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Abstract
Diabetic patients have an increased risk of heart failure and sudden death, attributed in
part to the development of diabetic cardiomyopathy, defined as ventricular dysfunction
independent of hypertension and coronary artery disease. The mechanisms contributing to
diabetic cardiomyopathy are not completely understood, but over-activation of the RhoA/ROCK
pathway has been identified as a contributor. This research further investigated the roles of
cardiomyocyte RhoA and of ROCK2 in the development of diabetic cardiomyopathy.
In study one, the effects of heterozygous deletion of ROCK2 (ROCK2+/-) on cardiac
function in a CD1 mouse model of type 1 diabetes induced by streptozotocin (STZ) were
analyzed, since homozygous ROCK2 deletion is embryonically lethal. Thirteen weeks after
diabetes induction, global cardiac function was unchanged in diabetic compared to non-diabetic
mice. However, cardiomyocytes isolated from wild-type diabetic mice exhibited arrhythmic Ca2+
transients associated with increased ryanodine receptor 2 and CAMKII phosphorylation. These
observations were attenuated in ROCK2+/- animals, suggesting that inhibition of ROCK2 may
protect against arrhythmogenesis in the diabetic heart.
The purpose of study two was to compare the development and progression of cardiac
dysfunction in C57BL/6 mice, the strain of mice used in the final study, made diabetic or insulin
resistant by dietary intervention and/or STZ treatment. Mice made diabetic with STZ showed
the earliest and most severe signs of cardiac dysfunction compared to other models investigated,
establishing this as an appropriate model.
Given that RhoA is expressed in many different cell types in the heart, the purpose of
study three was to analyze the role of cardiomyocyte RhoA in the development of diabetic
cardiomyopathy, using mice with inducible cardiac-specific knockdown of RhoA (RhoA-/-).
ii

Hearts from diabetic RhoA-/- mice were protected against the development of contractile
dysfunction. This was associated with prevention of cardiomyocyte fibrosis, hypertrophy and
apoptosis, and with normalization of signaling through the TGF-b pathway, including Smad2
and 3 phosphorylation, and Smad7 expression.
Overall, the results demonstrate that deletion of ROCK2 and of cardiomyocyte RhoA
protect the diabetic heart. Inhibition of this pathway may be an important therapeutic avenue to
decrease the risk of heart failure and sudden death in diabetes.
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Lay Summary
Research has established that diabetics have an increased incidence of heart failure
compared to non-diabetics. The form of heart failure that we studied is called diabetic
cardiomyopathy. We found that mice are more likely to develop heart failure when fed a diet
high in fat and sugar compared to those fed a diet high in fat alone. In addition, since our
previous studies implicated over-activation of the RhoA-rho kinase (ROCK) signaling pathway
in diabetic cardiomyopathy, we investigated cardiac function in type 1 diabetic mice with
lowered levels of RhoA or ROCK2 in their hearts. Diabetic mice lacking ROCK2 were protected
from developing irregular heart-beats, while those lacking RhoA did not develop diabetic
cardiomyopathy, unlike diabetic mice expressing functional ROCK2 or RhoA, respectively. This
research has the potential to assist in the development of new treatment strategies for diabetic
cardiomyopathy through inhibiting RhoA or ROCK2, or by dietary modifications.
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Chapter 1: Introduction

1.1

Overview of diabetes
Diabetes mellitus (or diabetes) is characterized by multiple metabolic disorders including

perturbations in glucose metabolism, dyslipidemia and hormonal imbalance [1]. These lead to
both micro- and macrovascular complications with debilitating long-term effects including
diabetic cardiomyopathy [2], retinopathy [3], neuropathy [4] and nephropathy [5]. The pathways
that contribute to these complications are interconnected and complex in nature, resulting in gaps
in knowledge in the best approaches to tackle them. Mechanisms that have been shown to
contribute to the development of these complications include an increase in reactive oxygen
species (ROS) production [6], the generation of glycation end products [7], inflammation [8],
apoptosis, fibrosis [9], hypertrophy [10], impaired cardiac Ca2+ handling [11], increased
diacylglycerol production and protein kinase C activation [12], and increased hexosamine
pathway activity [13], among others.
1.1.1

History
The World Health Organization estimates that the incidence of diabetes, which is defined

as exhibiting a fasting blood glucose level equal to or greater than 7 mmol/L, has increased from
4.7% in 1980 to 8.5% in 2014 in adults aged 18 years or over despite advancements in modern
medicine [14]. The history of diabetes dates back to the early 1500’s BC, where physicians
identified diabetes as a disease characterized by excessive urination, loss of body mass and
dehydration. Ancient Hindu writings show that diabetes was diagnosed by the use of black ants,
which fed on the sweet urine of patients. Numerous remedies were postulated and attempted to
no avail [15]. In 1869, Paul Langerhans identified cells in the pancreas, but it was not until 1889
1

that Oskar Minkowski and Joseph von Mehring identified that the absence of the pancreas
contributed to the development of diabetes [16]. Research at the University of Toronto by John
James Rickard MacLeod in collaboration with Frederick Grant Banting, Charles Herbert Best
and James B. Collip resulted in the identification of insulin, for which MacLeod and Banting
were awarded a Nobel prize in 1923 [15].
Despite the discovery and use of insulin and human insulin analogues, not all diabetics
needed it in order to control their blood glucose levels. The further introduction of diabetes selfmanagement protocols as well as other drugs proved that the treatment of diabetes is complex,
multifaceted and dependent on the type of diabetes that a patient has. As such, in order to
proceed with the generation of new approaches to treating diabetes, it is important to understand
both the different classes of diabetes and their characteristics.
1.1.2

Classification
Even though all classes of diabetes are characterized by hyperglycemia, diabetes is

classified according to the mechanism that contributes to the hyperglycemia presented by the
patient. As such, diabetes is classified into:
1. Type 1 diabetes (T1D),
2. Type 2 diabetes (T2D),
3. Gestational diabetes, and,
4. Diabetes due to other causes
1.1.2.1

Type 1 diabetes
Only about 5-10% of diabetic patients have T1D, which is characterized by pancreatic b-

cell destruction that usually leads to complete insulin deficiency. The damage to the b-cells may
be due to an autoimmune response (Type 1A diabetes) or may be idiopathic in nature (Type 1B
2

diabetes) [17]. The autoimmune induction of diabetes is caused by the destruction of pancreatic
b cells by activated CD4+ and CD8+ cells and macrophages that infiltrate the pancreas. This
may be caused by environmental factors having an effect on a genetic predisposition [1]. For
example, observational studies have shown a significant association between pancreatic
enterovirus infection resulting in an autoimmune response and the development of T1D [18].
Lonrot et al [19] showed that respiratory infections in young children are associated with the
onset of T1D. In detail, 3-month-old children were followed until they were 4 years of age and
for each case of respiratory infection recorded, the incidence of pancreatic autoimmunity
increased by 5.6% per year. Furthermore, other studies have shown that abnormalities in the
gene for the human leucocyte antigen (HLA), the proteins of which enable the body to determine
the differences between normal and foreign cells, is also associated with the development of
T1D. Defects in the HLA proteins result in an autoimmune response [1]. In fact, Mustonen et al
[20] recently showed that children with an HLA gene defect are susceptible to infections prior to
the development of T1D.
Idiopathic T1D or type 1B diabetes, which is common in Asians and Africans, does not
involve an autoimmune response and the mechanisms contributing to its onset are not completely
understood. Hanafusa and Imagawa [21] recently reported the presence of a subtype of type 1B
diabetes known as fulminant T1D, which is characterized by the development of common cold
or gastrointestinal symptoms, followed by the rapid onset of hyperglycemia (an average of 4
days later) and other symptoms associated with T1D including ketoacidosis which, if left
untreated, may result in the death of the patient within 24 hours [21].
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1.1.2.2 Type 2 diabetes
T2D is the most common form of diabetes and accounts for 90-95% of all diabetic
patients. The onset and progression of T2D occurs over many years, and often patients are
diagnosed years later, by which time deleterious complications have established. This form of
diabetes is characterized by hyperglycemia due to the development of insulin resistance and
reduced insulin secretion [22]. Risk factors for T2D include obesity, hypertension and
dyslipidemia [23], and patients with T2D have increased risk of cardiovascular disease compared
to non-diabetics [24].
Numerous studies have been undertaken in order to determine the exact mechanisms that
contribute to the pathogenesis of T2D, but due to the heterogeneous nature of the disorder and
the multiple interconnections between the suggested mechanisms, there is no one mechanism
that is all encompassing. Reports show that obesity is a major cause of T2D and is accompanied
by increases in circulating free fatty acids (FFA) which result in the development of peripheral
insulin resistance and hyperglycemia [25]. Specifically, FFA mediate insulin resistance and
hyperglycemia by inhibiting peripheral insulin stimulated glucose uptake [26] and increasing
hepatic glucose output [27]. Randle et al [28] suggested that FFA inhibit pyruvate dehydrogenase
which leads to increases in citrate concentrations and subsequent decreases in hexokinase
activity resulting in decreased glucose uptake. Yu et al [26] further showed that increases in FFA
are associated with a decrease in insulin stimulated glucose uptake through reduced insulin
signaling, in particular, decreased insulin receptor substrate-1 tyrosine phosphorylation and
phosphatidylinositol 3-kinase activity. In association with this is the induction of a state of
chronic, low-grade inflammation, thereby linking metabolism to inflammation (reviewed in
[29]). Tumor necrosis factor a (TNF-a) has been identified as one of the cytokines that infiltrate
4

adipose tissue in order to induce inflammation as well as insulin resistance [30]. When combined
with the pro-inflammatory cytokines IL-1b and IFN-g, TNF-a has also been shown to induce
islet dysfunction in humans by increasing the expression of IL-12 and its receptor, which in turn
have been shown to inhibit glucose-stimulated insulin secretion [31]. Both the metabolic
disturbances and low-grade inflammation associated with T2D are interlinked with the
development of oxidative stress, fibrosis, hypertrophy and apoptosis, which have all been
associated with the pathophysiology of T2D. These mechanisms are relevant to the scope of the
studies discussed herein and will be discussed in detail in section 1.2.
1.1.2.3

Gestational diabetes
Gestational diabetes is defined as “any degree of glucose intolerance with onset or first

recognition during pregnancy” [17]. Diabetes in pregnancy increases the risk of mothers
developing diabetes in the future [32], and leads to increased risk of both preeclampsia [33] and
preterm labor [34]. In addition, women diagnosed with gestational diabetes give birth to infants
with higher mean birth weight and that are large for gestational age [35]. Infants that are large for
gestational age are in turn at an increased risk of developing obesity, diabetes and insulin
resistance later in life. Unfortunately, female offspring of women with gestational diabetes also
have increased chances of developing gestational diabetes [36]. It is proposed that gestational
diabetes results from both the development of insulin resistance, which most likely begins before
pregnancy, as well as pancreatic b-cell dysfunction [37, 38]. Similar to the pathogenesis of T1D,
recent studies have shown an association between variants in the HLA class II alleles and
antigens with gestational diabetes [39], suggesting that HLA may play a role in the development
of gestational diabetes.
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1.1.2.4

Diabetes due to other causes
Various other specific types of diabetes include diabetes due to defects in the pancreatic b

cells, genetic defects in insulin action, diseases that affect the function of the pancreas (e.g.
pancreatitis and cystic fibrosis), drug- or chemical- induced diabetes, diabetes due to infections
(e.g. congenital rubella and cytomegalovirus) as well as genetic syndromes that are associated
with diabetes (e.g. Down’s syndrome, Turner’s syndrome and Prader-Willi syndrome) [17].

Though there are various causes and hence classifications of diabetes, for the purposes of
this study, only type 1 and 2 diabetes were assessed. This was due in part to the fact that both
types affect the highest number of diabetic patients and result in the most significant contribution
to the development of heart disease, which was the main consequence of concern.

1.1.3

Diagnosis of types 1 and 2 diabetes
Based on previous studies, the Canadian guidelines for the diagnosis of diabetes include a

fasting (8 hours) plasma glucose level of ³7.0 mmol/L or a 2-hour plasma glucose ³11.1 mmol/L
as measured by an oral glucose tolerance test using 75g of glucose. These values have also been
closely linked with the development of diabetic retinopathy [40-42]. Random plasma glucose
levels, regardless of the fasting state of the patient, can also be measured and diabetes is
diagnosed at random plasma blood glucose levels of ³11.1 mmol/L. In addition to elevated blood
glucose, diabetes leads to increased levels of glycated hemoglobin (A1C) which have also been
correlated with the development of retinopathy [40] as well as being a significant predictor for
the development of cardiovascular diseases [43, 44]. A1C is a glycation end-product resulting
from glucose entering the red blood cell and non-enzymatically binding to the b-chain N6

terminal valines and e-amino groups of lysyl groups of hemoglobin. Since red blood cells have a
half-life of 2-3 months, measuring the amount of glucose bound- or glycated hemoglobin gives a
reflection of how much blood glucose has been circulating in the blood for the past 2-3 months
[45]. Diabetes is diagnosed at an A1C that is equal to or greater than 6.5% of total hemoglobin.
However, it is important to note that patients diagnosed with diabetes using blood glucose
measurements may not have elevated A1C. The opposite is also true, elevated A1C levels are not
always correlated to elevated blood glucose levels [46]. The choice of which test to use is at the
discretion of the physician as there are advantages and disadvantages for using each test [47] and
combinations of tests may be used in order to ascertain the presence of disease and treat
accordingly.
1.2
1.2.1

Cardiac disease as a consequence of diabetes
Overview
As previously mentioned, both T1D and T2D are associated with the development of

diabetic retinopathy [48, 49] and neuropathy [50], cardiovascular disease and an overall decline
in quality of life [51]. Obese patients are often diagnosed with insulin resistance, glucose
intolerance, pre-diabetes and T2D and with 51% of the population expected to be obese by year
2030, the need to curtail its progression and eventual consequences, including T2D, is imminent
[52].
Cardiovascular complications are contributory factors to mortality and morbidity in both
obese and diabetic patients. The Framingham study showed that diabetes has the same impact on
the incidence of coronary heart disease and stroke in men and women. However, diabetic women
have a 5-fold and diabetic men a 2-fold greater likelihood of developing heart failure compared
to age-matched controls [53]. Of interest is diabetic cardiomyopathy, which is defined as
7

“diabetes-associated changes in the structure and function of the myocardium that are not
directly attributable to other confounding factors such as coronary artery disease and
hypertension” [54]. Diabetic cardiomyopathy is characterized by diastolic dysfunction (during
cardiac relaxation) and/or systolic dysfunction (during cardiac contraction) that eventually leads
to heart failure [55].
Earlier studies suggested that diastolic dysfunction precedes systolic dysfunction in
diabetes, however, Ernande et al [56] found patients with systolic dysfunction in the absence of
detectable diastolic dysfunction. In addition, more recent studies have identified diabetic and
obese individuals with heart failure but preserved ejection fraction, a measure of systolic
function [57, 58]. Heart failure with preserved ejection fraction is characterized by diastolic
dysfunction, which is associated with cardiac fibrosis as well as stiffness [59]. Together these
suggest that in diabetic cardiomyopathy, systolic dysfunction may not necessarily follow
diastolic dysfunction. Diastolic dysfunction in diabetic patients is characterized by a decrease in
early diastolic filling and an increase in atrial filling as well as increases in both the
isovolumetric relaxation time and the deceleration time [60]. Systolic dysfunction is
characterized by a decrease in left ventricular ejection fraction [61]. The factors contributing to
impaired cardiac function under diabetic conditions include impaired calcium homeostasis, a
reduction in ATP production, reduced coronary flow reserve and cardiac extracellular matrix
(ECM) remodeling [62]. The underlying mechanisms contributing to these changes include,
pertinent to this study, cardiac metabolic dysregulation, oxidative stress, fibrosis and
hypertrophy.
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1.2.2

Metabolic dysregulation
In the normal heart, oxidative phosphorylation accounts for the majority of ATP

synthesis (>95%) even when workload is increased by 3- to 5- fold. In contrast, glycolysis and,
to a lesser extent, the citric acid cycle generate ~5% of cardiac ATP [63, 64]. The primary source
for cardiac ATP generation is through fatty acid (FA) metabolism (70-90%) and the remaining
10-30% is generated through glucose oxidation, lactate metabolism and the metabolism of
ketone bodies [64].
It is well established that disturbances in cardiac metabolism are associated with the
development of cardiac dysfunction. Back in 1977, Regan et al [65] identified lipid deposits in
left ventricular biopsies from patients with T2D. These were also associated with accumulation
of both cholesterol and cardiac triglycerides. Cardiac lipotoxicity has been closely linked with
the development of diastolic dysfunction but not systolic dysfunction in T2D [66]. Using a
working heart model, Belke et al [67] showed that in a diabetic db/db mouse model fatty acid
oxidation was increased by two-fold, glycolysis was decreased by 52% and glucose oxidation
was also reduced compared to non-diabetic control animals. Increases in cardiac fatty acid
oxidation (FAO) are also associated with increases in both fatty acid uptake and cardiac lipid
accumulation in the form of various lipid metabolites including diacylglycerol (DAG), long
chain acyl CoAs, triacylglycerides (TAG) and ceramides [68, 69]. Lipid accumulation is also
associated with cardiac dysfunction as substantiated by a reduction in cardiac output, left
ventricular developed pressure and cardiac power, and an increase in left ventricular end
diastolic pressure [67]. In addition, cardiac triglyceride accumulation has also been detected in
rodent STZ induced T1D models and this is associated with impairment in both cardiac diastolic
and systolic function [70]. The accumulation in cardiac lipids is attributed to the inability of the
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cell to balance energy oxidation and energy availability (metabolic flexibility). Specifically, in
the heart, lipid availability outpaces lipid oxidation as the cell loses its ability to switch between
energy substrates due to its reliance on insulin, thereby leading to decreased glucose oxidation,
lipotoxicity and eventually cardiac dysfunction [71].
Insulin resistance, a hallmark of T2D, is associated with a decrease in glucose uptake. It
is postulated that the decrease in glucose uptake and oxidation is due to a reduction in
cytoplasmic glucose transporter 4 (GLUT 4) protein expression and translocation to the cell
membrane. GLUT1 and GLUT4 are the most abundant glucose transporters in the heart. GLUT1
is ubiquitous, located on the plasma membrane and is responsible for basal glucose uptake. On
the other hand GLUT4 is only found in insulin sensitive tissues (heart, adipose tissue, skeletal
muscle) and, under basal conditions, is located in transport vesicles in the cytoplasm and is
translocated to the cell membrane upon stimulation by insulin [72]. The latter involves insulin
binding to the cardiac insulin receptor resulting in tyrosine auto-phosphorylation of the b
subunits of the receptor and subsequent recruitment and activation of phosphatidyl-inositol-3
kinase (PI3K), phosphoinositide-dependent kinase 1, Akt/protein kinase B, and protein kinase Cλ and ζ [73]. The absence of insulin, as seen in T1D, or the inability of insulin to bind to its
receptor, as seen with insulin resistance, contributes to impaired GLUT 4 recruitment to the cell
surface membrane.
In T2D there is decreased insulin-activated Akt signaling and failure of the GLUT4
transporter to translocate to the cell membrane [74]. In fact, it has been shown that db/db mice
that overexpress human GLUT4 do not develop cardiac contractile dysfunction and both glucose
and palmitate metabolism are similar to that of control animals [67]. In addition, rats treated with
streptozotocin (STZ) in order to induce T1D exhibit reduced cardiac GLUT4 protein expression
10

[75]. These data suggest that insulin plays a pivotal role in the regulation of cardiac metabolism
through regulation of the Akt/GLUT4 pathway and subsequently glucose uptake and cardiac
function in both T1D and T2D.
With respect to the observed cardiac dysfunction associated with lipotoxicity, several
mechanisms involving alterations in fatty acid uptake, triglyceride (TG) synthesis and TG
breakdown have been postulated but the mechanisms are not completely understood. For
example, Yagyu et al [76] suggest that cardiac lipoprotein lipase (LPL), an enzyme that
hydrolyzes circulating TG to free fatty acids, contributes to increased cardiomyocyte fatty acid
uptake. Due to the impaired glucose uptake observed in the diabetic heart, LPL activity is
increased with both acute [77] and chronic [78] T1D in order to meet the FA acid requirement of
the cardiomyocyte. However, other studies have shown no change [79] or decreases [80] in LPL
activity under diabetic conditions. These differences could be attributed to differences in dosage
and duration of STZ treatment (reviewed in [81]).
Mice overexpressing cardiac peroxisome proliferator-activated receptor a (PPARa), a
nuclear factor that regulates genes involved in FA uptake and oxidation, show increased levels of
FA uptake and oxidation, triglyceride accumulation and decreased glucose uptake and oxidation
which is accompanied by cardiac hypertrophy and systolic dysfunction similar to observations
made in diabetic mice [82]. In a T2D model utilizing low dose STZ and high fat feeding, diabetic
mice with cardiac specific deletion of PPARa are in fact protected from the development of
hypertrophy and cardiac dysfunction whereas diabetic mice overexpressing PPARa exhibit
severe lipotoxicity and cardiac dysfunction. Removal of the high fat diet from diabetic mice
overexpressing PPARa ameliorates the observed cardiac TG accumulation [83]. This suggests
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that PPARa may play a significant role in lipotoxicity associated with diabetes as well as the
accompanying cardiac dysfunction.
The fatty acid transporter CD36 has also been implicated as a possible contributor to
cardiac lipid accumulation and dysfunction. CD36 is the main long chain fatty acid transporter
into the heart, skeletal muscle and adipose tissue, accounting for about 70% of FA uptake in
cardiomyocytes [84]. Under basal conditions, 50% of the cellular CD36 pool is stored in
compartments that are rapidly translocated to the cell membrane for FA uptake in response to
various stimuli including insulin [85] and contraction [86]. In high-fat fed rats, CD36
translocation to the plasma membrane is increased and this is accompanied by cardiac systolic
dysfunction [87]. In hearts of T1D rodents, CD36 protein expression and sarcolemmal
translocation are increased [88] and in T2D hearts CD36 mRNA expression is increased and this
is accompanied by diastolic dysfunction [89], suggesting that in diabetic mice, alterations in fatty
acid uptake by CD36 may contribute to cardiac dysfunction.
1.2.3

Oxidative stress
At physiological levels, ROS are important secondary messengers regulating a variety of

cellular activities including hypoxia, autophagy and immunity [90]. They are regulated by antioxidants including superoxide dismutase, glutathione peroxidase and catalase [91]. However,
under diabetic conditions, an imbalance between ROS production and regulation occurs whereby
ROS are increased and the cell's antioxidant capacity is diminished thereby leading to oxidative
stress which ultimately facilitates cardiovascular complications associated with diabetes [92]. In
cardiomyocytes, sources of ROS include the mitochondrial electron transport chain (ETC),
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases and xanthine oxidase.
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Under normal conditions, cytoplasmic glucose oxidation via glycolysis results in the
production of nicotinamide adenine dinucleotide (NADH) and pyruvate. NADH can
subsequently convert pyruvate to lactic acid, a substrate for hepatic gluconeogenesis, or enter the
mitochondrial ETC for the generation of ATP. Pyruvate may also enter the mitochondrial
tricarboxylic acid (TCA) cycle to produce both NADH and flavine adenine dinucleotide
(FADH2), both of which are reducing equivalents for the ETC [93].
The ETC comprises of 5 enzyme complexes (Complex I, II, III, IV, V), cytochrome c and
ubiquinone. NADH donates electrons to complex I (NADH:ubiquinone oxidoreductase) whereas
FADH2 donates electrons to complex II (succinate:ubiquinone oxidoreductase). Complex II may
also receive electrons from glycerol 3-phosphate dehydrogenase, an enzyme that catalyzes the
conversion of dihydroxyacetone phosphate to sn-glycerol 3-phosphate, thereby providing a link
between glucose and lipid metabolism. Both complexes I and II then transfer the electrons to
ubiquinone which subsequently donates them to ubisemiquinone and then complex III
(ubiquinol:cytochrome c oxidoreductase) [93]. Ubesemiquinone has been identified as a
superoxide generator [94]. Electrons from complex III are then transferred to cytochrome c, then
complex IV (cytochrome c oxidase) and finally to oxygen to produce water. The transfer of
electrons through complexes I, III and IV results in a proton gradient that drives complex V
(ATP synthase) and ATP synthesis [93]. An increase in the proton gradient, as seen with
hyperglycemia, inhibits electron transfer at complex III resulting in accumulation of superoxide
[95]. Superoxide generated by NADH dehydrogenase at complex I and ubisemiquinone on
complex III through the partial reduction of O2 to O2-• instead of water are released into the
intermembrane space and subsequently the cellular cytoplasm [93, 96, 97].
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Even though the mitochondrial ETC is the major source of ROS in cardiomyocytes, there
are other cellular processes that can result in ROS production. The NADPH oxidases (Nox)
catalyze the conversion of O2 to O2-• using NADPH as the electron donor thereby serving as a
source for ROS. There are seven members of the NOX family of enzymes, Nox 1-5 and dual
oxidase 1-2, and NOX4 is the most abundant in the cardiomyocyte mitochondria [98]. In vitro
studies have associated hyperglycemia with increased NADPH oxidase activity and Nox4
protein expression. In addition, in T1D rats, Nox4 activity is increased in the left ventricle [99].
Xanthine oxidoreductase (XOR), an enzyme catalyzing the oxidation of hypoxanthine
and xanthine to uric acid using O2 results in the production of O2-• and H2O2 as by-products and
has also been identified as a source of ROS in cardiomyocytes. XOR exists as a dimer of which
each monomer has a molybdoterin cofactor, two Fe-S units and an FAD domain. It is expressed
in the dehydrogenase form, XDH, but when inflammation occurs the reductase switches to an
oxidase form (XO) by oxidation of the cysteine 535 and 992 residues or by proteolytic
conversion. XDH reduces NAD+ to NADH when xanthine is converted to uric acid whereas XO
reduces oxygen to O2-• and H2O2 (reviewed in [100]). Levels of XO have been found to be
increased in plasma of both type 1 [101] and type 2 [102] diabetic patients and treatment with the
XO inhibitor allopurinol results in a decrease in plasma XO [101]. In T1D mice, serum XO
activity is elevated and this is associated with increased myocardial ROS production and both
systolic and diastolic dysfunction. Treatment of these animals with allopurinol attenuates the
cardiac dysfunction, increased XO activity and cardiac ROS production [103].
Increases in ROS are associated with various cellular changes that contribute to cardiac
dysfunction associated with diabetes. Oxidative stress has been linked to myocardial cell death
through initiating mitochondrial damage. It is postulated that increases in ROS result in increases
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in mitochondrial Ca2+ which in turn activates the opening of the mitochondrial permeability
transition pore (mPTP), a transmembrane protein which when open allows the efflux of solutes
across the membrane. This causes further depolarization of the mitochondria and results in a
reduction in ATP generating capacity, efflux of cytochrome c and eventual cell death [104].
Further studies suggest that low ATP synthesis due to an increase in mPTP sensitivity associated
with T2D induced oxidative stress may result in increased sarco/endoplasmic reticulum calcium
ATPase 2 (SERCA2) activity which may contribute to the observed diastolic dysfunction [105].
SERCA2 is a transmembrane protein located in the cardiomyomyocyte sarcoplasmic reticulum
(SR) and transfers cytosolic Ca2+ into the lumen of the SR thereby playing a significant role in
cardiac contractility [106].
Oxidative stress also increases the expression of advanced glycation end product
receptors (RAGE). Hyperglycemia results in an increase in advanced glycation end products
(AGE) which activate RAGE to increase fibrosis [107] and activate nuclear factor kB (NFkB)
signaling [108] and also promotes crosslinking of AGEs with SERCA2 [109], thereby promoting
myocardial stiffness and impairing cardiac function.
1.2.4

Fibrosis and hypertrophy
The common structural features associated with diabetic cardiomyopathy are

cardiomyocyte hypertrophy and fibrosis [110]. Cardiac fibrosis is characterized by the
accumulation of ECM proteins in the myocardium, often resulting in diastolic and/or systolic
dysfunction. Under normal cellular conditions, fibroblasts are inactive but can be activated to
myofibroblasts in response to growth factors, cytokines and mechanical changes in order to
maintain the ECM homeostasis [111]. Subsequently, fibroblasts also further secrete cytokines
and growth factors which affect myocytes [112]. Hyperglycemia, a hallmark of diabetes, triggers
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oxidative stress and inflammatory responses resulting in cardiomyocyte injury and apoptosis.
Consequently, this results in activation of cardiac remodeling including collagen deposition and
eventually cardiac stiffening and altered cardiac function [62].
The primary effector of hyperglycemia induced cardiac fibrosis is transforming growth
factor beta (TGF-β). Increased production of reactive oxygen species results in increased levels
of TGF-β gene expression, which are implicated in both cardiac hypertrophy and collagen
deposition [113]. There are 3 isoforms of TGF-β protein, TGF-β1, β2 and β3, which play a
pivotal role in cardiac remodeling in mammals. Of all the isoforms, TGF-β1 is the most abundant
and ubiquitous while the other isoforms are found in limited cell types. TGF-β is abundant in the
heart and is regulated through its ability to exist in a latent or an active form. The latent form of
TGF-β is the most abundant and cannot bind to the TGF-β receptor [114].
Each isoform of TGF-β is encoded by a different gene and undergoes proteolytic
cleavage between amino acids 278 and 279 by the enzyme furin prior to secretion. This results in
two products: The N-terminal region known as the latency-associated peptide (LAP) and the Cterminal region known as the mature TGF-β. These two products form dimers that, due to the
LAP region, are inactive. Various factors have been shown to be able to either remove LAP from
the mature TGF-β or induce a conformational change in LAP, therefore, making TGF-β active
by allowing access to the receptor binding site on mature TGF-β. In vitro studies have assisted in
showing that low pH, ROS, proteases, glycoproteins and urea are capable of activating TGF-β.
TGF-β1 is the isoform most susceptible to activation (reviewed in [115]). Upon activation TGFβ binds to the TGF-β receptor II (TGFβRII) on the cell membrane, which subsequently
heterodimerises with and activates TGFβRI. The TGF-β signal cascade then follows either a
canonical pathway involving the Small mothers against decapentaplegic (Smad), also known as
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the Smad-dependent pathway, or non-canonical pathways known as the Smad-independent
pathways (Figure 1).
In the Smad-independent signaling pathway, TGF-β activates multiple downstream
effectors that have different outcomes. For example, TGF-β can activate the mitogen-activated
protein kinase kinase 4 (MKK4), which in turn, phosphorylates and hence activates the c-jun Nterminal kinase (JNK) [116]. Phosphorylated JNK activates c-Jun [117]. Studies in human
BAHgpt cells, which are derived from fibrosarcoma HT1080, show that c-Jun increases the
synthesis of fibronectin, a protein involved in cytoskeletal organization, cell adhesion and
migration. Tissue fibrosis is associated with a marked increase in fibronectin [118].
Activation of TGFβRI can also result in the activation of RAS and subsequent activation
of c-Raf, MEK and Erk which has been shown to play a role in fibrosis [119]. Studies show that
Erk can facilitate the phosphorylation of both Smad2 and Smad3 at sites that prevent their
translocation to the nucleus, thus decreasing fibrosis [120]. In vitro studies show that protein
phosphatase 2A (PP2A), which plays a role in dephosphorylating substrates, can also be
activated through TGF-β signaling, resulting in inhibition of p70 S6 kinase (S6K), a
serine/threonine kinase which phosphorylates the S6 ribosomal protein thereby activating protein
synthesis. Inhibition of S6K results in cell-cycle G1 arrest [121]. PP2A activity has previously
been shown to be increased in T1D rat hearts and as early as 1 week after onset of diabetes and
this was associated with cardiac dysfunction, thereby providing a link between diabetes and
cardiac dysfunction through the Smad-independent pathway [122].
In the Smad-dependent pathway, a signal cascade that travels through Smad proteins is
initiated and propagated to the nucleus. There are different classes of Smads, that is, (1) the
receptor regulated Smads or R-Smad (Smad1, 2, 3, 5 and 8), (2) the common mediator Smad or
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co-Smad (Smad4) and (3) the antagonistic or inhibitory Smads or I-Smads (Smad6 and 7). In
vertebrates, Smad2 and Smad3 are substrates of TβRI, Smad1, 5 and 8 are substrates for the bone
morphogenetic protein (BMP) type I receptor kinases, Smad4 is the common signaling protein,
Smad7 inhibits Smad2/3 activation and Smad6 inhibits BMP signaling. Smad2 and Smad3 are
activated via phosphorylation by TβRI kinase and are translocated from the receptor and form a
complex with Smad4. The Smad2/3/4 complex then moves to the nucleus where it is involved in
activation or suppression of specific genes [123]. Upon entering the nucleus, the Smad2/3/4
complex binds to the Smad binding elements located on the regulatory regions of genes encoding
ECM proteins. Genes that are activated by the TGFβ/Smad pathway include those for Col1A1
and COL1A2 which encode for collagen type 1, COL3A1 which encodes for collagen type 3 and
Col6A1 and Col6A3 which encode for collagen type VI [124].
Upon activation of TGFβ signaling, Smad7 mRNA expression is increased. Smad7 is
involved in regulating TGFβ signaling in a well-established negative feedback loop [125, 126].
While Smads 2, 3 and 4 are ubiquitously found in all cell types, expression of Smad7 is
dependent on extracellular signals [123]. Smad7 stably interacts with activated TβRI and
competes with R-Smads at the receptor thereby hindering their activation and subsequent
translocation to the nucleus [125, 126]. Overexpression of Smad7 in adult rat fibroblasts is
associated with decreased collagen I and III expression, while scar tissue in post-myocardial
infarct rat hearts has decreased levels of Smad7, suggesting that reduced levels of Smad7
contribute to fibrosis [127]. There is limited information on the role of Smad7 in diabetic heart
disease. To date, one study using a rat model of STZ-induced T1D has been able to show that
after 12 weeks of diabetes, cardiac dysfunction is induced and both TGFβ1 and Smad3 protein
and mRNA expression levels are upregulated whereas Smad7 protein and mRNA expression
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levels are reduced. However, the exact mechanism contributing to those observations is not
known [128].
Studies in transgenic mice have shown that over-expression of TGFβ also induces cardiac
hypertrophy [129]. However, efforts to determine the exact mechanism contributing to this
observation have been impeded by the complexity of the TGFβ signaling pathways [130]. With
respect to diabetes, T2D patients are 1.5 times more likely to develop left ventricular
hypertrophy, independent of other covariants such as ethnicity, compared to non-diabetics [10].
Whether this is associated with an increase in cardiac TGFβ activity in humans is unknown, as
studies of TGFβ signaling in relation to diabetic cardiac hypertrophy have been done in cell
culture or in small animal models [130].
Cardiac hypertrophy may also be induced through activation of IL-6. Co-culture of
murine cardiac myocytes with cardiac fibroblasts in the presence of interleukin-6 (IL-6) results
in cardiomyocyte hypertrophy [131]. However, culturing myocytes or fibroblasts alone does not
result in a significant increase in IL-6 [132]. This finding suggests a cross-talk between myocytes
and fibroblasts in order to initiate hypertrophy. IL-6 is significantly increased in both T1D [133]
and T2D [134] and contributes to left ventricular dysfunction in diabetic cardiomyopathy [133].
It is postulated that IL-6 initiates hypertrophy through the janus kinase-signal transducer and
activator of transcription (JAK/STAT) pathway and other subsequent pathways including the
extracellular signal-regulated kinase 1/2 (ERK1/2) and PI3Kinase/Akt pathways [135]. In
addition, angiotensin II, which is increased under diabetic conditions, binds to angiotensin II type
I (AT1) receptors of fibroblasts and activates increases in IL-6 in fibroblasts [136]. AT1
receptors are minimal on cardiomyocytes and angiotensin II binds preferentially to fibroblasts
[137]. IL-6 subsequently phosphorylates glycoprotein 130 (gp130) and consequently the Janus19

family tyrosine kinases (JAK)-signal transducer and activator of transcription-3 (STAT3)
pathway, resulting in hypertrophy [136].

1.3

Mouse models of obesity and diabetic cardiac dysfunction
For the purposes of the studies described herein, mouse models were used to investigate

the development of cardiac dysfunction associated with diabetes and obesity. The use of mice is
preferable as they are both cost effective and can be genetically manipulated. With respect to
diabetic cardiomyopathy, previous studies have shown that mouse models of obesity and
diabetes exhibit some similarities to human cardiac diabetic dysfunction including diastolic and
systolic dysfunction, hypertrophy, lipotoxicity and altered mitochondrial function [81, 138]. We
employed the STZ-treated mouse as a model for T1D, high-fat fed STZ-treated mice as a model
for T2D, and mice fed a high fat diet as models for obesity. These models are discussed in more
detail below.

1.3.1

Steptozotocin-induced type 1 diabetic mouse model
STZ has been used for many years to induce a form of poorly controlled type 1 diabetes

in animal models. Indicated for the treatment of pancreatic b cell carcinoma, STZ is a
glucosamine-nitrosurea (1-methyl-1-nitrosurea linked to the 2 carbon of d-glucose) compound
that can induce both hyperglycemia and hypoinsulinemia depending on the dosage used [139].
The glucose moiety of STZ allows the compound to selectively enter the pancreatic b cell
through its ability to bind to the glucose transporter 2 (GLUT2) receptor due to the structural
similarity of the compound to glucose. The nitrosurea group is believed to be responsible for the
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cytotoxic effects of the drug due to its alkylating capabilities which are believed to occur at high
doses of the drug [140].
Wilson et al [141] postulated that STZ exerts its cytotoxic effects by initially increasing
the intracellular concentration of carbonium ions which are by-products of the decomposition of
the nitrosurea moiety. Consequently, the carbonium ions alkylate DNA and, in an attempt to
repair this DNA alteration, the poly ADP-ribose system is triggered resulting in depletion of
NAD+ through its catabolism by poly ADP ribose synthetase. NAD+ is vital in energy
production and its depletion results in eventual pancreatic b cell necrosis [141]. Other studies
have postulated that STZ acts as a diabetogenic agent through altering the ROS scavenging
capabilities of the cell. This is supported by the observation that treatment with STZ results in
decreases in the free radical scavengers superoxide dismutase [142] and reduced glutathione
[143] and increases intracellular free radicals thereby resulting in oxidative stress, which then
leads to cell death [144]. The effects of STZ on oxidative stress are supported by the observation
that treatment of animals with superoxide dismutase 50 min prior to injection with STZ partially
inhibits the associated depletion in insulin [144].
Both single high dose and multiple low dose (over several days) injections are used to
develop T1D mouse models. However, the Diabetic Complications Consortium (DiaComp)
recommends using multiple low dose treatments as single high dose injections may result in
toxic effects outside of the pancreas. The recommended treatment is 50mg/kg STZ for 5
consecutive days [145].
Mice treated with low dose STZ for 5 days exhibit hyperglycemia within 7 to 10 days
after the first injection and this is accompanied by increased serum triglycerides [146] and serum
fatty acids [147]. Insulin levels decrease gradually as the disease progresses [148]. Yu et al [149]
21

showed that STZ-treated hyperglycemic C57Bl/6 female mice exhibit both systolic dysfunction,
as shown by reductions in both left ventricular ejection fraction and cardiac output, and diastolic
dysfunction, as reflected by an increase in the ratio of the early (E) to late (A) ventricular filling
velocities (E/A ratio), measured by both magnetic resonance imaging and echocardiography 4
weeks after STZ treatment. Male C57Bl/6 mice show both diastolic and systolic dysfunction 12
weeks after STZ treatment [150]. In contrast, in CD1 mice, female mice exhibit diastolic
dysfunction at 8 weeks and systolic function at 12 weeks after STZ treatment. However, in the
same study, treatment of male CD1 only showed diastolic dysfunction 12 weeks after treatment
and systolic dysfunction became more apparent after 16 weeks of diabetes [151]. These data
suggest that in addition to the mouse strain, sex also plays a significant role in determining the
effects of STZ treatment on cardiac function.
STZ offers advantages for the induction of T1D including the following: it is rapidly
eliminated after treatment thereby limiting systemic toxicity, STZ-induced diabetes is reversible
using insulin, and the pancreatic ß cell damage caused by STZ can be reversed using
phytochemicals and natural plant products [152]. However, several limitations to the use of STZ
exist, including (1) strain, gender and diet influence the sensitivity of animals to STZ; (2) there is
no set protocol for STZ preparation, including the pH of the buffer STZ is dissolved in and the
time period in which the prepared solution should be used before it degrades; (3) variations exist
in the methods of its administration, i.e. intraperitoneal or intravenous, resulting in varying
extents of diabetes induction; (4) there are variable reports on the time at which persistent
diabetes starts; and, (5) there are limited data on the mortality rate associated with STZ treatment
(reviewd in [153]).
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1.3.2

High-fat and low-dose streptozotocin type 2 diabetic mouse model
In T2D patients, both insulin resistance and hyperglycemia occur following the onset of

obesity [154]. As such, some mouse models for T2D try to mimic this by feeding mice a high fat
diet in order to initiate obesity and insulin resistance, followed by treatment with low dose STZ
in order to partially ablate pancreatic insulin production, thereby inducing hyperglycemia. Mice
are maintained on a high fat diet for the duration of the study [155]. In this model, mice not only
exhibit signs of obesity, glucose intolerance, insulin resistance and cardiac dysfunction but also
impaired cardiac mitochondrial respiratory function [156].

1.3.3

Diet-induced obese mouse model
In order to study the effects of diet on the induction of obesity and diabetes, experimental

models involving feeding mice either a diet high in fat or a diet high in both fat and sugar,
particularly sucrose, have been implemented. Previous studies have shown that diet is more
effective in inducing obesity in C57Bl/6 mice compared to other strains, including C3H/He and
BALB/c mice [157]. Similar to observations made in humans, high-fat fed C57Bl/6 mice are
obese and develop insulin resistance and hyperglycemia compared to their chow-fed counterparts
(reviewed in [158]). However, the effects of high fat feeding on cardiac function have not been
consistent in different studies. For instance, Park et al [74] showed that high fat feeding (55%
Kcal fat, 20 weeks) results in cardiac dysfunction in C57Bl/6 mice. In contrast, Brainard et al
[159] were unable to detect cardiac dysfunction following high fat feeding (60% Kcal fat, 6
months) in the same strain of mice.
A “Western” diet, which has been defined as a diet high in both fat and sugar, not only
increases cardiac cholesterol and fatty acid content in mice but also induces mild cardiac
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hypertrophy after 12 weeks of feeding [160]. Mice fed a Western diet have been shown to have
decreased left ventricular ejection fraction and increased isovolumic relaxation time as measured
by echocardiography, thereby showing both systolic and diastolic dysfunction, respectively
[161]. Similarly, mice fed the same diet for 16 weeks [162] or extended periods of as long as 6
months [163] exhibit cardiac dysfunction.
Though there is flexibility in the dietary compositions and feeding duration used to
induce obesity in mice, it is worth noting that multiple studies have found different outcomes
pertaining to their effect on blood glucose and cardiac function and this makes the results
following chronic feeding unpredictable. These discrepancies are discussed later in chapter 3 as
we sought to determine which composition would best result in the induction of dietary-induced
cardiac dysfunction.

1.4
1.4.1

The RhoA/ROCK pathway
Overview
Multiple mechanisms have been postulated to contribute to the pathogenesis of diabetic

cardiomyopathy. Of importance is the contribution of the RhoA/Rho-associated coiled-coilcontaining protein kinase (ROCK) signaling pathway (Figure 2). RhoA is a member of the Ras
superfamily and is inactive when GDP-bound and active when GTP-bound. Guanine nucleotide
exchange factors (GEFs) regulate the activation of RhoA by enabling the exchange of GDP for
GTP, whereas GTPase activating proteins (GAPs) promote its inactivation by hydrolyzing GTP
to GDP [164]. In order to maintain the inactive state, guanine nucleotide dissociation inhibitors
(GDIs) bind to the RhoA/GDP complex and promote its relocation from the cell membrane to
the cytoplasm. Activated RhoA binds and stimulates various effectors, the best known of which
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is ROCK. There are two isoforms of ROCK: ROCK 1 and ROCK 2 [165]. These exhibit an
overall 65% homology in their amino acid sequence, and 92% homology in the kinase domain
[165] and are expressed in multiple tissues including smooth muscle and heart [166].
The RhoA/ROCK pathway mediates multiple cellular activities including smooth muscle
contraction [165], regulation of the cytoskeleton, and cell adhesion [167]. Targets of ROCK
include myosin light chain (MLC) and myosin phosphatase target subunit 1 (MYPT-1) [166].
1.4.2

RhoA and ROCK as targets in cardiac disease
The role of RhoA in cardiac function has been documented through studies involving its

downstream targets, primarily through overactivation of ROCK. However, other targets of RhoA
are also now being explored. Cardiac overexpression of RhoA results in atrial enlargement,
ventricular dilatation and eventual heart failure [168]. Studies by Lauriol et al [169] have shown
that RhoA mediates both cardioprotective and cardio-deleterious mechanisms in a model of
transverse aortic constriction (TAC). Specifically, in a model of TAC, which induces cardiac
pressure overload and eventual heart failure, mice with cardiomyocyte deletion of RhoA (Esr
cre-RhoAfl/fl) show similar levels of hypertrophy as wild-type mice 2 weeks after TAC.
However, after 8 weeks of TAC, cre-RhoAfl/fl mice had larger hearts and ventricular dimensions
compared to wild type mice. Together, these observations suggest that RhoA plays an important
role in compensatory hypertrophy to prevent cardiac dilation. Interestingly, in the same study,
after 8 weeks of TAC, cre-RhoAfl/fl mice showed lower levels of fibrosis and apoptosis compared
to control animals subjected to the same treatment. RhoA was suggested to contribute to fibrosis
through activating pro-fibrotic gene regulators such as myocardin response transcription factor
(MRTF) and serum response factor (SRF) [169].
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In a model of ischemia-reperfusion (I/R) injury, Xiang et al [170] show that cardiac
specific knockdown of RhoA is in fact deleterious, as shown by the inability of RhoA knockout
mice to withstand injury. It was suggested that RhoA plays a role in cardioprotection through its
ability to phosphorylate and activate protein kinase D, a pro-survival enzyme [170]. These
studies show that RhoA has a role in cardiac diseases, but its contribution varies by disease state.
ROCK has been found to also play a role in I/R injury, where ROCK activation by RhoA
is increased [171-173]. Treatment of isolated rat hearts with the non-specific ROCK inhibitors
Y27632 and fasudil before, during and after coronary occlusion results in a smaller infarct size
through activation of the pro-survival reperfusion injury salvage kinase pathway involving PI3K,
Akt and eNOS [171]. Inhibition of ROCK may also be beneficial in I/R injury through
attenuating inflammation and preventing the downregulation of the anti-apoptotic protein Bcl-2
[172]. The beneficial effects of ROCK inhibition in I/R injury contrast with the deleterious effect
of deletion of cardiomyocyte RhoA, a discrepancy which has been suggested to arise because
RhoA and ROCK are expressed in many different cell types in the heart, and the activation of
RhoA in cells other than cardiomyocytes may lead to adverse consequences [170].
The inhibition of ROCK also prevents the hypertrophy, macrophage infiltration and
endothelial oxidative stress induced by angiotensin II through reducing the upregulation of
NADPH oxidase [174]. Increased ROCK activation has also been implicated in the pathogenesis
of atherosclerosis and inhibition results in a reduction in atherosclerotic lesions [175]. Research
showing the benefits of ROCK inhibition identify ROCK as a target from treatment of various
cardiovascular diseases. However, isoform specific inhibitors are yet to be available for routine
use.
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1.4.3

Current evidence for a role of the RhoA/ROCK pathway in the development of

diabetic cardiomyopathy
Previous studies in our lab have demonstrated a role for the RhoA/ROCK pathway in
diabetic cardiomyopathy [176]. Activation of ROCK by RhoA phosphorylates LIM kinase 2, an
enzyme important in cardiac actin cytoskeletal reorganization [177]. In streptozotocin (STZ)induced T1D rats, the expression and activity of RhoA in cardiomyocytes is increased, as is the
phosphorylation of LIM kinase 2 (p-LIM kinase 2). These observations are associated with
increased actin polymerization and the development of diabetic cardiomyopathy. Treatment with
ROCK inhibitors reduces both actin polymerization and p-LIM kinase 2 and improves contractile
function [176]. Previous reports from our lab also show that in cardiomyocytes isolated from
diabetic rats, RhoA expression and ROCK activity as well as ROS production are increased, and
the non-specific ROCK inhibitor, Y-27632 abates ROS production [178].
Currently available ROCK inhibitors are non-selective. As such, this limits their use in
determining the roles of specific ROCK isoforms in the pathophysiology of diabetic
cardiomyopathy. However, we have also shown in the past that under diabetic and insulinresistant conditions, ROCK 1 protein expression is unchanged but ROCK 2 protein expression is
increased and this is associated with the development of cardiac dysfunction [179, 180]. These
data implicate ROCK2 and not ROCK1 as the isoform contributing to the development of
cardiac dysfunction under diabetic and insulin resistant conditions.
Collectively, further studies are needed to elucidate (1) if the beneficial effects of
RhoA/ROCK inhibition are due to cardiomyocyte-specific RhoA/ROCK inhibition or arise in
other cell types, and (2) if ROCK2 is the isoform responsible for the cardiac changes that occur
with diabetic cardiomyopathy.
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1.5

Rationale and research hypothesis
Our lab was the first to show that the RhoA/ROCK pathway contributes to the

development of diabetic cardiomyopathy and that acute inhibition of the pathway with a nonisoform selective ROCK inhibitor results in improvement in cardiac function in a rat model of
STZ-induced T1D [176]. Zhou et al [181] also showed that chronic treatment of T2D rats with
the non-isoform selective inhibitor fasudil hydrochloride resulted in improvement in cardiac
contractile function. Both studies hence identify a possible role of the RhoA/ROCK pathway in
both T1D and T2D and suggest this pathway as a potential therapeutic target for diabetic
cardiomyopathy. However, a number of questions remain. For instance, the unavailability of
specific ROCK inhibitors has made it impossible to determine which ROCK isoform contributes
to the observed improvements in cardiac function following treatment of diabetic
cardiomyocytes with a non-isoform specific ROCK inhibitor. In addition, research has suggested
that activation of RhoA and its downstream targets in cardiomyocytes may have differing
consequences than its activation in the heart as a whole, depending on the pathological condition.
These data hence complicate understanding the role of RhoA and ROCK in diabetic
cardiomyopathy.
The purpose of the research undertaken for this thesis was to further investigate the roles
of cardiomyocyte RhoA and of ROCK2 in the development of diabetic cardiomyopathy. The
overall research hypothesis tested was that ‘deletion of ROCK2, or of RhoA in cardiomyocytes
will prevent the development of diabetic cardiomyopathy, and this will be associated with
reduced fibrosis and hypertrophy’. Three different studies were undertaken to test this
hypothesis. The aim of the first study was to determine the contribution of ROCK2 to the
development of diabetic cardiomyopathy, using CD1 mice with heterozygous knockout of
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ROCK2, made diabetic with STZ. Complete knockout of ROCK2 is embryonically lethal, but
heterozygous mice develop normally [182].
Unexpectedly, diabetic wild-type CD1 mice in our first study did not show any overt
cardiac dysfunction as measured by echocardiography, even 13 weeks after induction of
diabetes. Therefore, in order to allow investigation of the role of RhoA in the diabetic heart, we
next sought to determine a suitable mouse model of diabetes or obesity-induced insulin
resistance that was associated with the development of cardiac dysfunction in C57Bl/6 mice, the
background of the genetically modified floxed RhoA and cre-RhoA mice that we used. As such,
the aim of the second study was to compare the development and progression of cardiac
dysfunction in various mouse models of diabetes and obesity. In order to do so, we compared
STZ-treated, high-fat fed, high-fat/high sucrose fed, and high-fat fed/STZ-treated mice.
Interestingly in this strain of mice, STZ-treated animals showed the earliest and most severe
signs of cardiac dysfunction, establishing this as the model used for our third study.
Lastly, given that the knockdown of RhoA has been found to have differential effects in
models of ischemia reperfusion injury [170] and pressure overload [169], the third aim was to
ascertain the role of RhoA in cardiomyocytes in the development of T1D cardiomyopathy,
specifically, the development of fibrosis and hypertrophy. The results of this study demonstrated
that knockdown of RhoA protected the diabetic hearts from the development of cardiac
contractile dysfunction. This was associated with normalization of signaling through the TGF-β
pathway, and the prevention of cardiomyocyte fibrosis, hypertrophy and apoptosis.
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Figure 1: TGF-b signaling pathway.
The TGF-b signaling pathway is implicated in the development of both fibrosis and hypertrophy.
Activation of TGF-b by multiple cellular mechanisms, including diabetes-induced oxidative
stress, results in binding of TGF-b to its receptor, TGFbRI, which then phosphorylates TGFbRII.
Downstream of TGFbRII are multiple targets including TAK1/MEKK1, RAS and PP2A which
are involved in the Smad-independent pathway. In addition, TGFbRII phosphorylates both Smad
2 and Smad 3 thereby initiating the Smad-independent pathway. The phosphorylated Smad 2/3
complex associates with Smad 4 and subsequently translocates to the nucleus to modulate the
transcription of genes involved in both fibrosis and hypertrophy. Phosphorylation of Smad 2 and
3 is inhibited by Smad7.
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Figure 2: RhoA/ROCK signaling pathway
RhoA is activated when GTP bound and is subsequently translocated to the cell membrane where
it activates ROCK1 and ROCK2. Both ROCK1 and ROCK2 have multiple downstream targets
including LIMK, PTEN, ERM and MYPT1. In addition to their normal roles in cardiac function,
as shown above, PTEN also been implicated in the development of cardiac hypertrophy and
LIMK in fibrosis [169].
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Chapter 2: The effect of partial ROCK2 deletion on the development of
cardiac dysfunction in a model of type 1 diabetes
2.1

Introduction
Diabetes is associated with the development of deleterious chronic comorbidities

including cardiovascular disease [183, 184], kidney disease [185, 186], cancers [187] and
retinopathy [188]. Of interest, is diabetic cardiomyopathy, which is characterized by diastolic
and/or systolic dysfunction independent of coronary artery disease and hypertension [138, 189].
In order to understand the phenomenon of diabetic cardiomyopathy, studies have been carried
out in vivo [190, 191], ex vivo [67] and in isolated cardiomyocytes [192, 193] and these models
have shown the disturbances that occur, at the whole heart, cellular and molecular levels. Despite
multiple mechanisms being postulated, the exact mechanism contributing to the development and
progression of diabetic cardiomyopathy is not completely understood, thereby complicating
efforts to develop treatment.
Over-activation of the RhoA/ROCK pathway has been implicated in a number of
cardiovascular conditions including ischemia-reperfusion injury [172, 194], hypertension [195,
196], arteriosclerosis [197] and left ventricular hypertrophy [198, 199]. In addition, the
RhoA/ROCK pathway has also been associated with the development of diabetic
cardiomyopathy. We have previously shown that in cardiomyocytes isolated from STZ-induced
diabetic rats, diabetic cardiomyopathy is associated with increased expression of RhoA and
ROCK2 (but not ROCK1) [179], and increased phosphorylation of the ROCK targets, MYPT1
and LIM Kinase 2 [176]. Treatment with non-isoform specific ROCK inhibitors inhibits ROCK
activity and improves contractile function [176]. The mechanism by which cardiac function is
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improved is not completely known but studies from our lab suggest that, under diabetic
conditions, activation of the RhoA/ROCK pathway proceeds through a positive feedback loop
involving protein kinase C b2 (PKCb2) and iNOS. Acute inhibition of this loop using nonspecific ROCK inhibitors or inhibitors for PKCb2 and iNOS reduces RhoA/ROCK activity, and
also reduces oxidative stress, a contributor to cardiac dysfunction [178].
Given that we and others have previously shown a role for RhoA/ROCK signaling in
diabetic cardiomyopathy, and that we have found that the protein expression of ROCK2 and not
ROCK1 is increased in diabetic hearts, the aim of this study was to determine if partial deletion
of ROCK2 would protect the heart against the development of diabetic cardiomyopathy in a
model of chronic T1D.

To investigate this, we treated wild-type (WT) mice and mice

heterozygous for ROCK2 (ROCK2+/-) with citrate buffer (control/non-diabetic) or STZ to induce
T1D.

The results of this study demonstrated that there were no overt signs of cardiac

dysfunction in WT–diabetic compared to WT-citrate mice, as measured by echocardiography,
even 13 weeks after induction of diabetes. Diabetic and control WT and ROCK2+/- mice did not
show any differences in either diastolic or systolic function despite elevated levels of glucose
(>25 mmol/L) in diabetic mice. However, isolation of cardiomyocytes from these animals
showed that WT-diabetic animals developed arrhythmias when challenged with high
extracellular Ca2+, whereas diabetic ROCK2+/- mice were protected against arrhythmias, thereby
indicating a possible role of ROCK2 in arrhythmogenesis in diabetic hearts.
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2.2
2.2.1

Methods
Animals
All experiments were conducted in male CD-1 mice housed in a humidity controlled

room with a 12 hour light/12 hour dark cycle. Male CD1 ROCK2+/- mice, generated as described
by Zhou et al [200], were bred with female WT mice. ROCK2+/- mice were used instead of
ROCK2-/- mice, as complete knockouts of ROCK 2 have a low survival rate [200]. Mice born
from the same female mouse were housed in the same cage unless they had to be separated to
avoid overcrowding (maximum 5 mice/cage). At 3 weeks of age, age-matched mice were
weaned and placed on a chow (10% Kcal fat, Lab Diet Inc., St Louis, MO, USA) diet. At 8
weeks of age, mice were randomly assigned to either receive STZ treatment or the vehicle, 0.1M
citrate buffer [201]. ROCK2+/+ and ROCK2+/- mice received either streptozotocin (STZ, 40 mg
Kg-1, intraperitoneal per day for 5 days) [202] or an equal volume of citrate buffer/kg for 5 days.
Three weeks following initial injection, mice were tested for persistence of hyperglycemia using
a One Touch Glucometer as a sign of development of T1D. Only mice with a blood glucose level
over 24 mM were used in subsequent experiments.
2.2.2

Echocardiography
At 13 weeks post STZ treatment, mice underwent echocardiography to measure systolic

and diastolic function. Echocardiographic image acquisition was carried out using the Vevo 2100
system. Mice were anaesthetized with 4-5% isoflurane in 100% oxygen. Following induction,
mice were placed on a heated handling table and anaesthesia and body temperature were
maintained at 1-1.5% isoflurane and 37 ± 0.5°C, respectively.

Measurements of systolic

function included left ventricular ejection fraction, percent fractional shortening, left ventricular
mass, stroke volume, cardiac output, and isovolumic contraction time (IVCT). Analysis of the
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ratio of early (E)-to-late (atrial, A) ventricular filling velocities (E/A), isovolumic relaxation time
(IVRT), duration time of the E and A waves (EAT), and deceleration time of the E wave (EDT)
were used to assess diastolic function. The myocardial performance index (MPI) was calculated
as a measure of global left ventricular function: MPI = (IVCT + IVRT)/ejection time (ET) [203].
2.2.3

Western blot analysis
Mice were euthanized and their hearts were weighed and rinsed in ice cold PBS and

subsequently snap frozen in liquid nitrogen before storage at -80°C. In order to determine protein
expression changes, frozen hearts were pulverized using a mortar and pestle and were then
homogenized in radioimmunoprecipitation assay buffer (50mM Tris-HCL, pH 7.4, 1% NP-40,
0.5% Na-deoxycholate, 0.1% SDS, 150mM NaCl, 2mM EDTA, 50mM NaF) with 1X
protease/phosphatase inhibitors (Cell Signaling Technology, Beverly, MA). Proteins were
separated on 8-12% tris-glycine gels and blotted with antibodies against RhoA (sc-418), ROCK2
(sc-5561), Ca2+/calmodulin-dependent protein kinase II (CAMKII, sc-13082), phospholamban
(PLB, sc-393990), phospho-PLBThr17 (sc-17024-R) (Santa-Cruz Biotechnology, Dallas, TX),
phospho-CAMKIIThr286 (#3361, Cell Signaling Technology), ROCK1 (04-1181, EMD Millipore,
Etobicoke, ON), ryanodine receptor 2 (RYR2, Sigma-Aldrich, Oakville, ON), pRYR2Ser2814
(A0101-31AP, Badrilla Ltd, Leeds, UK). Protein quantity was normalized to GAPDH (sc-47724,
Santa-Cruz Biotechnology, Dallas, TX) or ponceau dye. Protein levels were quantified by
densitometry using ImageJ software.
2.2.4

Isolation of ventricular cardiomyocytes
Mouse cardiomyocytes were isolated according to the protocol established by Li et al

[204]. Briefly, mice were euthanized and their hearts immediately placed in ice cold buffer (113
mM NaCl, 4.7 mM KCl, 0.6 mM KH2PO4, 0.6 mM Na2HPO4, 1.2 mM MgSO4, 10 mM Na35

HEPES, 12 mM NaHCO3, 10 mM KHCO3, 0.032 mM phenol red, 30 mM taurine, 10 mM 2,3Butanedione monoxime, and 5.5 mM glucose, pH 7.0). Myocytes were isolated by retrograde
perfusion and using collagenase. Calcium tolerant cardiomyocytes were incubated in buffer with
low (2.2mM) and high (6mM) Ca2+.
2.2.5

Statistical analysis
All values are shown as mean ± SEM; n denotes the number of animals in each group.

Results were analyzed using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA).
Data was analyzed by one-way ANOVA followed by Newman-Keul’s test. Differences were
considered statistically significant at p<0.05.

2.3

Results

2.3.1

Mouse phenotype
Thirteen weeks after either STZ or citrate treatment, both diabetic WT and ROCK2+/-

mice weighed less than their corresponding control groups (Fig 3. A). In addition, blood glucose
in both the WT-diabetic and ROCK2+/--diabetic mice was higher than that of the vehicle-treated
mice (Fig 3. B). However, there were no differences in blood glucose between the two diabetic
groups.
2.3.2

Protein expression changes
We assessed expression of ROCK2 and ROCK1 in hearts of the four groups of mice by

western blotting. ROCK2 protein expression was elevated in the WT-diabetic group compared to
all other groups (Fig. 4A, B). Furthermore, ROCK2+/--citrate animals had an approximately 50%
reduction in ROCK2 protein expression compared to their WT counterparts, and there was no
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significant increase in ROCK2 expression in ROCK2+/--diabetic mice. Analysis of ROCK1
protein expression (Fig. 4 C) showed no differences amongst the groups.
2.3.3

Assessment of whole heart function
Cardiac function was measured 13 weeks after induction of diabetes (Fig. 5 and 6).

Despite the elevated levels of blood glucose, there were no differences in either diastolic or
systolic cardiac function (Fig. 5). Calculation of the MPI, a marker of global cardiac function,
showed no differences in any of the groups (Fig. 6).
2.3.4

Assessment of cardiomyocyte function
Consistent with our global cardiac function data, cardiomyocytes from both diabetic and

nondiabetic WT and ROCK2+/- mice showed no differences in calcium transients and peak Ca2+
concentrations when perfused with 2.2 mM Ca2+ (Fig. 7). In addition, both non-diabetic WT and
ROCK2+/- exhibited similar rates of decay of the Ca2+ transient. However, ROCK2+/- diabetic
animals showed an improved rate of decay of the Ca2+ transient compared to diabetic WT
animals (Fig. 7C). However, although no sign of irregular Ca2+ transients were detected in either
diabetic WT or ROCK2+/- cardiomyocytes in 2.2 mM Ca2+, diabetic WT cardiomyocytes
developed arrhythmic Ca2+ transients when perfused with 6mM Ca2+ (Fig. 8A). On the other
hand, diabetic ROCK2+/- mice showed fewer arrhythymic Ca2+ transients in comparison to
diabetic WT mice (Fig. 8A). Calculation of the number of cells that developed irregular Ca2+
transients (Fig. 8B) showed that the number of cells with arrhythmic Ca2+ transients was much
less in diabetic ROCK2+/- than WT cardiomyocytes.
2.3.5

Determining the contribution of ROCK2 deletion to cardiomyocyte function
Diabetes-induced increased diastolic Ca2+ leak, a cause of irregular Ca2+ transients, has

been suggested to be due to increased phosphorylation of the RYR2 (reviewed in [205]). Hence,
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we examined phosphorylation of the RYR2 in hearts from diabetic WT and ROCK2+/- mice (Fig.
9A, B). Phosphorylation of the RYR2 at Ser 2814, the site of CaMKII phosphorylation and
activation, was increased in hearts from diabetic WT mice but prevented in hearts from diabetic
ROCK2+/- mice. We also determined the phosphorylation of PLBThr17, a site for CAMKII
activation (Fig. 9A, C). No change in PLBThr17: PLB was detected in WT or ROCK2+/- diabetic
mice. Lastly, we measured phosphorylation of CaMKII at Thr287 (Fig. 9A, D). The
phosphorylation of CaMKII was significantly increased in hearts from diabetic WT mice, but
this increase was prevented in hearts from diabetic ROCK2+/- mice.
2.1

Discussion
Our previous studies in rats indicated that an increase in ROCK activity contributes to

diabetic cardiomyopathy, and showed that treatment of animals with a ROCK inhibitor improves
cardiac function [179]. In the present study, we investigated the effects of partial deletion of
ROCK2 on cardiac contractile function in whole hearts as well as Ca2+ transients in
cardiomyocytes isolated from diabetic WT and ROCK2+/- hearts. Overall, our data showed that
13 weeks after STZ treatment of WT mice to induce diabetes, there were no overt changes in
cardiac function even though ROCK2 expression was elevated in WT-STZ mice hearts.
However, analysis of cardiomyocyte function showed that ROCK2 deletion attenuated the
development of irregular Ca2+ transients induced by increased Ca2+ loading in diabetic
cardiomyocytes, and in addition, that ROCK2 deletion prevented the increases in
phosphorylation of the RYR2 in diabetic mice and this was associated with attenuation of the
diabetes-induced increased phosphorylation and activation of CaMKII. These data suggest that
ROCK2 contributes to impaired Ca2+ homeostasis in diabetic cardiomyocytes, at least in part by
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promoting the CaMKII-mediated phosphorylation of the RYR2, increasing its spontaneous
release of sarcoplasmic reticulum (SR) Ca2+.
In contrast to our previous observations in diabetic rat hearts, hearts from WT mice with
diabetes of 3 months duration did not develop signs of either systolic or diastolic dysfunction in
vivo. More recent studies in male CD1 mice showed that STZ-induced T1D diabetes induced
detectable diastolic dysfunction 12 weeks after STZ treatment, while systolic dysfunction was
identified 16 weeks after diabetes induction [151]. Although we were unable to detect significant
diastolic dysfunction after 13 weeks of STZ treatment, it is possible that overt cardiac
dysfunction would have developed in these mice with time. In contrast, C57Bl/6 mice have been
reported to develop cardiac dysfunction as early as 8 weeks after the onset of diabetes [150]
suggesting that strain differences may affect the onset of cardiac dysfunction in mice.
To determine the consequences of ROCK2 deletion in diabetic cardiomyocytes, we
isolated cardiomyocytes from diabetic WT and ROCK2+/- animals. Several studies have
implicated impaired Ca2+ homeostasis, an important regulator of cardiac contractility and
relaxation, as a contributing factor to the pathogenesis of diabetic cardiomyopathy [11, 206]. For
example, Choi et al [206] showed that in a STZ-T1D rat model, animals exhibited both diastolic
and systolic dysfunction, which was associated with impaired Ca2+ regulation, including
depression in the rise and fall of free intracellular Ca2+ concentration and impairment in Ca2+
reuptake by the SR, as well as a reduction in the rate of Ca2+ release by the SR. The SR is the
primary store for Ca2+ and under normal physiological conditions, for a cardiac contraction to
occur, Ca2+ has to be released from the SR and consequently bind to troponin C to allow the
interaction between actin and myosin and thereby generate force for a contraction. For relaxation
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to occur, the cytoplasmic free Ca2+ concentration has to be reduced by either its sequestration
back into the SR or cellular efflux primarily by the Na-Ca exchanger [11].
Consistent with our contractile data in whole hearts, there were no changes in calcium
transients in either diabetic group when measured in the presence of 2.2 mM Ca2+. However,
when challenged with high Ca2+, cardiomyocytes from diabetic WT mice showed irregular
calcium transients, which were not present in hearts from non-diabetic mice. Fewer cells isolated
from ROCK2+/--diabetic mice exhibited irregular calcium transients and, in those that did, the
severity was significantly reduced compared to those in WT-diabetic mice. This suggests a role
of partial deletion of ROCK2 in reducing the severity and/or occurrence of arrhythmias in a
model of type 1 diabetes, as impaired Ca2+ handling leading to Ca2+ overload has been directly
linked to the incidence of arrhythmias in diabetes [207].
Phosphorylation of the RYR2 at Ser2814 by CaMKII increases its sensitivity to Ca2+,
resulting in diastolic Ca2+ leak [208]. We found that phosphorylation of RYR2Ser2814 in
cardiomyocytes from diabetic WT mice was significantly increased, and this was attenuated in
myocytes from diabetic ROCK2+/- mice. Furthermore, we found that the autophosphorylation
and subsequent activation of CaMKII at Thr287 was also increased in diabetic WT but not
ROCK2+/- mice. These data imply that under T1D conditions, ROCK2 promotes diastolic Ca2+
leak in response to cellular Ca2+ overload by promoting the activation of CaMKII. The
mechanism by which it does so is currently under investigation.
T1D patients are at an increased risk of sudden death due to arrhythmias following
myocardial infarction [209, 210]. Similarly, in T2D patients, diabetes is associated with
increased incidence of ventricular fibrillation [211] and diabetes is an independent risk factor for
sudden death as shown by epidemiological studies [212]. To our knowledge, the present study is
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the first to suggest an anti-arrhythmic effect of ROCK inhibition and may constitute a novel
approach to the treatment of diabetes-associated arrhythmias.

Our next project was intended to be an investigation of the role of RhoA/ROCK in an
inducible cardiac specific RhoA knockout (RhoA-/-) mouse model of diabetes. However, the lack
of contractile dysfunction in the WT-diabetic CD1 mouse hearts led us to first compare different
models of diabetes and obesity in terms of the development of cardiac dysfunction, in order to
choose the most appropriate one. The RhoA-/- mice were on a C57Bl/6 background, therefore we
conducted these studies (chapters 3 and 4) in that mouse strain. The projects described in
chapters 3 and 4 were run concurrently. However, the results are presented separately because
we chose to combine the results related to obesity and type 2 diabetes (chapter 3) as a separate
group for publication.
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Figure 3: Characteristics of WT and ROCK2+/- mice
WT and ROCK2 mice were treated with STZ (40 mg Kg-1, intraperitoneal per day for 5 days) to
induce T1D or were treated with citrate buffer. Whole body weight (A) and blood glucose (B)
were measured at termination. *p<0.05. Data shown as mean ± S.E.M., n= 5- 7 in each group.
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Figure 4: Protein expression changes in ROCK2+/- animals
Protein expression levels of ROCK1 and 2 were assessed. Representative blots (A) and
calculations of ROCK2 (B) as well as ROCK1 (C) protein expression normalized to ponceau dye
are shown. *p<0.05. Data shown as mean ± S.E.M., n= 5-7 in each group.
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Figure 5: Cardiac function in ROCK2+/- animals
Echocardiography was used to determine E/A (A) and MV deceleration time (B) as markers of
diastolic function. Ejection fraction (C) and fractional shortening (D) were measured in order to
determine any signs of systolic dysfunction. *p<0.05. Data shown as mean ± S.E.M., n= 5-7 in
each group.
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Figure 6: Global cardiac function in ROCK2+/- mice
Measurement of the IVRT (A), IVCT (B) and AET (C) were used to calculate the MPI (D), an
indicator of global cardiac function. MPI=(IVRT+IVCT)/AET. *p<0.05. Data shown as mean ±
S.E.M., n= 5-7 in each group.
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Figure 7: Effect of ROCK inhibition on Ca2+ transients in cardiomyocytes isolated from
WT and ROCK2+/- mice
Representative Ca2+ transients (A), peak intracellular Ca2+ concentration (B) and rate of decay of
the Ca2+ transient (C) in cells isolated from diabetic and control WT and ROCK2+/- mice.
*p<0.05, n=9 per group.
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*p<0.05, n=12-15 per group.
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Chapter 3: Comparison of the development and progression of cardiac
dysfunction in mouse models of metabolic stress
3.1

Introduction
Both obesity and diabetes are risk factors for heart failure and acute myocardial infarction

[213-215], due at least in part to the development of a cardiomyopathy that is independent of
atherosclerosis and hypertension [53, 216]. The progression of diabetic and obesity-induced
cardiac dysfunction in humans is normally characterized by the onset of diastolic dysfunction,
followed by eventual systolic dysfunction (reviewed in [54]). Multiple mechanisms have been
postulated to contribute to the cardiomyopathy, but their contributions are yet to be completely
understood.
Small animal models have assisted in further elucidating the mechanisms associated with,
and identifying therapeutic targets for, obesity and diabetes-related heart disease and associated
comorbidities. Of particular interest is the use of mice, which have similar cardiac developmental
sequences as humans [217] and can be manipulated to mimic observations analogous to the
pathology and treatment of human heart failure [218, 219]. Recently there has been increasing
interest in investigating cardiomyopathy in mouse models of diet-induced obesity and T2D,
based on the premise that these will mimic the mechanisms and evolution of diet-induced obesity
and diabetes in humans. However, a variety of different regimens have been used and there is
lack of consistency between studies in the extent to which heart failure develops, if at all [159,
161, 220]. One major limitation of these studies is that often a single model was studied at only
one-time point, and therefore it is not clear whether there are variations in the progression or
severity of cardiomyopathy between different regimens.
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The purpose of the current study was to concurrently compare the long-term development
and progression of cardiac dysfunction in three different models commonly used for the study of
obesity and T2D. Specifically, C57Bl6/J mice were fed a high fat diet (HF) in order to mimic
human obesity and insulin resistance, or a high fat diet followed by a low dose treatment with
streptozotocin (HF-STZ) to induce T2D, or a high fat, high sucrose (HFHS) diet closely
resembling a human “Western diet”. The results show that despite exhibiting similar metabolic
changes, there were variations in the development of cardiac dysfunction amongst the 3 models.
HF mice exhibited only a transient decrease in systolic function, whereas HF-STZ mice
developed delayed diastolic dysfunction and mice fed a HFHS diet developed sustained
decreases in systolic function as well as diastolic dysfunction. These changes in cardiac function
were directly correlated with the severity of cardiac fibrosis.

3.2
3.2.1

Methods
Animals
C57Bl/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA) and

bred in-house. At 6 weeks of age, male mice were randomly divided into 3 groups. The first
group was maintained on a chow (CH) diet (Cat #:5053, 13% kCal from fat (soybean meal and
porcine animal fat), LabDiet, St. Louis, MO), the second group was placed on a HF diet (Cat #:
D12492, 60% kcal from fat (soybean oil and lard) and 7% kcal from sucrose, Research Diets,
New Brunswick, NJ, USA) and the third group on a HFHS diet (Cat #: D12451, Research Diets,
New Brunswick, NJ, USA), containing 45% kcal from fat (soybean oil and lard) and 17% kcal
from sucrose. Two weeks later, the HF mice were further divided into 2 groups and either
injected with 0.1M citrate buffer (pH 3.8) or 40mg/kg STZ in citrate buffer (HF-STZ) for 3
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consecutive days. Mice in the CH and HFHS groups were also treated with citrate buffer during
this time. Animals were maintained on their respective diets for a further 25 weeks following
injection. Cardiac function was measured by echocardiography 12, 18 and 24 weeks post-dietary
manipulation. Oral glucose (GTT) and insulin (ITT) tolerance tests were carried out at 25 and 26
weeks, respectively. Mice were euthanized at week 27 and tissues and sera extracted for
biochemical analysis and histology. All animal studies were performed in accordance with the
Canadian Council for Animal Care’s Guide for the Care and Use of Experimental Animals and
were approved by the Animal Care Committee of The University of British Columbia.
3.2.2

Echocardiography
To assess cardiac function, transthoracic echocardiography of the left ventricle was

carried out in anesthetized mice using a Visualsonics Vevo 2100 ultrasound (Fujifilm
Visualsonics, Toronto, ON, Canada) as previously described [180].
3.2.3

Glucose and insulin tolerance tests
Intraperitoneal glucose (GTT) and insulin (ITT) tolerance tests were carried out to assess

whole body glucose response and insulin sensitivity, respectively. Briefly, mice were fasted for 6
hours and basal blood glucose was measured via tail vein sampling. For the GTT, glucose
(2g/Kg) was injected, and blood glucose was measured 15, 30, 60, 90 and 120 min later using a
One Touch Ultra 2 glucometer (LifeScan, Burnaby, BC, Canada). For the ITT, 0.75U/Kg of
insulin (Humulin R) was injected and blood glucose was measured 10, 20, 40 and 60 min after
injection [180].
3.2.4

Serum profile
Non-fasting serum non-esterified fatty acids were measured by enzymatic analysis using

a kit from Zen-Bio (Research Triangle Park, NC). Cholesterol, and triglycerides were also
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measured by enzymatic analysis using commercially available kits (Pointe Scientific. Inc.,
Canton, MI). Insulin levels (EMD Millipore, Etobicoke, ON, Canada) were measured by ELISA
using a kit from EMD Millipore (Etobicoke, ON, Canada).
3.2.5

Cardiac triglycerides
Cardiac triglyceride (TG) levels were determined using GPO reagent (Point Scientific.

Inc., Canton, MI, USA). Briefly, previously frozen heart sections were homogenized in KOHEtOH solution. Samples were heated to 70°C for 1 hour and subsequently incubated at room
temperature overnight. The next day, 2M Tris-HCL was added to each sample and TG levels
were subsequently measured at an absorbance of 500nm [221].
3.2.6

Western blot protein analysis
Hearts were homogenized in radioimmunoprecipitation assay buffer with 1X

protease/phosphatase inhibitors (Cell Signaling Technology, Beverly, MA). Proteins were
separated by 6-12% SDS-PAGE and immunoblotted using antibodies against ACC, pACCSer79
and GLUT4 (Santa Cruz Biotechnology, Inc., Dallas, TX). Protein band intensity was
determined by densitometry and normalized to GAPDH.
3.2.7

Quantitative real-time PCR
Total RNA was extracted from cardiac tissue using TRIzol reagent (Invitrogen,

Burlington, ON, Canada) according to the manufacturer’s protocol. Reverse transcription was
carried out using a SuperScript VILO cDNA synthesis kit (Invitrogen, Carlsbad, CA) in order to
generate complementary DNA. Quantitative RT-PCR was performed on an Applied Biosystems
StepOnePlusTM PCR system using SYBR Select Master Mix (Applied Biosystems, Foster City,
CA). Relative TNF-α and GLUT5 mRNA expression were calculated by the comparative

52

threshold (2-

CT

) method and normalized to the 36b4 endogenous control [180]. The primer

sequences used are detailed in Table 1.
3.2.8

Histopathological analysis
Mouse heart apexes were fixed in 10% neutral-buffered formalin and embedded in

paraffin. Sections (5µm) were stained with Masson’s trichrome stain.
3.2.9

Statistical analysis
All values are shown as mean ± SEM; n denotes the number of animals in each group.

Results were analyzed using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA).
The GTT, ITT and repeated cardiac function measurements were analyzed by two-way repeated
measures ANOVA followed by a Bonferrroni’s post-hoc test. All other data was analyzed by
one-way ANOVA followed by Newman-Keul’s test. Differences were considered statistically
significant at p<0.05.

3.3
3.3.1

Results
Mouse phenotype
At termination, all three groups of treated mice weighed more than the CH mice, but

there were no significant differences among them (Table 2). The increase in body weight was
associated with an increase in epidydymal fat pad weight (Fig. 10A) and epidydymal fat relative
to body weight (Table 2), which was greatest in HF-STZ mice. On the other hand, liver weight
was significantly increased in HF and HFHS but not HF-STZ mice (Fig. 10B). There were no
differences in heart weight across all groups (Fig. 10C) although hearts from HF and HFHS mice
exhibited much higher triglyceride levels than hearts from CH mice. TG levels were not elevated
in HF-STZ mouse hearts (Fig. 10D).
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Although serum cholesterol levels were increased across all treatment groups by 2-2.5
fold, serum triglycerides were reduced compared to CH mice (Table 2). In addition, circulating
free fatty acids were lower in HFHS compared to both HF and HF-STZ mice (Table 2).
An analysis of serum glucose and insulin levels revealed that both HF and HFHS mice
were mildly hyperglycemic and were hyperinsulinemic as exhibited by elevated fasting blood
glucose and serum insulin levels compared to CH. In contrast, HF-STZ mice exhibited greater
hyperglycemia but no elevation in basal serum insulin levels (Table 2).
The effects of the different regimens on glucose and insulin tolerance were examined in
GTTs and ITTs, respectively (Fig. 11). In the GTT, blood glucose levels were elevated in all
treatment groups compared to CH mice throughout the 120min following glucose injection (Fig.
11A). Calculation of the area under the curve (AUC) of the GTT showed that the treated groups
had varying degrees of reduced glucose tolerance, since the AUC of the HF-STZ mice was
greater than that of HF mice, which in turn was greater than that of HFHS mice (Fig. 11B). In the
ITT, levels of blood glucose were increased in all treated groups compared to CH mice for 60
min after insulin injection (Fig. 11C). Calculation of the AUC showed that the HF, HF-STZ and
HFHS groups all had reduced insulin sensitivity compared to CH with no differences amongst
them (Fig. 11D).
3.3.2

Development and progression of cardiac dysfunction
Cardiac function in all groups was serially determined by echocardiography 12, 18 and

24 weeks after the change in diet. No significant changes in heart rate or measures of diastolic
(E/A, IVRT and MV deceleration time) or systolic (ejection fraction, fractional shortening and
IVCT) function were detected in hearts from CH animals over this time (Table 3, Fig. 12). There
were no significant changes in heart rate at weeks 12 and 18 (not shown) but by week 24, heart
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rates in all high fat-fed groups were reduced significantly compared to CH mice (Table. 3).
Furthermore, apart from a small decrease in the IVCT in hearts from HF-STZ mice, no
differences were detected in systolic or diastolic function between any of the treatment groups
and CH mice at week 12 (Fig. 12). By 18 weeks after beginning the diet, HF mice showed
evidence of both diastolic and systolic dysfunction compared to CH mice, with an increase in the
E/A (Fig. 12A), and decreases in ejection fraction, fractional shortening and IVCT (Fig. 12D-F).
However, these differences were not sustained; by week 24, measures of both diastolic and
systolic function for the HF group were restored to the week 12 level and were not different from
those of CH mice (Fig. 12).
In contrast, no differences in either diastolic or systolic function were found in the HFSTZ group 18 weeks after beginning high fat feeding (Fig. 12). However, by week 24 these mice
exhibited diastolic dysfunction, as indicated by an increase in E/A (Fig. 12A) and a decrease in
MV deceleration time (Fig. 12C) compared values recorded at weeks 18 and 12, respectively.
Systolic function in these animals remained unchanged at 24 weeks compared to weeks 12 and
18, and compared to CH mice at this time (Fig. 12D-F).
HFHS mice, on the other hand, showed evidence of systolic dysfunction by 18 weeks
after beginning the diet, as indicated by significant decreases in both fractional shortening (Fig.
12D) and ejection fraction (Fig. 12E) These differences were still apparent at week 24, and in
addition, an increase in the IVCT was detected at this time (Fig. 12F) as were signs of diastolic
dysfunction, with increases in both E/A (Fig. 12A) and the MV deceleration time (Fig. 12C)
compared to week 12. Additionally, calculation of the MPI ([IVRT + IVCT]/AET), an indicator
of global cardiac dysfunction, revealed an increase in the HFHS compared to CH and HF groups
at 24 weeks (Table 3).
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There were no significant differences between either the HF or HFHS groups and the CH
group in LV mass, volume, anterior or posterior wall thickness or internal diameter in diastole or
systole at 24 weeks (Table 3). However, LV mass, volume and internal diameter in diastole and
systole were significantly lower in HF-STZ compared to both CH and HFHS. This was
associated with a significantly lower stroke volume in HF-STZ compared to CH (Table 3).
3.3.3

Development of cardiac fibrosis
Differences in the animal models were further delineated through Masson’s trichrome

staining of heart tissues at termination (Fig. 13). Vascular accumulation of collagen fibers was
higher in all high-fat fed animals compared to the CH group (Fig. 13A and B). The HF (Fig. 13C
and D) and HF-STZ mice (Fig. 13E and F) only showed vascular fibrosis (HF lower than HFSTZ), with no apparent interstitial fibrosis. The HFHS group showed the highest levels of both
vascular (Fig. 13G) and interstitial (Fig. 13H) fibrosis.
3.3.4

Changes in protein and mRNA expression
To investigate possible reasons for the differences in cardiac function between the

different regimens, we examined cardiac protein or mRNA expression of key proteins that have
been reported to change in response to high-fat feeding. We first examined levels of total ACC
and pACCSer79, since AMPK-mediated phosphorylation of ACC leads to its inactivation and a
reduction in the production of malonyl CoA, contributing to increased fatty acid oxidation. There
were no differences in total ACC between the different groups but pACCSer79 was increased by
approximately 40% in both HF and HF-STZ compared to CH mice, consistent with an expected
increase in fatty acid oxidation (Fig. 14A). However, there were no differences in pACCser

79

levels between HFHS and CH mice (Fig. 14A).
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In cardiomyocytes, GLUT1 and GLUT4 are the predominant isoforms of glucose
transporters, with GLUT4 mainly present in adult hearts and GLUT1 mainly in fetal and
neonatal hearts (reviewed in [222]). Protein quantification of whole cell GLUT4 levels showed
an increase in hearts from HF-STZ mice compared to both CH and HF groups. There was no
statistically significant difference in GLUT4 expression in hearts from HFHS mice compared to
any of the other groups (Fig. 14B).
We also measured mRNA expression levels of GLUT5, the main fructose transporter that
has been implicated in both obesity and T2D (reviewed in [223]). Interestingly, GLUT5 mRNA
expression levels were elevated in hearts from HF-STZ mice compared to all other groups, while
there were no differences amongst hearts from CH, HF-STZ and HFHS mice (Fig. 14C).
TNF-α mRNA expression levels were analyzed as an index of changes in inflammatory
markers. Levels were low in hearts from HF-STZ and HFHS mice compared to both CH and HF
mice hearts. However, there were no significant differences between CH and HF or HF-STZ and
HFHS groups (Fig. 14D).

3.4

Discussion
The results of this study demonstrate that, despite similar metabolic derangements, there

are clear differences in the development of cardiac dysfunction in mice subjected to different
regimens in order to induce obesity or T2D. HF mice developed only a transient decline in
cardiac function, while HF-STZ mice exhibited diastolic dysfunction after 24 weeks, but had
preserved systolic function, and HFHS mice exhibited the most serious decline in cardiac
function, developing sustained systolic dysfunction and eventual diastolic dysfunction.
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Furthermore, analysis of cardiac pathological changes revealed that there was a correlation
between the extent of cardiac dysfunction and the development of cardiac fibrosis.
Both HF and HFHS mice exhibited mild fasting hyperglycemia, were hyperinsulinemic,
and exhibited glucose intolerance and reduced insulin sensitivity in the GTT and ITT,
respectively. Thus, these animals can be considered pre-diabetic. HF-STZ mice exhibited more
severe hyperglycemia, a greater reduction in glucose tolerance and had low blood insulin levels
compared to their HF and HFHS counterparts, indicating a systemic inability to increase insulin
secretion as a result of STZ-induced damage to the pancreas. These observations suggest that
these mice represent an early T2D model, consistent with previous findings [155].
The changes in serum lipids in response to each of the 3 regimens were similar and were
consistent with those previously reported in HF mice when measured in the fed state [224]. The
unchanged free fatty acids and decrease in circulating triglycerides seen in treated mice may
result from an increase in clearance due to increased mRNA expression of lipoprotein lipase and
CD36 in white adipose tissue and/or in liver [225-227]. The increased uptake of triglycerides and
fatty acids has been shown to contribute to adipose tissue expansion and to hepatosteatosis,
consistent with our observation of increased epidydymal fat pad and liver weights in the HF and
HFHS mice. Interestingly, in HF-STZ mice epidydimal fat pad was increased to a greater extent
than in HF and HFHS, but liver weight was not significantly changed compared to CH mice,
suggesting differences in the regulation of fatty acid and triglyceride uptake and storage between
HF-STZ mice and the other groups.
The development of cardiac dysfunction was delayed for more than 12 weeks in all three
treatment groups. In HF mice, the increase in E/A and decreases in both ejection fraction and
fractional shortening detected at 18 weeks suggested the onset of both diastolic and systolic
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dysfunction.

However, this was not sustained, and by 24 weeks after beginning the diet,

contractile function had returned to levels similar to week 12. At the same time, there was little
evidence of cardiac fibrosis in these animals. These observations may help to explain some of the
inconsistencies in the results of previous studies, in which systolic and diastolic dysfunction were
detected in C57Bl6/J mice 18-20 weeks [74, 219] but not 28 weeks to 16 months [159, 163]
after beginning the same diet. Our data suggest that with continued HF feeding, there are
compensatory changes in the heart that lead to restoration of cardiac function.
In contrast to the HF mice, the decline in systolic function seen at 18 weeks of feeding in
HFHS mice was maintained and even slightly worsened at 24 weeks, and diastolic dysfunction
was also detected at this time. This was associated with the development of extensive cardiac
perivascular and interstitial fibrosis. Similarly, others have also reported that feeding C57Bl/6
mice the same diet, for periods ranging from 16-24 weeks, results in the development of both
systolic and diastolic dysfunction [162, 163, 228]. These data demonstrate that a diet that is high
in a combination of fat and sucrose has substantially greater detrimental effects on cardiac
structure and function than a diet high in fat alone. Consistent with this, in a recent study,
C57Bl/6 mice fed a diet with a similar proportion of calories from fat, but an even higher
percentage from sucrose (30%) were reported to exhibit systolic and diastolic dysfunction as
early as 8 weeks after the onset of feeding [161].
Cardiac dysfunction in HF-STZ mice was not seen until 24 weeks after the start of
feeding, at which point diastolic dysfunction was detected. This was associated with a moderate
degree of fibrosis, but whether cardiac structure and function would continue to decline with
time was not examined in this study. Although there is increasing interest in the use of the
combination of a high fat diet and low dose STZ to induce T2D in mice, to date there have been
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few studies of the effects of this treatment on myocardial structure and function. Our results
indicate that despite the presence of greater hyperglycemia, the decline in cardiac function in
these mice was delayed compared to the other two models, and less severe than that in the HFHS
mice.
The precise mechanisms responsible for the variations in cardiac structural and functional
decline amongst the different regimens used in this study are not clear. One of the earliest events
reported to occur in the heart in the setting of obesity and T2D is altered energy metabolism,
including an increased reliance on fatty acid oxidation for energy production. In addition to
reducing cardiac efficiency, the uptake of fatty acids may outstrip the increased capacity of the
heart for β-oxidation, leading to the development of cardiac steatosis and lipotoxicity due to the
accumulation of triglycerides and lipid intermediates such as ceramides and diacylglycerol. This
has been suggested to contribute to cardiac contractile dysfunction by promoting oxidative stress,
insulin resistance, cell injury, apoptosis and fibrosis (reviewed in [229]).
Our data demonstrate that cardiac triglycerides were elevated in hearts from both HF and
HFHS mice compared to CH and HF-STZ mice. At the same time, the inhibitory
phosphorylation of ACC was up-regulated in hearts from HF and HF-STZ mice, but not in hearts
from HFHS mice, an indication that the different regimens may have different effects on the
pathways that contribute to increased fatty acid oxidation and triglyceride accumulation. ACC
promotes the synthesis of malonyl CoA, a regulator of fatty acid oxidation which inhibits fatty
acid uptake and oxidation by the mitochondria [230]. Therefore, a decrease in malonyl CoA
production due to reduced ACC activity should be accompanied by increased mitochondrial fatty
acid uptake and oxidation. That the increased triglyceride accumulation is not accompanied by
cardiac contractile dysfunction in HF mice is consistent with the suggestion of others that
60

triglyceride accumulation itself is not lipotoxic [231]. The lack of change in the inhibitory
phosphorylation of ACC in hearts from HFHS mice is in accord with a previous study that
showed that fatty acid oxidation is not up-regulated, despite increased expression of CD36 and
attenuated glucose oxidation, in these hearts [162]. Although triglyceride levels were not
significantly greater in hearts from HFHS than HF mice, it is possible that there is greater
accumulation of lipotoxic metabolites in HFHS hearts. Furthermore, the inclusion of sucrose in
the diet may also have contributed to the more extensive cardiac dysfunction compared to HF
and HF-STZ mice, independent of systemic insulin resistance and triglyceride accumulation.
Dietary sucrose is cleaved in the small intestine to its components glucose and fructose, prior to
absorption. Increasing evidence suggests that excess fructose uptake into the heart via GLUT5
exerts adverse effects contributing to cardiac dysfunction [232]. The mechanisms involved are
likely to be multi-factorial. For instance, fructose-1-phosphate, the product of fructokinase, is a
precursor of dihydroxyacetone phosphate, and thus has the potential to further increase the
accumulation of triglycerides and lipotoxic compounds in the heart [232]. Furthermore, fructose
may promote O-GlcNAcylation of proteins via the hexosamine biosynthetic pathway, and the
non-enzymatic glycation of proteins through the formation of fructose-AGE adducts, which are
more reactive than glucose-AGE adducts [233]. The latter may contribute to collagen crosslinking, increasing myocardial stiffness and contributing to diastolic dysfunction.
In the present study, the expression of GLUT5 mRNA was unchanged compared to CH
in both HFHS and HF hearts, while it was increased in hearts from HF-STZ mice. Thus, the
increased supply of dietary sucrose did not modulate the expression of GLUT5 in HFHS hearts.
The mechanism underlying the increased expression of GLUT5 in HF-STZ hearts is unclear, as
is the significance of this increase in the face of low intake of sucrose. However, since HF-STZ
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mice failed to show an increase in cardiac triglyceride accumulation but exhibited an increase in
ACC phosphorylation, fatty acid uptake may be in line with fatty acid oxidation in these hearts.
Furthermore, HF-STZ mice also exhibited an increase in cardiac GLUT4 protein expression,
whereas the expression of GLUT4 was unchanged in hearts from HF and HFHS mice. This
suggests that compensatory mechanisms may have developed in hearts from HF-STZ mice,
limiting the degree of cardiac dysfunction compared to hearts from HFHS mice.
Ultimately, the disturbances in cardiomyocyte structure and function in response to the 3
regimens appear to be directly correlated to the development of fibrosis in these hearts. Under
normal conditions, collagen is significant in maintaining the structural integrity of myofibrils and
cardiomyocyte alignment. Previous studies show that collagen synthesis is associated with
changes in levels of TNF- α. In acute injury, TNF-α levels are high and induce apoptosis of
fibro/adipogenic progenitor cells (FAPs), preventing them from differentiating into matrix
producing cells. However, under conditions of chronic organ damage, macrophages release high
levels of TGF-β1 and low levels of TNF-α, thereby inhibiting the apoptosis of FAPs and
increasing fibrosis [234]. In the present study, TNF-α mRNA expression was reduced and
fibrosis was increased in both HFHS and HF-STZ hearts compared to hearts from CH and HF
mice after 24 weeks of feeding, suggesting that the same phenomenon might be occurring in
cardiac tissue. The differences in levels of fibrosis between HFHS and HF-STZ may be
attributable to other factors such as oxidative stress and oxidative post-translational
modifications that affect protein expression levels [235].
In conclusion, this study clearly demonstrates the extent to which different regimens used
for the induction of obesity and T2D result in different degrees of cardiac pathology. A high fat
diet alone, even one containing a very high concentration of fat, does not appear to result in
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chronic cardiac dysfunction. On the other hand, a diet that combines a lower but still large
amount of fat with sucrose, which most closely resembles the “Western diet” contributing to
human obesity, produces very marked adverse effects on cardiac structure and function. Further
studies will need to be carried out in order to definitively determine the factors contributing to
these differences. To date, the exact causes of cardiac dysfunction associated with both obesity
and T2D in humans have not yet been elucidated. The current study suggests that the underlying
mechanisms include the adverse effects of the combination of fat and sucrose.
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Gene

Primer

Sequence

Forward

AGA GCA ACG ATG GAG GAA AA

Reverse

CCA GAG CAA GGA CCA ATG TC

Forward

AGG TTC TCT TCA AGG GAC AAG

Reverse

GCA GAG AGG AGG TTG ACT TTC

Forward

AGA TGC AGC AGA TCC GCA T

Reverse

GTT CTT GCC CAT CAG CAC C

Glut5

TNF-α

36b4

Table 1: RT-PCR primer sequences used in C57Bl/6 mice
Quantitative real time PCR was carried out on hearts from obese and diabetic C57Bl/6 mice
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Measurement

CH

HF

HF-STZ

HFHS

Body weight (g)

33.8 ± 0.7

48.9 ± 1.2*

44.5 ± 1.6*

47.3 ± 1.2*

Epidydymal fat/body weight (%)

2.2 ± 0.2

3.3 ± 0.2*

5.4 ± 0.4@

3.6 ± 0.2*

Fasting blood glucose (mM)

8.5 ± 0.7

11.3 ± 0.5*

16.1 ± 1.8@

10.2 ± 0.3*

Non-fasting blood glucose (mM)

10.9 ± 0.5

9.5 ± 0.9

14.6 ± 0.6@

9.1 ± 0.3

Serum insulin (ng/ml)

1.59 ± 0.09

7.60 ± 1.39*

1.65 ± 0.33#

8.13 ± 0.95*$

Serum cholesterol (mg/dL)

107.4 ± 4.3

263.6 ± 9.4*

219.6 ± 16.6*#

236.7 ± 14.9*

Serum free fatty acids (mM)

0.65 ± 0.03

0.81 ± 0.05

0.79 ± 0.10

0.56 ± 0.04#$

Serum triglycerides (mg/dL)

119.7 ± 8.1

76.6 ± 6.6*

75.0 ± 10.7*

66. 6 ± 4.4*

Table 2: Animal characteristics
Mice were euthanized after high fat feeding for 27 weeks and tissues and sera extracted for
biochemical analysis. *p<0.05 compared to CH, #p<0.05 compared to HF, $ p<0.05 compared to
HF-STZ, @p<0.05 compared to all groups. Data shown as mean ± S.E.M., n= 7-10 in each group.
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Measurement

CH

HF

HF-STZ

HFHS

Heart Rate (bpm)

491 ± 10

456 ± 11*

447 ± 13*

443 ± 8*

AET (ms)

47.6 ± 1.7

50.1 ± 1.5

49.0 ± 1.8

54.3 ± 2.0

MPI

0.62 ± 0.03

0.61 ± 0.02

0.65 ± 0.02

0.72 ± 0.03*#

Stroke Volume (µL)

50.61 ± 1.88

47.69 ± 2.50

39.96 ± 2.89*

47.72 ± 2.30

LV Mass (mg)

122.2 ± 3.9

108.3 ± 5.7

101.0 ± 4.4*

125.8 ± 6.5$

LV Vol; d (µL)

69.9 ± 4.7

64.4 ± 3.6

53.7 ± 5.1*

77.4 ± 2.5#$

LV Vol; s (µL)

34.4 ± 5.2

27.2 ± 2.8

17.5 ± 3.9*

32.2 ± 3.4$

LVAW; d (mm)

0.99 ± 0.04

0.98 ± 0.05

1.02 ± 0.04

0.98 ± 0.03

LVAW; s (mm)

1.55 ± 0.10

1.65 ± 0.11

1.58 ± 0.09

1.47 ±0.08

LVID; d (mm)

3.98 ± 0.11

3.85 ± 0.09

3.56 ± 0.15*

4.17 ± 0.06$

LVID; s (mm)

2.78 ± 0.23

2.24 ± 0.24

2.01 ± 0.21*

2.87 ± 0.14$

LVPW; d (mm)

0.87 ± 0.03

0.89 ± 0.04

0.93 ±0.06

0.92 ± 0.05

LVAW; s (mm)

1.40 ± 0.10

1.54 ± 0.13

1.41 ± 0.08

1.25 ± 0.07

Table 3: Cardiac function and dimensional measurements at week 24
Cardiac function was assessed by echocardiography. *p<0.05 compared to CH, #p<0.05
compared to HF, $ p<0.05 compared to HF-STZ, @p<0.05 compared to all groups. Data shown as
mean ± S.E.M., n= 7-9 in each group.
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Figure 10: Comparison of organ weights and cardiac TG in different mouse models of
metabolic stress
Epidydymal fat (A), liver (B) and heart (C) weights, and cardiac TGs (D) in C57Bl/6 mice 27
weeks after treatment with CH, HF, HF-STZ and HFHS. *p<0.05 compared to CH, #p<0.05
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Data shown as mean ± S.E.M., n= 7-10 in each group.
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Chapter 4: Development and progression of cardiac dysfunction in a mouse
model of type 1 diabetes
4.1

Introduction
STZ treated mice have been used for decades to understand the mechanisms associated

with the development of T1D [236, 237]. The use of STZ is particularly attractive as the model is
relatively inexpensive, simple and results in onset of symptoms of diabetes in as little as 7-10
days [152, 238]. STZ is a pancreatic b cell toxin that, in a dose-dependent manner, induces
hyperglycemia and hypoinsulinemia, the hallmarks of T1D [139].
Cardiovascular complications, including diabetic cardiomyopathy, which is characterized
by diastolic and/or systolic dysfunction, have been identified in several studies using the STZ
mouse model. Yu et al [149] showed that a single moderate dose of STZ in C57Bl/6 mice
(100mg/Kg) results in both diastolic and systolic dysfunction that can be detected after 4 weeks
using magnetic resonance imaging and echocardiography. In contrast, in a separate study,
treatment of FVB/N mice with multiple low dose injections of STZ (55 mg/Kg, 5 days) resulted
in induction of early left ventricular dysfunction, as exhibited by a reduction in E/A with
preserved IVRT and MV deceleration time, 8 weeks after the last injection [239]. In addition, in
C57Bl/6 mice injected with a single high dose of STZ (150mg/kg), both diastolic and systolic
dysfunction were observed 12 weeks after treatment and this was accompanied by oxidative
stress and cardiac fibrosis [150]. This suggests that the time point at which cardiac function is
assessed after STZ treatment, the STZ dosage and the mouse strain are important variables in the
induction of cardiac dysfunction associated with STZ treatment.
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In this study, which as noted above was run concurrently with the project outlined in
chapter 3, C57Bl/6J mice were treated with STZ to induce type 1 diabetes to confirm whether
and when they developed overt cardiomyopathy so that the model could be applied to transgenic
mice with altered cardiac expression of RhoA. We used multiple low dose STZ injections as
previous studies have indicated that at high doses, STZ induces both renal and hepatic toxicity
[240-242]. Both diastolic and systolic dysfunction were observed 12 weeks after treatment.

4.2

Methods
At 6 weeks of age, male C57Bl/6J mice (Jackson Laboratories, Bar Harbor, ME, USA)

mice were randomly divided into 2 groups and either injected with 0.1M citrate buffer (pH 3.8)
or 50mg/kg STZ in citrate buffer (diabetic) for 5 consecutive days. Three weeks following the
initial injection, mice were tested for the presence of hyperglycemia using a One Touch
glucometer as a sign of development of T1D. Animals with blood glucose over 20mM were
considered diabetic and used in the study. At 12 weeks post STZ treatment, cardiac systolic and
diastolic function were measured by echocardiography as detailed in chapter 2.

4.3
4.3.1

Results
Animal characteristics
Twelve weeks following STZ treatment, diabetic animals exhibited lower whole body

(Fig. 15A) and heart weight (Fig. 15B) compared to their citrate-injected counterparts. However,
when the heart weights were normalized to body weight (Fig. 15C), there were no differences
between the groups. Measurement of blood glucose levels showed that diabetic mice had much
higher blood glucose compared to citrate animals (Fig. 15D).
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4.3.2

Cardiac function
Measurement of cardiac function at 12 weeks after treatment revealed both diastolic and

systolic dysfunction in the STZ-treated mice (Fig. 16). E/A (Fig. 16A) was increased and IVRT
(Fig. 16B) was decreased in the STZ-treated group, showing evidence of diastolic dysfunction in
this group. In addition, diabetic mice showed reduced ejection fraction (Fig. 16C) and fractional
shortening (Fig. 16D), and elongated IVCT (Fig. 16E). The MPI (Fig. 16F) was also higher in
diabetic animals.

4.4

Discussion
Various STZ-induced type 1 diabetic mouse models have been implemented to assess the

mechanisms involved in the development and progression of type 1 diabetes. Our observations of
hyperglycemia and reductions in both heart and body weights in 12 week diabetic mice are
consistent with findings by Chaudhry et al [148] who treated C57Bl/6 mice with low dose STZ
over 5 consecutive days in order to induce diabetes. The systolic and diastolic dysfunction that
we detected at this time is consistent with the results of Liu et al [150], who showed a reduction
in ejection fraction and fractional shortening, as well as elongated IVRT as measured by
echocardiography 12 weeks after treatment of mice with a single high dose of STZ compared to
citrate injected mice. Our data demonstrate that the use of multiple low dose STZ induces
diabetic cardiomyopathy without increasing the risk of either hepatic or renal toxicity.
These data show that in contrast to CD-1 mice (Chapter 2), treatment of C57Bl/6 mice
with STZ resulted in detectable cardiac dysfunction by 12 weeks after induction of diabetes. The
reason for this difference between strains is unclear. Although a slightly higher dose of STZ was
used in the present study compared to the previous one, blood glucose was similarly elevated in
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the two strains of animals. One possibility is that compensatory mechanisms delay or prevent the
development of cardiomyopathy in hearts of diabetic CD-1 mice, but are not present in those of
C57Bl/6 mice. In addition, the results suggested that induction of diabetes with STZ is a reliable
and cost-effective approach for studying the role of cardiomyocyte RhoA in the development of
diabetic cardiomyopathy in C57Bl/6 mice, and thus this model was used in our final study.
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Figure 15: Animal characteristics of T1D C57Bl/6 mice
Twelve weeks after STZ treatment body weight (A), heart weight (B), heart weight relative to
body weight (C) and blood glucose (D) were determined. *p<0.05. Data shown as mean ±
S.E.M., n= 7-10 in each group.
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Chapter 5: Deletion of RhoA in cardiomyocytes protects the heart from
contractile dysfunction and associated fibrosis in a mouse model of type 1
diabetes
5.1

Introduction
The small GTPase protein RhoA is involved in a number of cellular activities including

migration [243], cell cycle progression [244], adhesion [245] and modulation of gene expression
[246]. Through activation of its downstream effectors, in particular Rho kinase (ROCK), RhoA
has also been implicated in many forms of cardiovascular disease including hypertension [247],
ischemia reperfusion (I/R) injury [172] and atherosclerosis [248]. However, due in part to its
numerous effectors and its expression in many cell types, the role of RhoA in the heart has not
been clearly defined. For example, recent studies by Lauriol et al [169] have shown that
cardiomyocyte deletion of RhoA protects the heart from fibrosis but promotes the development
of heart failure associated with pressure overload produced by transverse aortic constriction
(TAC). RhoA appears to contribute to compensatory hypertrophy in TAC by increasing the
activity of ERK1/2 and Akt. In addition, through its ability to activate LIM kinase, thereby
decreasing cardiac contractility, as well as to activate pro-fibrotic transcriptional regulators such
as myocardin response transcription factor (MRTF) and serum response factor (SRF), RhoA
contributed to both fibrosis and impaired cardiac function [169]. In contrast, Xiang et al [170]
show that cardiomyocyte overexpression of RhoA is not associated with deleterious effects. In
fact, the over-expression of RhoA resulted in cardioprotection from I/R injury, with no changes
in either ERK or Akt, or the pro-apoptotic proteins Bax and Bak, but an increase in activation of
protein kinase D. Mice with cardiac specific knockout of RhoA showed a decreased tolerance to
I/R injury as shown by an increase in cardiac infarct size compared to wild type control animals
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[170]. These studies suggest that the role of RhoA may vary depending on the cell type and on
the disease state, and that its activation may either be protective or deleterious through multiple
downstream pathways that are not completely understood.
Previous studies from this lab and others have demonstrated that increased activation of
the RhoA-ROCK pathway contributes to diabetic cardiomyopathy and that inhibition of ROCK
improves cardiac function, reduces ROS production, and over the longer time, reduces fibrosis
[176, 181]. Because the adverse effects of activation of the pathway could arise from its actions
in a number of cell types in the heart or elsewhere, the aim of the current study was to determine
the specific contribution of RhoA in cardiomyocytes to the development of diabetic
cardiomyopathy, using mice with cardiomyocyte knockdown of RhoA. Our results show that in a
model of type 1 diabetes, deletion of cardiomyocyte RhoA prevented cardiac dysfunction by
inhibiting the development of fibrosis, hypertrophy and apoptosis through mechanisms involving
the regulation of the TGF-b signaling pathway.

5.2
5.2.1

Methods
Generation of RhoA floxed mice
To investigate the role of RhoA in the pathophysiology of diabetic cardiomyopathy, an

inducible cardiac specific RhoA knockout mouse was used. The cardiac specific floxed RhoA
and MerCreMer mice used in this study were generated in the laboratory of Dr. Jeffery
Molkentin of the University of Cincinatti. Mice homozygous for floxed RhoA (RhoA flanked by
two LoxP sites) were mated with knock-in mice expressing tamoxifen-inducible alpha myosin
heavy chain (α-MHC) Cre recombinase (MerCreMer) to produce mice expressing both α-MHC
Cre recombinase and floxed RhoA. Inducible Cre recombinase has (i) two mutated ligand-
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binding domains (LBD) of the mouse estrogen receptor, Mer, and (ii) Cre recombinase. The
mutated LBD binds to tamoxifen but not to estrogen or progesterone [249]. The α-MHC
promoter controls cardiac tissue cre-recombinase expression specifically [250]. In the absence
of tamoxifen, Cre recombinase is not expressed but RhoA is expressed. Upon binding of
tamoxifen to Mer, Cre recombinase is transcribed and excises the gene flanked by the Loxp sites,
in this case RhoA, thereby inhibiting RhoA gene transcription.
In order to generate the mice used in experiments, male C57Bl/6-SV129 RhoA-floxed
mice (RhoAfl/fl) were mated with female C57Bl/6 mice expressing α-MHC Cre recombinase
(cre-RhoA-/-). The resulting offspring were heterozygous for the floxed gene (RhoAfl/-) with or
without the cardiac-specific MerCreMer. In order to generate cre-RhoAfl/fl mice, the
heterozygous RhoA-Loxp-MerCreMer mice (RhoAfl/-) were mated with RhoAfl/fl mice. The
resulting RhoAfl/fl and cre-RhoAfl/fl mice were then bred for 4-5 generations to generate litters
with greater genetic uniformity and were then used in subsequent experiments.
5.2.2

Tamoxifen treatment and induction of diabetes
At 10 weeks of age, both RhoAfl/fl and their cre-RhoAfl/fl littermates were injected with

30mg/kg Tamoxifen for 5 consecutive days to generate mice expressing cardiomyocyte RhoA
(referred to as RhoA+/+) and mice with cardiomyocyte RhoA deletion (referred to as RhoA-/-),
respectively. Three weeks later, mice from each group were further randomly divided into 2
groups and either injected with citrate buffer (pH 3.8) or 50mg/kg STZ in citrate buffer per day
for 5 consecutive days. Three weeks following initial STZ injection, mice were tested for the
persistence of hyperglycemia as a sign of the development of T1D. Mice with blood glucose
levels over 18mM were considered diabetic and used in the experiments. At 12 weeks post-STZ
treatment, mice underwent echocardiography to measure systolic and diastolic function. One
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week later, mice were weighed and euthanized and their hearts extracted and either quick frozen
in liquid nitrogen or used for isolated cardiomyocyte studies. Details of the experimental
procedure are outlined in Fig. 17.
5.2.3

Echocardiography
To assess cardiac function, transthoracic echocardiography of the left ventricle was

carried out using a Visualsonics Vevo 2100 ultrasound (Fujifilm Visualsonics, Toronto, ON,
Canada) as previously described (Chapter 2). Briefly, mice were anaesthetized with 4-5%
isoflurane in 100% oxygen. Following induction, mice were placed on a heated handling table
and anaesthesia and body temperature were maintained at 1-1.5% isoflurane and 37 ± 0.5°C,
respectively. Using pulse-wave Doppler of the apical four-chamber view, the E/A, MV
deceleration time, AET, IVCT, IVRT, and MPI were determined. M-mode scans of the twodimensional parasternal short-axis were acquired in order to determine fractional shortening,
ejection fraction and cross-sectional dimensions.
5.2.4
5.2.4.1

Whole heart studies
Western blot
Following euthanasia, whole hearts were weighed and rinsed in ice cold PBS and

subsequently snap frozen in liquid nitrogen before storage at -80°C. In order to determine protein
expression changes, frozen hearts were pulverized using a mortar and pestle and were then
homogenized in radioimmunoprecipitation assay buffer (details outlined in Chapter 2). Proteins
were separated on 6-12% Tris-glycine gels and blotted with antibodies against RhoA (sc-418),
ROCK2 (sc-5561) Smad7 (sc-365846), Col1A1 (sc-8784-R) (Santa-Cruz Biotechnology, Dallas,
TX), ROCK1 (04-1181, EMD Millipore, Etobicoke, ON), cleaved caspase 3 (#9662S), Bax
(#2772), Smad 2/3 (#3102S) and phospho-Smad2 (Ser465/467)/Smad3 (Ser423/425) (#8828S)
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(Cell Signaling Technology, Beverly, MA). Protein quantity was normalized to GAPDH (sc47724, Santa-Cruz Biotechnology, Dallas, TX) or ponceau stain.
5.2.4.2

ROCK activity assay
To determine ROCK activity, a portion of the pulverized sample was homogenized in

lysis buffer (50mM Tris-HCl, pH 7.5, 150mM NaCl, 1mM EDTA, 1MM EGTA, 1mM Na3VO4,
1mM 2-glycerol-phosphate, 1% NP-40 and 1X protease/phosphatase inhibitors). 90µg of protein
was then incubated in the ROCK assay buffer (250mM Tris-HCl, pH 7.5, 100mM MgCl2, 50mM
glycerol-2-phosphate, 1mM Na3VO4, 10mM DTT) with 5mM ATP and 0.5 µg of purified
MYPT substrate at 30°C for 30min. The phosphophorylation of MYPTThr853, an indicator of
ROCK activity, was analyzed by Western blotting using the MYPTThr853 antibody (#4563, Cell
Signaling Technology, Beverly, MA). Protein quantity was normalized to total MYPT (sc25618, Santa-Cruz Biotechnology, Dallas, TX).
5.2.4.3

Histology
Mouse heart apexes were fixed in 10% neutral-buffered formalin immediately after

harvest. After 24 h of fixation, samples were paraffin embedded and 5µm-thick sections were
stained with Masson’s trichrome stain for the visualization of collagenous connective tissue.
Tissue sections were imaged using a Nikon Eclipse TI microscope.
5.2.4.4

Quantitative real time PCR
Total RNA was extracted from cardiac tissue and quantitative-PCR was performed as

detailed in Chapter 3. Relative TGF-b, COL1A1, Col3A1 and Smad7 mRNA expression were
calculated by the comparative threshold (2-

CT

) method and normalized to the 36b4

endogenous control. Details of the primer sequences used are shown in Table 4.
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5.2.5

Isolated cardiomyocytes
Following echocardiography, mice were euthanized and cardiomyocytes isolated from

freshly excised hearts through heart retrograde perfusion as previously described [204].
Cardiomyocyte cell size was also determined via live-cell confocal imaging using a Zeiss LSM
700 microscope (Carl Zeiss Canada Ltd., Toronto, ON).
5.2.6

Statistical analysis
All values are shown as mean ± SEM; n denotes the number of animals in each group.

Results were analyzed using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA).
Data were analyzed by one-way ANOVA followed by Newman-Keul’s test. Differences were
considered statistically significant at p<0.05.

5.3
5.3.1

Results
Animal characteristics
Twelve weeks after induction of diabetes, both body weights (Fig. 18A) and heart

weights (Fig. 18B) were similar across all treatment groups. However, heart weight relative to
tibial length (Fig. 18C) was significantly lower in diabetic-RhoA+/+ mice compared to nondiabetic RhoA+/+ animals. Blood glucose was significantly elevated in the diabetic groups
compared to the non-diabetic animals, with no differences between RhoA+/+ and RhoA-/- mice
(Fig. 18D).
RhoA protein expression was approximately 50% lower in whole hearts from nondiabetic RhoA-/- compared to RhoA+/+ mice (Fig. 19A, B). The remaining RhoA expression in
RhoA-/- hearts represents the sum of incomplete deletion of RhoA in cardiomyocytes following
tamoxifen treatment (which at best reduces expression by approximately 80%) [250] and RhoA
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expression in other cell types in the heart. Induction of diabetes increased RhoA expression by
about 25% in hearts from both RhoA+/+ and RhoA-/- mice, but these differences were not
significant compared to their corresponding non-diabetic controls. Interestingly, no diabetesinduced changes in ROCK1 (Fig. 19A, C) or ROCK2 expression (Fig. 19A, D) or in total ROCK
activity (Fig. 19A, E) were detected in hearts from either RhoA+/+ or RhoA-/- mice.

5.3.2

Cardiac function
No differences in either systolic or diastolic function were detected between the non-

diabetic RhoA+/+ and RhoA-/- mice. However, by 12 weeks after induction of diabetes, overt
systolic dysfunction was evident in RhoA+/+ mice, as indicated by decreases in both ejection
fraction (Fig. 20A) and fractional shortening (Fig. 20B) compared to the non-diabetic RhoA+/+
animals. Similarly, the IVCT was significantly increased in diabetic compared to non-diabetic
RhoA+/+ mice (Fig. 20C). On the other hand, diabetic RhoA-/- diabetic animals were protected
from cardiac systolic dysfunction, since no changes in ejection fraction, fractional shortening or
IVCT could be detected in these animals (Fig. 20A-C). Although diabetic RhoA+/+ mice did not
manifest any significant changes in E/A (Fig. 20D) or MV deceleration time (Fig. 20E), the
IVRT was significantly increased in these mice compared to non-diabetic RhoA+/+ mice (Fig.
20F), suggesting the presence of diastolic dysfunction in these hearts. On the other hand, hearts
from diabetic RhoA-/- mice did not show any significant change in IVRT (Fig. 20F), suggesting
that they were also protected against the development of diastolic dysfunction. Interestingly, MV
deceleration time was somewhat lower in RhoA-/- mice than in RhoA+/+ mice, but there was no
difference in this parameter between non-diabetic and diabetic RhoA-/- mice (Fig. 20E).
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There were no differences in heart rate or in AET between any of the groups (Table 5).
However, consistent with the increase in both IVCT and IVRT in diabetic RhoA+/+ mice,
calculation of the MPI (Table 5) revealed a higher value in this group compared to non-diabetic
RhoA+/+ animals, indicating the presence of global cardiac dysfunction. This change was not
apparent in hearts from diabetic RhoA-/- mice (Table 5).
No significant differences in cardiac dimensions were detected in diabetic RhoA+/+ or
diabetic RhoA-/- mice and their respective non-diabetic controls (Table 5). In particular, there
were no significant changes in echocardiographic assessments of LV mass in diabetic compared
to non-diabetic hearts (Table 5).
5.3.3

Fibrosis in whole hearts
Contractile dysfunction in diabetic hearts has been linked at least in part to the

development of fibrosis. Therefore, mouse heart sections were stained with Masson’s trichrome
stain to assess the diabetes-induced degree of fibrosis (Fig 21). No differences in levels of
fibrosis between the hearts from non-diabetic RhoA+/+ (Fig. 21A) and RhoA-/- (Fig. 21C) animals
were detected on microscopic evaluation. However, there were signs of extensive fibrosis in the
diabetic RhoA+/+ hearts (Fig. 21B) compared to hearts from non-diabetic RhoA+/+ mice (Fig.
21A), and calculation of fibrotic area revealed a significant increase in these hearts compared to
non-diabetic mice (Fig. 21E). In contrast, there was no significant increase in fibrosis in hearts
from diabetic RhoA-/- animals (Fig. 21D, E).
Consistent with the increased fibrosis in hearts from diabetic RhoA+/+ mice, the mRNA
expression of both Col1A1 (Fig. 22A) and Col3A1 (Fig. 22B), as well as protein expression of
Col1A1 (Fig. 22C) were elevated in hearts from diabetic compared to non-diabetic RhoA+/+
mice. On the other hand, there were no significant changes in collagen mRNA or protein
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expression in hearts from diabetic RhoA-/- mice compared to non-diabetic RhoA+/+ or RhoA-/mice (Fig. 22).
5.3.4

Evaluation of hypertrophy and apoptosis
In addition to fibrosis, remodeling of the heart in diabetic cardiomyopathy is associated

with cardiomyocyte hypertrophy and increased apoptosis. Accordingly, we evaluated these
parameters in hearts from diabetic compared to non-diabetic RhoA+/+ and RhoA-/- mice.
Cardiomyocyte area was determined in isolated cardiomyocytes by live-cell confocal imaging
(Fig. 23). There were no differences in cardiomyocyte area between non-diabetic RhoA+/+ and
RhoA-/- mice. However, there was a marked increase in the area of cardiomyocytes from diabetic
RhoA+/+ hearts compared to their corresponding non-diabetic counterparts, consistent with the
development of cellular hypertrophy. This increase was completely prevented in cardiomyocytes
from diabetic RhoA-/- hearts, in which cell area was normalized to that of the non-diabetic mice.
The presence of cellular hypertrophy without an overall increase in absolute or relative
heart weight (Fig. 18B, C) or left ventricular mass (Table 5) suggests that cell death must also be
increased in diabetic RhoA+/+ hearts. Consistent with this, levels of both Bax (Fig. 24A) and
cleaved caspase 3 (Fig. 24B), markers of apoptosis, were significantly increased in these hearts
compared to non-diabetic RhoA+/+ hearts. In contrast, there was no change in the expression of
either marker of apoptosis in hearts from diabetic RhoA-/- mice (Fig. 24).
5.3.5

Changes in the TGF-b signaling pathway
The TGF-b signaling pathway has been established as a significant contributor to the

modulation of both fibrosis and hypertrophy in the diabetic heart [129, 251]. Therefore, we next
examined the effects of cardiomyocyte RhoA deletion on this pathway. There was no difference
in mRNA expression of TGF-b1 between hearts of non-diabetic RhoA+/+ and RhoA-/- mice (Fig.
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25A). Furthermore, there was no difference in TGF-b1 mRNA expression between the nondiabetic and diabetic RhoA+/+ hearts (Fig. 25A). However, hearts from diabetic RhoA-/- mice
showed much lower levels of TGF-b1 mRNA expression compared to hearts from both the
diabetic RhoA+/+ and non-diabetic RhoA-/- mice (Fig. 25A).
To assess whether TGF-b signaling was altered in diabetic hearts, we determined if there
were any changes in phosphorylation of its downstream targets, Smad2 and 3, since upregulation of phospho-Smad2 (Ser465/467)/Smad3 (Ser423/425) relative to total Smad 2/3 is a
marker of increased TGF-b signaling. There was a marked increase in the phosphorylation of
Smad2/3 in hearts from diabetic RhoA+/+ mice compared non-diabetic RhoA+/+ mice, consistent
with increased activation of TGF-b (Fig. 25B). However, this was not observed in hearts from
diabetic RhoA-/- animals, in which phospho-Smad2/3 levels were unchanged relative to nondiabetic mice (Fig. 25B).
We also measured the mRNA and protein expression levels of Smad7, which is an
inhibitor of the TGF-b1 signaling pathway. Hearts from diabetic RhoA+/+ animals exhibited
significantly lower levels of Smad7 mRNA and protein compared to non-diabetic animals (Fig.
25C, D). This was not observed in hearts from diabetic RhoA-/- mice, in which Smad7 mRNA
and protein expression levels were similar to those of non-diabetic RhoA-/- animals (Fig. 25C,
D).

5.4

Discussion
We have previously demonstrated that, in models of diabetes, acute inhibition of the

RhoA-ROCK pathway results in an improvement in cardiac function [176, 178] while in other
studies, chronic inhibition of RhoA/ROCK signaling was shown to attenuate cardiac fibrosis in
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the diabetic heart [181, 252]. The results of the current study demonstrate that in a T1D model of
diabetic cardiomyopathy, RhoA in cardiomyocytes: 1) contributes to the development of cardiac
dysfunction; 2) promotes fibrosis, hypertrophy and apoptosis; and 3) increases signaling through
the TGF-b pathway, specifically, by upregulating Smad2/3 phosphorylation and downregulating
Smad7 mRNA and protein expression. Cardiomyocyte specific deletion of RhoA prevented the
development of diabetic cardiomyopathy and this was associated with the upregulation of TGF-b
signaling and diminishing fibrosis, hypertrophy and apoptosis.
Much of what is known about the role of RhoA in the diabetic heart is through inhibition
of its downstream effectors, particularly ROCK. Both RhoA and ROCK are expressed in
multiple cell types in the heart, including cardiomyocytes, vascular smooth muscle cells and
fibroblasts. In the current study, we assessed the role of RhoA specifically in cardiomyocytes in
the development of diabetic cardiomyopathy, using a cardiac specific aMHC-cre recombinase
expressing mouse model, in order to establish its contribution to the development of diabetic
contractile dysfunction.
The reduction of RhoA protein expression in non-diabetic hearts did not result in any
differences in cardiac dimensions, structure or function, consistent with previous reports that
knockdown of cardiomyocyte RhoA does not result in overt changes in the heart [169].
However, cardiomyocyte specific deletion of RhoA prevented the development of both diastolic
and systolic dysfunction in diabetic hearts, establishing an important role of cardiomyocyte
RhoA in the development of diabetic cardiomyopathy.
Diabetic cardiomyopathy is associated with cardiac remodeling including fibrosis and
hypertrophy. Fibrosis contributes to cardiac stiffness and decreased ventricular compliance,
which subsequently leads to contractile dysfunction [253, 254]. Both diabetic patients and
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animal models of diabetes exhibit increased levels of interstitial and perivascular fibrosis [65,
255]. Upregulation of the TGF-b canonical signaling pathway has been implicated as a
contributor to the observed cardiac dysfunction and cardiac fibrosis associated with T1D [256].
In this pathway, TGF-b binds to the TGF-b receptor II which then recruits TGF-b receptor I to
form a heterometric receptor complex. TGF-b receptor I subsequently directly phosphorylates
Smad2 and Smad3 in their carboxyl terminal serine residues. Upon phosphorylation, Smad2 and
3 form a complex with Smad4 which enters the nucleus to regulate gene expression, including
genes involved in fibrosis including those for collagens I and III (reviewed in [257]).
Previous studies have shown that cardiac contractile dysfunction and fibrosis is
accompanied by upregulation of TGF-b signaling in hearts from models of both T1D and T2D
rodents [181, 258]. This was associated with increases in TGF-b1 protein expression as well as
in the phosphorylation of both Smad2 and 3. In the current study, we found that diabetic RhoA+/+
animals developed marked perivascular and interstitial fibrosis, accompanied by increases in
Col1A1 and Col3A1 mRNA expression as well as Col1A1 protein expression. At the same time,
although TGF-b mRNA expression was not increased, Smad2/3 phosphorylation was enhanced,
suggesting that TGF-b signaling is enhanced in these hearts. Interestingly, in hearts from
diabetic-RhoA-/- mice, TGF-b1 mRNA expression was markedly depressed compared to their
non-diabetic controls, and this was associated with normalization of pSmad2/3 levels. At the
same time, Col1A1 and Coll3A1 mRNA as well as Col1A1 protein expression were lower in
diabetic RhoA-/- than in diabetic RhoA+/+ hearts, and were not significantly different from those
in non-diabetic RhoA-/- hearts. These data suggest that cardiomyocyte RhoA plays a significant
role in the development of cardiac fibrosis in diabetes by enhancing TGF-b activity, and that it
may also be required to sustain the expression of TGF-b in the diabetic heart.
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TGF-b signaling is negatively regulated by Smad7, which by binding to the TGF-b
receptor I through its MH2 domain leads to inhibition of Smad2 and 3 phosphorylation [126], or
by binding to nuclear DNA, interferes with the binding of the Smad2/3/4 complex to DNA [259].
A decrease in Smad7 expression has been reported in both hearts and kidneys of diabetic rodents,
in association with upregulation of TGF-b/Smad2/3 signaling and the development of fibrosis,
respectively [257, 260]. Furthermore, knocking out Smad7 results in a further increase in
activation of the TGF-b/Smad2/3 pathway, while Smad7 overexpression attenuates Smad2/3
phosphorylation and reduces fibrosis in T1D renal injury [260]. In the present study, diabetic
RhoA+/+ animals exhibited reduced levels of cardiac Smad7 mRNA and protein expression
compared to the non-diabetic RhoA+/+ mice, consistent with loss of its inhibitory effect.
Interestingly, our data also shows that in diabetic RhoA-/- mice, the expression of Smad7 mRNA
and protein in the heart were not different from those of non-diabetic RhoA+/+ or RhoA-/- mice.
Thus, one possible mechanism by which RhoA enhances TGF-b activity and the phosphorylation
of Smad2/3 in the diabetic heart is by removing the inhibitory effect of Smad7. Cardiomyocyte
deletion of RhoA prevented the decrease in Smad7 expression, thereby maintaining the negative
feedback regulation of Smad2/3 phosphorylation and preventing the development of fibrosis.
TGF-b upregulation has also been shown to induce cardiac hypertrophy through Smad
dependent pathways. In a model of T1D, indirectly reducing pSmad2 using a PKCb inhibitor
results in prevention of cardiac hypertrophy and preserved contractility [261], while direct
inhibition of Smad2 phosphorylation also inhibits cardiac hypertrophy in a model of pressure
overload [262]. In the present study, the increase in Smad2/3 phosphorylation and decrease in
Smad7 expression were associated with cardiomyocyte hypertrophy as well as fibrosis in hearts
from diabetic-RhoA+/+ mice. This observation is closely related to RhoA signaling as
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cardiomyocyte specific deletion of RhoA, which prevented the changes in Smad, also prevented
the development of cardiomyocyte hypertrophy suggesting that through its regulation of
Smad2/3 phosphorylation, RhoA modulates cardiomyocyte hypertrophy. RhoA may also
mediate cardiac hypertrophy by activating PI3K and subsequently Akt, which is involved in the
initiation of hypertrophy [169].
Cardiomyocyte hypertrophy was observed in the diabetic RhoA+/+ heart with no overall
increase in heart weight, which is suggestive of cell death occurring concurrently with cellular
hypertrophy. As such, we analyzed changes in the pro-apoptotic proteins Bax and caspase 3,
both of which were elevated in diabetic RhoA+/+ hearts compared to all other groups. This may
also be attributable to an increase in TGF-b signaling, since in ventricular cardiomyocytes, Smad
3 and 4 induce apoptosis and inhibition of the Smad proteins prevents TGF-b induced apoptosis
[263]. Furthermore, TGF-b induced apoptosis is associated with an increase in caspase activation
[264].
The exact mechanisms by which cardiomyocyte RhoA is activated in the diabetic heart,
and how it modulates TGF-b signaling are not yet clear. In a recent study, it was suggested that
in cardiomyocytes, RhoA is upstream of TGF-b, since mechanical stretch-induced activation of
RhoA in neonatal rat ventricular myocytes resulted in increased production of TGF-b [265]. On
the other hand, vascular smooth muscle cell differentiation studies suggest that RhoA is
downstream of TGF-b since addition of TGF-b1 in vitro resulted in a steady increase in RhoA
protein expression, while treatment with the RhoA inhibitor C3 transferase or dominant negative
RhoA resulted in inhibition of Smad2/3 phosphorylation and Smad-dependent gene transcription
[266].
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Previous studies have implicated ROCK downstream of RhoA in mediating the profibrotic effects of diabetes in rat heart, based on the inhibitory effects of treatment with the nonisoform selective ROCK inhibitor fasudil [181]. Indeed, there is strong evidence for a role for
ROCK, and in particular ROCK1, in the development of cardiac fibrosis associated with pressure
overload [267, 268]. In contrast, in the present study, we were unable to detect changes in either
ROCK1 or ROCK2 protein expression, or in total ROCK activity hearts from diabetic-RhoA+/+
mice. Although it is possible that we were unable to detect a small isoform-specific change in
ROCK activity in these hearts, it is also possible that RhoA promotes cardiac fibrosis in diabetic
hearts through one of its other downstream targets.
In conclusion, in a model of type 1 diabetes, deletion of cardiomyocyte RhoA prevented
cardiac dysfunction by inhibiting the development of fibrosis, hypertrophy, and apoptosis
through mechanisms that include the regulation of Smad2 and 3 phosphorylation and Smad7
protein expression. Our data show, for the first time, that RhoA in cardiomyocytes is a major
driver of cardiac dysfunction in diabetes. Further research is needed to identify the downstream
targets that are responsible for this effect.
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Gene

Primer

Sequence

Forward

GAG CGG AGA GTA CTG GAT CG

Reverse

GCT TCT TTT CCT TGG GGT TC

Forward

GCC CAC AGC CTT CTA CAC

Reverse

CCA GGG TCA CCA TTT CTC

Forward

CAA CAA TTC CTG GCG TTA CCT TGG

Reverse

GAA AGC CCT GTA TTC CGT CTC CTT

Forward

ACT CTG TGA ACT AGA GTC TCC

Reverse

GTC TTC TCC TCC CAG TAT G

Forward

AGA TGC AGC AGA TCC GCA T

Reverse

GTT CTT GCC CAT CAG CAC C

Col1a1

Col3a1

TGF-ß1

Smad7

36b4

Table 4: Primer sequences used for RT-PCR in mice with cardiomyocyte RhoA deletion
After 12 weeks of STZ treatment, RT-PCR was carried out on hearts from both RhoA+/+ and
RhoA-/- animals.
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RhoA+/+

RhoA-/-

Measurement
Non-diabetic

Diabetic

Non-diabetic

Diabetic

Heart Rate (bpm)

482.6 ± 23.9

443.1 ± 18.6

459.5 ± 14.9

475.5 ± 4.2

AET (ms)

51.9 ± 1.1

54.7 ± 2.0

55.86 ± 2.2

56.2 ± 1.6

MPI

0.5 ± 0.0

0.8 ± 0.1@

0.4 ± 0.0

0.5 ± 0.0

LV Mass (mg)

118.3 ± 5.5

95.3 ± 12.3

125.0 ± 11.9

108.0 ± 7.1

LVAW; d (mm)

1.0 ± 0.0

1.0 ± 0.1

1.1 ± 0.1

1.0 ± 0.0

LVAW; s (mm)

1.7 ± 0.1

1.6 ± 0.1

1.8 ± 0.1

1.6 ± 0.0

LVID; d (mm)

4.0 ± 0.2

3.6 ± 0.2

3.9 ± 0.2

3.8 ± 0.1

LVID; s (mm)

2.0 ± 0.2

1.8 ± 0.2

2.1 ± 0.1

2.1 ± 0.1

LVPW; d (mm)

0.8 ± 0.1

0.8 ± 0.0

0.9 ± 0.0

0.8 ± 0.0

LVPW; s (mm)

1.5 ±0.1

1.3 ± 0.1

1.4 ± 0.1

1.3 ± 0.0

Table 5: Cardiac changes in mice with deletion of RhoA
12 weeks after STZ injection, cardiac functional and dimensional changes were determined.
@

p<0.05 compared to all other groups. Data shown as mean ± S.E.M., n= 5-11 in each group.
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TIME
RhoAfl/fl

Week -3
(10 weeks old)

Cre-RhoAfl/fl

Tamoxifen, x5 days)

Tamoxifen, x5 days)

RhoA+/+

Week 0

Vehicle
(x5 days)

RhoA+/+- ND

RhoA+/+

Streptozotocin
(STZ, x5 days)

RhoA-/-

Vehicle
(x5 days)

RhoA+/+- Dia

RhoA-/-

Streptozotocin
(STZ, x5 days)

RhoA-/-- ND

Week 3

Blood glucose measurement

Week 12

Echocardiography

Termination

RhoA-/-- Dia

ND: Non-diabetic
Dia: Diabetic

Figure 17: Animal experimental model
Mice were treated with tamoxifen to induce cardiomyocyte specific deletion of RhoA in mice
with the cre promoter. Both RhoA+/+ and RhoA-/- animals were then treated with STZ in order to
induce type 1 diabetes. Cardiac function was measured via echocardiography 12 weeks after STZ
treatment.
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Heart Weight (g)

Body Weight (g)
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RhoA+/+

RhoA+/+

RhoA-/-

C

RhoA-/-

D
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*

Blood Glucose (mM)

Heart Weight:Tibial Length
(mg/mm)

Non-diabetic
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B

8
6
4
2
0

RhoA+/+

RhoA-/-

30

*

*

20

10

0

RhoA+/+

RhoA-/-

Figure 18: Characteristics of mice with deletion of RhoA
12 Weeks after STZ treatment, whole body weight (A), heart weight (B), heart weight relative to
tibial length (C) and blood glucose (D) were determined. *p<0.05. Data shown as mean ± S.E.M.,
n= 7-10 in each group.
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Non-diabetic

RhoA +/+

RhoA -/NonDiabetic diabetic Diabetic

RhoA
Ponceau

0.5

1.5
1.0
0.5
0.0

RhoA+/+

RhoA-/-

D

RhoA+/+

RhoA-/-

RhoA+/+

RhoA-/-

E
1.5
ROCK2:GAPDH
(Relative)

MYPT

2.0

0.0

GAPDH
pMYPT Thr853

C

1.0

ROCK1
ROCK2

*

Diabetic

*

1.5
pMYPTThr 853:MYPT
(Relative)

Nondiabetic

1.5

ROCK1:GAPDH
(Relative)

B
RhoA:Ponceau
(Relative)

A

1.0
0.5
0.0
RhoA+/+

RhoA-/-

1.0
0.5
0.0

Figure 19: RhoA/ROCK pathway protein expression changes
Representative western blot images for RhoA, ROCK1 ROCK2 and pMYPTThr853relative to
GAPDH or ponceau dye (A) and relative protein expression quantification of RhoA (B), ROCK1
(C), ROCK2 (D), pMYPTThr853 (E). *p<0.05. Data shown as mean ± S.E.M., n= 6-9 in each
group.
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*
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5
0
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E
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0

RhoA+/+
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RhoA+/+

RhoA-/-

Figure 20: Cardiac diastolic and systolic function
Echocardiography was used to determine ejection fraction (A), fractional shortening (B) and
IVCT (C) as markers of systolic function; and, E/A (D), MV deceleration time (E) as well as
IVRT (D) as markers of diastolic function, *p<0.05. Data shown as mean ± S.E.M., n= 7-10 in
each group.
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A

B

Non-diabetic
Diabetic
E

RhoA+/+- Non-diabetic

RhoA+/+- Diabetic

C

D

Fibrosis (% Area)

10

*

*

*

8
6
4
2
0
RhoA+/+

RhoA-/-- Non-diabetic

RhoA-/-

RhoA-/-- Diabetic

Figure 21: Assessment of cardiac fibrosis
Hearts from for non-diabetic RhoA+/+ (A), diabetic RhoA+/+ (B), non-diabetic RhoA-/- (C) and
diabetic RhoA-/- (D) mice were stained with Masson’s trichrome stain. Areas of fibrosis were
calculated as a function of the total cross-sectional area visualized (E). *p<0.05. Data shown as
mean ± S.E.M., n=3 in each group.

99

*

A
Col1A1:36b4 mRNA

Non-diabetic

*

2.0

Diabetic

1.5
1.0
0.5
0.0

RhoA+/+

B
Col3A1:36b4 mRNA

2.5

RhoA-/-

*

*

2.0
1.5
1.0
0.5
0.0

RhoA+/+

C

RhoA-/-

RhoA +/+
Non-diabetic

RhoA -/-

Diabetic Non-diabetic Diabetic

Col1A1
GAPDH

Col1A1: GAPDH
(Relative)

2.5

*

*

*

2.0
1.5
1.0
0.5
0.0
RhoA+/+

RhoA-/-

Figure 22: Collagen messenger RNA and protein expression levels
Messenger RNA expression levels for Col1A1 (A), Col3A1 (B) and protein expression for
Col1A1 (C) were determined. *p<0.05. Data shown as mean ± S.E.M., n= 6-9 in each group.

100

Non-diabetic
Diabetic

Cardiomyocyte cell area
(µm2)

500

*

*

400
300
200
100
0

RhoA+/+

RhoA-/-

Figure 23: Calculation of the cross-sectional area of isolated cardiomyocytes
After 12 weeks of STZ treatment, cardiomyocytes were isolated and their cell size was
determined. *p<0.05. Data shown as mean ± S.E.M., n=5-8 in each group.
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Figure 24: Changes in expression levels for proteins involved in apoptosis
Representative western blot images for Bax and cleaved caspases 3 relative to GAPDH or (A);
and, relative protein expression quantification of Bax (B) and cleaved caspase 3 (C). *p<0.05.
Data shown as mean ± S.E.M., n= 7-10 in each group.
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Figure 25: Changes in expression levels for mRNA and proteins involved in TGF-b
signaling
Changes in TGF-b1 mRNA (A), Smad2/3 protein phosphorylation (B), Smad7 mRNA (C) and
Smad7 protein expression (D) were determined 12 weeks after diabetes induction. *p<0.05. Data
shown as mean ± S.E.M., n= 7-10 in each group.
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Chapter 6: Conclusions
6.1

Summary and conclusions
Cardiovascular complications including hypertension and atherosclerosis are a leading

cause of death in diabetic patients [269]. In fact, diabetic patients are 3-5 times more likely to
develop heart failure compared to non-diabetics [53]. Of particular interest is diabetic
cardiomyopathy which is defined by diastolic and/or systolic dysfunction, independent of other
risk factors such as hypertension, coronary artery and valvular disease [65, 81]. Multiple
mechanisms have been postulated to contribute to diabetic cardiomyopathy, including oxidative
stress, fibrosis, hypertrophy and apoptosis [62].
Over-activation of the RhoA/ROCK pathway has been implicated as a contributor to the
cardiac dysfunction observed in diabetic cardiomyopathy. There are 2 isoforms of ROCK:
ROCK1 and ROCK2, and inhibiting both isoforms with a non-specific inhibitor prevents the
development of overt left ventricular cardiac dysfunction in diabetic rat models [176]. Although
the potential benefits of RhoA/ROCK signaling inhibition in diabetic cardiomyopathy have
begun to be realized, it remains unclear (1) if the beneficial effects of RhoA/ROCK inhibition are
due to cardiomyocyte-specific RhoA/ROCK inhibition or arise in other cell types, and (2) which
isoform of ROCK, ROCK1 or ROCK2, is responsible for the cardiac changes that occur with
diabetic cardiomyopathy.
In order to address these issues, our first study was aimed at determining the role of
ROCK2 in the development of diabetic cardiomyopathy in a model of T1D. In order to do so, we
used CD1 mice with partial deletion of ROCK2 that were nondiabetic or treated to become
diabetic. Thirteen weeks after diabetes induction, there were no differences in global cardiac
function between the non-diabetic and diabetic WT or ROCK2+/- mice even though STZ treated
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animals were overtly diabetic with blood glucose levels >25mmol/L. We attributed this to the
time at which cardiac function was measured after diabetes induction.
We further isolated cardiomyocytes from these animals in order to determine if there
were any changes at the cardiomyocyte level. Consistent with the global cardiac function data,
cardiomyocytes from all groups showed no differences in Ca2+ transients when subjected to low
Ca2+ concentrations of 2.2mM. However, when exposed to high concentrations of 6mM Ca2+,
diabetic WT animals showed irregular Ca2+ transients that were more severe and occurred in
more cells compared to cardiomyocytes isolated from ROCK2+/- mice. The reduced occurrence
of arrhythmic transients in cardiomyocytes from ROCK2+/- mice was associated with prevention
of the increased phosphorylation of RYR2 and activation CAMKII, both of which are increased
in WT mice and result in diastolic Ca2+ leak. These data suggest that ROCK2 plays a role in
calcium handling under conditions of calcium overload and partial deletion of ROCK2 may be
beneficial in preventing the number and severity of arrhythmic events associated with diabetic
cardiomyopathy.
In our next project, we intended investigate the role of RhoA/ROCK in cardimyocytes
using a cardiac-specific RhoA knockout mouse model of diabetes. However, given that we did
not observe any signs of global cardiac dysfunction in the diabetic WT CD1 mice, we first
assessed different models of diabetes and obesity order to determine the most appropriate one to
induce cardiac dysfunction. The RhoA-/- mice were on a C57Bl/6 background, therefore we
conducted experiments in that mouse strain.
Using models for obesity and T2D, C57Bl/6 mice were placed on a chow (CH), high fat
(HF) or high fat-high sucrose (HFHS) diet. After 2 weeks, half of the HF mice were injected
with STZ (HF-STZ) for 3 days in order to induce T2D. After 18 and 24 weeks, HFHS mice
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showed signs of both diastolic and systolic dysfunction, while HF-STZ mice exhibited only
diastolic dysfunction. In contrast, cardiac function was largely preserved in HF mice at both time
points. All 3 treatment groups had comparable decreases in glucose tolerance and insulin
sensitivity as measured by intraperitoneal glucose and insulin tolerance tests, respectively.
Changes in serum triglycerides and cholesterol were also comparable, while no differences in
free fatty acids compared to CH were detected. These data indicate that HFHS diet, which
resembles a ‘Western’ diet high in fat and sugar, induced the most severe cardiac dysfunction.
This is not due to differences in weight gain or in glucose or insulin tolerance or circulating
lipids, suggesting that other mechanisms contribute to the deleterious cardiac effects of HFHS.
We also used a model of T1D whereby C57Bl/6 mice were either treated with citrate
buffer (controls) or injected with STZ. Twelve weeks after diabetes induction, the diabetic mice
showed signs of both diastolic and systolic dysfunction. As such, this model was chosen for our
subsequent studies as it showed more severe contractile dysfunction compared to the obesity and
T2D models and this occurred at an earlier time.
Our next study was aimed at determining if the benefits of RhoA/ROCK inhibition are
due to downregulation of the pathway in cardiomyocytes. Mice with cardiomyocyte-specific
deletion of RhoA were employed. RhoA+/+ and RhoA-/- mice were treated with STZ to become
diabetic or injected with vehicle so that they remained nondiabetic. Twelve weeks after the
induction of diabetes, diabetic RhoA+/+ mice showed both diastolic and systolic contractile
dysfunction, which was associated with increased fibrosis, cardiomyocyte hypertrophy and
apoptosis. Our data suggests that these observations may be due to an increase in the activity of
the TGF-b signaling pathway as shown by an increase in Smad2/3 phosphorylation, which is
associated with activation, as well as a decrease in the protein expression of Smad7, an important
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regulator in the negative feedback of TGF-b signaling. In contrast diabetic RhoA-/- mice showed
no signs of development of cardiac dysfunction and both Smad2/3 phosphorylation and Smad7
protein expression were unchanged compared to the nondiabetic mice. These results identify the
downregulation of RhoA specifically in cardiomyocytes as a therapeutic approach for preventing
diabetic cardiomyopathy.
The studies described herein collectively identify RhoA as well as its downstream target
ROCK2 as playing a role in the development of cardiac dysfunction associated with diabetes.
Reducing RhoA and ROCK2 expression specifically in cardiomyocytes provides beneficial
effects probably through preventing over-activation of downstream targets. Previous studies have
failed to ascertain the differential roles of ROCK1 and ROCK2 in diabetic cardiac dysfunction.
This is, in part, due to the absence of commercially available isoform specific ROCK inhibitors.
In addition, previous studies showing the effects of ROCK inhibition were carried out in whole
hearts hence the beneficial effects were not well defined as RhoA and ROCK are expressed in
other cell types other than cardiomyocytes including fibroblasts and vascular endothelial cells. In
the studies we described herein, the major findings were that:
•

In mouse models of high fat feeding, HFHS produces the most severe diastolic and
systolic dysfunction compared to HF alone or HF-STZ.

•

When considering mouse models of diabetes, strain differences contribute to variations in
onset of diabetic cardiomyopathy. In T1D mouse models, CD1 mice have delayed onset
of cardiac dysfunction compared to C57Bl/6 mice.

•

Diabetes is associated with an increase in cardiomyocyte arrhythmic events in response to
Ca2+ overload, which can be attributed to the presence of ROCK2.
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•

Partial deletion of ROCK2 improves the incidence and severity of arrhythmias produced
by Ca2+ loading in cardiomyocytes from diabetic hearts, by reducing diastolic Ca2+ leaks
through preventing RYR2 phosphorylation by CAMKII.

•

ROCK2 deletion prevents increases in CAMKII autophosphorylation in hearts from
diabetic mice.

•

RhoA contributes to diabetic cardiac dysfunction by increasing activation of the TGF-b
pathway, specifically, through increasing Smad2/3 phosphorylation and reducing Smad7
expression, an inhibitor of TGF-b/Smad2/3 pathway.

•

Cardiomyocyte specific RhoA knockdown also prevents hypertrophy and apoptosis in
diabetic hearts, possibly through inhibiting the activation of the TGF-b pathway.
Although the findings describe above are novel, there were some limitations to the

studies conducted here. First, we were unable to detect any diastolic or systolic cardiac
dysfunction in the CD1 mice, mostly likely due to the duration of the diabetic period that we
assessed. Recent studies show that extending the diabetic period to 16 weeks may have
proved to be informative [151], and allowed us to examine the contribution of ROCK2 to
impaired systolic and diastolic function. Furthermore, all our experiments were carried out
using animal models, specifically, male mice of CD1 and C57Bl/6 background, hence
species differences may impede the development of therapeutic RhoA or ROCK2 inhibitors
for use in humans. In addition, it is unknown if the observations made in both CD1 and
C57Bl/6 male also occur in female mice or if using other mouse strains. Lastly, in the study
described in Chapter 5, experiments were not carried out in cre-RhoA-/- mice in order to
determine if there are off-target effects as a result of the presence of cre recombinase.
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In conclusion, this study identifies RhoA and ROCK2 as potential therapeutic targets
for diabetic cardiomyopathy. Inhibition of both produces beneficial effects by modulating
various cellular mechanisms.

6.2
6.2.1

Future directions
Determining the mechanisms contributing to changes in phosphorylation of RYR2

and CAMKII
We identified RhoA/ROCK2 signaling as a modulator of CAMKII phosphorylation and
subsequently RYR2 phosphorylation and hence Ca2+ regulation. However, we did not identify
the exact mechanism by which this occurred. It will be important to identify the changes that
occur to these proteins in order to determine if this can be translated to other cardiovascular
diseases.
6.2.2

Determining the contribution of RhoA/ROCK signaling to diabetes and diet-

induced cardiac dysfunction
The data in Chapter 3 suggests that a HFHS diet induces the most severe form of cardiac
dysfunction compared to both HF and HF-STZ. Furthermore, STZ-induced diabetes (Chapter 4)
resulted in early onset (12 weeks) of cardiac dysfunction. Given our data implicating RhoA and
ROCK2 in diabetes-induced cardiac dysfunction (Chapters 2 and 5), as well as previously in
diabetic rat hearts, it would be of interest to determine whether there are differences in
RhoA/ROCK signaling in the heart between the various models of metabolic stress, and whether
these contribute to the differences in cardiac function that were observed.
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6.2.3

Confirmation of the role of ROCK2 in diabetic cardiomyocytes
In this study, we used a whole body ROCK2 knockdown model to identify the benefits of

partial ROCK2 deletion. We recently acquired mice with cardiac specific deletion of ROCK2,
which could be used to reduce ROCK2 expression by more than 50%. These mice would assist
with determining the effects of further decreases in ROCK2 as well as determining the effects of
ROCK2 inhibition in cardiomyocytes only, without inhibiting expression in other cell types.
6.2.4

Assessment of mechanisms contributing to increased Smad2/3 phosphorylation and

reduced Smad7 expression
Although

we

showed

that

cardiomyocyte

RhoA

deletion

prevents

Smad2/3

phosphorylation in T1D, it is unknown which downstream targets of RhoA regulate this
mechanism. Furthermore, we show that RhoA regulates Smad7 expression. Further studies are
needed to identify the targets that link RhoA and Smad7 regulation.
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