisualSonics Inc.) and a
17.5 MHz Scanhead probe for high-frequency ultrasound imaging. The upper anterior chest
(superior to the xyphoid process) was shaved using an electric shaver, and then fine hair was
removed using Nait® depilatory cream. Warmed ultrasound gel was applied immediately
prior to imaging. Ventricular dimensions were measured using M-mode transthoracic
echocardiography at the level of the papillary muscles, imaging a minimum of 3 cardiac
cycles. Percent ejection fraction and fractional shortening were calculated from M-mode
images. Doppler tissue imaging from the apical four chamber view was used to assess mitral
valve annular velocities, E” and A’. In addition, pulse wave Doppler of the mitral E and A
wave velocities were taken from the four chamber view. The isovolumic relaxation time
(IVRT), isovolumic contraction time (IVCT) and aortic ejection time (ET) were measured
from these waveforms to determine myocardial performance index. The myocardial
performance (Tei) index was calculated using the equation (IVRT+ IVCT)/ET'"". Blood

pressure measurements were not recorded.
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A.3.3 Fasted Blood Glucose, Plasma Insulin, and Glycated Hemoglobin Alc
After overnight fasting, a tail blood sample was taken to measure fasting blood
glucose (FBG) using a scalpel and an Accu-chek Compact Plus glucose monitoring system

(Roche, Mississauga, ON, Canada). A value of FBG >5.0 mmol 1" is considered

hyperglycemic, based on previous work on NRs by our lab""'"’.

NRs were then euthanized with an intra-peritoneal injection of a lethal dose (480 mg
kg™ of pentbarbitol sodium (Euthanyl Bimeda-MTC Animal Health Inc., Cambridge, ON,
Canada). Following establishment of surgical plane, the blood was collected through cardiac
puncture and transferred into a Ko-EDTA-coated BD Microtainer™ tube with Microgard™
closure (Becton, Dickinson and Company, Mississauga, ON, Canada). The blood was
immediately centrifuged at 2000 rpm for 20 minutes at 4 °C. The plasma was collected and
stored at -80 C until later use to determine insulin and glycated hemoglobin (HbAlc) levels.

The insulin level was measured using an insulin ELISA kit (Ultra Sensitive Mouse
Insulin ELISA kit #90080. Crystal Chem Inc., Downers Grove, 1L, USA). A fasting insulin
level over 2 ng ml" was considered indicative of compensation'.

HbA1lc level in frozen hematocrit samples was determined using a modified ELISA
kit according to manufacturer’s instructions [Crystal Chem Inc (Downers Grove, IL) Mouse
Hemoglobin Alc Assay #80310, Mouse HbAlc Controls #80313]. Samples were thawed on
ice prior to use, mixed using gentle agitation and the assay was performed in duplicate for
each sample. Absorbance was measured using a BioTek™ Synergy™ Mx Multimode
Microplate Reader on Costar3596 96-well plates, at an absorbance of 700 nm. Variation of

absorbance was calculated using the following formula:

AA = (OD7O(J nm, 180 sec) — (OD700 nm, 0 sec) X 185/255
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Sample concentrations were interpolated using the linear equation of absorbance variation
on the y axis versus HbAlc concentration (%oHbAlc) on the x axis. As HbAlc % cutoffs
vary among animal models, the HbA1c% cutoff was set at 6% (average of Mazuri-fed

animals, independent of age, plus two times the standard deviation).

A.3.4 Cardiac Tissue Collection and Permeabilized Fibre Preparation

Whole hearts were collected from euthanized animals. The heart was immediately
immersed in ice-cold BIOPS relaxing buffer (in mM; 2.77 CakoEGTA, 7.23 KoEGTA, 20
immidazole, 20 taurine, 6.56 MgCl,, 5.77 ATP, 3.95 phosphocreatine, 0.5 dithiothreitol, 50
K-MES, pH 7.1 at 0 °C)"">""*. Superior cardiac structures (aorta, pulmonaty artery, upper
atria) were immediately removed, approximately 30 mg of left ventricular tissue was isolated
at the apex for fiber preparation, and the remaining cardiac tissue was immediately frozen at
-80 C for future immunoblotting and aconitase assays. The apex was transferred into fresh
ice-cold BIOPS solution and kept on ice at all times. The left ventricular tissue was manually
dissected with forceps and the resulting fibre bundles were permeabilized by gentle agitation
for 30 min at 4 °C in relaxing buffer supplemented with 50 pg ml" saponin '>"'*'"*, Fibres
were washed for 10 min by agitation in ice-cold mitochondrial respiration medium MiR05
containing 110 mM sucrose, 60 mM K-lactobionate, 0.5 mM EGTA, 1 g I'' bovine serum
albumin fatty acid free, 3 mM MgCl, 20 mM taurine, 10 mM KH,PO,, and 20 mM K-N-
2hydroxyethylpiperazine-N-2-ethanesulponate (HEPES) (pH 7.1)'". The fibers were then
blotted, weighted and immediately used for respirometric measurements. The remaining
cardiac tissue was immediately frozen at -80°C for future immunoblotting and aconitase

assays.

A.3.5 High Resolution Respirometry on Permeabilized Cardiac Fibres
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Respiration was measured at 37 °C using the Oroboros Oxygraph-2K (Oroboros
Instruments, Innsbruck, Austria). Protocols were run using 2.0 — 4.5 mg permeabilized
ventricular fibres in each chamber containing 2 ml of MiR05. Oxygen diffusion limitation of
flux was avoided by maintaining oxygen levels at over 200 pM O,'". Datlab software
(Orobotos Instruments, Innsbruck, Austria) was used for data acquisition and analysis.
Instrumental background flux was calibrated as a function of oxygen concentration and
substracted from the total volume-specific oxygen flux'"®"'*’. Four protocols were applied to
the permeabilized fibers, including two states: (1) LEAK respiration measuring the non-
phosphorylated state in the absence of ADP, and (2) OXPHOS capacity measuring the
oxygen consumption coupled to phosphorylation of ADP to ATP in the presence of
saturating ADP. The different substrate combinations included for the evaluation of
OXPHOS capacity (in the presence of saturating ADP and cytochrome ¢) and the related

pathways, complexes, enzymes, and transporters are presented in Table 2.
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Table 3.2 Evaluation of mitochondrial oxidative phosphorylation (OXPHOS) in the

presence of different substrate combinations, and the related pathways and specific

steps targeted by the measurement.

Protocols Substrate combinations Pathways Specific complexes,
(with saturating ADP and enzymes, and
cytochrome c) transporters measured

1 Pyruvate+malate (PM) NADH Complex I

Pyruvate  dehydrogenase
complex
Pyruvate transporter
1 Pyruvate+malate+succinate NADH & Complexes I & II
(PMS) Succinate Pyruvate  dehydrogenase
complex
Pyruvate transporter
Succinate dehydrogenase
1 Succinate+rotenone (after PM) Succinate Complex II
Succinate dehydrogenase

1 Ascorbate+TMPD (-azide- Complex IV single step
background)

2 Palmitoylcarnitine+malate ETF Long chain fatty acid

oxidation

Carnitine translocase
Carnitine
palmitoyltransferase-II

3 Octanoylcarnitine+malate ETF Medium chain fatty acid

oxidation

Carnitine translocase
Carnitine
palmitoyltransferase-II

4 Acetylcarnitine+malate ETF Carnitine acetyltransferase

Carnitine translocase

Abbreviations: ETF, electron transferring flavoprotein; TMPD, N,N,N,N-tetramethyl-p-

phenylenediamine.
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In the first protocol, the following substrates and inhibitors were added sequentially
(final concentration in the chamber shown): pyruvate (5 mM), malate (5 mM), ADP (2.5
mM), cytochrome ¢ (10 uM), succinate (10 mM), rotenone (1 pM), antimycin A (5 uM),
ascorbate (2 mM), tetramethylphenylenediamine (TMPD; 0.5 mM), and sodium azide (100
mM). A variation of this protocol including the addition of the uncoupler dinitrophenol
(DNP) was performed in early experiments on a reduced number of animals to confirm no
limitation of the OXPHOS capacity by the phosphorylation system in the NR heart. This
first standard protocol measured the LEAK respiration (before the addition of ADP), the
NADH pathway capacity (flux through complex I, in the presence of pyruvate+malate and
ADP), the NADH & succinate pathways capacity (convergent electron flux through
complex I&II in the presence of pyruvatetmalate+succinate and ADP), the succinate
pathway capacity (electron flux through complex II after inhibition of complex I with
rotenone), and the complex IV single step activity (with ascorbate+TMPD, after subtraction
of the background in the presence of azide).

The three remaining protocols (2, 3, and 4; see Table 1) involved FAs as substrates
to evaluate B-oxidation. Three different combination of substrates were used, including the
long chain FA palmitoylcarnitine (+malate), the medium chain FA octanoylcarnitine
(+malate), and acetylcarnitine (+malate). LEAK respiration was first measured in the
presence of the FA substrate and malate, without ADP. Then ADP and cytochrome ¢ were
added to measure OXPHOS capacity. The order of protocols (standard versus B-oxidation)
were rotated to account for time permeabilized fibres spent on ice between protocols.

At the end of each experimental run, the chamber contents were removed and

chambers were rinsed twice with 500 ul of MiRO05. The fibers were homogenized on ice for 2
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times 30 s on ice with glass potters and immediately stored at -80 °C for measurement of

citrate synthase.

A.3.5.1 Metabolic Substrates

High resolution respirometry protocols are designed to target specific respiratory
states of the ETS, which allows for evaluation of mitochondrial function. Metabolic
substrates used in HRR protocols are administered sequentially to experimentally
reconstitute integrity of metabolic mitochondrial pathways, which use a combination of
enzymes, protein complexes, and substrates to function. The breakdown of substrates
ensures delivery of reducing equivalents to the ETS, which drives electron flux to CIV, and
conversion of terminal oxygen to water in conjunction with ATP synthesis.

Pyruvate+Malate (PM): Addition of PM supplies the NADH pathway, so named
because it activates dehydrogenases through reduction of NAD+ into NADH. It consists of
the pyruvate carrier, the pyruvate dehydrogenase complex (PDC), and electron flow through
CI, among others. Pyruvate is transported into the mitochondrial matrix by the pyruvate
carrier, where it is converted to acetyl-CoA by the PDC. Upon addition of malate, citrate
synthase enzymatically condenses oxaloacetate with acetyl-CoA to generate citrate. High
added malate necessitates equilibration with fumarate, and fumarate rises. The increase in
fumarate inhibits electron flux from succinate to fumarate, and the formation of flavin
adenine dinucleotide (FADH,). Furthermore, oxaloacetate produced by oxidation of malate
inhibits CII (succinate dehydrogenase). Taken together, addition of PM ensures flux of
electrons from NADH through CI, but not CII%.

Pyruvate + Malate + Succinate (PMS): Addition of succinate to the NADH

pathway substrates for CI (here PM) supports additional electron flow through CII via
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FADH.. Thus, PMS evaluates convergent electron flow through NADH (CI) and Succinate
(CII) pathways®.

Succinate (Rotenone) [S(Rot)]: Addition of rotenone inhibits electron flux
through CI. Electron flux through CII from succinate via FADH, continues, meaning that
S(Rot) protocol evaluates electron flux through the Succinate pathway alone, without
contribution from CI.

Ascorbate + TMPD (AsTm): TMPD is administered as a non-physiological
substrate to reduce cytochrome ¢ and thus measure the electron flow through CIV.
Ascorbate is administered first to maintain TMPD in a reduced state'".

AcetylCarnitine (AcetylCar): AcetylCar is translocated into the mitochondrial
matrix by carnitine translocase, and then converted to acetyl-CoA by carnitine
acetyltransferase.

Octanoylcarnitine (OctCar): OctCar is a medium-chain fatty acid (8C). OctCar is
provided in the presence of malate, and enters the mitochondrial matrix using carnitine
translocase. It is converted to octanoyl-CoA by carnitine palmitoyltransferase 11 (CPTII) and
then undergoes medium-chain FAO to produce acetyl-CoA'>.

Palmitoylcarnitine (PalCar): Palmitoylcarnitine is a long-chain fatty acid (16C) that
enters the mitochondrial matrix using carnitine translocase. It is then converted to palmitoyl-
CoA by carnitine palmitoyltransferase II (CPTII), and then undergoes long-chain FAO to
produce acetyl-CoA'*.

Malate was added to each fatty acid protocol to stimulate the entry of acetyl-CoA

into the TCA cycle and favor the entry of electrons through CI''"'>.
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A.3.6 Citrate Synthase Enzgymatic Activity Assay

Citrate synthase activity is a well-accepted method for measuring mitochondrial
content within samples'**'*. Citrate synthase (CS) activity was measured at 37 °C, according
to a previously described method, with slight modification to adapt it for a reading on a

126 The absorbance was measured at

BioTek™ Synergy™ Mx Multimode Microplate Reader
412 nm following the reduction of 0.1 mM 5,5 dithiobis-2-nitrobenzoic acid (€ 13.6 mL cm
pmol™) in the presence of 0.31 mM acetyl-CoA, 0.5 mM oxaloacetic acid, 0.25 % triton X-
100, and 100 mM Tris-HCI buffer (pH 8.1). Five ul of the homogenate was added to wells
immediately prior to reading 6 wells at a time for 3 minutes and 20 seconds. CS activity was
expressed in International Units (IU) per mg of fibers, where IU is one umol of substrate

transformed per min and 20 seconds'”.

A.3.7 Data Analysis

Statistical analyses were performed with SigmaPlot 14 (Systat Sofware Inc., San Jose,
CA, USA). Graphics were produced using GraphPad Prism 7 (GraphPad Software, Inc., La
Jolla California). For data of mitochondrial function, the criteria of normality and
homogeneity of variance for ANOVA were tested for each variable using Kolmogorov-
Smirnov (Lilliefor’s correction) and Brown-Forsythe tests, respectively. Two variables were
transformed to meet the criteriax LN transformation for Octanoylcarnitine+malate
OXPHOS capacity and square root transformation for CS activity. Two-way ANOVA was
applied to test the effect of diet and aging on mitochondrial function data, followed by
pairwise Tukey’s tests. Two of the variables in FCR (Complex IV and LEAK for the NADH
pathway) did not meet the criteria with any transformation and were analysed using Kruskall-
Wallis one-way ANOVA on rank. Data are presented without transformation. A p<0.05 was

considered significant. For metabolic data (fasting blood glucose, plasma insulin, body
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weight, HbAlc), Mann-Whitney U-test was applied to test the effect of diet on metabolic
parameters. Data are presented as median (min-max). A p<0.05 was considered significant.
Echocardiographic images were analyzed using Vevo LAB MX250 software (©2017
FUJIFILM VisualSonics Inc.), and statistical analyses were performed with SigmaPlot 14
(Systat Sofware Inc., San Jose, CA, USA). Mann-Whitney U-test was applied to test the
effect of diet on echocardiographic parameters. All findings were normalized by animal body

weight. Data are presented as median (min-max). A p<0.05 was considered significant.
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A.4 Chapter 4 — RESULTS

AA4.1 Electrocardiographic In vivo Functional Assessment

Animals underwent full echocardiographic assessment to investigate cardiac function
at 12 months. A summary of echocardiographic findings and general animal characteristics is
presented in Table 4.1. Only parameters applicable to diastolic dysfunction and left
ventricular hypertrophic changes are presented, as these are the most common early
functional changes that occur in T2DM. There were no significant differences in blood
glucose (p = 0.857), body weight (p = 0.730), or heart rate (p = 0.111) between Prolab and
Mazuri-fed animals that underwent echo. Blood pressures were not recorded at the time of
echo. M-mode measurements of LV dimensions showed no statistically significant
differences in the left ventricular interventricular septum in diastole (IVSd) (p = 0.556), the
left ventricular internal diameter in diastole (LVId) (p = 0.556), or the left ventricular
posterior wall diameter in diastole (LVPWd) p = 0.191). Left ventricular ejection fraction
(%) and fractional shortening (%) were also measured as indices of systolic function, and
showed no significant differences between dietary groups (EF% p = 0.730, FS% p = 0.5506)

Mitral inflow parameters including mitral E-wave and A-wave velocities (mm/s),
mitral E/A ratio, isovolumetric relaxation time (IVRT, ms), and the Tei index of global
systolic and diastolic myocardial performance were measured, and no significant differences
in mitral inflow parameters between dietary groups were observed (E-wave p = 0.905, A-
wave p = 0.730, E/A p = 0.905, IVRT p = 0.286, Tei index p = 0.413).

Mitral tissue Doppler E’-wave, A’-wave, and E/E’ ratio were measured to investigate
early indices of diastolic dysfunction. Of the animals that underwent echocardiography, 80%
of Prolab animals had E’-waves that were slower than the A’ wave, which is an indicator of

early diastolic dysfunction. Supporting this finding, the E’-wave velocity showed a trend for a
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reduction in Prolab animals compared to controls (p = 0.0635). Also in support of this
finding, the E’/A’ ratio was significantly reduced in Prolab-fed animals compared to controls
(p = 0.0159). The E/E’ ratio (an estimate of left ventricular filling, and key marker of
ventricular diastolic function) showed a trend for an increase in Prolab-fed animals
compared to controls (Mazuri 21.9(18.3-27.5), Prolab 28.5(23.0-34.1), p = 0.0635). There

was no significant difference in A’-wave velocities between groups (p = 0.905).
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Table 4.1. Comparison of general and echocardiographic parameters in Prolab and

Mazuri-fed animals at 12 months of age.

Parameters Prolab Mazuri p-value
Metabolic parameters
Body weight {g) 107 109 0.730
(101-126) {106-121)
Blood glucose (mmol/T) 37 34 [.857
(2.8-6.4) (3.3-3.8)
Electrocardiography
parameters
Heart Rate (bpm) 469 395 0.111
(436-510) (382-4500
IV5d (mm) 1.50 1.34 0.556
(1.20-1.70) {0.94-1.37)
LVPWd (mm) 1.40 1.32 0.1905
(1.20-1.60) (1.00-1.39)
LVIDd {mm) 3.48 4.05 0.556
(2.60-4.47) (3.15-4.50)
Ejection Fraction (%) 754 79.3 0.7302
(61.1-85.5) (69.8-91.7)
Fractional Shortening (%4) 43.9 48.3 0.556
(32.5-53.2) (38.9-62.8)
IVRT (ms) 222 27.8 0.286
(19.5-28.5) (23.1-31.3)
E-wave (mm/s) 715 M 0.905
(510-930% (632-T46)
Acwave (mm/s) 527 451 0.730
(305-668) (381-525)
E/A 1.39 1.53 0.905
(1.15-1.68) (1.33-1.80)
Tei Index 0.774 0.764 0.413
(0.716-0.839) (0.679-0.803)
E'-wave (mm/s) 24.6 323 0.0635
(22.2-28.7) (25.0-34.6)
Alewave (mm/s) 278 28.0 0.905
(21.3-32.8) (22.3-31.9)
E/A 0.890 1.16 0.016*
(0.750-1.18) (1.09-1.19)
E/E 285 21.9 0.0635
(23.0-34.1) {18.3-27.5)

Data were normalized by body weight, and are presented as median (min-max). Mann-

Whitney U-test was applied. *p<0.05.
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A.4.2 Metabolic Profile
A.A4.2.1 Dietary Effect on Fasted Blood Glucose

Fasted blood glucose (FBG) was measured to assess glycemic status (Figure 4.1.).
Mazuri-fed NRs did not develop hyperglycemia at any age (2 months 2.70(2.20-3.90)
mmol/L (n = 5), 6 months 3.25(2.40-3.70) mmol/L (n = 8), 18 months 3.2(2.40-4.50)
mmol/L (n = 4)), establishing the Mazuri diet as a valid control for hyperglycemia (Figure
4.1). Consistent with previous work by our lab and others, NRs fed a standard chow diet

were more susceptible to spontaneously developing hyperglycemia'’"'"

. Hyperglycemia
(FBG = 5.0 mmol/L) was not detectable in Prolab-fed animals at 2 months (3.00(1.8-3.8)
mmol/L (n = 4)) however, hyperglycemia was detected in 67% of Prolab-fed animals at 6
months (5.15(3.60-24.1) mmol/L (n = 06)) and 78% of Prolab-fed animals at 18 months
(6.00(2.6-26.4) mmol/L (n = 9)). FBG values of Prolab-fed animals were significantly
increased at 6 months (p = 0.004) and 18 months (p = 0.0182), when compared to age-

matched controls.
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Figure 4.1. Dietary and aging effect on NR fasting blood glucose. Box and whisker plots
of fasting blood glucose at 2 months, 6 months, and 18 months. Box plots show minimum, 25
percentile, median, 75% percentile, and maximum. Animals were considered hyperglycemic with
FBG > 5.0 mmol/L. Mann-Whitney U-test was applied, *¥p<0.01, n = 4-9. Mazuri-fed animals
maintained normoglycemia at all timepoints, whereas FBG was significantly increased in

Prolab-fed animals at 6 and 18 months.
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A.4.2.2 Dietary Effect on Body W eight

Consistent with previous work by our lab, Prolab-fed animals had increased body
weights compared to age and sex-matched controls. Body weight was significantly increased
in Prolab-fed animals at 6 months (110(108-120) g (n = 5), p = 0.0025) and 18 months
(117(109-133) g (n = 8), p = 0.0121) compared to Mazuri animals (6 months 86.0(80.8-103)
g (n =7); 18 months 106(92.6-112)g (n = 4)).
A.4.2.3 Dietary Effect on Plasma Insulin

To further characterize the metabolic condition of the NRs, circulating plasma
insulin was tested (Figure 4.2). Consistent with previous work in our lab, Mazuri animals
exhibited a gradual increase in plasma insulin levels with age (2 months 0.582(0.325-1.70)
ng/ml., 6 months 0.684(0.518-3.25) ng/mlL., 18 months 2.49(1.16-3.23) ng/mlL) (Figure 2.).
Plasma insulin levels trended higher in Prolab-fed animals. Prolab-fed NRs exhibited a
decrease in circulating plasma insulin from 2 months (6.19(1.20-10.0) ng/mL) to 6 months
(4.26(1.04-5.60) ng/mL), followed by an increase at 18 months (5.74(2.59-8.61) ng/mL);
however, these changes were not statistically significant. Aging did not significantly affect the

plasma insulin level in either dietary group.
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Figure 4.2. Dietary and aging effect on NR fasting plasma insulin. Box and whisker plot of
fasting plasma insulin at 2 months, 6 months, and 18 months. Box plots show minimum, 25®
percentile, median, 75% percentile, and maximum. Samples were tested in triplicate. Data were
analyzed using Mann-Whitney U-test. *p<0.05, n = 4-5. Plasma insulin levels trended higher in
Prolab-fed animals at all time points.
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A.4.2.3 Dietary Effect on HbATc¢

Concurrent with our FBG findings, %HbAlc was significantly increased in Prolab-
fed animals at 6 months of age compared to age-matched controls, suggestive of
hyperglycemia at this timepoint (Prolab 10.2(7.05-11.59) %, Mazuri 5.24(5.00-5.84) %, p =
0.0159) (Figure 4.3.). There was no significant dietary effect on % HbAlc at 2 months or 18
months; however, 75% of all Prolab animals were found to have HbAlc readings >6%.

There were no statistically significant increases in %HbAlc in Mazuri or Prolab-fed NRs

with aging.
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Figure 4.3. Dietary and aging effect on glycated hemoglobin Alc. Box and whisker plot of
%HDbAlc at 2 months, 6 months, and 18 months. Box plots show minimum, 25% percentile,
median, 75" percentile, and maximum. Samples were tested in duplicate. Y%oHbAlc > 6.0% was
considered elevated. Data were analyzed using Mann-Whitney U-test. *p<<0.05, n = 4-6. %HbAlc
was significantly increased in Prolab-fed animals at 6 months compared to age-matched controls.
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A.A4.3 Cardiac mitochondrial function
A.4.3.1 Mitochondrial coupling and membrane integrity

The values of LEAK respiration in the presence of NADH-linked substrates
pyruvate+malate were used to evaluate mitochondrial coupling. LEAK capacity expressed in
flux per mg fibers did not vary between diets, at any of the age point (Fig. 4.4A). Aging from
2 to 6 months caused a significant decline in LEAK in the Prolab-fed animals (p = 0.007),
indicating an increase in mitochondrial coupling.

LEAK respiration expressed as FCR indicates the coupling independent of
mitochondrial content. The changes of FCR for LEAK indicated an increase in coupling
(decrease in FCR for LEAK) from 2 to 6 months in the Prolab-fed animals (Kruskal Wallis,
p = 0.011), followed by a decrease in coupling at 18 months of age (Kruskal Wallis, p =
0.038; Figure 4.4B.). These changes with age in the Prolab-fed animals lead to significant
differences between diets at 6 and 18 months. At 6 months, Prolab-fed animals
demonstrated better coupling compared to Mazuri-fed animals (p = 0.016). However, at 18
months of age, this difference is reversed with higher coupling in the Mazuri-fed animals (p

= 0.035).
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Figure 4.4. Dietary and aging eftect on mitochondrial NADH pathway LEAK capacity.
LEAK respiration was determined in the presence of substrates, and absence of ADP and ATP.
Data ate presented as box and whisker plots showing (A) flux/mass (pmol.s!.mg! wet weight)
and (B) flux control ratio at 2 months, 6 months, and 18 months. Flux/mass data underwent cube
root transformation to meet assumptions for two-way ANOVA. Aging effect on FCR was tested
using One-way ANOVA. Kruskal-Wallis one-way analysis of variance was applied to test dietary
effect on FCR data, without transformation. *p<0.05, **p<0.01 n = 7-12.
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A slight increase in respiration due to cytochrome ¢ addition after ADP was
observed, indicating control of respiration by exogenous cytochrome ¢ (Figure 4.5). A value
of 1.0 indicates no control of respiration by external cytochrome ¢, and thus full integrity of
the outer mitochondrial membrane. All values except for one (Prolab group at 2 months)
were within range of 0.85 to 1.00. This is a similar outer membrane integrity finding as

116,127

reported previously with permeabilized fibers from human heart'”, rat heart'''”’, and mouse

heart'*

. These results indicate good integrity of the mitochondrial membrane in the fiber
preparation. There were some changes in mitochondrial outer membrane integrity occurring
with diet or age. Age affected the Prolab-fed animals, showing a decrease in mitochondrial
integrity from 2 to 18 months (p = 0.027), and an increase from 6 to 18 months (p = 0.003).
The difference in membrane integrity between the dietary groups was significant only at 6
months, with a decrease in integrity in the Prolab-fed animals (p <0.001). In order to not

have all results accounted for in these differences in membrane fragility, we accounted for

externally added cytochrome ¢ in all the results for OXPHOS values.
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Figure 4.5. Mitochondrial outer membrane integrity expressed as the cytochrome c
control factor, which represents the increase in NADH-OXPHOS capacity due to the
addition of exogenous cytochrome c. A value of 0.0 indicates full integrity. Two dietary groups
(Mazuri and Prolab diets) and three age groups (2 months, 6 months, and 18 months) are
included. Data are presented as box plots showing minimum, 25 percentile, median, 75t
percentile, and maximum. Significant differences are indicated above the boxes for age differences
within a diet, and below the boxes for diet differences within an age group. * P<0.05, ** P<(0.01,
R P<0.001. n = 7-12.
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A.A4.3.2 Mitochondrial OXPHOS capacityy NADH and succinate pathways, and CIV single step

The respiratory capacity expressed as flux per mass (Figure 4.6, A-D) decreased
significantly with age, but only in Prolab-fed animals. NADH pathway OXPHOS capacity
was significantly decreased in Prolab-fed animals at 18 months compared to 2 month (Tukey
test, p = 0.032) and 6 month (Tukey test, p = 0.035) Prolab-fed animals from the same
dietary group (Figure 4.6A). Similarly, Succinate pathway OXPHOS capacity was
significantly decreased in Prolab-fed animals at 18 months, compared to the same dietary
group at 6 months of age (p=0.025; Figure 4.6C). The combined NADH & Succinate
pathway followed the same trend without reaching significance (p = 0.077, Figure 4.6B).
Complex IV activity did not vary significantly with age (Figure 4.6D). The mass specific
OXPHOS capacity while feeding electrons into different parts of the ETS did not show
significant differences between diets, but an upward trend in NADH & Succinate pathways
OXPHOS capacity in 6 month Prolab animals was noted when compared to age-matched
Mazuri controls (Tukey test, p = 0.055) (Figure 4.6B).

The OXPHOS capacity was then expressed as FCRs, normalized for maximal
OXPHOS capacity in the presence of substrates feeding electrons into NADH & Succinate
pathways simultaneously. FCRs represent the proportional contribution of various pathways
and steps to maximal OXPHOS capacity, and therefore are dictated by mitochondrial
properties rather than mitochondrial content. The FCRs for NADH (Figure 4.6E) or
Succinate pathway (Figure 4.6G) did not show any difference between age or dietary groups.
In contrast, both age and diet significantly affected the FCRs for Complex IV (Figure 4.6H).
Interestingly, in contrast to other age-related differences in OXPHOS capacity (shown
above, expressed in flux per mass), an aging effect was seen in Mazuri-fed animals rather

than Prolab-fed animals. The FCR for Complex IV was significantly increased from 2

46



months to 6 months in Mazuri fed animals (p = 0.038) (Figure 4.6H.), and then decreased at
18 months of age in the same dietary group (p=0.003). In addition, FCRs for Complex IV
showed an early dietary effect in 2 month animals; CIV FCRs were significantly increased in
Prolab-fed animals when compared to age-matched Mazuri-fed controls (p = 0.037). These
results suggest that early changes in mitochondrial respiratory function are detectable prior

to the onset of hyperglycemia in the NR.
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Figure 4.6: Oxidative phosphorylation (OXPHOS) capacity in cardiac permeabilized fibers from
Nile rats of two dietary groups (Mazuri and Prolab diets) and three age groups (2 months, 6
months, and 18 months). OXPHOS capacity was expressed in flux per fiber mass (pmol s' mg! wet
weight, A, B, C, D) or as Flux Control Ratios (FCR; E, F, G, H). The OXPHOS rate was determined in
the presence of saturating ADP, cytochrome ¢, and substrate feeding electrons into the NADH pathway
(N pathway, pyruvate+malate, A, D), the NADH&Succinate pathways (NS pathways,
pyruvate+malate+succinate, B, E), the Succinate pathway (S pathways, Succinate+rotenone, C, G), and
the Complex IV single step (D, H). Data are presented as box plots showing minimum, 25 percentile,
median, 75% percentile, and maximum. Significant differences are indicated above the boxes for age
differences within a diet, and below the boxes for diet differences within an age group. * P<0.05, **
P<0.01.n=7-12.
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A4.3.3 Mitochondrial OXPHOS capacity; Fatty Acid Beta Oxidation

In Prolab-fed NRs, the OXPHOS capacity in the presence of fatty acid substrates
did not vary significantly with age (Figure 4.7). In contrast, in Mazuri-fed NRs, the
OXPHOS capacity in the presence of octanoylcarnitine+malate was significantly decreased
with age (Fig. 4.7B); there is a decrease in OXPHOS capacity at 6 months (p <0.001) and 18
months (p <0.044) when compared to diet-match 2 month animals. The same trend of a
decrease in oxidation with age is also observed with other substrates (acetylcarnitine and
palmitoylcarnitine) in the Nile rats fed the Mazuri diet, but not in the Prolab fed rats (Figure
4.7A,C).

There was also a dietary effect observed in the NRs at 6 months of age; Prolab-fed
animals showed increased fatty acid beta-oxidation with octanoylcarnitine+malate at 6
months when compared to age-matched Mazuri-fed controls (p = 0.010) (Figure 7B). The
same trend was observed with acetylcarnitine+malate as substrates, but without reaching
significance (Figure 4.7A). Interestingly, at 18 months of age, the diet had no effect on fatty

acid oxidation capacity with any of the substrates (Figure 4.7 A-C).
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Figure 4.7. Oxidative phosphorylation (OXPHOS) capacity in the presence of fatty acid
substrates in cardiac permeabilized fibers from Nile rats of two dietary groups (Mazuri
and Prolab diets) and three age groups (2 months, 6 months, and 18 months). OXPHOS
capacity was expressed in flux per fiber mass (pmol s mg! wet). The OXPHOS rate was
determined in the presence of saturating ADP, cytochrome ¢ The fatty acid substrates
combinations included acetylcarnitine+malate (A, n=5-06), octanoylcarnitine+malate (B; n=9-12),
and palmitoylcarnitine+malate (C, n=4-10). Data are presented as box plots showing minimum,
25t percentile, median, 75% percentile, and maximum. Significant differences are indicated above
the boxes for age differences within a diet, and below the boxes for diet differences within an age
group. * p<0.05, ** p<0.01, *** p<0.001, n = 7-12.
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A.4.4 Citrate Synthase Activity

Citrate synthase activity was evaluated as a surrogate marker of cardiac ventricular
mitochondrial content. Citrate synthase activity was significantly decreased with age in
Prolab-fed animals (Figure 4.8), with 2 month animals showing significantly higher activity
compared to both 6 (p = 0.019) and 18 month-old animals (p <0.001). Furthermore, Prolab-
fed animals had increased citrate synthase activity at 2 months compared to age-matched

Mazuri-fed animals (p = 0.002).
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Figure 4.8. Dietary and aging effect on mitochondrial citrate synthase activity.

Samples were tested in triplicate. Data are presented as box and whisker plots of mean CS
activity IU.g). Data were analyzed using two-way ANOVA, with square root transformation
to meet ANOVA assumptions. *p<0.05, *p<0.01, ***p<0.001, n = 4-9. CS activity is used
as a surrogate marker of mitochondrial content. CS activity was significantly increased at 2
months in Prolab-fed animals compared to age-matched controls.
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A.5 Chapter 5 - DISCUSSION

A.5.1 Animal Model

Currently, there are approximately 41 studies utilizing the NR as an experimental
animal model. These studies focus on retinal and ophthalmic changes, circadian
thythm/diurnal activity, and neurological structural/functional differences in these animals.
There are currently no studies investigating
cardiovascular  changes in NRs, nor
investigating ~ mitochondrial ~ functional
changes of any kind in NR cardiac tissue.
Our study provides novel contributions to
the study of A. wiloticus, and may introduce

the NR as a potential experimental model of

T2DM. Furthermore, over the course of this

Figure 5.1. Examples of organ systems affected
study and other by our lab, signs of disease by T2DM in the NR. (A) Appearance of healthy

liver in 2 month male Mazuri-fed NR. (B) Evidence
beyond the scope of the present study were of fatty liver deposits and possible hepatic tumours in
Prolab-fed male at 18 months. Arrows indicate
tumours. (C) Prolab-fed NR showing no visual
indications of cataracts at 6 months of age (D)
Prolab-fed NR with cataracts at 18 months of age.

noted during surgical procedures'’. Fatty
livers, hepatic tumours, and cataracts occurred
more frequently in older hyperglycemic animals (Figure 5.1). The NR has been studied by
our lab as an animal model for retinal circuitry changes associated with diabetic
retinopathy'"’. Splenomegaly was discovered incidentally in one Prolab-fed animal at 18
months, which is a rare, but serious complication of T2DM in humans*. The enlarged spleen
measured 4.7 cm in length, whereas a normal NR spleen measures between 1-1.5 cm in
length. Based on these findings, the NR presents a unique opportunity to study the effects of

prolonged hyperglycemia and insulin resistance on various organ systems.
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A.5.2 Metabolic Profile

Consistent with previous findings by our lab'” and others'"'"

, hyperglycemia
became evident at 6 months of age in 67% of male Prolab-fed NRs studied. FBG readings
remained within normal limits (<5.0 mmol/L fasting) at 2 months of age in all Prolab and
Mazuri-fed animals. FBG readings of Mazuri-fed animals did not suggest hyperglycemia at
any age, establishing the Mazuri diet as a control for hyperglycemia. FBG readings were
taken immediately prior to euthanasia, to ensure injection of pentobarbital sodium did not

128

distort FBG readings =. Manual blood glucose monitoring is a simple and reliable method to
measure glucose levels, and it is the most common method used by diabetes patients to
manage their glycemic status.

Interestingly, although the average FBG increased in Prolab-fed NRs from 6 months
(10.3£3.78) to 18 months of age (11.31£2.82), FBG readings remained in normal range in two
18 month-old Prolabs. Based on the FBG results from previous studies by our lab, Prolab-
fed NRs demonstrate fasting hyperglycemia at 12 months of age, suggesting that a metabolic
collapse occurs in FBG between 12 and 18 months in some animals. This difference could
be explained by increased incidence of abdominal or hepatic tumours noted macroscopically
in older animals, as reduced blood glucose may be considered an atypical eatly sign of
hepatocarcinoma'”'”’. Indeed, tumours consume glucose, which could reduce an elevated
FBG™. Alternatively, insulinomas may reduce FBG secondary to excess secretion of insulin-
like growth factor 2 (ILGF-2), however these are rare'.

In general, plasma insulin levels trended higher in Prolab-fed animals compared to
Mazuri-fed controls. Trends in our dataset are suggestive of insulin resistance in the Prolab-

fed NRs. This metabolic profile was consistent with other studies done on NRs by our lab

and others'""”. Our results show an early perturbation in the metabolic profile of the NR,
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suggesting insulin resistance is evident as early as 2 months of age. Plasma insulin levels were
relatively stable at all endpoints in Mazuri-fed animals. Historical evidence has shown that
insulin resistance occurs naturally with age, even in healthy individuals""'?.

Finally, glycated HbAlc was measured to provide a longitudinal measure of glycemic
status. Based on previous work by our lab, and in comparison to Mazuri-fed animals, an
HbAlc > 6% was considered elevated in the NR. In concordance with our FBG findings,
%HbAlc was significantly increased in Prolab-fed animals at 6 months, compared to age-
matched controls. Glycated HbAlc was also elevated at 2 months and 18 months in Prolab-
fed animals compared to age-matched controls, but these did not reach significance. The
lack of statistical significance at 2 months and 18 months could be attributed to larger
variability in FBG readings at these timepoints, suggesting that the metabolic profiles of NRs
were in a state of flux. Furthermore, changes in %HbAlc are less obvious in younger
animals, as shown by Noda ¢ a/"". Based on the results of the Diabetes Control and

Complications trial, Diabetes Canada guidelines recommend a goal %HbAlc of less than 7%
for diabetic patients, to reduce the risk of diabetic complications®.
A.5.3 Transthoracic Echocardiography

Transthoracic echocardiography studies were performed on a subset of 12 month
NRs. Echo studies had never been attempted in these animals, and there were limitations
(See Section A5.7). Prolab-fed animals were noted to display baseline heart rates (HR) that
were elevated compared to Mazuri-fed controls; however, when normalized for body weight,
there was no significance (p = 0.730). Increasing BMI and/or hip-to-weight ratio is a well-
known risk factor for hypertension and other cardiometabolic diseases which may affect
heart rate'”. Cardiovascular autonomic neuropathy is a known complication of severe

T2DM that is associated with tachycardia, postural hypotension, cardiac arrhythmias, and
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asymptomatic ischemia in humans . Cardiovascular autonomic neuropathy progresses

from a reduction in parasympathetic tone to ventricular sympathetic denervation that

. NRs do not appear to demonstrate early disruption

increases propensity for arrhythmias
in cardiac autonomic function; however, this was not studied directly, and further
longitudinal analysis of blood pressure, heart rate, and electrocardiographic images would
allow for further characterization. Interestingly, Noda e# a/ have reported that male diabetic
NRs are consistently more hypertensive, and show evidence of macroscopic vascular lesions
suggestive of atherosclerosis, suggesting a multifactorial etiology for the development of
cardiovascular disease in the NR'"".

Some Prolab-fed animals demonstrated an elevated E/E’ ratio. This lead to a trend
showing elevated E/E’ ratio when compared to Mazuri-fed controls. Although this
difference was not statistically significant (p = 0.0635), it is an early indicator of diastolic
dysfunction that has never been recorded in these rodents. The E/E’ ratio represents the
ratio between peak mitral inflow velocity and peak early diastolic movement of mitral
annulus, giving an indication of left ventricular filling pressure’”’. An increase in the E/E’
ratio is indicative of an increase in LV filling pressure, as blood flow into the ventricle
exceeds the relaxation capacity of the mitral annulus, affecting time spent in diastole. E/E’
ratio has been used to evaluate cardiac function in patients with heart failure,
cardiomyopathy, and arrhythmias, and is integral to new LV diastolic function clinical
guidelines™. Mitral inflow indexes are complex and subject to misinterpretation, as they are
affected not only by the properties of the LV, but also by heart rate, left-atrial to LV pressure
gradients, and LV compliance.” In humans, the utility of the E/E’ ratio is affected by the
presence of mitral valve disease, moderate to severe mitral annular calcification, left bundle
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branch block, and constrictive pericarditis, among others™ ™. This trend in our results
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suggests that Prolab-fed NRs are more prone to early indices of LV diastolic dysfunction at
12 months. An additional index of diastolic dysfunction that would support this finding is
the left atrial (LA) volume. We would anticipate that the LA volume would be larger in
Prolab-fed animals, in compensation for the poor relaxation occurring the LV. However, we
were unable to obtain accurate LA measurements in our current study.

Finally, the E’-wave velocity trended lower than the A’-wave velocity in the majority
(80%) of Prolab-fed animals on tissue-Doppler imaging (TDI), which is considered an
indicator of early diastolic dysfunction. This observation manifested as a reduction in the
E’/A’ ratios of Prolab-fed animals compared to Mazuri-fed controls, which reached
significance. Although this value is not clinically relevant, a difference in E’/A’ ratios
between groups supports a mild decrease in the E’-wave velocity, combined with a mild
increase in the A’ velocity. These would not be so large as to show significant changes in the
E’ wave or the A’ wave alone. TDI relies on detecting a shift in frequency by ultrasound
waves reflected from moving myocardium. Although limited to detecting only the vector of
motion parallel to the ultrasound beam, TDI is an emerging method to assess LV systolic
and diastolic function, in humans and animal models of disease.'” The E’-wave velocity
represents the peak eatly diastolic movement of mitral annulus, and the A’-wave velocity
represents the peak late diastolic movement of mitral annulus. A slowing of the E’-wave

represents impaired LV relaxation, which is an indicator of diastolic dysfunction.

A.5.4 Cardiac Mitochondrial Function
A.5.4.1 Citrate Synthase Activity

Citrate synthase is a mitochondrial matrix enzyme that catalyzes the condensation of

acetyl-CoA with oxaloacetate to generate citrate, which is the first reaction in the citric acid
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(TCA) cycle'. Our results indicate that citrate synthase activity is significantly higher in 2
month Prolab-fed animals compared to age-matched controls (Figure 8). The increase in
mitochondrial content occurred prior to detection of hyperglycemia, but not prior to
detection of hyperinsulinemia.

The effect of insulin resistance on mitochondrial content and function has been

studied in insulin-sensitive tissues such as skeletal muscle'!

, adipose tissue'*’, hepatic
tissue'”, and cardiac tissue'*. In general, mitochondrial biogenesis is increased during early
stages of insulin resistance, to accommodate a metabolic shift to fatty acid oxidation as the
primary mitochondrial fuel. Boudina e a/. report increased mitochondrial biogenesis in 9
week old 0b/0b hearts, as shown by an increased ratio of mitochondrial DNA copy number

145

to nuclear DNA copy number ™. However, despite this apparent increase in mitochondrial

content, they still reported reduced expression of ETS complexes under diabetic
conditions'*.  This suggests mitochondria may become defective at an early stage of
diabetes, despite an increase in mitochondrial content. Electron micrographs of insulin-
resistant (but non-hyperglycemic) hearts of 3 month old transgenic mice indicate that
mitochondria are larger and greater in number'. Targer mitochondria indicate
mitochondrial swelling, which is associated with mitochondrial membrane depolarization,

and dissipation of the proton gradient148

. These pieces of evidence support that although
mitochondrial content in 2 month NRs is increased, these mitochondria may function
poorly. In contrast, recent evidence by Morrow ef al. suggests that increased mitochondrial
content could offer beneficial resistance to metabolic effects of T2DM, using a mouse model
deficient in adenine nucleotide translator isoform 1 (ANT1)'. ANT1 is an inner

mitochondrial membrane translocator localized to the heart, muscle, and brain, whose

primary role is to exchange mitochondrial ATP for cytosolic ADP. Mice with a deletion of
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ANT1 present with myopathy and hyperproliferation of skeletal muscle mitochondria. The
authors demonstrated that hyperproliferation of skeletal muscle mitochondria improved
insulin sensitivity, restored glucose tolerance, and reduced susceptibility to toxic effects of
high fat feeding, despite increasing evidence of mitochondrial ROS and uncoupling'®.
Therefore, increasing mitochondrial content may prove adaptive under conditions of T2DM.

The early biogenic response by mitochondria ultimately fails as insulin resistance
progresses to outright hyperglycemia. Citrate synthase activity was increasingly reduced with
advancing age and disease in Prolab-fed animals. Although there is evidence concerning
cardiac mitochondrial content in early T2DM, evidence at later stages of disease progression
is poor. It has been shown that mitochondrial content in skeletal muscle decreases as the
severity of T2DM increases'. As NRs did not show hyperglycemia until 6 months of age,
our results suggest that hyperglycemia may enhance aging-related changes to mitochondrial
content. This is supported by the fact that there were no significant differences in
mitochondrial content in Mazuri-fed animals. Mitochondrial exposure to hyperglycemic
conditions induces fragmentation, as shown in cell culture in various tissue types, including
the heart”. The precise mechanism of mitochondrial fragmentation under hyperglycemic
conditions is unknown; however, it is directly mediated by dynamin-related protein 1 (DRP-

1) in mammals"™'

. Mitochondrial fragmentation is associated with increased ROS and
subsequent ROS-induced release of apoptotic mediators, including caspases” This may
occur due to rearrangement of ETS complexes during fragmentation, which could
compromise its integrity, and prime downstream pro-apoptotic pathways. Although it has
been proposed that mitochondrial fragmentation may be induced in preparation for

mitochondrial apoptosis, conflicting evidence has shown that exodus of mitochondrial

apoptotic factors such as adenylate kinase 2 still occurs when mitochondrial fission is
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inhibited"”*. Therefore, the link between mitochondrial fragmentation, fission, and apoptosis

remains uncleatr.

A.5.4.2 Mitochondrial coupling

LEAK respiration is a functional representation of the extent of mitochondrial
coupling. As the inner mitochondrial membrane is inherently permeable to protons,
unregulated proton leak occurs under physiological conditions, which means that
mitochondtial oxygen consumption and ATP synthesis are incompletely coupled iz vivo'.
This non-ohmic basal leak is required for mitochondrial function in the absence of ADP, as
mitochondtia continue to consume oxygen under non-phosphorylating conditions'*. Other
inducible pathways of proton leak, such as uncoupling proteins (UCPs), and the adenosine
monophosphate/adenine nucleotide translocase (AMP/ANT) system are in place to provide
more robust avenues of proton leak . In both cases, however, redox energy is dissipated as
heat, rather than being used to power ATP synthesis. In our study, LEAK respiration
measured in the presence of substrates feeding electrons into the NADH pathway (PM) was
used as an indicator of coupling

Our results did not indicate a difference in LEAK respiration expressed in flux per
mg between diets. However, when LEAK was expressed as a FCR, a significant drop was
detected at 6 months in Prolab-fed animals compared to controls (Figure 4.4). This result
was reversed at 18 months, where the FCR for LEAK in Prolab-fed animals was significantly
increased compared to controls. These differences in FCR are independent of mitochondrial
content, and suggest tighter coupling at 6 months in Prolab-fed animals, followed by poorer
coupling by 18 months in the same dietary group. Tighter coupling involves a maintenance

of the mitochondrial membrane potential, and a more efficient use of the proton-motive
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force to generate ATP, whereas looser coupling involves dissipation of proton-motive force
for ATP synthesis.

Results from Boudina ef o/ have shown that uncoupling of cardiac mitochondria
occurs in both 0b/0b"*® and db/db"™® animal models. The authors propose increased delivery
of fatty acid substrates to the heart increases the production of ROS and lipid peroxidation
products, activating proton leak through UCP3 and adenine nucleotide translocase (ANT)

' UCP3 is primarily expressed in the heart, and is mediated by free fatty acids,

pathways
lipid peroxidation products and ROS". UCP3 is thought to perpetuate high rates of FAO
by exporting fatty acid anion (FA’) from the mitochondrion, after mitochondrial thioesterase
hydrolyzes fatty acyl-CoA to regenerate free CoA™". ANT is a translocase also localized to
the inner mitochondrial membrane, that is involved in the back transport of deprotonated
long-chain fatty acids. ANT1 is the primary isoform expressed in the human heart, and it has
been studied for its role in fatty acid-mediated uncoupling'*'”’. The discrepancy between our
results and the results of Boudina e a/. could be explained by the age of animals at the time
of study. Evidence of mitochondrial uncoupling by Boudina e a/. was reported between 8
and 9 weeks of age in 0b/ob and db/db hearts. Prolab-fed NRs did not show evidence of
increased uncoupling at a similar age (2 months), but showed tighter coupling at 6 months,
and then lesser coupling at 18 months. This suggests that tighter coupling at 6 months by
the NR may be a compensatory response, followed by a decompensation response at 18
months. The rapid onset of mitochondtial uncoupling in 0b/0b and db/db rodents may be
inherent to the animal model, because they both involve genetic defects in leptin signalling,
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whereas T2DM is induced in the NR through dietary means ™. Recent findings have shown

tighter mitochondrial coupling occurs in hepatic mitochondria of 6-month-old type I and

16

type 2 diabetic mice'®'. Similar to the NR at 6 months, these animals were hyperglycemic
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when changes in mitochondrial coupling were recorded. The authors discussed the decrease
in proton conductance and increase in mitochondrial membrane potential as an adaptation
to preceding oxidative stress. This suggests that tighter coupling at 6 months in the NR may
be to compensate for preceding oxidative stress, induced by hyperglycemia and
hyperinsulinemia. This also supports that the increase in LEAK FCR (increased uncoupling)
at 18 months represents a decompensation response, because hyperglycemia and
hyperinsulinemia persisted in 18 month Prolab-fed animals. Although small amounts of
mitochondrial uncoupling are considered protective, significant uncoupling may collapse the

mitochondrial membrane potential, producing oxidative stress and disrupton'®

. Yet, it is
challenging to establish a threshold for small versus large increases in LEAK respiration, and
determine to what extent a change in LEAK respiration is beneficial.

A significant decrease in the LEAK respiration expressed in flux per mg and FCR
occurred in Prolab-fed animals between 2 months to 6 months, followed by a significant
increase in the LEAK respiration FCR from 6 months to 18 months in the same group.
There were no significant changes in LEAK respiration between age groups in Mazuri-fed
animals. This suggests that the Prolab diet induced the onset of aging-related changes in
mitochondrial coupling (more coupled at 6 months, less coupled at 18 months), whereas
Mazuri-fed animals were protected.

Evidence by Serviddio ef al on aging rat hearts shows that aged mitochondria
experience proton leaks at lower membrane potentials, which suggests that their inner
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membranes are more permeable to protons ™. They also show that mitochondrial membrane

potentials are decreased with aging, which may impair ATP synthesis up to 8% per decade'*.

These findings suggest that mitochondria are more prone to uncoupling with increasing age.

However, Mazuri-fed animals did not demonstrate significant changes in LEAK respiration
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with aging. The mitochondrial theory of aging suggests that mitochondrial DNA (mtDNA)
mutations accumulate with advancing age, leading to FETS dysfunction, inducing
mitochondrial uncoupling and perpetuating a vicious cycle of ROS and further DNA

darnage]65

. Yet, more recent evidence suggests that mtDNA mutations may not accumulate
with age, and a low level of mitochondrial uncoupling and ROS may confer a longevity
advantage'®*'®. Thus, there may be fewer aging-related changes in mitochondrial uncoupling
than previously thought.

As demonstrated by the aging-related increase in LEAK FCR between Prolab-fed
animals at 6 months and 18 months, the presence of T2DM affected aging-related changes
in mitochondrial uncoupling. Evidence from several sources implicates mitochondrial ROS
and oxidative stress as a source of damage in aging mitochondria. Superoxide damages
mitochondria through several mechanisms, such as mitochondrial DNA damage,
degradation of respiratory protein complexes, and changes in membrane permeability.
Although superoxide levels increase naturally with aging, oxidative damage could be

' For example, adult

exacerbated by chronic exposure to hyperglycemia or hyperinsulinemia
rat cardiomyocytes exposed to hyperglycemia release higher levels of superoxide anion into
the experimental media'""'*. Conversely, work by Hoehn e¢# a/. in cellular models of insulin
resistance has demonstrated that excess superoxide from CIII of the ETS is sufficient to
impede translocation of GLUT4 translocators in myotubes, perpetuating insulin resistance'®.
This suggests that oxidative stress is both a potential cause and consequence of insulin
resistance, creating a vicious cycle. In addition, damage-prone aged mitochondria may
experience attenuation of structural integrity over time, which could contribute to the degree

of uncoupling. Therefore, oxidative stress induced by T2DM may play a critical role in

inducing aging-related mitochondrial uncoupling in Prolab-fed NRs at 18 months.
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A.5.4.3 Mitochondrial Membrane Integrity

The quality of preparations using a combination of manual and chemical methods to
permeabilized cardiac fibres was confirmed by results showing minimal control of
respiration by exogenous addition of cytochrome ¢. Hyperglycaemic Prolab-fed animals at 6
months showed poorer outer membrane integrity than Mazuri-fed controls. One major
difference between Prolab-and Mazuri NRs at 6 months is the presence of hyperglycemia.
Microscopy studies of aortic smooth muscle cell mitochondria have shown that the integrity
of the outer and inner membrane mitochondrial is increasingly degraded with prolonged
exposure to hyperglycemia, with investigators reporting outer membrane losses in 60% of

mitochondria after 5 months!'”

. This suggests a significant role for hyperglycemia in
increasing membrane fragility.

Changes in membrane intactness were also noted with advancing age, with an age-
related decline in integrity in Prolab-fed animals at 6 months, followed by an increase at 18
months. A certain degree of loss in integrity occurs naturally in the outer mitochondrial
membrane with aging, but our results show the opposite, as membrane integrity was
increased in Prolab-fed animals at 18 months. Here, it is likely that hyperglycemia and insulin

10 Evidence

resistance enhanced the aging effect at an earlier age (manifesting at 6 months)
using cardiac mitochondria from insulin-resistant aging dogs has shown that mitochondrial
integrity is reduced with aging, compared to activity-matched younger controls'”. The
increase in intactness at 18 months is not due to increased mitochondrial content, as we
observed decreased citrate synthase activity at 18 months in Prolab-fed animals, which
suggests a decrease in mitochondrial content. In addition, it is likely not due to loss of

hyperglycemic conditions, as only a small percentage of Prolab-fed animals showed

normoglycemia at 18 months. However, because we noted a decline in mitochondrial
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content, this could suggest a hyperglycemia-induced loss of active mitochondria. This would
leave behind mitochondria whose membranes are more robust, and functionally adapted to
hyperglycemic conditions. Support for this idea would require additional studies on

mitochondrial structural integrity in cardiomyocytes in the NR.

A.5.4.4 NADH and succinate pathways: OXPHOS Capacities

Mitochondrial OXPHOS capacity of the NADH and Succinate pathways was largely
undisturbed by dietary defects at all three time points. The only trend for apparent diet-
induced change occurred in the NADH & Succinate pathways expressed in flux per mg, with
6 month animals demonstrating higher OXPHOS capacity than controls. This trend
indicated higher convergent electron flux through these pathways, and a higher maximal
OXPHOS capacity. Because no change in citrate synthase activity was detected in 6 month
Prolab-fed animals, the results suggest a change in mitochondrial properties is responsible
rather than mitochondrial content. A possible explanation for the trend in OXPHOS
capacity with convergent flow through the NADH & Succinate pathways is the tighter
mitochondrial coupling seen at 6 months in Prolab-fed animals. Tighter coupling suggests
that the oxidative and phosphorylation systems are functioning more efficiently, which could
permit a higher OXPHOS capacity by existing mitochondria. Control of electron transfer
through the NADH and Succinate-linked pathway rests largely upstream with the
dehydrogenases of the TCA cycle, and is associated with a corresponding excess capacity for
downstream respiratory complexes''*'””. Measurement of NADH-pathway OXPHOS with
administration of PM involves a measurement of PDC activity, which did not show
significant defects in Prolab-fed NRs at any age. This disagrees with historical evidence
suggesting that insulin resistance and DM is strongly correlated with decreased activity of the

PDC'”. Other studies also report a decline in CI (NADH pathway)” and CII (Succinate
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pathway)® respiratory flux, which conflicts with our results. Interestingly, no change in
OXPHOS with administration of PM was observed in the heart of fructose-fed rats, despite

67

a decline in PDC activity”’. Although PDC activity was not directly measured, this indicates
that the control of OXPHOS capacity may not be determined by upstream dehydrogenases
under diabetic conditions in the NR.

The increase in mitochondrial content seen in 2 month Prolab animals did not occur
with a concurrent increase in maximal OXPHOS capacity through the NADH & Succinate
pathways. This is maladaptive, because increasing mitochondrial content without a
simultaneous increase in OXPHOS capacity promotes the accumulation of mitochondrial

ROS, without improving the rate of ATP production174

. A possible explanation for this
disconnect between mitochondrial content and capacity is an increase in LEAK capacity
(expressed in flux per mg) seen in Prolab-fed animals at 2 months; however, this result did
not reach significance. Increased capacity for LEAK respiration would reduce the efficiency
of electron flux through the ETS, largely mitigating mitochondrial capacity for increased
maximal OXPHOS.

Our results demonstrate that aging defects in OXPHOS capacity in the NADH and
Succinate pathways were prevented by the Mazuri diet. This is a major finding of this study,
as NRs were fed ad /ibitum, and there are few diets that have been shown to affect age-related
defects in mitochondrial function. Defects were observed primarily in the OXPHOS
capacity of the NADH pathway in Prolab-fed animals (expressed as flux per mass), with a
significant decline in OXPHOS capacity from 2 months and 6 months to 18 months. This
suggests that components of the NADH pathway in cardiac mitochondria may be

particularly susceptible to aging-related defects in T2DM. An additional decline in OXPHOS

capacity expressed in flux per mass was noted in the Succinate pathway, from 6 months to
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18 months. Finally, a trend suggested an aging-related decline in NADH & Succinate
pathway OXPHOS capacity between 6 month and 18 month Prolab-fed animals. This trend
suggests a reduction of maximal OXPHOS, which may be explained by the concurrent
decline in the OXPHOS capacities of the NADH and Succinate pathways in isolation. It
could also be attributed to the age-related loss of mitochondrial content seen in Prolab-fed
animals at 18 months. No aging-related defects occurred in these pathways in Mazuri-fed
animals.

These key findings of our study underscore the impact dietary habits can have on
aging-related changes in mitochondrial function. In the wild, NRs consume vegetative
grasses, seeds, and insects, based on their seasonal availability, and distance from the

colony'”

. Thus, their natural diet is rich in fibre and protein, and contains lower amounts of
fat. The Prolab diet contains 9.6% fat and 3.2% fibre, and is considered standard chow for
laboratory rats. Comparatively, the Mazuri-fed diet contains significantly lesser fat (4.1%)
and higher fibre (15%). Protein content is essentially equal between the two diets (Prolab
19%, Mazuri 20%). Prolab-fed NRs are consuming a high fat diet relative to their natural
diet, and this may enhance aging-related changes in cardiac mitochondrial OXPHOS
capacity through the NADH and Succinate pathways. Both short-term and life-long caloric
restriction have proven beneficial, such as reducing evidence of left ventricular hypertrophy
and diastolic dysfunction, reducing formation of mitochondrial H,O,, and rescuing aging-
related defects in mitochondrial function, such as declining OXPHOS capacity; thus, caloric
excess is a contributing factor to the onset of aging-related mitochondrial defects'™'".
Historical bioenergetic studies using isolated mitochondria from rat heart and liver
have shown progressive decline in electron transport activities of mitochondrial protein

177

complexes with advancing age '". More recent findings using human muscle biopsies have
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also shown a decline in mitochondrial respiratory activity, associated with a reduction in

178

ATP production ™. According to a review by Lee and Wei, an aging-related decline in
mitochondrial OXPHOS capacity occurs in parallel with changes in mitochondrial
morphology, accumulating mitochondrial DNA mutations, and increasing ROS and
oxidative damage'”. Following the free-radical theory of biology, as CI is a significant
contributor to ROS production, a significant reduction in NADH-pathway OXPHOS
capacity may protect NR cardiac mitochondria from accumulating ROS'™. However, more
recent evidence suggests that aging-related mitochondrial dysfunction may originate from a
different upstream pathway, in response to reduced activity of histone deacetylase SIRT1™".
By activating SIRT1 activity with NAD", Gomes ¢ a/ showed significant reversal of an
aging-related decline in mitochondrial respiratory function''. SIRT1 regulates mitochondrial
function through deacetylation of PGC-la, a nuclear transcription factor implicated in
mitochondrial biogenesis. In extension to these findings, Shadel ef 2/ suggest a cascade of
events occurring in the nucleus -including a decline in SIRT1 activity - leading to a decline in
mitochondrial gene expression and poor OXPHOS performance'®. SIRT1 has been widely

discussed as a therapeutic target for T2DM'®. Further study is required to determine the role

of SIRT1 signalling in age-related changes in OXPHOS capacity in T2DM.

AS5.4.5 CIV Single Step Activity

Mitochondrial CIV catalyzes electron transfer from reduced cytochrome ¢ to terminal
oxygen, producing water at the final stage of the ETS. Whereas there were no significant
changes in CIV activity in flux per mg of fibers, our results showed significant changes when
expressed as FCR. A significant increase in the FCR for CIV was observed in 2-month

Prolab-fed animals, when compared to Mazuri-fed age-matched controls. This suggests that
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there was higher capacity, and lesser control by CIV early in the pathogenesis of T2DM in
the NR. As there was no change in maximal OXPHOS, the increased capacity of CIV for
electron flux occurred irrespective of mitochondrial content. The proportion and activity of
CIV varies according to environmental conditions and some experimental evidence suggests

this may occur to reduce the release of oxygen free radicals'™

. Under increasingly pro-
oxidant conditions, the catalytic efficiency of CIV has been shown to improve'**. On the
other end, reduced CIV capacity is associated with energy crisis (reduced ATP production),
lactic acidosis, and increased formation of mitochondrial ROS'. Targeted studies using
stable expression of shRNA to target CIV subunit mRNA have shown that limiting CIV
capacity to 10% of normal is associated with a massive release of ROS. It is well accepted
that T2DM is associated with increased cellular levels of ROS and oxidative stress*'*'. Our
results showing an increase in FCR for CIV at 2 months in Prolab-fed animals suggest an
early compensatory mechanism to prevent ROS production. On the other hand, recent
findings by Friday ez a/. suggest that CIV OXPHOS capacity is reduced after as little as 1
month of exposure to hyperglycemia and insulin deficiency, but no measurements were
performed at an earlier stage in that study, to show what occurred prior to the onset of
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hyperglycemia ™. This suggests that hyperglycemia may induce differential effects on CIV

OXPHOS, as NRs were not hyperglycaemic at 2 months.

Contrary to expectations, an aging-related change in FCR for CIV capacity occurred
in Mazuri-fed animals, with statistically significant increase occurring between 2 months and
6 months, and a decrease occurring between 6 months and 18 months. In contrast, there
were no aging-related changes in FCR for CIV capacity in Prolab-fed animals, but the high
FCR in Prolab-fed animals at 2 months indicates that the increase occurred earlier in Prolab-

fed animals compared to Mazuri-fed. Historical work by Paradies ¢z 2/. demonstrated that
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CIV OXPHOS capacity is reduced in the cardiac mitochondria of healthy aged rats, while

the mitochondrial content remained the same'®’

. Our findings suggest that the Prolab diet
may affect the natural change in CIV capacity associated with aging. Increasing CIV capacity
may be protective in terms of ROS production, as discussed above. However, recent
findings using knockout mice have shown that limiting CIV assembly promotes longevity,
improves insulin sensitivity, and increases expression of peroxisome-proliferator-activated
receptor Yy-coactivator 1-o mRNA and protein, as well as its target genes which promote
mitochondrial biogenesis'®. Based on these recent findings, the CIV response to T2DM in

the NR may be an aggravated increase in flux control to compensate for the ongoing

disruption upstream in the ETS.

A.5.5 Fatty Acid Beta Oxidation

FAO involves the breakdown of short, medium, long, and very-long chain FAs into
two-carbon bodies such as acetyl-CoA, for use in other metabolic pathways such as the TCA
cycle. As previously stated, FAO is significant contributor to cardiac oxidative energy
metabolism, providing up to 70% of cardiac ATP¥. T2DM induces a loss of metabolic
flexibility by the heart, characterized by increased dependence on FAO as an energy source,
with reports of up to 90% provision of cardiac ATP by FAO. This occurs less due to cellular
failure of glucose uptake, and more due to increasing circulating FAs, leaving little room for
glucose oxidation®. Our results suggest that NR hearts have a higher OXPHOS capacity for
FAO at 6 months in Prolab-fed animals, at least when using octanoylcarnitine as the
substrate. A similar trend was also observed with acetylcarnitine as the substrate, but this did
not reach significance. The importance of these findings is underscored by similar findings in

the fructose-fed model of early reversible T2DM, which showed a significant increase in
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OXPHOS with octanoylcarnitine, and a non-significant trend in acetylcarnitine OXPHOS®".
These results occurred after 6 weeks of fructose feeding, whereas they were not observed
until 6 months of age in Prolab-fed NRs. Separate dietary approaches for the induction of
T2DM (100g/L fructose supplemented water versus standard rat chow) in these studies may
account for this difference”. Our results showing no change in oxidation with
palmitoylcarnitine present the possibility that the change in OctCar oxidation is due to
variation in carnitine translocase or carnitine palmitoyltransferase II (CPTII), which are
necessary for the oxidation of both long and medium-chain fatty acids. Carnitine translocase
is responsible for shuttling acylcarnitine and carnitine in the mitochondrion, and CPTII
converts imported acylcarnitines back into fatty acyl CoA molecules, which serve as
substrates for FAO®. Oxidation of octanoylcarnitine also occurs through activation of rate-
limiting enzyme medium-chain acyl-CoA dehydrogenase (MCAD). MCAD activity is
reportedly increased in skeletal muscles of high-fat-fed Wistar rats, obese Zucker rats, and
db/db mice'”. However, it is unclear whether similar changes arise in the diabetic heart of the
NR.

In concordance with our results, evidence from other animal models of T2DM
induced by short-term high fat feeding indicate that FAO is increased at early stages of
disease development™"*""”>. However, at a more advanced stage of T2DM, rates of FAO

tend to decline, as shown in studies of skeletal muscle from rats'”, and humans*. Aging-

b
related changes in cardiac mitochondria are selectively localized to interfibrillar mitochondria
(IFM), whereas subsarcolemmal mitochondria (SSM) appear more resistant to aging-related

changes to oxidative phosphorylation'”*

. Our study did not selectively isolate subtypes of
cardiac mitochondria. Interestingly, an aging-related decline in OXPHOS capacity for fatty

acids was not observed in Prolab-fed animals. The age-related change was only observed in
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Mazuri-fed animals, leading to a higher rate of octanoylcarnitine oxidation at 2 months
compared to both 6 months and 18 months. The preservation of FAO throughout the age
range in Prolab-fed animals may serve a mild protective role, as aging defects in cardiac
mitochondria are probable contributors to chronic oxidative injury, such as increased

195

generation of HO, and oxygen radicals ™. However, it is more likely that chronic FAO leads

to excess circulating reducing equivalents of NADH and FADH, providing electrons to the
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NADH-pathway and Q-cycle, respectively . This increases the reduction potential of the
ETS and promotes electron leakage to adaptively dissipate the rising mitochondrial
membrane potential, leading to the formation of superoxides from CI and favoring reduced
ubiquinol over ubiquinone'”’. Excess FADH, from fatty acid substrates promotes the
formation of superoxide at the Q cycle by: 1) reducing the availability of ubiquinone for
electron receipt from CI, 2) promoting reverse electron transfer to CI, leading to leakage of
electrons, and 3)increasing the driving force for electron flux through CIIT'. Based on this
evidence, chronic maintenance of high FAO rates is likely a maladaptive change occurring in
the cardiac mitochondria of Prolab-fed animals, which contributes increased oxidative stress

in the heart. Future aconitase activity studies in the NR heart will provide a clearer image of

the redox environment of the NR heart.

A.5.6 Significance

Taken together, our salient findings suggest that there is discernable mitochondrial
dysfunction occurring early in the pathogenesis of T2DM in the NR heart, prior to the onset
of hyperglycemia. It is remarkable that poor dietary habits may manifest as early as 2 months,
and illustrate how rapidly metabolic adaptations start to occur. Our results provide novel
contributions to the study of 4. niloticus, and provide preliminary evidence that the NR may

serve as a useful experimental model for the study of cardiac derangements in T2DM. We
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show preliminary evidence of early indices of diastolic dysfunction occurring in the NR at 12
months of age. Furthermore, our results have provided a deeper understanding of the
mitochondrial functional defects occurring during the progression of T2DM in the NR.
Given the increasing prevalence of T2DM worldwide, these results emphasize the
importance of preventing the onset of early changes, to prevent later disease progression.
Therapeutic implications of this study emphasize mitochondrial structures as potential
therapeutic targets, as therapies targeting mitochondria may provide novel means to treat or
minimize diabetes complications

A.5.7 Limitations

The interpretation of findings of this study may be affected by the following limitations:

1. Our NR colony originated from 29 animals, brought from Africa for the study of
circadian rhythm. Although we assume random genetic diversity in our colony, it is
necessary to acknowledge the possibility of inbreeding, and the effect it may have on
the presentations of the phenotypes we have reported.

2. Our metabolic and respirometry experiments had low n-numbers, which may limit
our ability to accurately detect difference between gruops

3. To our knowledge, echocardiographic assessment of NRs has never been attempted
prior to this study. Echocardiographic assessment was very challenging, as barrel
chest of the NR displaced the heart from the anticipated location.

4. An intermediate sized echocardiography probe would have provided clearer images
for analysis; however, this was not available at the time of study.

5. Animals were not fasted prior to echocardiographic assessment, so it is difficult to

speculate on their metabolic conditions at the time of echo measurements.
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6. Additional echocardiographic studies using additional NRs are necessary to confirm
the existence of cardiac functional changes in Prolab-fed animals.

7. Serial measurement of FBG would provide a more comprehensive metabolic picture
of the NR progression into T2DM; however, this was not attempted to avoid undue

stress onto NRs from frequent handling.

A.5.8 Future Directions

In response to the limitations listed above, the Sauvé laboratory is currently planning
to undertake additional experiments in support of these findings in NR cardiac
mitochondria. These may include:

1. Echocardiographic assessments of NRs at additional time points, to provide a more
comprehensive profile of cardiac function in these animals.

2. Measurements of oxidative stress in cardiac tissues, such as assays for aconitase
enzymatic activity, or 4-hydroxynonenal (HNE) staining to provide an indication of
the oxidative environment of cardiac mitochondria at each stage of disease
progression.

3. Examinations of mitochondrial enzyme content and activity (specific to medium-
and long-chain FAQO), as an avenue to explain the increase in octanoylcarnitine
oxidation seen at 6 months.

4. A series of high resolution respirometry protocols performed using permeabilized
cardiac fibres at additional time points (NRs younger than 2 months, and
intermediate to 6 and 18 months), to reveal changes in mitochondrial function as

they occur in a longitudinal manner.
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5. Measuring expression of signalling pathway components, such as sirtuins, could

provide clarity on the mechanistic progression of T2DM in the NR.
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