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ABSTRACT

The prevalence of diabetes is increasing rapidly around the world. People
with diabetes are 2—4 times more likely to die from cerebro and cardio-vascular
causes than people with no history of diabetes, even after controlling for other risk
factors. Atherosclerosis, the underlying cause of most cardiovascular disease
(CVD), is accelerated in people with diabetes, but several clinical trials have
questioned the efficacy of glucose lowering therapies. A better understanding of the
molecular pathways by which diabetes accelerates atherosclerosis will expand the
scope of current targets and strategies for more effective therapies. In this thesis we
investigate a novel mechanism and establish and characterize new hyperglycemic

mouse models for the study of diabetic atherosclerosis.

Firstly, we investigate the effects of hyperglycemia on the vasa vasorum,
the microvascular network that surrounds and supplies large vessels, and correlate
those effects to the development of atherosclerosis. In normoglycemic ApoE™
mice, the vasa vasorum expands as atherosclerotic lesions grow. However, in
hyperglycemic ApoE”" mice there is no significant neovascularization of the vasa
vasorum despite the enhanced atherosclerotic development. We hypothesize that
the ability of hyperglycemia to disrupt vasa vasorum neovascularization may

promote the development and progression of atherosclerosis in diabetes.

Secondly, we establish, characterize and manipulate a new model of
hyperglycemia-induced atherosclerosis: the ApoE™:Ins2 "4k mouse. We describe

sex-specific differences of the ApoE”:Ins2"2% mouse model. Male ApoE”
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2+/Akita

:Ins mice develop chronic hyperglycemia and accelerated atherosclerosis.

2+/Akita

Castration slows atherosclerosis in ApoE”:Ins mice but enhances it in

27AkI mice are only transiently

normoglycemic controls. Female ApoE”:Ins
hyperglycemic but still present with accelerated atherosclerosis. Ovariectomized
ApoE”:Ins2"Ak% mice are chronically hyperglycemic and show indications of
advanced atherosclerosis.

Lastly, we investigate the effects of a western-type diet on the
hyperglycemic ApoE”:Ins2"Aki® mjce. We demonstrate the pernicious phenotype
of the mice leading to a significantly shortened lifespan correlated with massive
atherosclerosis that extends to the aortic sinus, ascending and descending aorta,
brachiocephalic artery and coronary arteries.

In conclusion we provide insights for a new mechanism by which
hyperglycemia may accelerate atherosclerosis and possible role of the vasa vasorum
in the progression of atherosclerosis in hyperglycemic mice. We also establish new
mouse models that illuminate the action of sex hormones on pancreatic beta-cell

function and the vasculature. These models will provide a test bed to further study

sex hormone effects, as well as the diabetic pathways that promote atherosclerosis.
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CHAPTER 1: General Introduction

1.1 FOREWORD

Portions of this general introduction are a direct representation of an article
and a commentary published in the Journal of Visualized Experiments (JoVE) and
the International Atherosclerosis Society (IAS). The manuscripts were written by
Daniel E. Venegas-Pino and Dr. Geoff H. Werstuck in collaboration with others.
The complete references are as follows:
Venegas-Pino DE, Banko N, Khan MI, Shi Y, Werstuck GH: Quantitative analysis
and characterization of atherosclerotic lesions in the murine aortic sinus. J Vis Exp.
2013, 82:50933. Copyright © 2013 Journal of Visualized Experiments.
Venegas-Pino DE, Stoute HK, Werstuck GH: Is Accelerated Atherosclerosis a
Microvascular Complication of Diabetes? International Atherosclerosis Society.
2014.  www.athero.org/commentaries/comml171.asp. Copyright © 2014

International Atherosclerosis Society.

1.2 DIABETES MELLITUS
Definition and diagnosis

The term “Diabetes” actually describes several metabolic diseases
characterized by hyperglycemia and glucose intolerance resulting from impaired
insulin secretion and/or impaired insulin action [1]. The two most common classes
of diabetes mellitus (DM), type 1 diabetes mellitus (T1DM) and type 2 diabetes

mellitus (T2DM), account for 5-10% and 85-90% of total cases of diabetes mellitus,
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respectively [1, 2]. TIDM involves the autoimmune-driven destruction of
pancreatic beta-cells resulting in a severe insulin deficiency. T2DM involves
peripheral resistance to circulating insulin, initial hyperinsulinemia, followed by
beta-cell death and insulin insufficiency [1]. Normal fasting blood glucose levels
(where 'fasting' is no caloric intake for at least 8 hours) should be between 3.9—
5.6mM in a healthy individual. DM is diagnosed when fasting blood glucose levels
are consistently >7.0mM, when A1C levels (glycohemoglobin test) are >6.5%, or
when blood glucose levels are >11.1mM two hours after a 75g oral glucose
challenge [1, 2].

Individuals with blood glucose levels above normal, but below the threshold
of clinically diagnosed diabetes are considered to have “prediabetes” and are at high
risk of developing actual diabetes. Prediabetes includes conditions of impaired
fasting glucose (IFG), fasting blood glucose of 5.6-6.9mM, and impaired glucose
tolerance (IGT), blood glucose levels of 7.8—11.0mM two hours after a 75g oral

glucose challenge, or an A1C of 5.7-6.4% [2, 3].

Prevalence

Increasing urbanization, an ageing population, disproportionate and poor-
quality diets, lack of physical activity, and other unhealthy lifestyle and behavioral
patterns have led to a drastic increase in the prevalence of T2DM. In the last few
decades T2DM has become a serious health burden in all developed and developing

countries [4].
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The International Diabetes Federation (IDF) analyzed data from 212
countries that corresponded to a sample size equivalent to the 90% of the global
population in the age range 20-79 years. They estimated the prevalence of diabetes
in 2003 to be 194 million people or 5.1% of the adult global population. The IDF
estimated that there will be 333 million people with diabetes by 2025— equivalent
to 6.3% of the adult global population [5]. The general picture gets even more dire
when individuals with IGT are included. In 2003, 314 million people had IGT
(equivalent to 8.2% of the adult global population). This number is predicted to

reach 472 million (equivalent to 9%) by 2025 [5].

Complications of diabetes mellitus

DM is a chronic disease that is associated with an array of vascular
complications that often lead to premature mortality and morbidity. In most of the
developed and developing countries, the main complications of diabetes correspond
to retinopathy (responsible for a large number of new cases of blindness every year
[6]), nephropathy (leading to renal failure and currently becoming the main cause
of dialysis and kidney transplantation [7, 8]), neuropathy (inducing detrimental
effects on the peripheral nervous system that eventually may lead to amputations
[9-11]), and cerebro and cardio-vascular disease (increasing the risk of stroke and
coronary heart disease that account for around 70% of deaths of all diabetic patients

[12, 13]).



Ph.D. Thesis - D.E. Venegas-Pino; McMaster University - Biochemistry and Biomedical Sciences.

Although both types of diabetes share ‘'hyperglycemia' as the main
characteristic, TIDM develops suddenly at a younger age (usually <18 years old)
[1, 2]. T2DM develops gradually after age 45, however cases of T2DM in
adolescence are on the rise [14]. T2DM is often associated with dyslipidemia (high
levels of low-density lipoprotein (LDL) and triglycerides, and low levels of high-
density lipoprotein (HDL)), obesity and hypertension, as part of the metabolic
syndrome [1]. There is currently no cure for TIDM or T2DM. Hyperglycemia can
be managed with the adaptation of healthy life habits in combination with
medications to help control glucose levels, normalize insulin levels and increase
insulin activity [15, 16]. Lowering blood glucose has shown good results with
respect to the onset of nephropathy and retinopathy [17, 18], but beneficial effects
on cardiovascular disease and stroke have not been strongly supported in
randomized controlled trials (UKPDS [17], ACCORD [19], ADVANCE [18] and
VADT [20]).

A major complication of DM is the economic impact of the disease around
the world. If the IDF predictions of prevalence for 2025 are fulfilled, the world will
have to expend between US$200 and US$400 billion to treat this diabetes epidemic.
For many countries this will represent a significant proportion (and expansion) of

their total healthcare budgets [5].
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1.3 VASCULAR PATHOLOGIES OF DIABETES

All of the complications of diabetes are viewed to be vascular in nature and
the vascular complications of diabetes are conventionally partitioned into two
subtypes; microvascular and macrovascular. Microvascular complications include
nephropathy, neuropathy, retinopathy and peripheral circulatory problems [21].
Macrovascular complications involve structural and functional changes in the large
arteries that predominately involve the accelerated development of atherosclerosis,
potentially leading to increased risk of myocardial infarction and stroke [22].
Traditionally the micro and macro-vascular complications of diabetes have been
viewed, studied and treated, as distinct and independent disorders. However,
accumulating data from epidemiological and pathophysiological studies suggest

that these vascular problems are, in fact, closely interrelated [23, 24].

Macrovascular disease

Diabetes is associated with a cardiovascular (CV) mortality rate that
exceeds 70%, and people with diabetes are 2 to 4 times more likely to die from CV
causes than people with no history of diabetes, even after controlling for other CV
risk factors [25]. The molecular and cellular mechanisms by which diabetes
promotes atherosclerosis, the underlying cause of most cardiovascular diseases
(CVD) [26], have not been clearly defined. Mounting evidence, showing that the
normalization of glucose levels improves CV outcomes, supports a causative role

for elevated blood glucose levels in the pathogenesis of atherosclerosis [27].
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However, the apparent lack of a blood glucose threshold for CV risk, and
confounding data from clinical trials (UKPDS, ACCORD, ADVANCE, VADT,
and some ongoing trials) that examine the effects of glucose lowering on CV risk,
indicate that the relationship between blood glucose levels and CV risk is even more
complex than previously believed [17-20]. Our ability to effectively prevent and/or
treat diabetic CVD is currently impeded by our lack of understanding of the

mechanisms that underlie disease development and progression.

Microvascular disease

Microvascular disease involves the disruption of the structure and function
of the capillary networks that supply nutrients and oxygen to various tissues and
organs.

In contrast to diabetic macrovascular disease, it is very well established that
the incidence of microvascular disorders is tightly linked to blood glucose levels.
In fact, the glycemic parameters that define/diagnose diabetes mellitus (fasting
blood glucose >7mM) were chosen because they effectively differentiate
individuals at high risk for developing retinopathy from those at low risk [1], and
not because these glucose levels have any connection to CV risk.

It has been proposed that conditions of hyperglycemia disrupt normal
microvascular structure and function by mechanisms involving oxidative stress,
inflammation, pericyte loss and/or increased extracellular matrix deposition, which

leads to increased vascular permeability and vessel leakage [28]. Depending upon
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the tissue/organ being considered, and perhaps the duration of the condition, the
effects of hyperglycemia on the microvasculature can lead to excessive
neovascularization, as in proliferative diabetic retinopathy [29] and nephropathy
[30], or attenuated neovascularization, contributing to pre—proliferative retinopathy
[21], impaired coronary collateral vessel development [31], impaired wound
healing [32], and transplant rejection in diabetic recipients [33]. The concurrent
existence of pro- and anti-neovascularization responses in diabetes has been called
the “angiogenesis paradox” [34]. The angiogenesis paradox is most strikingly
illustrated by the fact that experimental treatments for proliferative diabetic
retinopathy and nephropathy have involved targeting vascular endothelial growth
factor (VEGF) for inhibition [35], whereas application of exogenous VEGF

facilitates wound healing in diabetic patients [36].

1.4 POTENTIAL LINK BETWEEN MICROVASCULAR AND
MACROVASCULAR DISEASE: VASA VASORUM

The walls of large arteries consist of three distinct layers. The innermost
layer is called the intima. The intima contains a monolayer of endothelial cells that
is in direct contact with the circulating blood. The sub-endothelial part of the intima
consists of extracellular connective tissue built mainly of proteoglycans and
collagen. The second layer of the artery wall is the media, characterized by a thicker
and organized arrangement of vascular smooth muscles cells. The medial layer

provides strength and flexibility to the artery wall. The third layer, the adventitia,
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provides structure and support and is composed of connective tissue with
interspersed fibroblasts, vascular smooth muscle cells and the vasa vasorum [37].

The vasa vasorum consists of a network of small arterioles, capillaries and
venules that supply the cells that constitute the adventitia and tunica media of large
blood vessels, including the aorta and coronary arteries (See Figure 1.1 [38]). Vasa
vasorum literally means “vessels of the vessels,” and therefore, by definition, it is
the place where the microvasculature and the macrovasculature meet. A role for the
vasa vasorum in the progression of atherosclerosis is not a new idea—but it has
historically been a contentious one [39]. A general correlation between vasa
vasorum neovascularization and atherosclerotic lesion size has been observed in
(non-diabetic) humans [40] and in dyslipidemic ApoE/Ldlr dKO mice [41]. The
cause-effect relationship between lesion neovascularization and atherogenesis in
these systems is not clear—does lesion growth promote vasa vasorum angiogenesis,
or does vasa vasorum expansion drive lesion growth?

Relatively early in atherogenesis, the increased oxygen demands associated
with inflammation together with thickening of the artery wall create localized
regions of hypoxia that are detectable, even in mice [42]. Several studies have
shown that systemic application of pro-angiogenic stimuli is associated with
enhanced atherosclerosis [43], and anti-angiogenic therapies attenuate
atherosclerosis [44]. However, it is important to note that the majority of these

studies failed to detect any changes in plaque neovascularization during the course
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of the experiments, suggesting that these treatments/interventions may be affecting
atherogenesis in ways that are independent of vasa vasorum angiogenesis.

Since the fundamental purpose of the vasa vasorum is to facilitate the
supply, maintenance, and repair of the healthy arterial wall, disruption of this
microvascular network can be detrimental. Occlusion of the vasa vasorum has been
associated with localized ischemia in the arterial media that may lead to the
proliferation of smooth muscle cells, localized intimal/medial thickening, and
increased synthesis of collagen fibers [45]. Other studies have suggested that the
vasa vasorum plays an important role in reverse cholesterol transport/removal of
lipids from the artery wall [46].

Thus, the pro- and/or anti-atherogenic potential of alterations to the vasa
vasorum has yet to be determined. Furthermore, it is important to note that the
studies carried out thus far have been performed in non-diabetic animal models and,
despite the established effects of hyperglycemia on microvascular beds in the retina,
kidney and peripheral tissues, virtually nothing is known about the effect of
diabetes/hyperglycemia on the vasa vasorum, or the potential role of these

microvascular effects on diabetes-associated accelerated atherosclerosis.
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Figure 1.1. Vasa vasorum. Three-dimensional images captured by computed
tomography of the vasa vasorum running longitudinally (+135°) along the
adventitial surface of a coronary artery (arrows indicating first-order vasa
vasorum), and running around and surrounding (+90°) the coronary artery (triangles

indicating second-order vasa vasorum).
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Reprinted with permission from:

Kwon HM, Sangiorgi G, Ritman EL, Lerman A, McKenna C, Virmani R, Edwards
WD, Holmes DR, Schwartz RS: Adventitial vasa vasorum in balloon-injured
coronary arteries: visualization and quantitation by a microscopic three-
dimensional computed tomography technique. ] Am Coll Cardiol. 1998, 32:2072—
2079. Copyright © 1998 by the American College of Cardiology. License Number

3741560811404
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1.5 ATHEROSCLEROSIS
Pathology of atherosclerosis

Atherosclerosis is characterized by progressive lipid accumulation and
chronic inflammation of the arterial wall leading to the formation of atherosclerotic
lesions (Figure 1.2). Generally the lesions tend to appear at specific arterial
locations, branches and bifurcations, where changes in the hemodynamic forces,
including decreased shear stress and increased turbulent blood flow would favor
the lesion development [47].

The earliest events that lead to atherosclerotic lesion formation occur in the
endothelial cells that are in direct contact with the lumen content. Several risk
factors (hyperlipidemia, hypertension, DM, insulin resistance, obesity, smoking,
lack of exercise, high fat diet and infectious agents [47, 48]) induce the endothelial
permeability through specific mediators including proinflammatory cytokines
(TNF-a, IL-1p), bacterial (lipopolysaccharide) and endogenous toxins (oxLDL),
vasoconstrictors (angiotensin II, endothelin-1 and Thromboxane A2), and
extracellular matrix proteins (fibronectin, fibrinogen) [49-51]. Increased
endothelial permeability leads to the retention of LDLs that interact with the
underlying extracellular matrix (ECM). This interaction retains the LDL which
becomes trapped in the vessel wall where it can undergo progressive oxidation by
reactive oxygen species (ROS) and/or glycation under hyperglycemic conditions.
Trapped and modified LDL induces a profound change of the phenotype of

endothelial cells through the activation of the proinflammatory transcription
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nuclear factor kB (NF-«xB), up-regulation of the expression of adhesion molecules
(P-selectin, E-selectin, ICAM-1, VCAM-1), chemokines (IL-8, monocyte
chemotactic protein-1 (MCP-1)), and cytokines (IL-1p, TNFa, macrophage colony-
stimulating factor (M-CSF)). Modified LDL also inhibits the production of nitric
oxide (NO), a vasodilator with anti-atherogenic properties [52, 53], leading to
endothelial dysfunction. Upon the activation of the endothelium, leukocytes
(monocytes, T-cells and neutrophils) commence to interact with selectins on the
endothelial surface and also bind to ICAM-1 and VCAM-1 to undergo directed
migration into the artery wall mediated by MCP-1. Once these recruited leukocytes
are in the intima, M-CSF stimulates the proliferation and differentiation of
macrophages that express high levels of scavenger receptors (CD36, SR-A, LOX-
1 and CXCL16) [54]. The macrophages over-expressing scavenger receptors are
able to engulf modified LDL, accumulating cholesteryl ester and becoming foam
cells, which accumulate to form fatty streaks in the artery wall. The accumulation
of cholesterol may be driven, in part, by a dysregulation of the ATP binding cassette
transporters (ABCA1 and ABCG1) that regulate and control cholesterol efflux and
reverse cholesterol transport in macrophages [55-59]. As lesion development
progresses, activated macrophages, foam cells and T cells further stimulate the
inflammatory process and induce the migration and proliferation of SMCs from the
media. The proliferation of SMC results in the formation of the fibrous cap,
composed of elastic proteins, including collagen and elastin, which are secreted by

SMCs. The fibrous cap stabilizes the lesion and also protects the lesion from the

13
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circulating blood thereby avoiding the contact with the intimal mixture of
monocytes, macrophages, T-cells, SMCs, foam cells, modified lipids and the
necrotic core characteristic of advanced lesion. Necrosis and apoptosis of
macrophages, foam cells and SMCs in the lesion are the main contributors to the
formation of this necrotic core composed mainly of apoptotic cell bodies, debris,
modified lipids and cholesterol crystals. Macrophages are responsible for the
clearance of apoptotic cells (efferocytosis), but the excessive cholesterol uptake
induces endoplasmic reticulum (ER) stress in these cells [60—62], leading to their
death and the release of their total lipid content. This process creates a cycle in
which the local inflammatory response is sustained and the size of this necrotic area
continues to increase. The fact that over 60% of heart attacks are associated with
plaques that occlude less than 50% of the lumen [63] suggests that plaque rupture
and eventual thrombus formation are the main factors responsible for the artery
occlusion and infarction. Plaque rupture probably occurs as an imbalance between
the forces that control and maintain the fibrous cap. For example, collagen provides
most of the biomechanical resistance to the disruption of the fibrous cap. Therefore,
factors that decrease the collagen synthesis or increase the degradation of elastic
proteins will favor this process. Also, the growing necrotic core and the
neovascularization in situ are thought to contribute to the weakening process
because new microvessels can induce internal hemorrhage increasing the chances

of contact between the lesion content and the blood (Figure 1.3 [47]).
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Figure 1.2. Atherosclerosis development. Atherosclerotic lesions at the aortic sinus
and coronary arteries of an ApoE-deficient mouse fed a high-fat diet. Picture taken

by Daniel E. Venegas-Pino.
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Atherosclerotic Lesions
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Figure 1.3. Schematic representation of atherosclerosis progression. (A) Initiating
events: atherosclerosis is initiated at sites of endothelial injury. These areas have
increased endothelial permeability and sub-endothelial LDL accumulation.
Trapped LDL can be modified by progressive oxidation. The activated endothelium
expresses adhesion molecules (ICAM, VCAM, P-selectin and E-selectin) and
leukocytes bind these adhesion molecules and undergo directed migration (MCP-1
mediated) into the artery wall. (B) Fatty-streak formation: intimal monocytes are
induced to differentiate into macrophages by M-CSF. Macrophages proliferate and
over-express scavenger receptors that allow them to engulf modified LDLs. The
accumulation of cholesteryl ester in macrophages results in the formation of foam
cells which form the characteristic fatty streak in the artery wall. (C) Advanced
plaque: lesion development progresses with SMC migration and proliferation
leading to the formation of the fibrous cap composed of SMCs and elastic proteins
such as collagen and elastin which protect and stabilize the growing lesion. Foam
cells undergo apoptosis forming an acellular necrotic core, which is believed to
destabilize the lesion. (D) The plaque rupture: an imbalance between the factors
that contribute to a stable fibrous cap may lead to its weakening or thinning. The
internal hemorrhage of the plaques can also affect the lesion stability and induce

the eventual thrombus formation.
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Reproduced with permission from:
Ross R: Atherosclerosis—an inflammatory disease. N Engl J Med. 1999, 340:115—

126. Copyright © 1999 Massachusetts Medical Society.
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Atherosclerosis and diabetes

Even though morphological characteristics of atherosclerotic plaques are
similar between people with diabetes and without the disease, it is generally
believed that the process is accelerated in diabetes with more calcification, larger
necrotic cores, an increased presence of leukocyte infiltration, and a higher
incidence of hemorrhage in atherosclerotic plaques from diabetic patients. In
addition, diabetes accelerates lesion growth and impairs lesion regression [64—66].

The mechanism by which diabetes exerts its effects on the development of
atherosclerosis is likely linked to hyperglycemia and insulin resistance. Endothelial
cells represent a good candidate for the initial damage induced by chronically high
glucose levels because these cells retain the expression of insulin-independent
glucose transporters (GLUT) allowing intracellular glucose concentrations similar
to those observed in blood [67, 68]. ROS levels would increase inside the cells by
direct glucose auto-oxidation [69] and mitochondrial superoxide production [70].
It has been demonstrated that hyperglycemia-induced ROS reduce glyceraldehyde
3-phosphate dehydrogenase (GAPDH) activity by modifying this enzyme with
polymers of ADP-ribose [71]. Poly(ADP-ribose) polymerase (PARP) resides in the
nucleus and is activated by damage of DNA, producing in response these polymers
of ADP-ribose. Increased ROS in the mitochondria induce DNA strand breaks,
thereby activating PARP in the nucleus. GAPDH is constantly relocating from the
cytosol to the nucleus which allows the encounter with polymers of ADP-ribose

and the structural modification [72, 73]. Du et al. (2000) showed a 66% reduction

19



Ph.D. Thesis - D.E. Venegas-Pino; McMaster University - Biochemistry and Biomedical Sciences.

in the activity of GAPDH as a result of hyperglycemia, and the subsequent
activation of four detrimental pathways: polyol pathway, AGEs, PKCs, and the
hexosamine pathway [74].

The polyol pathway is based on the enzyme aldose reductase and the
depletion of NADPH. When glucose concentrations become abnormally high in the
cell (endothelial cells), glucose flux into this pathway increases 10X [75, 76].
Glucose then is reduced by aldose reductase to sorbitol consuming NADPH in the
process and inducing its depletion [77]. Thereby, the lack of NADPH available to
regenerate reduced glutathione (GSH) lays the cells in a vulnerable stage against
oxidative stress. Causative studies have shown that overexpression of human aldose
reductase (aldose reductase in mouse is not comparatively expressed to humans
[78]) in diabetic mice resulted in accelerated atherosclerosis and reduced expression
of genes that maintain GSH [79].

AGEs are modifications of proteins that become nonenzymatically glycated
after prolonged contact with sugars. The AGE formation process starts with the
nonenzymatic reaction of the carbonyl group of glucose with proteins producing
the Amadori products. These highly reactive intermediate carbonyl groups
accumulate, and also react with amino, sulthydryl, and guanidine functional groups
in proteins. Stable AGE precursors include methylglyoxal (which is the major
precursor and it is derived from the glycolytic intermediate glyceraldehyde-3
phosphate), 3-deoxyglucosone and glyoxal [80]. AGEs may injure endothelial cells

by modification of intracellular proteins and their functionality, by interacting and
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modifying extracellular matrix components and matrix receptors, and by modifying
circulating proteins that then interact and activate AGE receptors (RAGEs)—which
are also found on macrophages, endothelial and smooth muscle cells. The AGE—
RAGE interaction triggers the production of intracellular reactive oxidative species
that initiate an inflammatory response activating the proinflammatory transcription
factor NF-«xB [80]. Removal of AGE effects or AGEs, by RAGE deficiency [81] or
a soluble form of RAGE [82], has then shown positive effects on mouse models of
atherosclerosis.

As a result of the impaired GAPDH activity (by intracellular
hyperglycemia), there is accumulation of glyceraldehyde-3-phosphate that can be
transformed to diacylglycerol—a key activator of PKCs [83, 84]. Activation of
PKC has a wide scope of detrimental effects. PKC inhibits endothelial nitric oxide
synthase (eNOS) expression, decreasing the production of the vasodilator nitric
oxide (NO). PKC increases the vasoconstrictors endothelin-1 and thromboxane-A2
expression. PKC also up-regulates plasminogen activator inhibitor type-1 (PAI-1)
and NF-kB exacerbating the hypercoagulable and proinflammatory state [85—87].

Decreased activity of GAPDH is also accompanied by a concomitant 2.5-
fold increase in the hexosamine pathway activity [74]. The glycolytic intermediate
fructose-6-phosphate enters the pathway and is transformed by the rate-limiting
enzyme glutamine:fructose-6-phosphate amidotransferase (GFAT) to glucosamine-
6-phosphate that then after further modifications is converted to uridine

diphosphate N-acetylglucosamine (UDP-GIcNAc) [88]. UDP-GIcNAc acts as
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precursor for all amino sugars used for the post—translational changes and synthesis
of glycoproteins, glycolipids, and proteoglycans. The post—translational protein O-
GlcNAcylation modification has been reported to play a role in the vascular
complications of diabetes [88, 89]. For example, O-GlcNAcylation of eNOS
decreases its activity leading to a deficiency of NO [90, 91], and the same post—
translational modification of the transcription factor Spl (Specificity protein 1)
activates the TGF-B1 and PAI-1 expression [74].

Hyperglycemia has also been reported to induce changes in myeloid cells
favouring the atherogenic progression. In mouse models, isolated peritoneal
macrophages from hyperglycemic mice presented higher expression of chemokines
and cytokines [92, 93]. Atherosclerotic lesion macrophages, in lesion regression
studies, from hyperglycemic mice also had a higher inflammatory component than
macrophages from normoglycemic mice [94, 95]. Observations that are supported
by cytokine expression in monocytes from diabetic patients [96-99] where the
proinflammatory transcription factor NF-kB seems to be one of the pathways
activated and playing a role in this greater proinflammatory phenotype of
monocytes, at least in TIDM patients [99-101]. Also acyl-CoA synthetase-1
(ACSL-1) has been identified to play a role in the proinflammatory phenotype of
monocytes in hyperglycemic mice. Targeting ACSL-1 expression in myeloid cells
prevented the hyperglycemia-induced inflammatory effect on monocytes and
macrophages and protected from atherosclerosis development [93]. Diabetes has

been also associated with a higher expression of macrophage receptors that allow
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the engulfment of modified lipids (SR-A [102], CD36 [103] and LOX-1 [104]) and
reduced ABCG1 expression (in human [105] and mouse [106]). Furthermore,
exacerbated myelopoiesis has been described in diabetic mice [95] specifically of
a monocyte variation that has been identified in atherosclerosis [107].

SMCs also seem to suffer the effects of hyperglycemia. Vascular
calcification is increased in patients with diabetes mellitus [66], and connecting to
calcification SMCs have been identified to differentiate into chondrocyte-like cells,
which contribute to calcification [108]. However, still more research is needed to
establish a direct connection between hyperglycemia and SMC differentiation.
Also, recently it was described in human coronary artery that SMCs play a major
role (than previously thought) in cholesterol accumulation and foam cell formation.
50% of total foam cells were found to be SMC derived due to a decrease in ABCA1
expression in intimal SMCs in late-stage disease [109]. This obviously opens the
possibility for a greater effect of hyperglycemia on SMCs.

On the other hand, insulin resistance has also shown to have direct effects,
independent from hyperglycemia, on the development of atherosclerosis. First, the
increase of circulating free fatty acids (FFA) from adipocytes [110] has shown to
produce, in aortic endothelial cells, similar mitochondrial overproduction of ROS
and inducing the same damaging pathways described above for hyperglycemia
[111]. Second, insulin resistance has been shown to affect endothelial cells [112]
and myeloid cells [113, 114] in mouse models. Direct effects on atherosclerosis

were observed when a heterozygous null mutation in the insulin receptor substrate-

23



Ph.D. Thesis - D.E. Venegas-Pino; McMaster University - Biochemistry and Biomedical Sciences.

2 (IRS-2) gene [115] or heterozygous null mutations in the insulin receptor and the
insulin receptor substrate-1 (IRS-1) genes [116] were introduced in the ApoE"

mouse, accelerating the progression of the disease.

1.6 MOUSE MODELS

Mice have become the preferred model for the study of atherosclerosis for
most basic science laboratories. Mouse models provide several distinct advantages
including; 1) mice can be genetically manipulated, ii) atherosclerosis develops
relatively quickly in genetically-modified mice (within 2-3 months) and lesions
appear to be very similar to those seen in human patients, iii) mice are inexpensive
compared to other animal models, iv) experiments can be carried out using
relatively large treatment groups. However, when compared to human beings, still
there are important limitations that we should be aware of as these may restrict the
translation of findings into humans. Generally the lipid profiles of mice are different
to those observed in humans. Wild type mice have high levels of circulating athero-
protective HDL and low levels of pro-atherogenic very low-density lipoprotein
(VLDL) and LDL particles [117]. This is likely a major reason why wild type mice
are resistant to the development of atherosclerosis. Also for this reason, the majority
of the existing mouse models for the study of atherosclerosis involve the disruption
of this non-atherogenic lipid profile through atherogenic diets and/or genetic
interventions. There are other important limitations with mouse models including

the differences in vessel diameters and hemodynamic forces (heart rate, blood flow
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and pressure) [118], relative to humans. These factors have a major impact in the
locations of the atherosclerotic lesions guiding our focus mainly on the aortic sinus
of the mice where human atherosclerosis does not present a major threat.
Apolipoprotein E-deficient (ApoE™) mice have been widely used in the
study and characterization of atherosclerosis. ApoE is a component of the VLDL
and LDL particles and functions as an important ligand for LDL receptors and LDL
receptor-related proteins. ApoE”" mice develop marked hyperlipidemia (high levels
of circulating VLDL and LDL particles) and early and spontaneous atherosclerosis,
even when fed a standard low fat diet. ApoE is also synthesized by monocytes and
it plays a role in reverse cholesterol transport from peripheral tissue, affecting then
the cholesterol removal from the atherosclerotic lesions [119]. The atherosclerotic
lesions developed by ApoE” mice present with similar characteristics to those
observed in humans, growing from fatty streaks to advanced, necrotized,
multilayered lesions [120-124]. ApoE”" mice have been used by our laboratory in
several studies to investigate the link between diabetes and the progression of
atherosclerosis [125-127]. Another mouse model has also helped to expand the
study of atherosclerosis, the low density lipoprotein receptor knockout (Ldlr"")
mouse. Under a low fat diet or normal chow diet, Ldlr’~ mice show a modest
alteration in plasma cholesterol levels and the atherosclerosis development is quite
limited. However, when fed a western-type diet, Ldlr”" mice show a clear increase
of plasma cholesterol levels, a lipoprotein profile more similar to humans than

ApoE”" mice, and advanced atherosclerosis [128, 129].
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Currently, there is no perfect mouse model for the study of the diabetic
atherosclerosis. However, we count on some mouse models that have been widely
used during the last decades. Among those mouse models for T2DM
atherosclerosis, we have the ob/ob mice [130, 131] that develop obesity and
diabetes. As a result of leptin deficiency there is no hypothalamic suppression of
the appetite. Similarly, the db/db mice present no leptin action in the hypothalamus
due to a mutation in the leptin receptor [132, 133]. Both models have been crossed
to ApoE”" [134, 135] and LdIr”~ [136] backgrounds originating diabetic mouse
models with accelerated atherosclerosis. Within the mouse models for TIDM
atherosclerosis, we have the transgenic mouse model that expresses viral
glycoprotein (GP) causing an immune reaction that specifically destroy beta-cells
expressing this glycoprotein [137, 138]. This mouse then has been crossed to an
Ldlr’- background producing the Ldlr”":GP mouse that develops diabetes-induced
accelerated atherosclerosis when fed a western-type diet [ 139]. Hyperglycemia can
also be induced chemically in mice through the administration of the
aminoglycoside antibiotic streptozotocin (STZ). This has been used for several
decades not only in mice but in a range of animals [140, 141]. STZ can be
administered intraperitoneally in one large dose or in multiple low doses to induce
hyperglycemia. STZ is a DNA alkylating agent that is selectively toxic to pancreatic
beta-cells because its uptake is mediated by glucose transporter 2 (GLUT-2) [140].
GLUT-2 is highly expressed in pancreatic beta cells, but also in tubular cells and

hepatocytes which explains the damage to kidneys and liver sometimes described
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[142—-146]. There is some evidence that multiple low dose injections induce limited
beta cell death that activates an autoimmune response against the remaining beta
cells [147-149]. However both high dose and multiple low dose STZ injection
generally induce severe hyperglycemia and insulinopenia. The obvious limitations
of the STZ model have led to the need for alternative and practical strategies to
induce hyperglycemia in mice. One alternative to chemically-induced

27AK mouse or simply Akita mouse, established by

hyperglycemia is the Ins
Yoshioka et al. (1997) [150]. This mouse carries a point mutation (C96Y) in one of
the alleles of the gene for insulin 2. This mutation impedes the formation of a
disulfide bond between the A and B chains of insulin, inducing a sensitive
conformational change in this protein [151]. The mal-formed insulin is non-
functional and the mouse cannot adequately control blood glucose levels. Early

27AK mouse suggested that the accumulation of

reports characterizing the Ins
mutant insulin induced pancreatic beta cell apoptosis by a mechanism involving
endoplasmic reticulum (ER) stress [151-153]. These studies suggested that the lack
of beta cells caused the hyperglycemia. Subsequent studies have demonstrated that
the mutant proinsulin forms aggregates that sequester the wild type proinsulin. This
results in the ER retention and ultimate degradation of mutant and native insulin

leading to hyperglycemia [154, 155]. Importantly, these later studies suggest the

beta cells, although dysfunctional, maintain viability [154, 155].
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CHAPTER 2: General Hypothesis and Objectives

2.1 HYPOTHESIS
Diabetes-associated hyperglycemia will alter the structure of the vasa
vasorum in hyperglycemic mice. This microvascular disruption will contribute to

the accelerated growth of atherosclerotic lesions in the aorta.

2.2 OBJECTIVES

To investigate the effect of hyperglycemia on different microvascular beds, such as
retina and the vasa vasorum, and to investigate the possible correlation between
hyperglycemia-induced microvascular changes and atherosclerosis.

2+/Akita

To develop and extensively characterize an ApoE”:Ins mouse model of

hyperglycemia-induced accelerated atherosclerosis.
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CHAPTER 3: Hyperglycemia is Associated with Impaired Vasa Vasorum
Neovascularization and Accelerated Atherosclerosis in Apolipoprotein-E
Deficient Mice
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3.1. FOREWORD

Here we investigate the effects of hyperglycemia on the vasa vasorum and
correlates them with the development of atherosclerosis. Normoglycemic ApoE™"
mice have vasa vasorum expansion as atherosclerotic lesions grow. However,
hyperglycemic ApoE” mice have no significant neovascularization of the vasa
vasorum despite the enhanced atherosclerotic development.
This work was published in the journal Arteriosclerosis. The experiments in this
study were conducted by KJ Veerman and DE Venegas-Pino with assistance from
co-authors. The manuscript was written by KJ Veerman, DE Venegas-Pino and Dr.
Geoff Werstuck. The content of Chapter 3 is a representation of this publication.

The complete reference is as follows:
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3.2. ABSTRACT

Objective: A direct correlation between blood glucose levels and the microvascular
complications of diabetes is well established. However, the effects of
hyperglycemia on the vasa vasorum, a microvascular network which surrounds and
supplies the walls of large arteries, is not known. The objective of this study is to
investigate the effects of hyperglycemia on the vasa vasorum and to examine
correlations between these effects and the development of atherosclerosis in a
mouse model.

Methods: The micro- and macrovascular effects of hyperglycemia were examined
in streptozotocin-injected apolipoprotein-E deficient (ApoE”") mice. Retina and
aortic sinus were isolated from hyperglycemic mice and normoglycemic controls at
5-20 weeks of age. Retinal and vasa vasorum microvessel densities were quantified
and correlated to atherosclerotic lesion development. The expression levels of pro-
angiogenic factors including vascular endothelial growth factor (VEGF) and VEGF
receptor 2 were examined.

Results: In normoglycemic ApoE”" mice atherogenesis is associated with vasa

vasorum expansion, which likely corresponds to the increasing blood supply
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demands of the thickening artery wall. In hyperglycemic ApoE”" mice there is no
significant neovascularization of the vasa vasorum, despite the fact that lesions are
significantly larger. This defect may result from a localized deficiency in VEGF.

Conclusions: These findings are the first evidence that hyperglycemia alters the
structure of the vasa vasorum. Such microvascular changes directly correlate, and
may contribute to, the development and progression of atherosclerosis in

hyperglycemic ApoE-deficient mice.

3.3. INTRODUCTION
The vascular complications of diabetes have been conventionally

partitioned into two subtypes; microvascular and macrovascular. Microvascular

complications manifest clinically as microangiopathies of the retina, kidney, nerve
and peripheral vasculature, significantly contribute to diabetic morbidity [1, 2].
Macrovascular complications involve structural and functional changes in the large
arteries that predominately involve the accelerated development of atherosclerosis,
leading to increased risk of myocardial infarction and stroke [3]. As a consequence,
diabetes is associated with a cardiovascular disease (CVD) mortality rate that
exceeds 70%, and a 2- to 4-fold increased risk of dying from heart attack or stroke
[4]. Traditionally the micro- and macrovascular complications of diabetes have
been viewed and treated as distinct and independent disorders. However,
accumulating data from epidemiological and pathophysiological studies suggest

that these vascular problems are, in fact, closely interrelated. For example,
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retinopathy, microalbuminuria, and large-fiber nerve dysfunction have each been
independently associated with increased CVD risk in diabetes [2, 5, 6]. Thus, the
pathogenesis of diabetes-associated microvascular dysfunction may be
mechanistically linked to the pathogenesis of diabetic macrovascular diseases,
including atherosclerosis.

Despite the potential relationship between micro- and macrovascular
disease, there is a fundamental difference in how these disorders respond to glucose
lowering. It is well established that reducing fasting blood glucose levels below
7.0mM significantly decreases the risk of microvascular disease [7]. In contrast,
accumulating evidence suggests that normalization of glucose levels improves
CVD outcome, a similar blood glucose threshold does not exist for cardiovascular
(CV) risk [8]. Data from clinical trials examining the effects of intensive glucose
lowering indicate that the relationship between blood glucose levels and CV risk is
complex [9, 10].

The vasa vasorum is a distinct microvascular network which surrounds and
supplies the cells within the walls of large muscular arteries [11]. A general
correlation has been observed between vasa vasorum expansion/neovascularization
and atherosclerotic lesion development, and it has been suggested that such
neovascularization may play a role in the pathophysiology of atherosclerosis [12].
Experiments performed in ApoE”" mice have shown that vasa vasorum
neovascularization is associated with atherosclerotic plaque growth, and that

inhibition of neovascularization reduces plaque size [13]. However, all of these
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observations have been reported in non-diabetic/normoglycemic models [12—14].
In fact, very little is known about the potential effects of diabetes and
hyperglycemia on the vasa vasorum and the potential role of the vasa vasorum in
diabetic atherosclerosis has not been explored. Because the vasa vasorum plays a
significant role in vessel wall maintenance, regulating local oxygen delivery and
facilitating solute transport in and out of the vascular tissue, its dysfunction may
significantly alter the structure, function and/or health of large blood vessels which
it supplies.

Based on the established effects of hyperglycemia on several independent
microvascular networks, and the established relationship between the vasa
vasorum, arterial wall health and atherosclerosis, we hypothesize that diabetes-
associated hyperglycemia disrupts the vasa vasorum and that this effect may play a
role in the accelerated development of atherosclerosis. To test this hypothesis, we
have used an ApoE”" mouse model. ApoE”" mice are dyslipidemic, relative to wild
type mice, and they spontaneously develop atherosclerotic lesions by
approximately 10 weeks of age [15]. Streptozotocin-induced hyperglycemia
accelerates the development of atherosclerosis in ApoE”" mice and significantly
larger lesions are observed by 15 weeks of age [16]. We have previously shown
that significantly larger atherosclerotic lesions can be detected prior to
hyperglycemia-associated increases in plasma lipid levels [16, 17]. These results
suggest that, in this model, elevated plasma glucose levels are sufficient to

accelerate atherogenesis.
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In this study, we use a hyperglycemic ApoE”" mouse model to investigate
the possible effects of hyperglycemia on the vasa vasorum, the underlying
alterations in angiogenic mechanisms, and the association of these microvascular

defects with the accelerated development of atherosclerosis.

3.4. METHODS
Mouse models

Five week old female ApoE™" (B6.129P2-ApoE™!Vr¢) mice were placed on
standard chow diet (TD92078; Harlan Teklad, Madison, WI) and randomized to
one of two treatment groups. Hyperglycemia was induced in one group (n = 46) by
administering two sets of five low-dose streptozotocin (STZ) injections (30—
40mg/kg) as previously described [ 15]. To control for potential non-specific effects
of STZ, a subgroup of STZ mice (n = 10) received a slow-release insulin pellet
implant (LinBit, Toronto, ON) at eight weeks of age to normalize glucose levels.
The second treatment group (n = 36) was given two sets of five intraperitoneal
injections of citrate buffer over the same three week period. Mice were sacrificed
at 10, 15, and 20 weeks of age (n = 10—12 per group). An additional group was
sacrificed prior to injection, at 5 weeks of age (n = 5). Plasma and tissue samples
were collected from each mouse for further examination. All animal procedures

were approved by the McMaster University Animal Research Ethics Board.
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Histology and immunohistochemistry

Two hours prior to sacrifice, mice were injected with 60mg/kg
pimonidazole hydrochloride (Hypoxyprobe™-1; Hypoxprobe Inc., Burlington,
MA). Mice were then anaesthetized with isoflurane, flushed with 1x PBS, and
perfusion-fixed with 10% neutral buffered formalin. Upon excision of the heart and
ascending aorta, the apex of the heart was sectioned transversely, and the remaining
cardiac tissue embedded in paraffin. Using the valve leaflets as a point of
orientation, serial sections (4pm) of the aortic root were collected and stained with
hematoxylin and eosin for lesion and necrotic core measurement (Supplementary
Figure 1, Appendix 1), or with specific antibodies, as indicated, for
immunohistochemical and immunofluorescence analysis [16, 18, 19].

Immunohistochemical labeling was performed wusing standard
immunoperoxidase techniques, with biotinylated secondary antibodies, Vectastain
ABC Kits (Vector Labs, Burlington, ON), and both DAB (Dako, Burlington, ON)
and Nova Red (Vector Labs) chromogenic substrates. Fluorescence staining was
performed using secondary antibodies tagged with Alexa 488 and Alexa 594
(Invitrogen, Burlington, ON), followed by DAPI nuclear counterstain.

Primary antibodies that were used include: polyclonal rabbit anti-human von
Willebrand Factor (Dako), monoclonal mouse anti-mouse HIF-1 alpha (Novus
Biologicals, Oakville, ON), polyclonal rabbit anti-mouse VEGF-A (Santa Cruz
Biotechnology, Inc., Santa Cruz CA), monoclonal rabbit anti-mouse VEGF

Receptor 2 (Cell Signaling Technology, Pickering, ON), Hypoxyprobe ™ mouse
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monoclonal antibody (Hypoxyprobe™), and polyclonal goat anti-mouse CD105
(Endoglin) (R&D Systems). Non-specific staining was controlled by incubating
similar aortic sections with pre-immune IgG.

Light microscopy images were captured with an Olympus DP71 digital
camera (Olympus America Inc. Center Valley, PA) mounted on a Leitz Laborlux S
bright field microscope (Leica Microsystems, Germany). Fluorescence images
were taken with an Olympus DP71 digital camera mounted on an Olympus BX41

microscope (Olympus America Inc.).

Quantification of vasa vasorum density

Microvessels were visualized by fluorescent microscopy using an antibody
against von Willebrand factor (vVWF) to specifically stain the endothelial cells. For
statistical analysis of vWF staining, positively labeled vasa vasorum microvessels
residing within the intima, media, and adventitia of the aortic root were tallied. Vasa
vasorum density was defined as the total number of microvessels within the defined

regions per aortic cross-section.

India Ink injection and retinal analysis

Additional control and hyperglycemic ApoE”" mice of 5, 6, 7, 8, 9, 10 and
15 weeks of age (n = 4 per group) were anaesthetized with isoflurane, flushed with
Ix PBS, and perfused with 1-2mL of India Ink. Mouse eyes were excised and

retinal flat mounts prepared. Capillary density was estimated using a method
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outlined by Browning et al [20]. Briefly, a quantification template comprised of 64
sampling boxes aligned along 8 axes was centered upon the optic disk
(Supplemental Figure 2, Appendix 1). The number of vessel intersections with the
edges of each sampling box was tallied for central, mid, and peripheral regions of
the vasculature. Regional and total capillary densities are presented as the total

number of vessel intersections per number of boxes analyzed.

Data analysis and statistics
Data were analyzed by one- or two-way ANOVA and the Bonferroni
multiple comparison test for all groups. Data are expressed as arithmetic means +

SEM. For all experiments a p value of 0.05 was considered statistically significant.

3.5. EXPERIMENTAL RESULTS
Hyperglycemia is associated with accelerated development of atherosclerosis
at the aortic sinus

Five week old female ApoE” mice were given multiple low dose
intraperitoneal injections of STZ to induce hyperglycemia. Glucose levels were
significantly elevated by 10 weeks of age with a mean blood glucose concentration
of 32.3mM compared to 8.5mM in citrate injected controls (»p<0.01). Blood glucose
levels remained chronically elevated at every subsequent time point examined

throughout the course of the study (Table 3.1).
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By 15 weeks of age, STZ-induced hyperglycemic ApoE”" mice developed
atherosclerotic lesions at the aortic sinus that were 2X larger in cross-sectional area
than normoglycemic controls (Figure 3.1A—C). In addition, hyperglycemic ApoE”
mice had significantly increased lesion volume in the ascending aorta (Figure
3.1D). Lesions at the sinus reached a maximum area by approximately 20 weeks of
age, at which point differences in plaque cross-sectional area at the aortic sinus
were no longer significant. Hyperglycemic mice continued to exhibit significantly
increased lesion volume as a result of increased plaque growth in the ascending
aorta. Plaque composition was analyzed in 15 week old mice by measuring the
necrotic cross-sectional area within each atherosclerotic lesion. Lesions from
hyperglycemic mice had significantly larger necrotic cores than those isolated from
normoglycemic control animals (Figure 3.1E).

To control for any possible effects of STZ-injection that are independent of
hyperglycemia, a subgroup of STZ-injected ApoE” mice were implanted with
slow-release insulin pellets to normalize blood glucose levels. Blood glucose levels
in STZ-injected ApoE”" mice supplemented with insulin were not significantly
different than those of normoglycemic ApoE” mice (Table 3.1). Lesion cross-
sectional area was analyzed in 15 week old mice, as described above. Lesion areas
in insulin-supplemented mice were similar in size to age matched, citrate-injected

normoglycemic mice (Figure 3.1B).
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Table 3.1. Metabolic Parameters. Metabolic parameters of normoglycemic (NG),
STZ-induced hyperglycemic (STZ-HG), and STZ-injected, insulin supplemented
(STZ+insulin) ApoE™ and C57B1/6J mice. Ages and N values are indicated. Vasa
vasorum density defined as the total number of microvessels per aortic cross
section. n = 5—12 mice per group; mean + SEM.

* p<0.05, ** p<0.01, *** p<0.001 relative to age-matched ApoE”" NG control; ¥

p<0.001 relative to age-matched ApoE”" STZ-HG.
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5 weeks

10 weeks ‘

15 weeks 20 weeks

NG NG STZ-HG NG STZ-HG STZ+insulin NG STZ-HG
Plasma
glucose 5.9+0.3 8.5+0.9 32.3+1.4 7.9+0.3 23.0+1.4 9.4+0.8 7.7£04  26.8+3.1
(ml\l) fdek *kk T fdek
triglycerides 0.57£0.06 1.5£0.2 1.5+0.4 0.49+0.04 0.64+0.09 1.7+0.4 0.63+0.08 1.00+0.31
(mM)
cholesterol 4.6£0.1 7.6£0.7 9.24+0.6 6.74+0.70 7.0+1.0 9.6+2.1 5.4+1.1 6.3+1.5
(mM) *
Tissues
14.6£0.4 19.1+£0.3 14.5£0.8 20.2+0.4 17.9+0.5 16.7+0.2 19.8+0.8 17.7+0.5
body weight (g)
fdek *kk *
lesion area 0 1.140.4 0.55+0.21 3.840.7 11.4+1.5 2.6+0.5 16.0£2.0 16.9+2.5
(10 mm?) ok +
\CIERENO NN B 1.8+04 6.5+0.5 4.8404 8.6+0.7 59+0.6 7.5+0.9 149+1.1  8.3+0.8
* ek *%
n 5 12 12 12 12 10 12 12
Table 3.1
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Figure 3.1. Hyperglycemia is associated with accelerated development of
atherosclerosis at the aortic sinus in ApoE”" mice. A) Representative images of
haematoxylin and eosin stained aortic cross-sections from 15 week old
normoglycemic (NG), STZ-induced hyperglycemic (STZ-HG), and STZ-treated
insulin-supplemented (STZ-insulin) ApoE”" mice. Atherosclerotic lesions (black
arrows), lesion thickness (black bars) and aortic lumen (L) are indicated (scale =
100um). B) Quantification of plaque cross-sectional area at the aortic sinus in 15
week old ApoE” mice (NG, STZ-HG and STZ-insulin). Plaque area (C), total
plaque volume (D), and necrotic content (E) in 5, 10, 15, and 20 week old
normoglycemic and STZ-induced hyperglycemic ApoE” mice, as indicated. n = 8—

12 mice per group; mean + SEM. * p<0.05, ** p<0.01.
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Hyperglycemia is associated with microvascular changes in the retina

We next examined the potential effect of chronic hyperglycemia on the
retinal microvasculature in this mouse model. STZ injected hyperglycemic ApoE”
mice and normoglycemic controls were perfused with India Ink. Retinas were
mounted on glass slides and retinal microvessel density was quantified under a light
microscope (Figure 3.2). There was a significant reduction in microvessel density
in the retinas of 6-8 week old hyperglycemic ApoE”" mice relative to age-matched
normoglycemic controls. After 15 weeks of age a significant expansion of the

microvasculature was observed in the retinas of hyperglycemic ApoE~ mice.
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Figure 3.2. Hyperglycemia is associated with microvascular changes in the retina.
Representative images of retinal flat mounts from 6 week old normoglycemic (NG)
(A) and hyperglycemic (STZ-HG) (B) ApoE” mice perfused with India Ink taken
at low (left, scale = 500pum) and high (right, scale = 100pm) magnification. C)
Quantification of retinal microvessel density in NG and STZ-HG ApoE”" mice,

from 5 to 15 weeks of age. n = 4 mice per group; mean = SEM. * p<0.05.
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Chronic hyperglycemia is associated with vasa vasorum deficiency at the
aortic sinus of ApoE”- mice

To examine the effects of hyperglycemia on the vasa vasorum, cross-
sections of aorta from normoglycemic and hyperglycemic ApoE”" mice were
immunostained with an antibody against vVWF (Figure 3.3A), a specific endothelial
cell (EC) marker. Vasa vasorum density, defined as the total number of
microvessels residing within the intima, media, and adventitia per aortic cross-
section, was quantified for each experimental group. In normoglycemic ApoE"
mice, there was a progressive and significant increase in vasa vasorum density at
the aortic sinus from 5 to 20 weeks of age (Figure 3.3B). In contrast, hyperglycemic
ApoE”" mice showed a non-significant increase in vasa vasorum density at the
aortic sinus over time, and had significantly fewer microvessels relative to
normoglycemic controls at each time point examined. STZ-injected ApoE” mice
that were supplemented with insulin had a vasa vasorum density similar to
normoglycemic controls (Figure 3.3D; Table 3.1). Significant changes in vasa
vasorum density were not observed in the ascending aorta until 20 weeks of age

(Figure 3.3C).
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Figure 3.3. Hyperglycemia is associated with reduced vasa vasorum density at the
aortic sinus. A) Low (left) and high (right) magnification images of cross-sections
of the aortic sinus from 15 week old normoglycemic (NG) and hyperglycemic
(STZ-HG) ApoE” mice, immunostained with an antibody against vWF. Vasa
vasorum microvessels within the arterial wall are indicated (arrows). An image of
a representative section stained with a non-immune IgG antibody is provided. (scale
= 100um). Quantification of vasa vasorum density in 5, 10, 15, and 20 week old
NG and STZ-HG ApoE” mice. Vasa vasorum density defined as the total number
of vasa vasorum microvessels residing within the intima, media and adventitia, per
aortic cross-section of aortic sinus (B) or ascending aorta (C). n = 8-10 mice per
group; mean £ SEM. * p<0.05; ** p<0.01. D) Quantification of vasa vasorum
density at the aortic sinus in 15 week old NG, STZ-HG, and STZ-insulin ApoE™"

mice and, as indicated. n = 6—8 mice per group; mean + SEM. * p<0.05. L = Lumen.
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Accelerated atherogenesis is associated with hypoxia and elevated levels of
HIF-1a

To investigate the possible role of hypoxia in vasa vasorum
neovascularization, 15 week old normoglycemic and hyperglycemic ApoE” mice
were injected with pimonidazole hydrochloride to detect regions of relative oxygen
depletion. As shown in Figure 3.4A, hyperglycemic ApoE”" mice had more hypoxic
cells within the adventitia than normoglycemic controls. Regions staining most
intensely for hypoxia were localized directly in atherosclerotic lesions where the
vascular wall is the thickest.

HIF-1a protein levels were assessed by immunofluorescence. Serial aortic
cross-sections were stained with an antibody against HIF-la. Relative to
normoglycemic controls, hyperglycemic ApoE” mice had increased staining for
HIF-1a (Figures 3.4B), which is consistent with HIF-la stabilization under

conditions of hypoxia.
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Figure 3.4. Hyperglycemia is associated with elevated levels of hypoxia and HIF-
la at the aortic sinus. A) Aortic cross-sections from 15 week old normoglycemic
and hyperglycemic ApoE”" mice stained with an antibody against pimonidazole
hydrochloride, an indicator of hypoxia. Arrows indicate positively stained hypoxic
cells. B) Cross sections of the aortic root from normoglycemic, hyperglycemic, and
STZ-injected insulin supplemented (STZ-insulin) ApoE”" mice immunostained
with an antibody against HIF-1a. Representative images were taken at low (left)

and high (right) magnification (scale = 100um). n = 6—8 mice per group.
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Hyperglycemic mice show indications of endothelial cell activation at the aortic
sinus

To further examine hypoxia-induced endothelial cell activation in our mice,
aortic cross-sections from normoglycemic and hyperglycemic ApoE” mice were
stained with an antibody against endoglin (Figure 3.5A). The total number of
endoglin-positive vessels residing within the intima, media, and adventitia was
quantified. By 15 weeks of age, hyperglycemic ApoE~" mice had significantly more

endoglin-positive microvessels than normoglycemic controls (Figure 3.5B).
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Figure 3.5. Hyperglycemia is associated with endothelial activation. A) Aortic
cross-sections from 15 week old normoglycemic (NG) and hyperglycemic (HG)
ApoE”" mice stained with an antibody against endoglin. Endoglin-positive
microvessels are indicated by arrows. B) Quantification of endoglin-positive
microvessels at the aortic root in 5, 10, 15, and 20 week old NG and STZ-HG

ApoE”" mice. n = 6-9 mice per group; mean = SEM. * p<0.05.
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Hyperglycemic mice have a relative deficiency of VEGF-A and VEGF receptor
2

The protein levels of HIF-1a inducible factors, including VEGF-A and
VEGF-R2 were analyzed by immunofluorescence staining of cross sections of
aortic sinus from 15 week old normoglycemic and hyperglycemic ApoE”" mice.
Hyperglycemic mice showed decreased staining for VEGF-A (Figure 3.6A, C)
within the lesions and surrounding adventitia. VEGF-R2 expression, which is
regulated by VEGF-A in an autocrine manner was significantly reduced within the

lesions of hyperglycemic mice compared to controls (Figure 3.6B).
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Figure 3.6. VEGF-A and VEGF-R2 expressions are reduced in atherosclerotic
lesions of hyperglycemic mice. Aortic cross-sections from 15 week old
normoglycemic (NG), hyperglycemic (STZ-HG) and insulin-supplemented (STZ-
insulin) ApoE”" mice were immunostained with antibodies against A) VEGF-A or
B) VEGF-R2, as indicated. Low (left) and high (right) magnified images are shown
(scale = 20um). C) Quantification of VEGF-A density within the lesion of NG,
STZ-HG, and STZ-insulin ApoE”" mice. n = 6-8 mice per group; mean + SEM. *

p<0.05, ** p<0.01.
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3.6. DISCUSSION

Chronic hyperglycemia is associated with both microvascular and
macrovascular pathologies. Hyperglycemic ApoE”" mice have larger and more
advanced atherosclerotic lesions at the aortic root relative to normoglycemic
ApoE”" mice. By 15 weeks of age, lesions were >2-fold larger in cross sectional
area, volume and necrotic content, relative to age matched controls. The initial
acceleration in atherogenesis correlated directly to blood glucose concentrations but
not to plasma lipid levels because significant elevations in plasma cholesterol were
not observed until 20 weeks of age. This finding was consistent with previous
observations in this model [16, 17]. Normalization of blood glucose by
supplementation with insulin attenuated lesion development. Hyperglycemic
ApoE” mice also showed indications of early-onset microvessel deficiencies in the
retina. This was followed by significant capillary neovascularization at later time
points. Despite the established effects of hyperglycemia on specific microvascular
networks, little is known about the potential effects of hyperglycemia on the vasa
vasorum. Using this model, we investigated the effects of chronic hyperglycemia
on the microvessels of the vasa vasorum.

The effects of hyperglycemia on the microvasculature can lead to excessive
neovascularization, as in proliferative diabetic retinopathy [21] and nephropathy
[22], or attenuated neovascularization, contributing to impaired coronary collateral
vessel development [23], impaired wound healing [24] and transplant rejection in

diabetic recipients [25]. The concurrent existence of pro- and anti-
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neovascularization responses in diabetes is known as the “angiogenesis paradox”.
The effect of hyperglycemia on the vasculature may be dependent upon the
tissue/organ being considered as well as the duration of the hyperglycemia. For
example, an early complication of diabetes is pre-proliferative diabetic retinopathy,
involving pericyte and endothelial cell death leading to retinal ischemia [26].
Excessive retinal neovascularization, or proliferative diabetic retinopathy, is a
common complication in more advanced diabetes [6, 21]. Consistent with this
pattern, in our model, we observed a deficiency in retinal microvessels in 6—8 week
old mice followed by a significant increase in retinal vascularization in 15 week old
mice.

In normoglycemic ApoE~" mice, spontaneous atherosclerotic lesion growth
at the aortic sinus was associated with vasa vasorum expansion. High fat diet fed
ApoE”" mice also exhibit accelerated atherosclerosis and increased vasa vasorum
neovascularization (see Supplemental Table 1 and Supplemental Figure 3,
Appendix 1). These observations are consistent with previously reported results
from other studies carried out in non-diabetic mouse models [12—14]. Together,
these data support the theory that neovascularization may play a causative role in
atherosclerosis by providing new conduits for lipid and inflammatory cell entry,
facilitating lesion growth and perhaps predisposing atherosclerotic lesions to
intraplaque hemorrhage [12—14].

In contrast, there was no evidence of vasa vasorum expansion in

hyperglycemic ApoE™ mice, despite the development of significantly larger more
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advanced atherosclerotic lesions. As a result there was a relative deficiency in vasa
vasorum microvessels in the aortic sinus of hyperglycemic mice, compared to age-
matched normoglycemic controls, at every time point examined (Figure 3.3B and
Supplemental Figure 4, Appendix 1). Normalization of blood glucose levels with
insulin restored vasa vasorum density, attenuated atherogenesis, and restored HIF-
la, VEGF-A and VEGF-R2 levels to those seen in control mice. These findings
suggest that; 1) in addition to affecting the microvascular structure in the retina,
conditions of hyperglycemia impair normal vasa vasorum expansion, and ii)
neovascularization of the vasa vasorum is not required to support or promote the
accelerated development of atherosclerotic lesions in this model.

The function of the vasa vasorum is to facilitate the supply, maintenance,
and repair of the healthy arterial wall [11]. Limiting blood flow to the artery wall
would presumably lead to tissue hypoxia in the arterial media and adventitia,
particularly in regions proximal to arterial damage, where inflammation would
increase local oxygen demand [27]. Ischemic injury is known to promote
intimal/medial thickening due to vascular smooth muscle cell proliferation and
collagen deposition, which may exacerbate lesion growth [28, 29]. In support of
this mechanism, we found indications of adventitial hypoxia in our hyperglycemic
mice that directly correlate to accelerated atherosclerosis. A deficiency in
microvessel density may also impair lipid removal by reverse cholesterol transport,
promoting an accumulation of lipids and inflammatory cells, accelerated plaque

growth, necrosis, and further hypoxic stimulus [30]. Impaired neo-vasa vasorum
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formation has previously been associated with neointimal thickening and reactive
oxygen species production in saphenous vein grafts in a diabetic pig model [29].
Conditions of hypoxia are known to trigger angiogenesis by stabilizing HIF-
la and increasing the expression of pro-angiogenic signaling proteins. We observed
a significant increase in HIF-1a staining in the lesions of hyperglycemic mice.
Endoglin is an auxiliary receptor for the TGF-§ family of cytokines, which plays a
key role in angiogenesis by regulating EC growth [30], vascular smooth muscle cell
development [31], and the production and turnover of extracellular matrix [32].
Since endoglin expression can be induced by hypoxia, upregulation of endoglin in
our hyperglycemic ApoE”" mice suggests that the hypoxia-regulated angiogenic
response is at least partially intact. However, we observed a deficiency in the
expression of VEGF-A and VEGF-R2 at the aortic sinus. These results are
consistent with the findings of Thangarajah et al. (2009) who reported that hypoxia-
induced VEGF expression was impaired in a db/db mouse hind limb wound healing
model [33]. The authors attributed the impaired VEGF upregulation to
hyperglycemia-associated  methylglyoxal-induced  modification  of  the
transcriptional coactivator, p300, which is essential for HIF-1a-regulated gene
expression [34]. This mechanism could explain the decreased expression of the
hypoxia-regulated VEGF and VEGF-R2 proteins in the aortas of STZ-induced
hyperglycemic ApoE”" mice. A mechanism involving a hyperglycemia-induced
defect in hypoxia-regulated angiogenesis is consistent with the lack of effect on the

vasa vasorum in the ascending aorta of ApoE”" mice, which is relatively resistant
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to the development of atherosclerosis. It was only at 20 weeks of age, as the lesion
grows up from the aortic sinus, that the deficiency in vasa vasorum
neovascularization was significant. Together, these findings suggest that conditions
of hyperglycemia disrupt vasa vasorum angiogenesis rather than the maintenance
of existing microvessels. Additional studies will be required to verify the molecular
mechanisms that underlie these effects. In addition, it will be useful to examine the
longer term effects of hyperglycemia on the vasa vasorum to determine if the
observed initial deficiencies in the vasa vasorum are followed by proliferative
vascularization, analogous to the pathogenesis of diabetic retinopathy.

In summary, using a model of STZ-induced hyperglycemia, we have
demonstrated that chronically elevated blood glucose levels are associated with
impaired neovascularization of the vasa vasorum. Accelerated development of the
atherosclerotic lesion proceeds in hyperglycemic mice despite the vasa vasorum
deficiency at the aortic root. In fact, the significant increase in atherosclerotic
necrosis and lesion growth may be a direct result of impaired neovascularization.
This would imply a protective role for vasa vasorum neovascularization in
maintenance of arterial wall health. To our knowledge, this is the first evidence to
suggest a potential role for impaired vasa vasorum neovascularization in diabetic

atherosclerosis.
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CHAPTER 4: Sex-Specific Differences in an ApoE~":Ins2*/Aki® Mouse Model

of Accelerated Atherosclerosis

DE Venegas-Pino, PW Wang, HK Stoute, NA Singh-Pickersgill, BY Hong, MI
Khan, Y Shi, GH Werstuck
From the Departments of Biochemistry and Biomedical Sciences (D.E.V.P.,
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G.H.W.), McMaster University, Hamilton, Ontario, Canada

4.1 FOREWORD
Here we establish, characterize and manipulate a new model of

2+/Akita

hyperglycemia-induced atherosclerosis: the ApoE”":Ins mouse. We describe

274k mouse model. Male ApoE”

sex-specific differences of the ApoE”":Ins
:Ins27Ak mice develop chronic hyperglycemia and accelerated atherosclerosis.
Castration slows atherosclerosis in ApoE”:Ins2"A%® mice but enhances it in

27/AK mice are only transiently

normoglycemic controls. Female ApoE”:Ins
hyperglycemic but still present with accelerated atherosclerosis. Ovariectomized
ApoE”:Ins2"Aki@ mice are chronically hyperglycemic and show indications of
advanced atherosclerosis.

This work was published in the journal The American Journal of Pathology,

and the content of this chapter 4 is a representation of that manuscript. The

experiments in this study were conducted by Daniel E. Venegas-Pino with
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assistance from the co-authors. The manuscript was written by Daniel E. Venegas-
Pino in collaboration with Dr. Geoff Werstuck. The complete reference is as
follows:

Venegas-Pino DE, Wang P, Stoute HK, Singh-Pickersgill NA, Hong BY, Khan M1,
Shi Y, Werstuck GH: Sex-Specific Differences in an ApoE”:Ins2"Ak Mouse
Model of Accelerated Atherosclerosis. Am J Pathol. 2015, 186:67—77. Copyright

© 2016 American Society for Investigative Pathology.

4.2 ABSTRACT

Diabetic patients have a 2- to 4-fold increased risk of cardiovascular disease
(CVD). Despite a vast amount of research, the underlying mechanisms that
predispose individuals with diabetes to the development of CVD are unclear. To
further our understanding of how diabetes promotes atherosclerosis we have
established, characterized and manipulated a new model of hyperglycemia-induced
atherosclerosis: the ApoE”:Ins2"Ak% mouse. All mice were fed a standard chow
diet. Male ApoE":Ins2”A%% mijce developed chronic hyperglycemia which

significantly accelerated atherosclerosis. Female ApoE"":Ins2"Aki®

mice presented
hyperglycemia that normalized by 15 weeks of age. Despite the transient
hyperglycemia, advanced atherosclerosis was observed at 15 weeks of age
compared to ApoE” females. To better understand these differences, subsets of
mice were castrated or ovariectomized at 5 weeks of age. Castrated ApoE”

2+/Akita

:Ins mice showed a reduction in blood glucose levels which correlated with
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the amelioration of atherosclerosis. Interestingly, castrated normoglycemic ApoE™”
mice developed larger atherosclerotic lesions than sham-operated controls.

2+/Akita

Ovariectomized ApoE”":Ins mice presented chronic hyperglycemia and

atherosclerosis appeared to be advanced. We have characterized the distinctive sex-

specific phenotypes exhibited by the ApoE”":Ins2"/Akita

mouse model and present
evidence for the action of sex hormones on pancreatic beta-cell function and the
vasculature that affect the regulation of blood glucose levels and the development

of atherosclerosis. This model will provide a test bed to further delineate these

effects.

4.3 INTRODUCTION

A strong correlation exists between diabetes mellitus (DM) and the
prevalence and severity of large vessel disease. Angiographic and autopsy studies
have reported that, compared to nondiabetic patients, people with diabetes have a
greater degree of both high grade and subclinical atherosclerosis, the underlying
cause of most coronary artery disease [1, 2]. DM is associated with a cardiovascular
disease mortality rate that exceeds 70%, and diabetic patients have a 2- to 4-fold
increased risk of dying from myocardial infarction or stroke [3].

Our understanding of the molecular mechanisms that link diabetes to the
accelerated development and progression of atherosclerosis is complicated by the
interdependence of circulating glucose and insulin concentrations, as well as the

close association of DM with other cardiovascular risk factors, including
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dyslipidemia, obesity and hypertension [4]. To facilitate the investigation and
identification of the relevant molecular mechanisms and pathways, several different
mouse models of diabetes-induced atherosclerosis have been developed. The
majority of these models involve the induction of hyperglycemia, in the presence
or absence of insulin resistance, in dyslipidemic, atherosclerosis-prone
apolipoprotein E deficient (ApoE™") or low density lipoprotein receptor deficient
(Ld1r”") mice [5].

The most common, and direct, strategy to induce hyperglycemia in rodents
and other experimental animals, has been through a single, or multiple,
intraperitoneal injections of streptozotocin (STZ). STZ is a DNA alkylating agent
that is selectively toxic to pancreatic beta cells, resulting in severe insulinopenia
[6]. Many studies have shown that STZ-induced hyperglycemia can promote
atherosclerosis in ApoE”" mice [7—10]. However, there are several disadvantages
associated with the use of STZ including; 1) possible toxicity to other tissues and
organs [11, 12], ii) the severity of the hyperglycemia [7, 8], and iii) the potential for
subsequent beta cell regeneration [13].

The Ins2*AX% mouse represents a genetic alternative to chemically induced
hyperglycemia. This mouse carries a point mutation (C96Y) in one allele of the
insulin 2 gene, which disrupts a disulfide bond between the insulin A and B chains.
The resulting proinsulin polypeptide cannot be properly processed and therefore
accumulates, causing endoplasmic reticulum (ER) stress and beta cell dysfunction

[14]. It has been postulated that ER stress-induced beta cell death is the major cause
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of insulinopenia in Ins2*Ak® mice. Subsequent studies have suggested that the
formation of mutant proinsulin-derived aggregates sequester the wild type
proinsulin, leading to ER retention and degradation of mutant and wild type
proinsulin, as the underlying cause of the decrease in circulating insulin and
development of hyperglycemia [15-19].

We have independently created an ApoE”":Ins2"Aki mouse strain in a
C57BL/J6 genetic background and have carried out an extensive characterization
of this strain. In this report we show that glucose regulation and atherosclerotic

2+/Akita

progression varies significantly between male and female ApoE™":Ins mice.

We use castration and ovariectomy to expose the roles played by sex hormones in

the development of hyperglycemia and atherosclerosis.

4.4 MATERIALS AND METHODS
Mice
Male ApoE"":Ins2"Ak% mice (Jackson Laboratory) were crossed with

female ApoE"":Ins2*"* mice. The resulting male ApoE"":Ins2"Aki@ offspring were

it o +/Akita

crossed with female ApoE”:Ins2"* mice. The male ApoE”:Ins offspring

2+/+

produced from this cross and female ApoE”":Ins2"* were set up as breeding pairs

214k and control ApoE”:Ins2** littermates that were

to produce the ApoE”":Ins
used in the following experiments. Genotypes were confirmed by PCR using

primers specific for Ins2 and ApoE genes (Supplemental Figure 1, Appendix 2).

Primers used were Ins2: forward, 5’-TGCTGATGCCCTGGCCTGCT-3’, and
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reverse, 5 -TGGTCCCACATATGCACATG-3’; and ApoE: forward, 5’-
GCCGCCCCGACTGCATCT-3’, WT reverse, 5’-
TGTGACTTGGGAGCTCTGCAGC-3°, and KO reverse, 5’-
GCCTAGCCGAGGGAGAGCCG-3’. The restriction enzyme Fnu4HI was used to
identify the presence of the Ins2A¥"® mutation. All the mice used in this study were
fed a standard chow diet (2018 Teklad Global 18 % Protein Rodent Diet; Harlan
Teklad) ad libitum with free access to water. Atherosclerosis was assessed at 5, 15
and 25 weeks of age in male ApoE” (n = 25), male ApoE"":Ins2"Akt (n = 25),
female ApoE™" (n = 21) and female ApoE”:Ins2"Aki® (n = 25) mice. For castration
and ovariectomy experiments, mice were stratified by glucose levels and body

weight, and then randomly allocated into each group. All the animal procedures

were approved by the McMaster University Animal Research Ethics Board.

Castration

Five-week-old mice were anaesthetized with isoflurane and administered a
dose of buprenorphine (100ul of a 0.015mg/mL solution) for pain control. A Smm
incision was made through the skin along the midline of the scrotal sac. After
crossing the skin, another Smm incision was made on the left side on the scrotal sac
membrane. The left testis was then dissected. The incision made on the scrotal sac
membrane and the skin was then sutured. The process was repeated to remove the
right testis (n = 12 ApoE™" and 12 ApoE”":Ins2*"Aki® mice). Identical incisions were

made on the sham-operated mice, but testicles were not removed (n =9 ApoE™" and
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8 ApoE”:Ins2"Akia mice). After surgery, mice recovered on a heating bed, to
stabilize corporal temperature, and were returned to sterile cages where they were

monitored daily.

Ovariectomy

Five-week-old mice were anaesthetized with isoflurane and administered a
dose of buprenorphine for pain control. Hair was removed from the incision site
and skin was cleaned with 70% ethanol. A 10mm lateral incision was made through
the skin of the left side of the back. After crossing the skin, another 10mm incision
was made to cross the muscle layer. The ovary and oviduct were located and the
ovary was removed. Then the muscle and skin incisions were sutured. The process
was repeated to remove the right ovary (n =8 ApoE” and 9 ApoE~":Ins2 Ak mice).
Identical incisions were made on the sham-operated groups, but ovaries were not
removed (n = 7 ApoE” and 9 ApoE”:Ins2"Ak@ mice). After surgery, mice
recovered on a heating bed, to stabilize corporal temperature, and were returned to

sterile cages where they were monitored daily.

Harvesting and storing
Mice were anesthetized with isoflurane and blood was extracted. Mice were
sacrificed by cervical dislocation and the vasculature was rinsed with SmL of 0.9%

saline. Liver and fat pad were removed and the vasculature was perfusion fixed
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with 10% neutral buffered formalin (NBF). The heart, pancreas and aorta were

extracted. All the organs were stored in 10% NBF at room temperature.

Analysis of atherosclerosis

Paraffin-embedded hearts were sectioned with a microtome and 4.5um
serial sections from the aortic sinus were collected on glass slides until
atherosclerotic lesions were no longer observed. Sections were stained with
hematoxylin and eosin (Sigma) and lesion areas and volumes were determined, as
previously described [20]. The necrotic core of the atherosclerotic lesions was
estimated by Masson's trichrome staining (Sigma) [21]. Calcified lesion areas were
detected and quantified by von Kossa staining [22]. Smooth muscle cell (SMC) and
macrophage/foam cells were quantified in the atherosclerotic lesions by
immunofluorescent staining for a-actin (Santa Cruz Biotechnology) and Mac-3
(BD Pharmingen), respectively. All images were captured with an Olympus DP71
digital camera (Olympus) mounted on a Leitz Laborlux S bright field microscope

(Leica Microsystems), and assessed using Image J software.

En face aortas
The fixed aortas were cleaned of surrounding muscle and adventitial fat.
They were longitudinally opened and stained for lipid content with Sudan IV

(Sigma). Images of the whole aorta were captured using a L320 digital camera
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(Nikon) and the percentage of the atherosclerotic area was assessed using Image J

software.

Analysis of pancreata

Paraffin-embedded pancreata were sectioned (6um thick) and consecutive
sections were collected on glass slides. The antibody against GADD153 (Santa
Cruz Biotechnology) was utilized to detect the percentage of cells under ER stress
[23]. Images were taken with an Olympus DP72 digital camera (Olympus) mounted

on an Olympus BX41 microscope (Olympus).

Analysis of plasma

Nonfasting and fasting (6 hours) blood glucose levels were measured using
a glucometer (LifeScan). Plasma lipid levels were determined in nonfasting and
fasting conditions using the colorimetric diagnostic kit for total cholesterol and
triglyceride (Thermal DMA). Fasting plasma lipoproteins were separated by fast
protein liquid chromatography, and total cholesterol was measured in each fraction.
ELISA kits were used to measure insulin (Crystal Chem), estradiol (Calbiotech),
progesterone and testosterone (ALPCO) under fasting conditions.

Surrogate indexes of beta cell function, insulin resistance and sensitivity
were calculated from fasting blood glucose and plasma insulin concentrations as
follows: HOMA-% = [(20 * Io) / (Go - 3.5)] where Go is fasting glucose (mmol/l)

and Io is fasting insulin (uI[U/ml); HOMA-IR = [(Go * Io) / 22.5] where Go is fasting

75



Ph.D. Thesis - D.E. Venegas-Pino; McMaster University - Biochemistry and Biomedical Sciences.

glucose (mmol/l) and Iy is fasting insulin (uIU/ml); and QUICKI = [1 / (log(lo) +
log(Go))] where I is fasting insulin (uIU/ml) and G is fasting glucose (mg/dl) [24,

25].

Oral glucose tolerance test (OGTT) and peritoneal insulin tolerance test
(PITT)

Independent groups of mice were prepared for OGTT and PITT in male
ApoE™ (n = 11) and ApoE":Ins2"Ak (n = 15) or female ApoE”" (n = 12) and
ApoE":Ins2 Akt (n = 12) mice. 20-week-old mice were fasted for 4 hours and then
blood samples were collected from the tail vein. After the first collection (time 0),
glucose (Sigma) (2g/kg body weight of a 200mg/mL solution) was administrated
by oral gavage and blood samples were collected at time points of 15, 30, 60 and
120 minutes. Glucose levels were determined using a colorimetric glucose assay
reagent (Sigma).

For PITT, 20-week-old mice were fasted for 4 hours and then blood glucose
levels were measured with a glucometer (time 0). After the first measurement,
bovine insulin (Sigma) was then injected intraperitoneally (0.75U/kg body weight
of'a 200mU/mL solution) and blood glucose was measured at time points of 15, 30,

60 and 120 minutes.
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Data analysis

Data were analyzed by Student t-test to compare two groups. To compare
multiple groups, one or two-way ANOVA was used, followed by the Bonferroni
multiple comparison test between all groups. Data are expressed as arithmetic
means = SEM. For all experiments a p value of 0.05 was considered statistically

significant. * p<0.05; ** p<0.01; *** p<0.001.

4.5 RESULTS
Sex effects on hyperglycemia in ApoE"":Ins2*/Aki mijce

Male and female ApoE”:Ins2"Ak mice developed hyperglycemia
spontaneously by 5 weeks of age relative to age matched ApoE™ controls.
Nonfasting blood glucose levels for 5-week-old male mice were 20.4+1.1mM vs.
8.7£0.4mM (p<0.001), respectively. For female mice blood glucose levels were
18.0£1.ImM vs. 8.840.2mM (p<0.001). Hyperglycemia was sustained for the
entire lifespan of the male mice. The blood glucose levels of female ApoE”

2+/Akita

:Ins mice normalized by 15 weeks of age (Figure 4.1A). Normalization of

27/Aki mice was at least partially dependent on

blood glucose in female ApoE™":Ins
ApoE-deficiency as blood glucose levels in heterozygous ApoE " :Ins2/Akita
females remained significantly elevated at 15 weeks of age (Supplemental Figure
2, Appendix 2).

OGTT and PITT were performed at 20 weeks of age. Male ApoE™

:Ins2 Ak mice were clearly glucose intolerant (Figure 4.1B) and also exhibited an
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impaired response to exogenous insulin (Figure 4.1C). Female ApoE™":Ins2"Aki®@

mice showed marginally impaired glucose tolerance and normal insulin sensitivity
(Figure 4.1B—C). In addition to chronic hyperglycemia, male ApoE~":Ins2"/Aki@
mice also developed enhanced hypercholesterolemia (Figure 4.1D), but showed no
defined changes in triglycerides (Figure 4.1E) by 25 weeks of age. There were no
differences in plasma lipid levels in female ApoE”:Ins2"Ak® mice relative to
ApoE™" controls (Figure 4.1D-E).

At the end of the study, the average body weight of the hyperglycemic male
mice was 5 g less than male ApoE™" controls (Figure 4.1F). The hyperglycemic
male mice had virtually no epididymal fat pad (Figure 4.1G). There was no
significant difference in liver weight between the male hyperglycemic mice
compared to controls (data not shown). Transiently hyperglycemic ApoE”

2+/Akita

:Ins and normoglycemic ApoE™ female mice presented similar metabolic

parameters throughout the study (Figure 4.1F-G).
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Figure 4.1. Analysis of metabolic parameters in male and female ApoE~":Ins2"/Aki®
mice and age matched controls. (A) Nonfasting blood glucose levels (n = 8-
12/group). (B) OGTT (n = 4-5/group). (C) PITT (n = 7—10/group). (D) Nonfasting
plasma cholesterol and (E) triglycerides (n = 5—11/group). (F) Body weight (n = 8—

12/group). (G) Fat pad (n = 6-12/group).
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Accelerated atherosclerosis in ApoE”-:Ins2*/Aki® mijce

Atherosclerosis was analyzed in 5-, 15- and 25-week-old male and female
ApoE”" and ApoE”":Ins2*"Ak" mice. No atherosclerotic lesions were detected in any
of the 5-week-old mice (data not shown). Atherosclerotic lesions in the aortic sinus
of 15-week-old male ApoE”:Ins2"Ak%® mice were relatively small and not
significantly different compared to controls (Supplemental Figure 3A, Appendix
2). However, the examination of the whole aortas revealed an increase of lipid
accumulation, predominantly in the aortic arch of the hyperglycemic male mice
(Supplemental Figure 3B, Appendix 2). At 25 weeks of age, hyperglycemic male
ApoE”:Ins2 "k mice presented with advanced atherosclerosis when compared to
age and sex matched normoglycemic ApoE” controls. Atherosclerotic lesion
volume from male ApoE~":Ins2"Ak" mice was at least 4X larger (p<0.001) in the
aortic sinus (Figure 4.2A). Similarly, en face aortas from male ApoE™":Ins2"Aki®
mice showed 3X (p<0.05) more atherosclerotic lesion area (Figure 4.2B).

Transiently hyperglycemic female ApoE”:Ins2"Ak® mice developed
accelerated atherosclerosis in the aortic sinus compared to female ApoE™" controls,
at 15 weeks of age (p<0.01) (Figure 4.2C). A similar trend was observed when the
whole aortas were examined for lipid accumulation (Figure 4.2D). Lesion volume
in the aortic sinus (Supplemental Figure 3C, Appendix 2) and lipid accumulation
in the descending aorta (Supplemental Figure 3D, Appendix 2) increased in female
ApoE”" and ApoE™:Ins2"Ak mice by 25 weeks of age, however there were no

longer statistically significant differences in area or volume.
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Figure 4.2. Chronically hyperglycemic male ApoE”:Ins2"Ak' and transiently

hyperglycemic female ApoE"":Ins2"/Akita

mice develop accelerated atherosclerosis.
(A) Atherosclerotic lesion area and volume were quantified in the aortic sinus (n =
12/group) and (B) lipid accumulation was determined in en face aortas with Sudan-
IV staining (n = 5/group) in 25-week-old male mice. (C) Atherosclerotic lesion area
and volume were quantified in the aortic sinus (n = 9-10/group) and (D) lipid

accumulation was determined in en face aortas with Sudan-IV staining (n = 9-

10/group) in 15-week-old female mice.
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Ovariectomized ApoE"":Ins2*/Ak® mice develop chronic hyperglycemia

To further examine the effects of sex, ApoE”:Ins2"Ak% and ApoE”" mice
were ovariectomized (Ovx) at 5 weeks of age. Sham-operated female ApoE™
:Ins2Ak and ApoE”" mice were used as controls. In contrast to the transient
hyperglycemia observed in female ApoE”:Ins2"Ak®_Sham mice, ovariectomized
ApoE”:Ins2"Ak% mice remained hyperglycemic for the duration of the study
(Figure 4.3A). Examination of the pancreatic islets of 25-week-old mice showed
that ovariectomization resulted in a significant increase of GADD153-stained
nuclei (40% stained nuclei/islet) (Figure 4.3B). Consistent with this finding, beta
cell function, evaluated by HOMA-% (Supplemental Figure 4A, Appendix 2), and
the glucose-induced insulin secretion (Supplemental Figure 5, Appendix 2) were
impaired in the ovariectomized group. HOMA-IR and QUICKI indexes were also

2HAkita mice relative to sham-

significantly altered in the ovariectomized ApoE™":Ins
operated controls (Figure 4.3C and Supplemental Figure 4B, Appendix 2).
Ovariectomization had no significant effect on fasting blood glucose levels,
GADD153 expression, insulin sensitivity or beta cell function in the ApoE™" control
mice (Figure 4.3A—C and Supplemental Figure 4A-B, Appendix 2).

Examination of other metabolic parameters showed no significant
differences in body weight, fat pad, liver weight, or plasma lipid levels between 25-
week-old ApoE”":Ins2"A%_Qyx and ApoE”":Ins2"A¥_Sham mice (Figure 4.3D—

G and Supplemental Figure 6A, Appendix 2). 25-week-old ApoE”-Ovx mice

showed a significant increase of body weight respect to all the other groups (Figure
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4.3D). This increase of body weight was accompanied by an increase in epididymal
fat pad (Figure 4.3E) but no changes in liver weight (Supplemental Figure 6A,
Appendix 2). ApoE”-Ovx mice also had increased fasting plasma cholesterol levels
(Figure 4.3F) that correlated with an elevation of the VLDL-cholesterol and LDL-
cholesterol peaks (Supplemental Figure 7A, Appendix 2). As expected,
ovariectomized mice had significantly reduced plasma estrogen (estradiol) and
progesterone levels compared to sham-operated controls (Supplemental Figure 8 A—

B, Appendix 2).
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27/Aki mice develop chronic hyperglycemia after

Figure 4.3. Female ApoE™":Ins
ovariectomy. (A) Fasting blood glucose levels in ovariectomized (Ovx) and sham-
operated (Sham) mice (n = 7-9/group). (B) GADDI153 expression in pancreatic
islets at 25 weeks of age (n = 3/group). (C) HOMA-IR (n = 4-6/group). (D) Body
weight progression, (E) fat pad weight, (F) fasting plasma cholesterol and (G)

triglycerides at 25 weeks of age (n = 7-9/group).
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Ovariectomized ApoE"":Ins2*/Ak® mice developed advanced atherosclerosis
No differences in atherosclerosis were observed at the aortic sinus among
25-week-old ovariectomized and sham-operated mice (Figure 4.4A, Supplemental
Figure 9A and Supplemental Figure 10A, Appendix 2). However, the
atherosclerotic lesions found in 25-week-old ApoE™":Ins2"Ak%.Qyx mice showed
a trend toward larger necrotic cores (Figure 4.4B) and increased artery calcification
(Figure 4.4C). Similarly, examination of en face aortas showed that 25-week-old
ApoE":Ins2"AK%_Ovx mice presented with increased atherosclerotic area in the

descending aorta (Figure 4.4D).
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2VAkI jice have more advanced

Figure 4.4. Ovariectomized ApoE”:Ins
atherosclerotic lesions than sham-operated controls. (A) Atherosclerotic lesion area
and volume (n = 7-9/group), (B) necrotic core (n = 7-9/group), (C) calcification in

the aortic sinus (n = 7-9/group) and (D) lipid accumulation in en face aortas (n =

7-9/group) were quantified in 25-week-old female mice.
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Castration reduces blood glucose levels in ApoE~-:Ins2*/Aki® mijce

Male ApoE™:Ins2*"Aki®® and ApoE” mice were castrated (Cx) at 5 weeks of
age. After the surgery, ApoE”:Ins2"Ak%_Cx mice presented with a moderate but
significant decrease in fasting glucose levels when compared to male ApoE™”
:Ins2"Ak_Sham mice. At 25 weeks of age this reduction in blood glucose was no
longer observed (Figure 4.5A). In 25-week-old male ApoE”:Ins2"Akt mice,
castration did not alter the percentage of GADD153-positive nuclei in pancreatic
islets (Figure 4.5B). Beta cell function, evaluated by HOMA-%f index, was
significantly impaired in both the sham-operated and castrated ApoE~":Ins2"/Aki@
mice (Supplemental Figure 4C, Appendix 2). However, castration did result in an
improved HOMA-IR and QUICKI indexes (Figure 4.5C and Supplemental Figure
4D, Appendix 2). In ApoE”" mice, castration had no effect on fasting blood glucose
levels, the percentage of GADDI153-positive nuclei, insulin resistance or
sensitivity, and beta cell function (Figure 4.5A—C and Supplemental Figure 4C-D,
Appendix 2).

Castration did not affect body weight of 25-week-old ApoE™:Ins2"/Aki2_Cx
mice (Figure 4.5D), but they did recover the capability to store fat in the abdominal
cavity (Figure 4.5E). In addition, these mice presented a decrease of liver weight
(Supplemental Figure 6B, Appendix 2) which was accompanied by lower plasma
cholesterol levels (Figure 4.5F). Consistent with these findings, there was a

reduction of the VLDL-cholesterol and LDL-cholesterol peaks in the lipid profile

(Supplemental Figure 7B, Appendix 2). 25-week-old ApoE”"-Cx mice had reduced
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body weight, epididymal fat pad and liver weight (Figure 4.5D-E and Supplemental
Figure 6B, Appendix 2). No changes in plasma lipids were detected (Figure 4.5F—
G and Supplemental Figure 7B, Appendix 2). Castration effectively reduced plasma
testosterone levels. However, testosterone levels were already significantly reduced
in the hyperglycemic ApoE”:Ins2"Ak®_Sham relative to normoglycemic ApoE™-

Sham mice (Supplemental Figure 8C, Appendix 2).
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QV/AKta mhice after

Figure 4.5. Blood glucose levels are reduced in male ApoE™":Ins
castration. (A) Fasting blood glucose levels in castrated (Cx) and sham-operated
(Sham) mice. (n = 8—12/group). (B) GADD153 expression in pancreatic islets (n =
3/group). (C) HOMA-IR (n = 4-6/group) (D) Body weight progression, (E) fat pad

weight, (F) fasting plasma cholesterol and (G) triglycerides at 25 weeks of age (n =

7—-12/group).
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Atherosclerosis is reduced in castrated ApoE~":Ins2*/Aki® mijce

At 25 weeks of age, the atherosclerotic lesions in the castrated ApoE”
:Ins2*Aki mice were significantly smaller at the aortic sinus (Figure 4.6A). In
addition, these lesions were less advanced, having smaller necrotic cores (Figure
4.6B), less calcification (Figure 4.6C) and a reduction in the number of SMCs but
not macrophages (Supplemental Figure 9B and Supplemental Figure 10B,
Appendix 2), relative to the sham-operated ApoE”:Ins2"Aki® mice. Descending
aortas of ApoE~":Ins2"A%%_Cx mice had significantly less atherosclerosis relative
to sham-operated controls (Figure 4.6D). Conversely, the castration in the ApoE”

mice significantly accelerated the development of atherosclerosis (Figure 4.6A-B

and Supplemental Figure 9B, Appendix 2).
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Figure 4.6. Castration reduces atherosclerotic development in ApoE”":Ins2*/Akita

mice. (A) Atherosclerotic lesion area and volume (n = 8—12/group), (B) necrotic
core (n =7-12/group), (C) calcification in the aortic sinus (n = 8—12/group) and (D)
lipid accumulation in en face aortas (n = 8—12/group) were quantified in 25-week-

old male mice.
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4.6 DISCUSSION

In this report we have characterized the sex-specific differences of the
ApoE":Ins2"Ak% mouse model of hyperglycemia-accelerated atherosclerosis.
Specifically, male ApoE”:Ins2"Ak% mice develop chronic hyperglycemia and
significantly accelerated atherosclerosis by 25 weeks of age. Castration slows the
development of atherosclerosis in ApoE”":Ins2"Ak® mice but enhances disease

progression in the normoglycemic controls. Female ApoE™:Ins2"/Akita

mice are only
transiently hyperglycemic with glucose levels normalizing by 15 weeks of age.
Still, transiently hyperglycemic female mice develop accelerated atherosclerosis.
Ovariectomized ApoE”:Ins2"Ak% mice are chronically hyperglycemic and show
indications of advanced atherosclerosis.

Differences in the incidence and the prevalence of DM between sexes do
exist [26, 27]. In fact, sex differences in prevalence extend to dyslipidemia [28, 29],
obesity [30, 31], hypertension [32], atherosclerotic development [33] and the risk
of myocardial infarction [34]. Pre-menopausal women have a lower incidence of
DM and evidence suggests that estrogen protects against pancreatic beta cell failure
in rodent models [35, 36]. Other studies have focused upon the multiple benefits of
androgens in men [37]. Testosterone levels tend to decrease with age [38] and this
drop could explain the increased prevalence of age-related disease. In the STZ-
hyperglycemic male rats [39] the lack of circulating insulin leads to the decrease of

the circulating pituitary hormones, FSH and LH, which has a direct impact in the

availability of testosterone. Similarly, in human males, an inverse correlation
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between testosterone levels and type 2 DM has been described [40, 41] where an
increase of the insulin resistance is associated with a deficiency of testosterone.
We observe that castration significantly accelerates the development of
atherosclerosis in normoglycemic ApoE”" mice, which is consistent with a
protective vascular effect of androgens [42-44]. When the Ins2” mutation is
incorporated into the male ApoE”" mice, we and others [45], have observed the
early onset of chronic hyperglycemia, enhanced hypercholesterolemia and the
accelerated progression of atherosclerosis. We also observed a significant reduction
in insulin sensitivity. In these hyperglycemic mice, the testosterone levels are
significantly lower than in normoglycemic controls. This is consistent with
previous observation in hyperglycemic rodents [39] and humans [40, 41].
Decreased testosterone combined with chronic hyperglycemia and enhanced
hypercholesterolemia would exacerbate the development of atherosclerosis.
Interestingly, when the castration is carried out in the hyperglycemic ApoE”
:Ins2"Aki mice atherosclerosis is attenuated. This effect may be explained by the
corresponding reduction in blood glucose and non-HDL-cholesterol levels and the
improved insulin sensitivity associated with castration. Together, these results
support a model in which testosterone confers vascular protection in the male
normoglycemic ApoE” mice, but in diabetic mice, testosterone appears to
exacerbate hyperglycemia, hypercholesterolemia, and ultimately atherosclerosis.
Further investigations are required to fully delineate the underlying mechanisms of

these effects.
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2+/Akita

Female Ins mice have been reported to be hyperglycemic, but with

2 +/Akita

lower blood glucose levels than male Ins mice [19]. In this study we show

2V/AKI ice are

that, by 15 weeks of age, blood glucose levels in female ApoE™":Ins
similar to ApoE™ controls. This phenomenon is partially dependent upon ApoE-
deficiency because significant hyperglycemia is sustained at 15 weeks of age in
heterozygous ApoE":Ins2"Aki females. The underlying mechanisms by which
female (but not male) mice can produce functional insulin in the presence of the
HAkita

mutation have not been explained. We show that female ApoE”":Ins2*Akita

Ins
mice have significantly less beta cell stress (indicated by GADD153 staining)
compared to males. We also demonstrate that the transient hyperglycemia in female
ApoE":Ins2"Ak% mice does not exacerbate the already dyslipidemic profile of
ApoE"" mice, but does promote accelerated atherosclerosis. Ovariectomization of
ApoE":Ins2 "k mice induces sustained hyperglycemia, effectively abolishing the
observed protection from beta cell stress (chronically induced by the Ins2Aki®
mutation) in the pancreatic beta-cells and reducing the ability to produce functional
insulin. The atherosclerotic lesion volumes of the ovariectomized ApoE™":Ins2 "/Aki®
mice are similar to those observed in the sham-operated ApoE”":Ins2"Ak and the
ApoE”" mice, but specific characteristics of the lesions appear to be advanced in
addition to the lipid accumulation in the whole aortas.

The effects of estrogen on pancreas [35, 36] and the vasculature [46] have

been elegantly demonstrated in animal models and in in vitro studies. However, the

protective effects of estrogen replacement therapy in menopausal women are
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questioned due to disparate results [47] and the potential cancerogenic effects of
estrogens [48]. Finan B. et al. (2012) have recently overcome these obstacles and
re-positioned estrogens as a real alternative to the treatment of the metabolic
syndrome [49].

It is important to note that, in addition to the tissue specific or cell specific
effects described for sex hormones, alterations in their circulating levels may also
affect vascular health through indirect mechanisms. Specifically, evidence suggests
that sex hormones modulate levels of lipoprotein particles including HDL, LDL
and VLDL as well as levels of ApoAl, ApoB100, ApoB48 and ApoC-III [50-53].
In addition, modulations in hormone levels have been linked to alterations in the
concentration of vasodilators, vasoconstrictors, inflammatory cytokine profiles and
the response of immune cells to modified LDL particles [54, 55]. These multiple
targets and interactions contribute to the complex array of effects observed when
sex hormone levels are manipulated.

In conclusion, we have characterized the sex-specific differences of the
ApoE":Ins2"Ak% mouse model of hyperglycemia-accelerated atherosclerosis.
Using this model we have shown that the hormonal component from each sex is
playing an important role in diabetes and the development of atherosclerosis by
affecting the function of the pancreas as well as pathogenesis in the artery wall.
Importantly, in this model, testosterone can have athero-protective or pro-

atherogenic effects, depending upon the glycemic status of the mouse. These
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findings may have important clinical implications with regard to androgen

replacement therapies in the context of chronic disease.
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Type Diet
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Hamilton, Ontario, Canada

5.1 FOREWORD
This study investigates the effects of a western-type diet on the

hyperglycemic ApoE”":Ins2"/Akita

mice. We demonstrate the pernicious phenotype
of the mice leading to accelerated death correlated with massive atherosclerosis that
extended to the aortic sinus, ascending and descending aorta, brachiocephalic artery
and coronary arteries, and also accompanied by hypertrophy.

This manuscript is in preparation to be submitted. The experiments in this
study were conducted by Daniel E. Venegas-Pino with assistance from the co-

authors. The manuscript was written by Daniel E. Venegas-Pino in collaboration

with Dr. Geoff Werstuck.

108



Ph.D. Thesis - D.E. Venegas-Pino; McMaster University - Biochemistry and Biomedical Sciences.

5.2 ABSTRACT

Background: Diabetic patients with no history of cardiac infarction have a
prevalence of coronary atherosclerosis and a risk of heart attack equivalent to
euglycemic patients who have coronary atherosclerosis and have suffered a prior
myocardial infarction. In an intent to establish a diabetic mouse model with
coronary artery disease we have fed the ApoE”":Ins2 "2k mice with a western-type
diet in order to predisposed a pernicious phenotype in these mice and explore the
cardiovascular disease.

Methods: 5-week-old ApoE™:Ins2"Aki®® mice were fed a western-type diet—rich
in fat and cholesterol—until the 25 weeks of age, and metabolic parameters and
pathomorphological characteristics were determined.

Results: We found massive atherosclerotic development at multiple vascular sites:
aortic sinus, ascending and descending aorta, brachiocephalic artery and coronary
arteries which was accompanied by extreme cholesterolemia and triglyceridemia,
hypertrophy and a significant reduction of lifespan in the male ApoE”":Ins2"/Akit
mice. Female ApoE~":Ins2"%% and ApoE"" mice presented a parallel increase in
plasma lipids, atherosclerosis, and no effects on mortality during the study time.
Conclusion: We have established a diabetic mouse model—the western-diet-fed

male ApoE”:Ins2"/Akita

mouse—with profound cardiovascular disease: massive
atherosclerosis, coronary artery disease and hypertrophy. This may represent the

main cause or one of the main causes for shortening the lifespan of these mice.
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5.3 INTRDOCUTION

Diabetes mellitus (DM) is associated with a cardiovascular disease
mortality rate that exceeds 70%, and patients with type 2 diabetes who have no
history of cardiac infarction have a prevalence of coronary atherosclerosis and a
risk of heart attack equivalent to euglycemic patients who have coronary
atherosclerosis and have suffered a prior myocardial infarction [1-3].

To facilitate the investigation and identification of the relevant molecular
and physiological mechanisms that link diabetes and atherosclerosis, several
different mouse models of diabetes-induced atherosclerosis have been developed.
The Ins2"AK% mouse represents a genetic alternative to chemically induced
hyperglycemia. This mouse carries a spontaneous (C96Y) mutation in the insulin 2
gene that disrupts a disulfide bond between the insulin A and B chains. The
resulting insulin protein cannot be properly processed leading to endoplasmic
reticulum (ER) stress and beta cell dysfunction [4]. It has been postulated that ER
stress-induced beta cell death is the major cause of insulinopenia in the Ins2*/Aki®@
mouse. Subsequent studies have suggested that the formation of mutant proinsulin-
derived aggregates sequester the wild type proinsulin leading to the ER retention
and degradation of mutant-wild proinsulin as the cause of the decrease in circulating
insulin [5-8].

Recently, it has been reported that, when crossed into an ApoE”" genetic
background and fed a regular chow diet [9, 10], Ins2"Ak% male mice develop

accelerated atherosclerosis. We have independently created an ApoE”:Ins2"Akit
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mouse strain in a C57BL/J6 genetic background and confirmed the accelerated
atherosclerosis. In addition, we have noted striking sex-dependent differences in
this mouse model that were not previously reported. To summarize, female
ApoE":Ins2"Ak% mice are only transiently hyperglycemic and do not develop
relative dyslipidemia compared to age matched ApoE”" controls. Male ApoE”
:Ins2 Ak mice are chronically hyperglycemic, develop enhanced dyslipidemia and
apparent insulin resistance.

Despite the advanced atherosclerosis quantified at the aortic sinus of the
ApoE":Ins2"Ak% moyse, no effects on mortality and coronary arteries were
detected at up to 25 weeks of age. Here, we hypothesize that the combination of
chronic hyperglycemia and a diet rich in fat content will produce a more severe
model of accelerated atherosclerosis that may affect the cardiac anatomy and/or

2+/Akita

physiology of the ApoE™":Ins mouse.

5.4 MATERIALS AND METHODS
Mice

Male ApoE"":Ins2"Ak% mice (Jackson Laboratory) were crossed with

2+/+

female ApoE”:Ins2"* mice. The resulting male ApoE"":Ins2"Aki offspring were

ot +/Akita
2 2

crossed with female ApoE”:Ins2"* mice. The male ApoE”:Ins offspring
produced from this cross and female ApoE”:Ins2"* were set up as breeding pairs
to produce the ApoE”:Ins2"k% and control ApoE™:Ins2*" littermates that were

used in the following experiments. Genotypes were confirmed by PCR using
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primers specific for /ns2 and ApoE genes. The restriction enzyme Fnu4HI was used
to identify the presence of the Ins2*¥" mutation. All the mice used in this study
were fed a regular chow diet (RD) which corresponds to 18% of calories derived
from fat (2018 Teklad Global 18% Protein Rodent Diet; Harlan Teklad). At 5 weeks
of age, mice were randomly allocated to continue receiving the regular chow diet
or to receive a western-type diet (WD) with a high fat content (Teklad Adjusted
Calories TD 97363; Harlan Teklad) containing 0.2% of cholesterol and 21% of
anhydrous milk lipids which correspond to 42% of calories derived from fat.
Survival curves were based upon the outcomes of RD-fed ApoE”" mice (n = 8—
10/gender), RD-fed ApoE"":Ins2 Ak mice (n = 8-9/gender), WD-fed ApoE~"" mice
(n = 8-10/gender) and WD-fed ApoE”:Ins2"Ak mice (n = 8—14/gender). Mice
were euthanized once they reached endpoint or 25 weeks of age. Endpoint was
identified as exhibiting one or more of the following symptoms: breathing rate very
slow and labored, unsteady gait, hunched posture, and ruffled fur.

Atherosclerosis was assessed at 25 weeks of age in male and female RD-
fed ApoE”" mice (n = 8/males and 4/females), WD-fed ApoE”" mice (n = 8/males
and 4/females), RD-fed ApoE":Ins2"Ak® mice (n = 8/males and 4/females) and
WD-fed ApoE":Ins2"Aki@ mice (n = 6/males and 4/females). All the procedures

were pre-approved by the McMaster University Animal Research Ethics Board.
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Harvesting and storing

Mice were anesthetized with isoflurane and blood was extracted. Mice were
sacrificed by cervical dislocation and the vasculature was rinsed with SmL of 0.9%
saline. Liver and fat pad were removed and the vasculature was perfusion fixed
with 10% neutral buffered formalin (NBF). The heart, pancreas and aorta were

extracted. All the organs were stored in 10% NBF at room temperature.

Atherosclerosis in the aortic sinus

The harvested hearts were transversely cut along the plane of the aortic sinus
and the top portions were embedded in paraffin. Paraffin-embedded hearts were
sectioned using a microtome and 4.5um serial sections from the aortic sinus were
collected on glass slides until atherosclerotic lesions were no longer observed, as
previously described [11]. The area, volume and necrotic core of the atherosclerotic
lesions were estimated by Masson's trichrome staining (Sigma) [11, 12]. Calcified
lesion areas were detected and quantified by von Kossa staining [13]. All images
were captured with an Olympus DP71 digital camera (Olympus) mounted on a
Leitz Laborlux S bright field microscope (Leica Microsystems), and assessed using

Image J software.

Atherosclerosis in brachiocephalic arteries
Dissected arteries were manually processed as follows: 10% neutral

buffered formalin for 1 hour at 42° C, 70% ethanol for 30 minutes at 40° C, 85%
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ethanol for 30 minutes at 40° C, 100% ethanol for 45 minutes at 40° C, 100%
ethanol for 45 minutes at 40° C, 100% ethanol for 45 minutes at 40° C, Xylene for
1 hour at 40° C, and Xylene for 1 hour at 40° C. They were then embedded in
paraffin and sectioned into 8um serial sections to be stained and analysed as

described above.

Atherosclerosis in coronary arteries

The bottom portions of the hearts (i.e., the ventricles) were processed and
embedded into paraffin blocks for sectioning. Using a microtome, the entire tissue
was cross sectioned (from base to apex) and 8 um sections were collected.
Representative sections were stained with Masson's Trichrome (Sigma) to identify
atherosclerotic lesions in the coronary arteries. For each section, the total number
of coronary arteries was determined, and each artery was assessed for its degree of
occlusion due to atherosclerotic plaque. A grade of 0% occlusion, <50% occlusion,
>50% occlusion and 100% occlusion was assigned and an atherosclerotic profile

for each heart, indicating the proportion of diseased arteries, was generated [14].

Atherosclerosis in en face aortas
The fixed aortas were cleaned of surrounding muscle and adventitial fat.
They were longitudinally opened and stained for lipid content with Sudan IV

(Sigma). Images of the whole aorta were captured using a L320 digital camera
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(Nikon) and the percentage of the atherosclerotic area was assessed using Image J

software.

Analysis of plasma

Fasting (6 hours) blood glucose levels were measured using a glucometer
(LifeScan). Plasma lipid levels were determined in nonfasting and fasting
conditions using the colorimetric diagnostic kit for total cholesterol and triglyceride
(Thermo Scientific). Fasting plasma lipoproteins were separated by fast protein
liquid chromatography, and total cholesterol and triglycerides were measured in
each fraction. Insulin content was determined by ELISA kit (Crystal Chem) and
surrogate indexes of beta cell function and insulin resistance were calculated from
fasting blood glucose and plasma insulin concentrations as follows: HOMA-%f =
[(20 * Ip) / (Go - 3.5)] where G is fasting glucose (mmol/l) and Iy is fasting insulin
(uIU/ml); and HOMA-IR = [(Go * Ip) / 22.5] where Go is fasting glucose (mmol/l)

and Io is fasting insulin (uIU/ml) [15].

Data analysis

Data were analyzed by one or two-way ANOVA, followed by the
Bonferroni multiple comparison test between all groups. Data are expressed as
arithmetic means £ SEM. For all experiments a p value of 0.05 was considered

statistically significant. * p<0.05; ** p<0.01; *** p<0.001.
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5.5 RESULTS

Western-type diet significantly reduces the life span of male ApoE"-:Ins2*/Akita

mice

Survival of the WD-fed ApoE~”":Ins2"Ak® mice was studied until 25 weeks
of'age. This corresponds to the time point when differences in atherosclerotic lesion
volume were detected and established in the aortic sinus of RD-fed mice [9, 10]. In
accordance with previous pilot experiments, we found that only 20% of the WD-
fed male ApoE”":Ins2"Ak% mice reached this age since the majority of the mice
reached endpoint between 20-23 weeks of age (Figure 5.1). No shortening of the
life span was detected, during the same time frame, in any of the other WD-fed or
RD-feed groups including female ApoE~:Ins2 "k mice. For this reason, the major

focus of this study is on male WD-fed mice.
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Figure 5.1. Survival curve of male and female ApoE” and ApoE”":Ins2 "2k mice
after feeding with a regular chow diet (RD) and a western-type diet (WD). After
separation from breeders, all offspring were maintained in a RD until the 5 weeks

of age when mice were randomly allocated to continue with the RD or WD until

reached endpoint or the 25 weeks of age. (n = 8—14).
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The effects of western-type diet on the clinical and metabolic parameters

Fasting blood glucose levels were not affected by WD feeding in the male
ApoE”:Ins2"/Ak mice that showed glucose levels of 30.9£1.4mM vs. 30.8+1.2mM
under RD and WD feeding (Figure 5.2A), respectively. WD feeding in male apoE"
" mice resulted in a non-significant but noticeable increase of fasting glucose levels
of 9.3+0.5mM compared to 7.5+0.6mM under RD feeding (Figure 5.2A). Insulin
sensitivity, as evaluated by HOMA-IR and beta-cell function evaluated by HOMA-
%P indexes, was significantly impaired in the WD-fed male ApoE™":Ins2"Ak® mice
compared to control diet fed mice (Figure 5.2B—C). No significant changes were
observed in male ApoE”" mice with respect to these indexes (Figure 5.2B—C).
Female mice presented with similar glucose levels that also were not affected by

the WD (Supplemental Figure 1, Appendix 3). HOMA-IR and HOMA-%p were

also similar among all female mice (Supplemental Figure 1, Appendix 3).

Corresponding to previous observations related to RD-fed male ApoE™
:Ins2*Aki mice, WD-fed male ApoE”~Ins2"A%% mice presented with a significant
loss of body weight accompanied by the absence of epididymal fat when compared
to male ApoE"" mice (Figure 5.2D-E). Male ApoE~~ mice showed a nonsignificant
increase of body mass equivalent to 3g after WD feeding (Figure 5.2D). This
increase of body mass was accompanied by an increase of epididymal fat (Figure
5.2E). Liver mass was also affected in the WD-fed male ApoE™:Ins2"Aki® mice,
gaining more than 0.6g (50% net increase) compared to mice fed the regular chow

diet (Figure 5.2F). This significant increment of the liver mass was also
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accompanied by an aberrant increment of the plasma lipid content where WD-fed
male ApoE"":Ins2 "2k mice presented with increased amounts of total cholesterol
and triglycerides with respect to all other groups (Figure 5.2G-H). Plasma
lipoprotein profiles correlated the increase of lipids with the elevation of the
cholesterol- and triglyceride-VLDL and cholesterol- and triglyceride-LDL peaks
(Figure 5.21-J). Total cholesterol, but not triglycerides levels, were also
significantly augmented in WD-fed male ApoE”" mice (Figure 5.2G). Female mice
showed no significant changes in body weight or epididymal fat content between
diets or strains (Supplemental Figure 1, Appendix 3). A slight increase in liver
weight and plasma lipid level was observed in WD-fed female mice (Supplemental

figure 1, Appendix 3).
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Figure 5.2. Analysis of metabolic parameters of male RD-fed and WD-fed mice at
25 weeks of age. (A) Fasting blood glucose levels. (B) Insulin resistance estimated
by HOMA-IR index. (C) Beta-cell function evaluated by HOMA-% index. (D)
Body weight. (E) Epididymal fat content. (F) Liver weight. (G) Total cholesterol
levels in plasma. (H) Total triglyceride levels in plasma. (I) Lipoprotein-cholesterol

profile. (J) Lipoprotein-triglyceride profile. (n = 8—6)
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Atherosclerotic development at the aortic sinus

Previously, we and others have shown that 25-week-old male ApoE™
:Ins2 Ak mice presented with lesions 4X larger than 25-week-old male ApoE™
mice fed the same regular chow diet [9, 10]. Under the effect of the WD (see
representative images in 5.3A-D), we observed even larger atherosclerotic lesions
in both male ApoE”" and male ApoE":Ins2"Ak® mice (Figure 5.3E-F). WD-fed
male ApoE":Ins2"/Ak@ mice presented with lesions 20X larger than the RD-fed
male ApoE”, 4X larger than the RD-fed male ApoE”":Ins2"Akia and almost 2X
larger than the WD-fed male ApoE” mice. Despite the massive atherosclerosis, no
significant reduction was detected of the cross sectional lumen area in WD-fed male
mice (Figure 5.3G-L). In female mice, the effect of WD was similar in the ApoE”

and ApoE”":Ins2"Ak% strains (Supplemental Figure 2, Appendix 3).

Atherosclerotic lesions were also characterized with respect to necrotic core
size (Figure 5.4A-D) and calcification (Figure 5.4G-J). WD-fed male
ApoE":Ins2"Ak% mice presented with larger necrotic cores, occupying
approximately 17% of the total lesion volume (Figure 5.4E-F). Interestingly, the
necrotic core presented by WD-fed male ApoE”" was larger than the one observed
in the RD-fed male ApoE”":Ins2"Ak mjce, but each occupied less than 10% of the
total lesion volume (Figure 5.4E—F). Calcification of the atherosclerotic lesions was
also significantly enhanced in the WD-fed male ApoE”:Ins2"Ak% mice when

compared to all other groups of mice (Figure 5.4K-L).
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Figure 5.3. Quantification of atherosclerosis in the aortic sinus and ascending aorta
of male RD-fed and WD-fed mice. (A-D) Representative images of the
atherosclerotic development at the aortic sinus. (E) Atherosclerotic lesion areas
through the aortic sinus-ascending aorta. (F) Atherosclerotic lesion volume through
aortic sinus-ascending aorta. (G-J) Representative images of the atherosclerotic
development in the ascending aorta. (K) Percentage of cross-sectional lesion
respect to the cross-sectional-aorta caliber through the ascending aorta. (L) Average

cross-sectional-lumen area in the ascending aorta. (n = 8-6)
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Figure 5.4. Quantification of the necrotic core and calcification content in
atherosclerotic lesions located in the aortic sinus and ascending aorta of male RD-
fed and WD-fed mice. (A-D) Representative images of necrotic core in the
atherosclerotic lesions. (E) Total volume of the necrotic core. (F) Percentage of
necrotic core volume respect to the total lesion volume. (G—J) Representative
images of intimal calcification. (K) Total volume of the intimal calcification. (L)

Percentage of calcification volume respect to the total lesion volume. (n = 8—6)
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Atherosclerosis in the brachiocephalic arteries and whole aortas

Although RD-fed male ApoE~":Ins2"Aki@ presented with significantly larger
lesions than RD-fed male ApoE™, the development of atherosclerosis at the
brachiocephalic artery was profoundly accelerated by the WD in both
normoglycemic and hyperglycemic mice (see representative images in Figure
5.5A-D and quantification in Figure 5.5E). As a result, there was no difference
between the size of the lesions from WD-fed male ApoE”- and WD-fed male ApoE-
l:Ins2"/Ak mice. However, the lumen of the WD-fed male ApoE~":Ins2"Aki® mice
showed evidence of narrowing (Figure 5.5F). Another important feature present in
the lesions of WD-fed mice is the presence of hemorrhagic regions (black arrows
in Figure 5.5B-D) characteristic of leaky neovascularization or the rupture of

advanced lesions.

Atherosclerosis in the whole aorta followed a similar trend (see
representative images in Figure 5.5G-J) as observed in the aortic sinus. There was
a significant increase of lipid accumulation in aortas from WD-fed male mice, but
with even larger and massive extensions of atherosclerotic areas in the male ApoE"

2+/Akita

":Ins mice, covering up 40% of the total internal-artery surface (Figure 5.5K).
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Figure 5.5. Quantification of atherosclerosis at the brachiocephalic artery and lipid
accumulation in whole aortas. (A—D) Representative images of atherosclerosis
development at the brachiocephalic artery from RD-fed apoE™", WD-fed apoE™,
RD-fed apoE":Ins2"Ak% and WD-fed apoE":Ins2"A%% mice. (E) Cross sectional
representation of the averaged percentage occupied by lesion respect to the total
caliber of the brachiocephalic artery. (F) Average cross sectional lumen area in the
brachiocephalic artery. (A—D) Representative images of aortas stained with Sudan
IV. (E) Percentage of lipid-stained area respect to the total internal area of the aorta.

(n=8-6)
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Coronary artery disease and hypertrophy

The development of coronary artery disease has not been previously
described in the ApoE”":Ins2"2k® mouse. We found that after the WD feeding,
mice presented with a significant percentage of coronary arteries partially and
totally occluded (Representative images in Figure 5.6A—D and quantification in
Figure 5.6E). The percentage of coronaries totally occluded in the WD-fed male
ApoE™:Ins2"Ak mice was significantly higher than RD-fed male ApoE”" and
ApoE”:Ins2"Akia mjce (Figure 5.6E). The percentage of coronaries partially
occluded in the WD-fed male ApoE”":Ins2"A% mice was significantly higher than
WD-fed male ApoE™". Also WD-fed male ApoE~":Ins2"Aki® mice showed a higher
percentage of coronaries partially occluded than WD-fed male ApoE” mice (Figure

5.6E).

Likely as a result of the massive development of atherosclerosis, WD-fed
male ApoE”":Ins2"Ak% mice presented with an increase of heart mass adjusted to
the body mass (representative image in Figure 5.6F and quantification in Figure
5.6G). Also an increase of the heart mass was observed in WD-fed male ApoE™"
mice, but when adjusted to the total body mass, it was no longer observed (Figure

5.6G).
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Figure 5.6. Quantification of the coronary artery disease and hypertrophy. (A-D)
Representative images of coronary arteries with different grade of atherosclerosis.
A grade of 0% occlusion, <50% occlusion, >50% occlusion and 100% occlusion
was used to generate the profile (E) for each condition. (F) Representative picture
of hearts from RD-fed and WD-fed mice. (G) Proportion heart mass/body mass was

obtained in order to account for an effect of body mass. (n = 8-6)
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5.6. DISCUSSION

Previously, we observed that RD-fed male ApoE":Ins2"/Akit

mice develop
chronic hyperglycemia, enhanced cholesterolemia and significantly accelerated
atherosclerosis by 25 weeks of age [9, 10]. In this report we have characterized the
effects of a western-type diet, rich in fat and cholesterol, on the ApoE~":Ins2"/Akit
mouse model of hyperglycemia-accelerated atherosclerosis. After feeding the
animals with this western-type diet, we have found further enhanced atherosclerosis

2+/Akita mice.

as well as a significant reduction of lifespan in the male ApoE”":Ins
Female ApoE”:Ins2”A% and ApoE” mice presented a parallel increase in
atherosclerosis, and no effects on mortality were observed during the study time.
Thereby, we have mainly focused our characterization on the study of advanced
atherosclerosis and its effects on the heart and vasculature in the WD-fed male
ApoE”:Ins2 Ak mjce,

Rodents are well-known for being resistant to the development of
atherosclerosis. Even genetically engineered atherosclerosis-prone mice (ApoE™,
LdIr’") are resistant to the development of coronary heart disease [16—18]. Here we
have discovered the extreme phenotype shown by the WD-fed male ApoE™

.InS2+/Akita

mouse that includes; 1) chronic hyperglycemia (with glucose levels 4X
higher than RD-fed male ApoE™" controls), ii) total plasma cholesterol levels 7X
higher than RD-fed male ApoE”" controls (cholesterol levels that corresponded

almost entirely to non-HDL particles), and iii) total plasma triglyceride levels 11X

higher than RD-fed male ApoE™ controls (triglycerides that also corresponded
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almost entirely with VLDL and LDL particles). This does not even account for
changes in hormonal or inflammatory components that may also be affected, but it
certainly established a perfect scenario for atherosclerosis. In addition, we can also

24AKIa mause to the double knockout

compare the WD-fed male ApoE”:Ins
ApoE":Ldlr’” mouse [18, 19], obviously, under a similar western diet that also
contains 0.15% cholesterol and 21% (wt/wt) total fat. At around 32 weeks of age,
the WD-fed male ApoE”":Ldlr’" mouse showed serum cholesterol levels of 26mM,
which were not significantly different to the 29mM showed by the WD-fed male
ApoE™" controls [19]. At 25 weeks of age, our WD-fed male ApoE~":Ins2*"/Akita
mouse presented with plasma cholesterol levels close to 50mM and significantly
different to the 30mM showed by WD-fed male ApoE” controls. Clearly
establishing a more aggressive lipid profile than the ApoE”:Ldlr’" mouse model.
Caligiuri et al. also described the development of coronary arteries, myocardial
infarction and the increase of mortality in the ApoE”":Ldlr”~ mouse. Mortality that
was increased in mice older than 7 months (28 weeks) of age, later than the time
that we predict for our model. One method used by Caligiuri et al. to develop
ischemia and infarction in the ApoE”":Ldlr’" mouse was hypoxic stress. Ischemia
that was prevented by the administration of an endothelin-receptor blocker. Clearly,
this hypoxic stressing factor established by Caligiuri et al. is quite attractive for us
due to the tight relation between hyperglycemia—hypoxia: i) hyperglycemia
decreases HIF-la stability and activity [21, 22], ii) and directly induces the

expression of endothelin-1 [23, 24].
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Atherosclerosis is a complex disease that can develop and progress at
different rates depending upon the vascular location and internal micro-
environmental conditions [25, 26]. Therefore, in this study, we have evaluated
lesion development at different vascular regions that are known to be prone to
atherosclerosis in order to obtain a complete picture of the general progression of
the disease. Generally the term "advanced atherosclerosis" is used when a group of
mice develop larger atherosclerotic lesions than a control group at a specific
location (preferably at the aortic sinus). However, the clinical significance of
having larger lesions at the aortic sinus may not be different, or worse, than a control
group with smaller lesions. In other words, the "advanced atherosclerosis"
described in the RD-fed ApoE”:Ins2"Ak® mice when compared to RD-fed male
ApoE” mice [9, 10] may have limited clinical significance since the expansion that
the lesions undergo (lesion volume expanded 4X when fed the WD). In contrast,
WD feeding does have a distinct effect on the viability of male ApoE”":Ins2"/Akita
mice that may be the result of massive atherosclerotic development at multiple
vascular sites: aortic sinus, ascending and descending aorta, brachiocephalic artery
and coronary arteries.

Another important aspect of disease progression is the vascular remodelling
of the arteries in the presence of large lesions, which also has an impact on clinical
events. For example, the ascending aortas of WD-fed mice were covered with very
large atherosclerotic lesions (arterial cross sections covered with 40-50% of

lesions), but at the same time the caliber of the arteries expanded leaving the artery
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with a lumen size similar to that observed in RD-fed mice. Contrary to this,
brachiocephalic arteries in the WD-fed ApoE”:Ins2"Ak% mice tended to present
with reduced lumen size when compared to the other groups. If this observation is
repeated in other arteries (that seems to be the case), obstruction of blood flow
(mechanical resistance) and exacerbated heart effort may be a link to the observed
hypertrophy [27], or an indication of insufficient peripheral tissue oxygenation [28].

Some of the limitations of the present study lie in the effects on multiple
organs of the chronic hyperglycemia and the drastic enhancement of circulating
lipids. Lipotoxicity at multiple organ levels (severely damaged kidney, advanced
steatosis [29, 30], or increased adiposity in the myocardium [31]) could also predict
the premature death of the WD-fed male ApoE~":Ins2 "k mice. Also, at this point
we still lack a direct measurement of heart failure or infarction.

In conclusion we have established a diabetic mouse model with profound
pathomorphological characteristics such as massive atherosclerosis, coronary
artery disease and hypertrophy. These may represent the main cause or one of the
main causes for shortening the lifespan of the WD-fed male ApoE~":Ins2"Aki®@
mouse. In addition to that, these mice have individual metabolic parameters
(hyperglycemia, hypercholesterolemia and hypertriglyceridemia) that due to their
extremely high levels or combination, they may cause abnormalities in cardiac

activity.
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CHAPTER 6: General Discussion

If the predictions for future prevalence of diabetes mellitus and impaired
glucose tolerance are accurate, by the year 2025 we will have 333 million people
with diabetes and 472 million people with IGT, together representing over 15% of
the global adult population [5]. These increases are likely driven by the continued
worldwide trends toward increased urbanization, aging populations,
disproportionate diets, lack of physical activity, and other unhealthy lifestyles.
Furthermore, DM is associated with a cardiovascular mortality rate that exceeds
70%, and diabetic people are 2 to 4 times more likely to die from cardiovascular
events than people with no history of diabetes [25]. These facts significantly add to
the DM-related health care burden on our society. The main goals of our study were
to provide new insights into how diabetes-accelerates development of
atherosclerosis, the underlying cause of most CVD. Toward this goal we also
established and characterized new mouse models that can be used for further
investigation into mechanisms of disease development.

In chapter 3, our results support a direct role for chronic hyperglycemia in
the accelerated development of atherosclerotic lesions. In our model, atherogenesis
directly correlates with blood glucose levels and accelerated lesion development
occurs prior to the onset of overt dyslipidemia. These findings suggest that glucose
is primarily responsible for the vascular changes [125, 127]. We investigated the

possible effects of hyperglycemia on the vasa vasorum, as well as potential
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correlations between vasa vasorum structure and atherosclerosis in our established
models.

The vasa vasorum was identified in serial sections of aorta from 5-, 10-, 15-
and 20-week-old normoglycemic and hyperglycemic ApoE” mice that were
immunostained with an antibody against the endothelial marker, von Willebrand
Factor (vVWF). Microvessel number and cross sectional areas of the atherosclerotic
lesions were quantified at the aortic root, an atherosclerosis-prone region where
lesions initially develop, as well as in regions of the aorta that are relatively resistant
to the development of atherosclerosis. The data indicate that atherosclerotic lesion
growth in normoglycemic ApoE” mice is associated with expansion in the number
of microvessels of the vasa vasorum. This likely corresponds to the increasing
blood supply demands of the thickening artery wall and is consistent with
observations from other laboratories [156—160]. In contrast, in hyperglycemic
ApoE”" mice, there is no significant expansion of the vasa vasorum in
atherosclerotic regions. This is despite the fact that lesions in hyperglycemic mice
are at least 2X larger than those in normoglycemic mice at 15 weeks of age. As a
control, we have shown that insulin supplementation of STZ-injected ApoE ™" mice
normalizes blood glucose levels, attenuates atherosclerosis, and rescues vasa
vasorum deficiency.

Taken together these data are the first indication that i) hyperglycemia
attenuates neovascularization of the vasa vasorum during normal artery

development and especially during atherogenesis and ii) expansion of the vasa
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vasorum is not required to support accelerated atherosclerosis in this model.
Preliminary investigations into the mechanism(s) underlying these observations
suggest that the larger, more advanced, lesions in hyperglycemic mice exhibit
significantly increased levels of hypoxia and HIF-1a, but a decrease in VEGF,
relative to normoglycemic controls. These findings suggest that there is a
disconnection between pro-angiogenic stimuli and response. This observation is
consistent with reports from Thangarajah et al. (2009) who suggested that
hyperglycemia-induced glycation of the HIF complex cofactor, p300, inhibits HIF-
la activity thereby impairing VEGF expression [161].

One major limitation of this study is the severity of the model. It has been
shown that the multiple low doses of STZ, though less impactful that a single high
dose, still lead to the elimination of virtually all the pancreatic beta cells after 14
days from the last injection (of a round of 5 daily injections at 40mg/Kg body
weight STZ) [147—-149]. This is accompanied by the reduction of circulating insulin
to the limits of detection (by ELISA) [146, 147, 162] and a dramatic increase in
blood glucose concentrations ¢30mM). The physiological relevance of these severe
changes to the more moderate hyperglycemia observed in humans with T2DM
certainly could be challenged. The potential role of insulin was also not addressed
in this study. To begin to address some of these limitations, we developed a new
atherosclerosis-prone, hyperglycemic mouse model (Chapter 4).

In Chapter 4, we characterize the effects of introducing the Ins2Ak®

mutation into the ApoE”" mouse strain as an alternative model to the STZ-injected
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ApoE” mouse. We observe a very significant, and unexpected, difference between

2+/Akita

the resulting phenotypes of male and female ApoE”:Ins mice. To

summarize, male ApoE”":Ins2"/Akit

mice present with chronic hyperglycemia that
leads to enhanced hypercholesterolemia and advanced atherosclerosis. Female mice
with the Ins24X%® mutation develop transient hyperglycemia, which appears to be
sufficient to accelerate the development of atherosclerosis, relative to
normoglycemia female ApoE” mice.

Castration in normoglycemic ApoE” mice clearly exposes the protective
vascular effect of androgens [163-165]. The castrated mice develop larger
atherosclerotic lesions compared to sham-operated age and sex matched controls,

2¥/AKIa phice Measurement of

but this effect was not observed in the ApoE”:Ins
plasma testosterone showed that testosterone levels are significantly lower in these
hyperglycemic mice, relative to normoglycemic controls. This is consistent with
previous observations in hyperglycemic rodents [166] and humans [167, 168].
Decreased testosterone combined with chronic hyperglycemia and enhanced
hypercholesterolemia would be expected to exacerbate the development of
atherosclerosis. Interestingly, when the castration is carried out in the

2HAkia mice atherosclerosis is attenuated. This effect

hyperglycemic ApoE”:Ins
correlates to the reduction in blood glucose, non-HDL-cholesterol levels and the
improved insulin sensitivity. Together, these results support a model in which

testosterone confers vascular protection in the male normoglycemic ApoE™" mice,

but in diabetic mice, testosterone appears to exacerbate hyperglycemia,
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hypercholesterolemia, and ultimately atherosclerosis. Behind these observations
there is a clinical motivation that is worthy of future investigation. Long-term
testosterone replacement in diabetic men may bring certain risks which could be
associated with the observations in the male ApoE”:Ins2”Ak% mouse. Future
studies should be carried out to directly test the effects of exogenous testosterone
in this hyperglycemic mouse model.

2+/Akita

Female Ins mice have been reported to be hyperglycemic, but with

lower blood glucose levels than male Ins2 "k mice [150]. In this study we show

2¥/AKI ice are

that, by 15 weeks of age, blood glucose levels in female ApoE™":Ins
not significantly different from ApoE”" controls. This phenomenon is partially
dependent upon ApoE-deficiency because significant hyperglycemia is sustained at
15 weeks of age in heterozygous ApoE"":Ins2"Ak@ females. The ApoE’-
dependence of this effect is likely why it has not been previously reported.

The underlying mechanisms by which female (but not male) mice can
produce functional insulin in the presence of the Ins2*%" mutation have not been
explained. We show that female ApoE™:Ins2"A mice have significantly less beta
cell stress (indicated by GADD153 staining) compared to males. It is possible that
the presence of estrogen and/or progesterone; i) enhances the ability of the beta
cells to properly fold and process nascent wild type insulin and/or ii) enhances the
capacity of the beta cell to degrade mutant insulin.

We also demonstrate that the transient hyperglycemia in female ApoE”

2+/Akita

:Ins mice does not exacerbate the already dyslipidemic profile of ApoE”
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mice, but does promote accelerated atherosclerosis. Ovariectomization of ApoE”

2+/Akita

:Ins mice induces sustained hyperglycemia, effectively abolishing the

observed protection from ER stress (chronically induced by the Ins2® mutation)

in the pancreatic beta-cells and reducing the ability to produce functional insulin.

2+/Akita

The atherosclerotic lesion volumes of the ovariectomized ApoE™:Ins mice

are similar to those observed in the sham-operated ApoE”":Ins2 "4k and the ApoE"
" mice, but specific characteristics of the lesions appear to be advanced in addition
to the lipid accumulation in the whole aortas. These findings suggest that a brief
exposure to hyperglycemia is sufficient to accelerate the atherogenic process. Once
started, atherosclerosis continues at an accelerated pace, even if glucose levels are
normalized. This “metabolic memory” (early hyperglycemia is remembered by
organs and tissues) is consistent with the findings of the DCCT/EDIC [169, 170]
studies that showed that individuals who eventually controlled their blood glucose
levels had significant microvascular and cardiovascular complications decades after
the end of the study.

Therefore, after the extensive characterization of both sexes of the ApoE™
:Ins2*"Aki mouse we have revealed distinct roles for the hormonal component from
each sex in diabetes and the development of atherosclerosis by affecting the
function of the pancreas as well as pathogenesis in the artery wall. Differences in

the incidence and the prevalence of DM between sexes have been described before

[171, 172]. In fact, sex differences in prevalence extend to dyslipidemia [173, 174],
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obesity [175, 176], hypertension [177], atherosclerotic development [178] and the
risk of myocardial infarction [179].

When we quantify the vasa vasorum in the chronic hyperglycemic male
ApoE":Ins2"Ak% mice (Supplemental Figure 1, Appendix 4) we observe the vasa
vasorum expansion along with the lesion growth. The main reason for this effect

2+/ Akita mi ce

may be the enhanced hypercholesterolemia that male ApoE:Ins
develop, which is not observed in the previous model of STZ-injected female ApoE"
" mice. In the current scientific literature, atherosclerotic lesion growth is associated
with vasa vasorum neovascularization (expansion) [180, 181]. When the arterial
wall becomes thicker during atherosclerosis, hypoxia promotes neovascularization
to meet the requirements to maintain the vessel wall and the cells that compose it
[182]. Several studies, including ours, have investigated the vasa vasorum in mouse
models of high-fat-diet (HFD) accelerated atherosclerosis [156—160]. In these
models, lesion size directly correlates to stimulated neovascularization suggesting
the direct association between expansive vasa vasorum and atherogenesis, or vice
versa. According to this the enhanced hypercholesterolemia developed by male
ApoE":Ins2"Ak% mice may cover the effect of hyperglycemia on the vasa vasorum
previously described. The mechanisms by which enhanced dyslipidemia drives
angiogenesis are not known.

In Chapter 5, we further developed the ApoE”":Ins2""Ak® mouse model by

examining the effects of a western-type diet on hyperglycemia-accelerated

atherosclerosis. After feeding the animals with this diet, we have found further
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enhanced atherosclerosis as well as a significant reduction in the lifespan of the

male ApoE~:Ins2"/Akit

mice. Here we have discovered the extreme phenotype
shown by the WD-fed male ApoE”:Ins2"Aki® mouse that includes; i) chronic
hyperglycemia, i) chronic hypercholesterolemia, iii) sustained
hypertriglyceridemia, iv) cholesterol and triglycerides that corresponded almost
entirely with VLDL and LDL particles, v) massive and advanced atherosclerosis in
the aortic sinus, ascending and descending aorta and brachiocephalic arteries, vi)
coronary artery disease and cardiac hypertrophy, and vii) significantly increased
mortality. Also when doing a comparison between the WD-fed ApoE~":Ins2"/Akit
model to another severe phenotype model, the WD-fed male ApoE~":Ldlr’~ mouse
[183, 184], we can basically compare the Ins24¥® mutation to the absence of the
LDL receptor. In many respects the phenotype of the hyperglycemic WD-fed ApoE"
I Ins2 Ak model is more severe. The WD-fed male ApoE”:Ldlr’”” mouse showed
serum cholesterol levels of 26mM at ~32 weeks of age versus the SOmM of plasma

21AKI mause at 25 weeks of

cholesterol showed by our WD-fed male ApoE™":Ins
age (comparison made under similar western-type diets). Caligiuri et al. also
described the development of coronary arteries, myocardial infarction and the
increase of mortality in the ApoE”":Ldlr’~ mouse. Mortality was increased in the
ApoE”:LdIr’" mouse, but it seems to be even more accelerated in our model since
the endpoint that we observe was around the 23-25 weeks of age. One method used

by Caligiuri et al. to develop ischemia and infarction in the ApoE”":Ldlr’~ mouse

was hypoxic stress. They showed that this effect could be prevented by
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administration of an endothelin receptor blocker. Clearly, this hypoxic factor
established by Caligiuri et al. invite us to continue studying our mouse model
because hyperglycemia has been tightly related to hypoxia: decreasing HIF-1a
stability and activity [161, 185] and directly inducing the expression of endothelin-
1 [186, 187]. In addition to the ApoE”":Ldlr”~ mouse model, another null
mutation—HDL scavenger receptor class B type I—has also been incorporated into
the ApoE”" mouse giving rise to the ApoE”:SR-BI”~ mouse model. This mouse
model is one of the few to exhibit the spontaneous development of myocardial
infarctions (MI), as well as hypercholesterolemia, massive atherosclerosis,
occlusive coronary arterial lesions, cardiac dysfunction and premature death [188—
190]. It is postulated that the addition of the SR-BI null mutation not only induces
changes in plasma proatherogenic and antiatherogenic lipoproteins, but also alters
cholesterol flux into or out of the artery wall, and alters reverse cholesterol transport
[190], making of this model a more complete and aggressive one since there is no
need of high-fat supplementation for such phenotype. Evidence has also associated
hyperglycemia and the SR-BI expression in hepatocytes [191] and macrophages

2HAKIt 1y del,

[192] suggesting for a role in the ApoE™":Ins

The obvious limitations of the WD-fed ApoE”":Ins2"A¥ model are the
severity of the metabolic phenotype. The main advantage, still to be further
explored, is the possibility that this model exhibits cardiovascular events—which

are extremely rare in rodent models. It in fact appears that extreme models may be

required to induce cardiovascular events in mice.
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Future Research
Future studies should be focused upon the further study of the ApoE”

2¥/AKta 6 del in three main areas:

:Ins
1) To investigate the potential protective effects of estrogen/progesterone on beta
cells, a procedure for islet isolation has been replicated from Stull ND et al. (2012)
[193]. Pancreatic islets from diabetic mice will be treated in culture with estrogen
and progesterone in order to study effects on UPR activation and insulin production
ex vivo.

i1) To further investigate the potential pro-atherogenic effects of testosterone in
hyperglycemic mice, testosterone will be administered to ApoE” and ApoE™
:Ins2"Ak ysing the Alzet pump system. Atherosclerotic lesion development will
be examined as previously described.

iii) To further examine the possibility that western-type diet fed ApoE~”":Ins2"Akit
mice develop heart failure and MI, future studies will include heart-related
measurements (ECG) and hearts will be more closely examined for fibrosis and
indications of infarcts.

With respect to the potential role of the vasa vasorum in atherosclerosis, we can
investigate the specific effects of VEGF using mice that are heterozygous for a
hypermorphic allele of VEGF-A (VEGFY") [194] or heterozygous for a
hypomorphic allele for VEGF-A (VEGF!*'*) [195]. These heterozygous mice show
no overt phenotype, but homozygous VEGF"" and VEGF'® mice are not viable

[194, 195]. VEGF expression levels are 2 fold higher in VEGF"* mice and 2—4 fold
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lower in VEGF*"* mice relative to wild type littermates [194, 195]. These mice will
be crossed with ApoE” mice to give ApoE”:VEGFY* and ApoE’:VEGF"",
Atherosclerotic development will be measured in normoglycemic and

hyperglycemic ApoE”:VEGF"* and ApoE”:VEGF" mice.

Significance and relevance of the research

The prevalence of diabetes is increasing rapidly around the world. We, the
biomedical researchers and healthcare professionals, have made some progress
attenuating the consequences of diabetes mellitus that has significantly improved
the quality of life and the expected lifespan of people with diabetes. Still, nearly
three out of four individuals with diabetes die from CVD. Clearly, there is a lot of
work to do. Thus, new evidence as the role of diabetic microvascular disease in the
accelerated development of atherosclerosis would represent a paradigm shift in our
understanding of how diabetes predisposes individuals to cardiovascular disease.
Also, the establishment of the ApoE~":Ins2 k% mouse model offers a new platform

to expand the understanding of the mechanisms by which diabetes promotes CVD.
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APPENDIX 1: Supplemental Material for CHAPTER 3

Quantification of the Necrotic Core

Serial cross sections (4um) of the aortic root were collected and stained with
hematoxylin and eosin for lesion and necrotic core measurement (Supplemental
Figure 1). The necrotic core was defined as the acellular area of the atherosclerotic

lesion. The necrotic core typically contains visible cholesterol crystals [1].
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Supplemental Figure 1. The necrotic core has been defined as the acellular area

of the atherosclerotic lesion. This is a similar criteria to that used by Shai et al

(2010) [1]. (scale = 100 um)
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Necrotic Core

Supplemental Figure 1
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Analysis of microvascular changes in the retina

Retinal microvasculature density was calculated using a counting template that was
placed over retinal flat mounts (Supplemental Figure 2). The number of vessel
intersections with the edges of each sampling box was tallied for central, mid, and

peripheral regions of the vasculature [2].
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Supplemental Figure 2. Counting template used to quantify retinal microvessel
density, defined as the average number of microvessel intersections per

quantification box analyzed.
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Peripheral

Central

Supplemental Figure 2
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Western feeding in ApoE” and Ldlr” mice is associated with accelerated
atherogenesis and vasa vasorum neovascularization at the aortic sinus

In this study, 5-week-old ApoE”and Ldlr’- mice were placed on standard
chow or high-fat Western diet for 10 weeks. By 15 weeks of age, both ApoE~- and
Ldlr- Western-fed mice had significantly elevated serum triglyceride and
cholesterol levels compared to controls (Supplemental Table 1); however, blood
glucose levels were unaffected.

Consistent with previously reported findings in non-diabetic and
normoglycemic models [3-7], we found that high fat diet-fed ApoE”- and Ldlr”
mice developed significantly larger atherosclerotic lesions at the aortic sinus than
standard diet controls (Supplemental Figure 3B). Accelerated atherogenesis in these
models directly corresponds to vasa vasorum neovascularization. By 15 weeks of
age, Western-fed ApoE”- and LdIr”- mice had 2.0- and 2.5-times more vasa vasorum
microvessels than standard diet controls, respectively (Supplemental Figure 3A and
Supplemental Table 1).

Methods: Five-week-old female ApoE"" (B6.129P2-ApoE™!V™) and Ldlr”" mice
were randomized to standard chow diet (TD92078; Harlan Teklad, Madison, WI)
or high fat, Western diet (TD97363; Harlan Teklad, Madison, WI). At 15 weeks of
age, mice were sacrificed (n = 3—6 per group) and plasma and tissue samples were
collected for further examination. All animal procedures were approved by the

McMaster University Animal Research Ethics Board.
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Control and Western-fed ApoE”" and Ldlr”" mice were anaesthetized with
isoflurane, flushed with 1x PBS, and perfusion-fixed with 10% neutral buffered
formalin. Hearts and aortas were excised and embedded in paraffin blocks. Using
the valve leaflets as a point of orientation, serial sections (4um) of the aortic root
were collected and used for lesion measurement (hematoxylin and eosin) and
immunofluorescence (IF) analysis.

Polyclonal rabbit anti-human von Willebrand Factor (VWF;
DakoCytomation) and goat anti-rabbit Alexa 594 (Invitrogen) were used to analyze
the vasa vasorum in control and Western-fed ApoE”" and Ldlr’~ mice. DAPI nuclear
counterstaining was performed on all sections, and non-specific staining was
controlled for using pre-immune rabbit IgG. For quantification of vWF staining,
positively labeled vasa vasorum microvessels residing within the intima, media,
and adventitia of the aortic sinus were tallied. Vasa vasorum density was defined
as the total number of microvessels residing within the defined regions, per aortic

cross-section.
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Supplemental Figure 3. Analysis of vasa vasorum density and atherosclerotic
lesion area in ApoE”" or Ldlr”’" mice fed control diets or high fat diets as indicated.

(n = 3-6 per group; mean + SEM) * p<0.05
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Supplemental Table 1. Metabolic parameters. Plasma and tissue parameters of 15
week old ApoE”" and Ldlr’ mice on Control or high fat Western diet. N values are
indicated. Vasa vasorum density defined as the total number of vasa vasorum
microvessels per aortic cross section. * p<0.05, ** p<0.01, p<0.001 relative to

control.
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ApoE*

FPlasma Control Western Control VWestern

Blood Glucose (mM) | B53+055 9054101 NS B50+029 BAO+052 NS
Trngiycerdes (mm) D40+004 074+003 ™ 026+002 1.05+015 °
Cholesterol (mi) 459+046 944+109 ° 2831004 11471094 °
Tissues
Body Welght (@) 21684064 2318136 NS 20001078 23431075 °
Lesion Area (mim?) 0039+0014 053730023 ™ 0D003+0002 0.139+0.024
Vv Density FA3+1.58 13.85£079 = 325+073 B833z088 *~
N 3-6 3-8 3 3

Supplemental Table 1
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Fluorescent microangiography (FMA) imaging of the vasa vasorum.

Fifteen week old normoglycemic and hyperglycemic ApoE”" mice were
injected with fluorescently-labeled microspheres. Fluorescent microangiography
analysis of the structure and organization of the vasa vasorum surrounding the
aortic sinus support a correlation between hyperglycemia and microvessel
deficiency (Supplemental Figure 4).

Methods: Fifteen week old control and hyperglycemic ApoE” mice were
anaesthetized with isoflurane, flushed with 1x PBS, and perfused with a 0.01%
agarose-bead solution containing 0.04pm-diameter fluorescently-labeled
microspheres (FluoSpheres® Invitrogen. Upon gel solidification, the heart and
aorta were isolated and embedded in a 0.1% agarose gel block. A vibratome was
used to section the gel blocks at 100um-thickness, and serial sections of the aortic

arch were collected on pre-coated glass slides for analysis.
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Supplemental Figure 4. Sections of the aorta from 15-week-old normoglycemic
and hyperglycemic ApoE”" mice perfused with 0.04um-diameter fluorescently-
labelled microspheres. Panels on the right (scale = 50um) represent higher-

magnification images of boxed regions on the left (scale = 100um).
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Supplemental Figure 4
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APPENDIX 2: Supplemental Material for CHAPTER 4
Supplemental Figure 1. Representative results from genotype analysis. (A) The
Ins22K% point mutation is identified by the absence of an Fnu4HI restriction site in
a PCR amplified cDNA. (B) ApoE-deficiency is confirmed by PCR analysis using

primers specific for the gene knock out.
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Supplemental Figure 2. Fasting blood glucose levels in the heterozygous ApoE ™"
mouse with or without the Ins22%® mutation (n = 12/3ApoE ™" Ins2"Aki; n =

9/3 ApoE"™"; n = 12/Q ApoE"":Ins2 Ak, n = 12/Q ApoE*").
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Supplemental Figure 3. Atherosclerosis in the 15-week-old male ApoE™
:Ins27Ak mice and the 25-week-old female ApoE”:Ins2”Ak@ mice. (A)
Atherosclerosis in the aortic sinus of 15-week-old male mice (n = 6/group). (B)
Lipid accumulation in the whole aortas of 15-week-old male mice (n = 6/group).
(C) Atherosclerosis in the aortic sinus of 25-week-old female mice (n = 5—

10/group). (D) Lipid accumulation in the whole aortas of 25-week-old female mice

(n = 4/group).
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Supplemental Figure 4. Surrogate indexes of beta cell function (HOMA-%) and
insulin sensitivity (QUICKI) in female (A-B) and male (C-D) mice (n = 4—

6/group).
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Supplemental Figure 5. Measurements of plasma insulin (A) and percent change

in plasma insulin (B) after a 2 g oral glucose challenge (n = 3/group).
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Supplemental Figure 6. Liver weights of ovariectomized and castrated ApoE™”"

2+/Akita

:Ins mice. (A) Female mice (n = 7-9/group). (B) Male mice (n = 7—

12/group).
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Supplemental Figure 7. Plasma lipid profile of ovariectomized and castrated
ApoE”:Ins2"Ak% mice. VLDL-, LDL- and HDL lipoprotein particles were
separated by FPLC and cholesterol content was quantified in plasma collected from

female (A) and male (B) mice (n = 6/group).
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Supplemental Figure 8. Estradiol (A) and progesterone (B) levels in the 15-week-
old female mice (n = 4-8/group). (C) Testosterone levels in the 25-week-old male

mice (n = 7-12/group).
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Supplemental Figure 9. Analysis of the macrophage content of atherosclerotic
lesions in the aortic sinus by Mac-3 recognition. Female (A) and male (B) mice at

25 weeks of age (n = 7—12/group).
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Supplemental Figure 10. Analysis of the SMC content of atherosclerotic lesions
in the aortic sinus by a-actin recognition. Female (A) and male (B) mice at 25 weeks

of age (n = 7—12/group).
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APPENDIX 3: Supplemental Material for CHAPTER 5
Supplemental Figure 1. Analysis of metabolic parameters of female RD-fed and
WD-fed mice at 25 weeks of age. (A) Fasting blood glucose levels. (B) Insulin
resistance estimated by HOMA-IR index. (C) Beta-cell function evaluated by
HOMA %0 index. (D) Body weight. (E) Epididymal fat content. (F) Liver weight.
(G) Total cholesterol levels in plasma. (H) Total triglyceride levels in plasma. (I)

Lipoprotein-cholesterol profile. (J) Lipoprotein-triglyceride profile. (n = 4-8)
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Supplemental Figure 2. Quantification of atherosclerosis in the aortic sinus and
ascending aorta of female RD-fed and WD-fed mice. (A—D) Representative images
of the atherosclerotic development at the aortic sinus. (E) Atherosclerotic lesion
areas through the aortic sinus-ascending aorta. (F) Atherosclerotic lesion volume

through aortic sinus-ascending aorta. (n = 4—6)
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APPENDIX 4: Supplemental Material for Chapter 6
Supplemental Figure 1. Vasa Vasorum density. (A) Representative pictures of
microvessels at 25 weeks of age in $ApoE”" and J ApoE”:Ins2"Ak% mice. (B)
Vasa Vasorum was quantified at 5 (n =4), 15 (n = 6) and 25 (n = 12—18) weeks of

age in male ApoE”" and ApoE™:Ins"Aki mice. *p<0.05, bar = 50 um.
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