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LAY ABSTRACT 

 

 People with diabetes have elevated glucose levels that affect the vessels 

that distribute blood in our body. This puts them at higher risk of developing 

cardiovascular disease and having heart attacks and strokes.  One set of 

vessels, known as the vasa vasorum, delivers blood to the walls of larger 

vessels.  The primary goals of this study are 1) to determine if diabetes affects 

the vasa vasorum and, 2) to determine if changes to the vasa vasorum increase 

a person’s risk of developing cardiovascular disease.  The results of this study 

show that diabetes in mice decreases the number of vasa vasorum vessels.  The 

decrease in vasa vasorum blood vessels appears to influence the larger blood 

vessels they supply which promotes an environment that is more prone to 

cardiovascular disease.  This information could be used in the future to develop 

drugs that target the vasa vasorum and possibly decrease cardiovascular events. 
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ABSTRACT 
 

 

Individuals with diabetes mellitus often develop complications that 

traditionally have been separated into microvascular pathologies, such as 

retinopathy, nephropathy and neuropathy, or macrovascular pathologies, 

including cardiovascular disease.  Increasing evidence suggests that these 

micro- and macro-vascular complications may be linked.  Our objective is to 

determine if direct effects of hyperglycemia on a microvascular bed that supplies 

cells in large arteries, the vasa vasorum, promotes diabetes-associated 

accelerated atherosclerosis. 

Normoglycemic apolipoprotein-E deficient (ApoE-/-) mice showed 

continuous atherosclerosis progression throughout the study that was directly 

correlated to increased vasa vasorum density with time.  Hyperglycemic ApoE-/- 

Ins2+/Akita mice and streptozotocin-injected (STZ) ApoE-/- mice also demonstrated 

progressive plaque growth over time, but had accelerated atherosclerosis at 15 

weeks of age compared to normoglycemic controls.  The increased 

atherosclerosis in hyperglycemic mice correlated with impaired angiogenesis at 

10 and 15 weeks of age.  These mice showed increased expression for a marker 

of hypoxia in the atherosclerotic lesions yet decreased expression of vascular 

endothelial growth factor (VEGF), suggesting disruption of hypoxia-mediated 

angiogenesis.  Cell culture experiments suggested that alternative splicing of an 

antiangiogenic form of VEGF in macrophages as well as post-translational 
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modifications of macrophages and smooth muscle cells may contribute to 

reduced VEGF expression and decreased vasa vasorum neovascularization.  

After 25 weeks of age, vasa vasorum expansion plateaued in normoglycemic 

mice but continued to increase in hyperglycemic ApoE-/- STZ-injected mice.  The 

increase in vasa vasorum neovascularization correlates to increases in plasma 

cholesterol.  

We have shown that hyperglycemia alters the microvascular structure of 

the vasa vasorum in two distinct mouse models of diabetes.  Initially, elevations 

in glucose correlate to a significant reduction in lesion vascularization that results 

in increased lesional hypoxia that may promote the development and progression 

of atherosclerosis.  At later time points there appears to be a burst of 

neovascularization that correlate with increases in cholesterol.  
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1.0 INTRODUCTION 

 

1.1 DIABETES MELLITUS  

1.1.1 Definition, Classification and Clinical Diagnosis  

The metabolic disorder diabetes mellitus (DM), also commonly referred to as 

diabetes, is characterized as defective insulin secretion and/or impaired insulin 

sensitivity that results in chronic hyperglycemia1, 2.  DM leads to metabolic 

disturbances in carbohydrates, lipids and proteins, and can cause damage and 

dysfunction in various organs1.  

There are two main classifications of DM based on etiology2.  Type 1 DM 

(T1DM) is a result of destruction of pancreatic beta cells either from an 

autoimmune disorder or unknown cause and accounts for 5-10% of people 

diagnosed with DM3.  Approximately 90-95% of individuals with diabetes are 

diagnosed with Type 2 DM (T2DM), which involves peripheral insulin resistance 

that may or may not be accompanied with insulin deficiency.  A less common 

type of diabetes is gestational DM (GDM), which is diagnosed when a women 

first experiences glucose intolerance during pregnancy.  There are other types of 

diabetes, but these are much less prevalent and may result from genetic 

mutations, complications from other diseases or in response to certain drugs2, 3.   

The criteria for diagnosing DM are a fasting plasma glucose (FPG) ≥ 7.0 mM, 

a causal plasma glucose test that can be taken regardless of the patient’s last 

meal ≥ 11.1, mM, or a 2-hour plasma glucose (2hPG) in a 75g oral glucose 
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tolerance test (OGTT) ≥ 11.1 mM 2.  Another test that can be used in conjugation 

with the previous tests is the hemoglobin A1C (HbA1C) test that defines A1C 

levels ≥ 6.5% to be classified as diabetic and provides a measurement of chronic 

elevated glucose levels4.  Individuals who have elevated glucose levels, but are 

not high enough to be classified as diabetic have what is termed “prediabetes” 

and are classified as having impaired fasting glucose (IFG), which is a FPG of 

5.6-6.9 mM, and/or impaired glucose tolerance (IGT), which is a 2hPG in a OGTT 

of 7.8-11 mM 3.  It is important to identify people with prediabetes as they are at 

an increased risk of developing diabetes as well as cardiovascular disease 

(CVD). 

 

1.1.2 Prevalence  

Since 2000, the International Diabetes Federation (IDF) has made annual 

predictions on increasing diabetes prevalence5.  In 2013, the IDF gathered 

information from 217 countries and territories and estimated that 1 in 12 people 

currently have diabetes.  This organization also predicted that the world incidence 

of diabetes would increase by 55% in adults by 2035.  Factors such as an aging 

population and a country’s income level influence the predicted prevalence.  In 

every geographic location, the prevalence of diabetes increases with age and is 

predicted to have the greatest increase in 60 to 79 year olds.  Low-income 

countries, such as those in Africa, currently have the lowest prevalence of 

diabetes, but are predicted to have the largest increases in the next 20 years at 
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109%.  These estimates may be conservative due to the number of undiagnosed 

diabetics6.  Reports from 2014 indicate that approximately half of the individuals 

worldwide with DM do not know that they have the disease7.  

With increasing prevalence of diabetes, there will be a greater burden on the 

health care industry to allocate resources to this population and encourage 

preventative strategies5.  New or more effective treatments that target the 

potentially life-threatening cardiovascular complications of diabetes may alleviate 

some of this problem. 

 

1.2 VASCULAR PATHOLOGIES OF DIABETES  

1.2.1 Macro- and Microvascular Complications 

Chronic complications of DM are associated with vascular pathologies that 

are often separated into pathologies arising from the macrovasculature and 

microvasculature8, 9.  Macrovascular complications result from structural and 

functional changes to the endothelium and smooth muscle cells of large blood 

vessels leading to the accelerated development and progression of 

atherosclerosis10.  Atherosclerosis contributes to CVD, which is the leading cause 

of mortality in the diabetic population11. The mortality rate for people with DM 

from CVD is up to 75% and represents a 2-to 4-fold increase in risk of dying from 

a myocardial infarction (MI) or stroke compared to the rest of the population12, 13.  

Microvascular complications are a major cause of morbidity in DM and often 

result from changes in angiogenesis leading to dysfunction of organs near these 
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vascular beds14.   Microangiopathies can include retinopathy, neuropathy and 

nephropathy8, 11.  These comorbidities are among the leading causes of adult 

blindness, lower limb amputation and renal failure15. 

 

1.2.2 Role for both vascular beds in disease pathology 

While disorders of the micro- and macrovasculature have been traditionally 

seen as independent consequences of DM, there is increasing evidence that 

dysfunction of these vascular beds may be linked.  Patients with DM who have 

microvascular complications, such as retinopathy or nephropathy, are at 

increased risk for systematic vascular complications such as CVD compared to 

individuals with DM that do not have microvascular complications11, 16-19.  One 

hypothesis for these findings is that these vascular beds are a continuum so 

dysfunction of the microvessels may lead to changes in resistance and blood flow 

reserve that cause upstream effects on the macrovasculature20, 21.  The 

information collected from these studies indicate that the presence of 

microvascular disease may be able to predict macrovascular outcomes and 

suggests that the potential for similar molecular pathways that may promote 

these vascular diseases.  

While there is an abundance of research on the established link between 

diabetes and CVD; it is still unclear how accelerated atherosclerosis and 

microangiopathies occur on a molecular and cellular level15. 
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1.2.3 Potential unified mechanisms for Vascular Dysfunction 

	
   The mechanism by which diabetes may promote atherosclerosis and 

microangiopathies may be related to one or more common pathways22-24.  Since 

both macrovascular and microvascular blood vessels are exposed to the chronic 

metabolic anomalies of hyperglycemic and insulin deficiency/resistance that 

cause structural and functional changes to the endothelium, it is possible that 

common pathways may exert these effects on both vascular beds10, 22.  

 Hyperglycemia can cause a decrease in nitric oxide (NO) bioavailability 

and synthesis, and an increase in reactive oxygen species (ROS) resulting in a 

molecular imbalance that alters vascular function10.  Enhanced glycolysis can 

promote the accumulation of electron donors (NADH & FADH2) from the 

tricarboxylic acid (TCA) cycle23, 24.  These electron donors increase the voltage 

gradient in the mitochondria until it reaches a critical threshold.  When this 

threshold is reached, electron transfer to complex III in the electron transport 

chain (ETC) is blocked and backs up electrons in coenzyme Q, which then 

donates some electrons to dioxygen (O2) to produce superoxide (O2
-).  

Superoxide inhibits glyceraldehyde 3-phosphate dehydrogenase (GAPDH), an 

enzyme in the glycolytic pathway, by activating poly (ADP-ribose) polymerase 

(PARP) in the nucleus.  PARP attaches polymers of ADP-ribose to GAPDH that 

has translocated to the nucleus resulting in inhibited activity of GAPDH and a 

buildup of glycolytic intermediates.  The superoxide molecule is also able to 

reduce NO bioavailability by converting NO to peroxynitrite (ONOO-) and 
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participate in substrate nitration10.  The activity of endothelial NO synthase 

(eNOS) and antioxidant enzymes is reduced by substrate nitration and 

contributes to metabolic imbalances of NO and ROS25.  

 A buildup of glycolytic intermediates, such as glucose, fructose-6-

phosphate and glyceraldehyde-3 phosphate, activate mechanisms that contribute 

to vascular pathologies through five pathways (Figure 1), namely, 1) the polyol 

pathway, 2) increased advanced glycation end-products (AGEs), 3) increased 

expression of the receptor for AGEs (RAGE), 4) protein kinase C (PKC) 

activation and 5) the hexosamine pathway10, 15, 23, 24.  These pathways increase 

the production of ROS, decrease antioxidant enzyme activity and/or alter protein 

expression.  The increases in ROS may explain why clinical trials testing 

antioxidant therapies have shown little or no cardiovascular benefit26.  Normally, 

antioxidants neutralize ROS molecules on a one-to-one basis, but the continuous 

and excessive production of ROS in addition to inactivation of key enzymes such 

as eNOS and prostacyclin synthase, may make this therapy ineffective24.  New 

studies are investigating the effect of novel antioxidant molecules, such as 

superoxide dismutase (SOD)/catalase mimetics, which are not inhibited by 

ROS27.   

In hyperglycemic conditions, ROS and protein modifications have various 

effects on vascular endothelial cells including blood flow abnormalities, pro-

inflammatory gene expression, dysregulation of coagulation factors, platelet 

activation, increased cellular permeability, changes in angiogenesis, extracellular 
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matrix expansion, cell growth and apoptosis10, 22-24. In microvascular cells there is 

increased thickening of the vascular basement membrane, disrupted gap junction 

intercellular communication and increased vascular permeability28.  Prolonged 

exposure to hyperglycemia can induce apoptosis in endothelial cells and 

pericytes leading to hypoxia and subsequent stimulation of angiogenesis.  

Endothelial dysfunction in the macrovasculature is likely activated through the 

same pathways and is accompanied by increased lipid accumulation in the artery 

walls, vascular smooth muscle cell proliferation and migration, and eventually 

apoptosis10, 13, 15. 

 Some studies have also looked at the influence of insulin resistance (IR), 

which can occur in both Type 1 and Type 2 DM, on the number of cardiovascular 

events in the absence of hyperglycemia24.  These studies have consistently 

shown that adipocytes affected by IR have an increased release of free fatty 

acids (FFA) from triglycerides and subsequent increases in FFA oxidation that 

promotes overproduction of superoxide in the ETC23, 24.  The increased amount of 

ROS results in activation of the five pathways (described above) and promotion 

of atherogenesis.  In addition to these pathways, insulin resistance may alter 

microRNA (miRNA) levels that are responsible for endothelial homeostasis, 

vascular repair and angiogenesis10.     
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Figure 1- Potential Unified Molecular Mechanisms of Diabetes Pathogenesis 

 

Increased glucose from hyperglycemia increases ROS production in the 

mitochondria, which subsequently increases activity of PARP in the nucleus.  

Activated PARP can modify and inhibit the activity of GAPDH causing a buildup 

of glycolytic intermediates that can be shunted into other metabolic pathways.  

Increased flux through pathways upstream of GAPDH such as the polyol 

pathway, increased AGEs, increased expression of RAGE, PKC activation and 

the hexosamine pathway are believed to contribute to vascular dysfunction. 
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Adapted from F. Giacco and M. Brownlee (2010) 24 
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1.2.4 Glycemic control and vascular complications 

 Therapeutic interventions aimed at improving vascular outcomes often 

involve normalizing glucose levels through pharmacological medications and/or 

lifestyle modifications29, 30.  Lowering FPG below 7.0mM is associated with a 

significant reduction in microvascular disorders such as retinopathy, neuropathy 

and nephropathy31-33.  The relationship between glucose normalization and 

macrovascular disease does not appear to be as clear since CVD outcomes 

often appear to not improve with glycemic control.  Research from the ACCORD 

study even saw increases in mortality with intensive glucose control treatments31. 

One explanation for why normalizing glucose levels may not be beneficial for 

macrovascular complications is that individuals may still have IR.  Research may 

also need to address IR and its ability to independently activate the same 

pathological mechanisms as chronic hyperglycemia24.  There appears to be non-

resistant insulin signaling pathways, such as the mitogen-activated protein kinase 

(MAPK) cascade, that are amplified with increases in insulin.  Studies have 

shown that this can cause increases in inflammatory markers, enhanced 

expression of adhesion molecules, vascular smooth muscle cell (VSMC) 

proliferation and migration, and formation of prothrombotic factors that contribute 

to the progression of atherosclerosis and CVD34, 35.   

Other studies have shown that early glucose normalization of hyperglycemia 

may improve CVD prognosis, while delaying such treatments until years later 

causes no beneficial results10, 29.  The reason early interventions may be 
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beneficial is that superoxide has had less time to buildup and cause excessive 

oxidative stress on endothelial cells23.  With time, however, superoxide 

production can promote post-translational modifications of histones that result in 

chromatin remodeling and epigenetic changes24. These changes can alter gene 

expression even after glucose normalization and has been shown to upregulate 

PKCβ and a pro-oxidant enzyme, NADPH oxidase 36, 37.  Researchers have 

termed this ability of the artery wall to remember hyperglycemic stresses, 

“hyperglycemic memory.”  This demonstrates the increasingly complex 

relationship between atherosclerosis and hyperglycemia.   

 

1.3 MACRO- AND MICROVASCULAR DISEASE MECHANSIMS  

 While both macrovascular and microvascular diseases may be influenced 

by the different molecular pathways that were previously described, the ways by 

which they respond to signals from these pathways differ.  These pathways 

promote atherogenesis in large arteries while they promote aberrant 

angiogenesis in smaller blood vessels20.   

 The structure and function of the vessels appears to play a role in the 

different regulatory mechanisms of these vascular beds38.  The macrovascular 

system is composed of large muscular arteries, including the aorta, coronary 

arteries and carotid arteries.  The walls of large arteries consist of three distinct 

layers called the tunica intima, tunica media and tunica adventitia or more simply 

intima, media and adventitia39.  The intimal layer, which is the closest layer to the 
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vessel lumen, consists of a layer of endothelial cells and subendothelial 

connective tissue, and is typically separated from the media by an internal elastic 

lamina40.  The middle layer of the artery is the media and contains of layers of 

VSMCs that are surrounded by elastic fibers39.  The outer layer, the adventitia, is 

separated from the media by an external elastic lamina and is mainly composed 

of connective tissue including collagen and elastin, adipocytes and fibroblasts41.  

Autonomic nerves, lymphatic vessels and blood vessels known as the vasa 

vasorum also permeate the adventitia of large arteries.  The major function of 

macrovascular arteries is to delivery blood to peripheral tissues and organs and 

to withstand changes in pressure during each heart contraction38.  

 The microvascular circulation consists of smaller blood vessels including 

arterioles, capillaries and venules38.  Some of the larger arterioles and venules 

also have the three distinct layers of the intima, media and adventitia.  As the 

blood vessels continue to get progressively smaller the arterioles, capillaries and 

venules may only consist of endothelial cells, a basement membrane and may be 

stabilized by pericytes42, 43.  Vessels of the microvasculature are required to 

regulate nutrient delivery, blood pressure, organ perfusion, vasomotion, and must 

be able to respond to metabolic demands of local tissues38. 

  

1.3.1 Atherosclerosis  

 As mentioned previously, atherosclerosis is a major underlying cause of 

CVD, which includes coronary artery disease (CAD), cerebrovascular disease 
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and peripheral artery disease (PAD) 11.  Atherosclerosis is typically characterized 

as an inflammatory disease of large muscular arteries that results in lipid 

accumulation in the artery walls (Figure 2)44.  

The process of atherosclerosis is influenced by genetic, environmental and 

metabolic factors, but is thought to be triggered as a response to endothelial 

injury in areas of disrupted flow44-46.  The injury causes endothelial dysfunction 

and a variety of compensatory events.  Monocytes and T cells are recruited to the 

vessel wall due to increased secretion of cytokines and growth factors, as well as 

enhanced expression of vascular adhesion molecules, such as vascular cell 

adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), P-

selectin and E-selectin, on the endothelial cell surface44, 45.  The endothelium also 

becomes more permeable to infiltration of lipoproteins, monocytes and T-cells 

into the intima.  Once in the subendothelial portion of the intima, low-density 

lipoproteins (LDL) molecules can become modified through oxidiation and 

retained in the vessel wall.  Monocytes differentiate into macrophages and are 

activated by cytokines, pathogen-associated molecular patterns (PAMPs) and 

damage-associated molecular patterns (DAMPs).  The activated macrophages 

express scavenger receptors that can attach to and engulf the LDL and oxidized 

LDL particles. Lipid engorged macrophages are called foam cells.  As foam cells 

accumulate in the vessel wall, a fatty streak is formed.  Fatty streaks are not 

considered pathological atherosclerosis, but if the process is not resolved through 
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efflux of macrophage foam cells out of the vessel wall or alleviation of vessel wall 

perturbation, then the lesion may become more advanced44.   

Lesion development progresses as cytokines are secreted from foam cells 

and T cells to promote VSMC proliferation and migration from the medial layer to 

the intima44.  VSMC are also able to take up some of the LDL particles and 

secrete elastin, collagen and proteoglycans that stabilize the vessel wall by 

forming a fibrous cap.  As the lesion continues to become more advanced, 

activated endothelial cells and macrophages as well as the accumulating foam 

cells are able to secrete inflammatory cytokines that attract more monocytes to 

the vessel wall and secrete proteolytic enzymes45.  These enzymes include 

matrix metalloproteinases (MMPs) and cathepsins that can degrade the fibrous 

cap causing the plaque to become less stable and more prone to rupture.  

Increasing amounts of intracellular cholesterol are cytotoxic to foam cells and 

VSMCs that are taking in these particles47.  This may cause these cells to 

undergo apoptosis and begin to foam a necrotic core that can also contribute to 

plaque instability44, 45, 47.  While the plaque may begin to intrude into the lumen, it 

is usually plaque rupture and not vessel occlusion that triggers CVD events such 

as MI or stroke.  When the plaque ruptures, circulatory proteins are exposed to 

the prothrombotic factors in the vessel wall and the coagulation cascade is 

triggered to form a thrombus.  If an artery is occluded by the thrombus or an 

embolism, then this may block blood flow to the tissue and cause cell death.  
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Figure 2- Progression of Atherosclerosis  

 

Atherosclerosis is triggered by endothelial injury causing the cells to become 

more permeable to LDL particles that can be modified and retained in the intima.  

Endothelial dysfunction increases secretion of cytokines and expression of 

adhesion molecules to recruit monocytes to the vessel wall that can then 

transmigrate into the intimal layer.  Monocytes differentiate into macrophages that 

express scavenger receptors that can take up the modified LDL particles and 

become foam cells.  VSMCs from the media proliferate and migrate into the 

intimal layer to help stabilize the plaque by forming a fibrous cap.  Secretion of 

MMPs from foam cells contributes to unstable plaques since there is degradation 

of the fibrous cap.  Atherosclerotic plaques may also become unstable from 

increased apoptosis of macrophages and VSMCs causing formation of a necrotic 

core.  If the plaque ruptures, then a thrombus is formed and a cardiovascular 

event may occur.  
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Adapted from A. D’Souza et al. (2009) 22 
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1.3.2 Atherosclerosis and Diabetes 

 Diabetes is a major risk factor for CVD as diabetes is associated with 

accelerated atherosclerosis10, 48, 49.  Hyperglycemia promotes endothelial injury 

by reducing NO bioavailability that may prevent vessel injury and cause local 

vasodilation as well as by increasing ROS production that can activate 

endothelial cells.  This imbalance of endothelial function is associated with 

increases in inflammation, nuclear factor κB (NFκB) activation and recruitment of 

immune cells that promote accelerated plaque growth. The atherosclerotic 

plaques also have increased VSMC death and secretion of MMPs that contribute 

to degradation of the fibrous cap and an unstable plaque that is more 

predisposed to rupture22.  

 In addition to these findings, recent research has suggested that the 

microvasculature may play a role in promoting diabetes-accelerated 

atherosclerosis, specifically through changes in angiogenesis of the vasa 

vasorum8, 50.  

 

1.3.3 Hypoxia-mediated Angiogenesis 

 The role of the microvasculature is to regulate blood pressure, vasomotion 

and provide tissues with nutrients and oxygen to meet metabolic demands of the 

tissue38.  If there is insufficient oxygen to meet the metabolic tissue needs then 

additional blood vessels must develop and remodel via one of three mechanisms.  

New blood vessel formation from de novo endothelial cell production is called 
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vasculogenesis51.  While vasculogenesis is mainly thought to occur during 

embryogenesis, it has been observed that tumour growth, trauma and 

endometriosis may stimulate circulating endothelial progenitor cells (EPCs) to 

form into mature endothelial cells52, 53.  Arteriogenesis is the remodeling of an 

existing artery in order to increase lumen diameter while sprouting of new blood 

vessels from preexisting blood vessels is known as angiogenesis51, 54. When 

there is insufficient oxygen in a local area, hypoxia-mediated angiogenesis 

occurs in order to link vascular oxygen supply to metabolic demands.  In DM, 

however, there appears to be disruption in one or more pathways that link 

hypoxia and angiogenesis, and this contributes of microvascular disease 

pathology55.  

 

1.3.4 Regulatory Mechanisms of Hypoxia  

Under normal physiological conditions, adaptive responses to meet metabolic 

demands caused by hypoxia and ischemia are mediated by hypoxia-inducible 

factor (HIF), a α,β-heterodimeric transcription factor (Figure 3)56, 57.  HIF-β exists 

in a variety of isoforms including HIF-1β, which is a constitutive nuclear protein 

also referred to as aryl hydrocarbon nuclear translocator (ARNT).  HIF-α is 

regulated by hypoxia and found in 3 isoforms; HIF-1α, HIF-2α and HIF-3α.  HIF-

1α and HIF-2α appear to be the most closely related of the 3 isoforms as they are 

both degraded by the same mechanism, and are able to interact with HIF-1β and 

bind to hypoxia response elements (HREs) on DNA.  HIF-3α, on the other hand, 
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appears to have an influence in the negative regulation of this response56, 58.  

HIF-1α is expressed ubiquitously and found in the cytoplasm where it can be 

stabilized in hypoxic conditions and translocated to the nucleus57, 59.  HIF-2α, on 

the other hand, appears to be present during embryonic development, but is 

restricted to certain organs during adulthood58, 60.  The presence of HIF-2α has 

been seen in the heart, brain, pancreas, liver, kidney and intestines of rats 

exposed to hypoxia61. 

Under normoxic conditions, two prolyl residues (P402 and P564 in humans) in 

the oxygen-dependent degradation domain (ODDD) of HIF-1α undergo 

posttranslational hydroxylation by HIF hydroxylases56-59.  Prolyl hydroxylase 

domain-containing (PHD 1-3) enzymes are members of the Fe(II)- and 2-

oxoglutarate-dependent oxygenases superfamily that act as HIF hydroxylases 

and use dioxygen as a cosubstrate57.  PHD2 appears to have the highest activity 

with HIF-1α and is located predominantly in the cytoplasm along with PHD3, 

whereas PHD1 is primarily in the nucleus56-58.  The von Hippel Lindau tumour 

suppressor protein (VHL) E3 ubiquitin ligase complex then targets the 

hydroxylated HIF-1α for ubiquitination and proteasomal destruction.  

Along with oxidative modification of the ODDD, there is an asparaginyl 

residue (N803) in the C-terminal transactivation domain that can be hydroxylated 

by factor inhibiting HIF-1 (FIH-1) 56, 57.  This HIF hydroxylase uses dioxygen as a 

cosubstrate to attach a hydroxyl group to the asparaginyl residue that blocks 

binding of cofactor p300 to HIF-1α resulting in no transcription.  Studies have 
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shown that both FIH-1 and the PHD enzymes have similar kinetics and binding 

affinities for oxygen making them effective at sensing oxygen under physiological 

conditions60.   

Under hypoxic conditions, HIF hydroxylase activity is suppressed by the lack 

of oxygen as a cosubstrate resulting in HIF-1α stabilization56, 57.  HIF-1α is able to 

translocate to the nucleus where it forms a heterodimer with HIF-1β.  Binding of 

cofactors such as p300 and CBP to HIF-1α/β allows the HIF complex to interact 

with HREs and induce the transcription of vascular endothelial growth factor 

(VEGF), erythropoietin (EPO), transferrin and other factors62. 

It is important to note that normoxia and hypoxia are relative terms and should 

be defined during each study58.  Physiological levels of oxygen in the body range 

from about 14% O2 (100 mmHg) in arterial blood to about 6% O2 (40 mmHg) in 

venous blood with the partial pressure of oxygen varying between organs and 

even within a tissue.  In cell culture experiments, however, normoxic conditions 

are often cells left in 95% air and 5% carbon dioxide meaning that the cells are 

exposed to high concentrations of oxygen at about 20% O2.  There is also a 

range of levels at which HIF-1α may be stabilized and considered hypoxic.  HeLa 

cells exposed to oxygen concentrations less than 6% have shown dramatic 

increases in HIF-1α levels with optimal increases at 0.5% O2 
63.  
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Figure 3- HIF-1α regulation  

 

Under normoxic conditions (top), HIF-1α can be modified by A. PHD enzymes 

that attach hydroxyl groups to prolyl residues.  The VHL complex can then target 

the HIF-1α molecule for ubiquitination and subsequent degradation by 

proteasomes. HIF-1α can also be modified by B. FIH-1 that attaches a hydroxyl 

group to an asparaginyl residue that blocks HIF-1α interaction with cofactors, 

CBP and p300, to inhibit transcription.  Under hypoxic conditions (bottom), the 

HIF hydroxylases can no longer use oxygen as a cosubstrate to modify HIF-1α.  

HIF-1α and HIF-1β can then form a heterodimer and bind with cofactors that 

interact with HREs on promoter regions of DNA to promote transcription.  
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Adapted from L.A. Shimoda and S.S. Laurie (2013) 60 
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1.3.5 Vascular Endothelial Growth Factor Physiology  

VEGF is a key protein for oxygen homeostasis as it regulates 

angiogenesis by stimulating endothelial cell proliferation, permeability, migration 

and survival, as well as vasodilation through NO production64, 65.  There are six 

proteins encoded by the VEGF gene family including VEFG A, B, C, D, E and 

placenta growth factor (PlGF) as well as different possible isoforms of each 

protein66.  VEGF-A is the most abundant and regulates endothelial and vascular 

function64.  VEGF-B appears to be involved in coronary artery development while 

VEGF-C and –D are considered lymphangiogenic cytokines that, under 

appropriate conditions, may be able to increase vascular permeability and 

angiogenesis67, 68.  VEGF-E is a related viral protein and PlGF is often expressed 

in cases of pathological angiogenesis69, 70.  Each of these VEGF family proteins 

can interact with three VEFG receptors (VEGFR), namely, VEGFR-1 (flt-1), 

VEGFR-2 (kdr/flk-1), and VEFGR-3 (flt-4), and each receptor possess tyrosine 

kinase activity65, 66.  Neuropilin-1 (Nrp-1) and -2 (Nrp-2) are two additional non-

kinase receptors that have been shown to bind with VEGF proteins69.  

 Since VEGF-A appears to play the most prominent role in angiogenesis, 

research has focused primarily on this VEGF family gene protein69.  Human 

VEGF-A isoforms consist of 121, 145, 165, 189 and 209 amino acids that are 

caused by alternative splicing after transcription.  VEGF-A165 is the most highly 

expressed isoform of VEGF-A in most tissues as well as under pathological 

conditions.  Variations in the splicing of VEGF-A165 at exon 8 cause two isoforms 
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to be produced; a proangiogenic form, VEGF-A165a, and an antiangiogenic form, 

VEGF-A165b71, 72
.  VEGF-A165 exerts most of its effects through VEGFR-2, but can 

also bind to VEGFR-1 although its function is not as clear.  One hypothesis is that 

VEGFR-1 may modulate VEGFR-2 function by acting as a decoy65, 73.  Other 

studies have seen that VEGFR-1 may be able to induce formation of MMPs and 

growth factors and may also play a role in haematopoiesis.  

 

1.4 DISRUPTION OF ANGIOGENSIS IN DIABETES 

1.4.1 Angiogenic Paradox  

Aberrant angiogenesis of microvascular beds results in a variety of DM 

pathologies.  Diabetic retinopathy and nephropathy involve enhanced 

angiogenesis while impaired wound healing, impaired collateral vessel formation 

and transplant rejection are characteristics of deficient angiogenesis55.  These 

differences in angiogenesis are referred to as the “angiogenic paradox” 55, 65.  

Diabetic neuropathies are the result of reduced blood flow and may improve with 

increased angiogenesis55.  Pharmacological therapies are exploring 

proangiogenic factors that may be able to improve diabetic microvasculature 

complications, but it is unknown if these treatments can target certain tissues to 

avoid potentially exacerbating retinopathies and nephropathies.  
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1.4.2 Methylglyoxal modification  

 The regulation of oxygen homeostasis is disrupted in DM and appears to 

have an effect on VEGF transcription74.  The mitochondrial ETC appears to 

overproduce superoxide in hyperglycemic conditions that leads to the generation 

of intracellular hydroxyl radicals22-24.  As mentioned previously, these free 

radicals assist in the formation of accumulating glycolytic metabolites in the cell 

that cause a large portion of diabetic complications.  Methylglyoxal is one of the 

glycolytic metabolites produced by high glucose conditions and is a substrate for 

the enzyme glyoxalase 1 (GLO1).  Hyperglycemia has also been shown to 

increase free iron, which can catalyze the formation of ROS and lead to excess 

methylglyoxal accumulation74, 75.  Methylglyoxal has been observed to react with 

arginine and lysine residues and change protein expression75.  

The coactivator p300 has a cysteine/histidine rich (CH1) region that binds 

to HIF-1α74.  The CH1 region has a specific arginine residue (R354) that may be 

covalently modified by high-glucose induced methylglyoxal resulting in decreased 

binding of p300 to HIF-1α and impaired transcription of VEGF.  HIF-1α may also 

be modified to form HIF-1α-methylglyoxal adducts, which decreases HIF-1α 

stability and impairs heterodimerization of HIF-1α to HIF-1β76.  This impairment 

leads to decreases in DNA binding even when the HIF-1α to p300 binding is not 

impaired.  

Overexpression of the rate-limiting enzyme of methylglyoxal catabolism, 

GLO1, has been shown to prevent methylglyoxal modification of p300 and 
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reverse the decreased interaction of HIF-1α with p30074.  These findings may 

suggest a novel therapeutic approach to increasing angiogenesis.  The iron 

chelator, deferoxamine (DFO), has also shown promising results by increasing 

HIF-1α stability and transactivation56, 57, 74, 77.  DFO may normalize the 

association between HIF-1α and p300, by decreasing ROS generation and 

subsequent methylglyoxal modification.  In diabetic mice, administration of DFO 

has been shown to improve wound healing74.  

 

1.4.3 Vascular Endothelial Growth Factor Resistance 

 Generation of ROS from high glucose concentrations may also influence 

the VEGFR availability/activities 12, 78.  In DM, generation of ROS promotes 

ligand- and intrinsic kinase-independent VEGFR2 phosphorylation in the Golgi 

compartment, which leads to less availability of VEGFR2 at the cell surface12, 78.  

In diabetic mouse models, endothelial cell responses to exogenous VEGF were 

inhibited due to the reduced VEGFR2 receptors12.  There were no apparent 

changes in transcript abundance, suggesting that hyperglycemia can cause 

“VEGF resistance” and influence angiogenesis due to oxidative stress.  

 

1.4.4 Vascular Endothelial Growth Factor mRNA splicing  

A study published in 2014 examined why diabetic patients with PAD 

experience limb ischemia and potentially limb amputation from impaired 

angiogenesis while having increased levels of circulating VEGF-A72.  
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Researchers found that levels of antiangiogenic VEGF-A165b were elevated in 

patients with PAD while proangiogenic VEGF-A165a levels were decreased.  

Using a murine model of hind limb ischemia, researchers found that an increased 

level of a pro-inflammatory protein, Wnt5a, was associated with impaired limb 

revascularization71, 72.  These researchers also observed impaired angiogenesis 

in mice lacking Sfrp5, an anti-inflammatory protein that can inhibit Wnt5a 

signaling.  When neutralizing antibodies for VEGF-A165b were given to the mice 

lacking Sfrp5, limb revascularization was rescued.  Next researchers utilized 

macrophages to further explore the mechanism by which Wnt5a may promote the 

formation of VEGF-A165b.  Results showed that Wnt5a signaled the c-Jun N-

terminal kinase (JNK) pathway through the Ror2 receptor and this lead to 

upregulation of the splicing factor SC35.  SC35 is able to splice VEGF-A165 

mRNA and promote the production of VEGF-A165b isoform instead of the 

angiogenic form, VEGF-A165a. 

 While methylglyoxal modification, VEGF resistance and alternative splicing 

of VEGF-A mRNA all present valid mechanisms by which hyperglycemia may 

influence diabetic microangiopathies, other mechanisms may influence post-

translational modification of VEGF-A that have yet to be researched79-81.   

 

1.4.5 Enhanced Angiogenesis  

 Excess angiogenesis may be the result of upregulation of fibroblast growth 

factor (FGF), integrins and fibronectin, protein modification by AGE glycosylation, 



	
  

	
   28	
  

sorbitol accumulation and/or metabolic abnormalities such as increased lipolysis 

and ketone formation55, 82-85.  These processes are able to stimulate proliferation 

and migration of endothelial cells, increase tissue hypoxia to stimulate 

angiogenesis, and/or alter expression of basement membrane-degrading MMPs.  

Some studies have also attributed excessive angiogenesis in the retina and 

kidney to increases in VEGF concentrations86-89.  The potential increases in 

VEGF in some tissues beds and decreases in others demonstrate the perplexing 

and complex nature of angiogenic paradox.   

Some researchers have suggested that hypercholesterolemia may trigger 

the angiogenic phenotype90, 91.  Animals, such as pigs and mice, put on diets to 

induce hypercholesterolemia have demonstrated increased adventitial vasa 

vasorum density92, 93.  Elevated cholesterol levels may be able to activate growth 

factor receptors or increase inflammatory markers that may contribute to enhance 

angiogenesis90-92.  Lowering cholesterol with the use of statins has also been 

associated with less adventitial angiogenesis, although it is unclear whether this 

is a result of lipid lowering or an effect of the drug90, 93. 

 

1.5 VASA VASORUM  

1.5.1 Structure and Function 

The vasa vasorum is a microvascular network that originates from various 

arteries including the coronary, brachiocephalic and intercostal arteries94.  The 

vasa vasorum consists of arterioles, capillaries and venules.  It functions to 
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supply oxygen and nutrients to large muscular arteries and is located primarily in 

the outer layer of the arterial wall, the tunica adventitia.  This vascular network 

can also be found in tunica intima (inner layer of the arterial wall) and tunica 

media (middle layer of the arterial wall) in humans and large mammals.   

Mice have significantly thinner arterial walls, but still have the presence of the 

vasa vasorum to assist with nutrient and oxygen diffusion95.  A key difference of 

the vasa vasorum from humans is that mice have no or few vessels in the media 

even with plaque growth.  The murine vasa vasorum does expand during plaque 

formation thereby making the mouse model useful for studying vasa vasorum 

neovascularization94.   

The influence of vasa vasorum dysfunction on large blood vessel structure 

and function has been examined extensively over the past few decades due to its 

role in vessel wall maintenance96.  It is important to note that some researchers 

choose to separate physiological and pathological vasa vasorum 

neovascularization by terming vessels in the lesion area the vasa plaquorum97.   

 

1.5.2 Vasa Vasorum Neovascularization and Atherosclerosis 

 The connection between vasa vasorum neovascularization and the 

progression of atherosclerosis was examined by Barger in 1984 98.  In this study, 

human coronary arteries were examined and it was found that the adventitial 

vasa vasorum extended into the media and intima layers of diseased human 

vessels.  Later studies examined apolipoprotein-E deficient (ApoE-/-) mice and 
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determined that there is a correlation between atherosclerotic plaque growth and 

vasa vasorum neovascularization95, 99.  Plaque size was reduced in mice after 

inhibition of angiogenesis and this may mean the vasa vasorum 

neovascularization is required to sustain plaque size99-101.   

 Vasa vasorum neovascularization appears to be initiated by hypoxia 

and/or inflammatory cells56, 102.  Normally the vasa vasorum is present in arteries 

that have a wall thickness of 150 µm or greater103.  As atherosclerotic plaque 

grows, the distance between the lumen and tissue increases, forming a hypoxic 

environment.  This stimulates HIFs to begin angiogenesis through the synthesis 

and release of VEGF56.  VEGF expression may also be triggered by proteases 

released by inflammatory cells102. 

 The role of vasa vasorum neovascularization as it applies to the 

development of atherosclerosis is still unknown.  Initially, neovascularization may 

lead to plaque stability due to the increase in oxygen and nutrients reaching the 

lesion as well increased area for cholesterol efflux from the tissue102, 104.  

Impaired angiogenesis may promote endothelial dysfunction as levels of VEGF 

are typically reduced and do not provide a signal for endothelial cell survival.  The 

atherosclerotic lesions also become more hypoxic and studies have shown that 

macrophages colocalize to these areas102, 105.  This can result in increased cell 

death that contributes to larger necrotic cores and unstable plaques.  

There appears to be a balance to the amount of angiogenesis that is 

beneficial as increasing hypoxia and inflammation may trigger pathological 
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neovascularization22, 102, 106.  The vasa vasorum expansion may allow for 

increased infiltration of monocytes, T cells and LDL molecules that are then 

retained in the vessel wall107.  Enhanced angiogenesis may also result in 

immature microvessels that are leaky and lead to intraplaque hemorrhage that 

weaken the plaque90, 107, 108.  Studies using non-invasive imaging such as 

contrast-enhanced ultrasound, nuclear imaging and magnetic resonance imaging 

are even looking to see if increases vasa vasorum microvessels can predict 

plaque vulnerability109.   
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Figure 4- Vasa Vasorum and Atherosclerosis 

 

The microvascular network of the vasa vasorum (top) can supply oxygen and 

nutrients to the walls of large muscular arteries.  There is a correlation between 

atherosclerosis growth and vasa vasorum neovascularization (bottom) in non-

diabetic models. 
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Adapted from B. Doyle and N. Caplice (2007) 106 
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1.5.3 Vasa Vasorum Neovascularization and Diabetes 

 In 2013, Veerman et al. demonstrated hyperglycemic ApoE-/- mice had 

impaired neovascularization of the vasa vasorum, compared to normoglycemic 

controls, even though these mice had accelerated atherosclerosis8.  Until this 

time, there was limited known research on the effects of DM on vasa vasorum 

expansion. 

The mice were made hyperglycemic with streptozotocin (STZ) injections 

and a subgroup was given slow-release insulin pellets.  At 15 weeks of age, the 

hyperglycemic mice had a larger lesion volume and necrotic content, but fewer 

vasa vasorum vessels at the aortic sinus compared to normoglycemic.  The STZ 

mice injected with insulin had less plaque formation than the hyperglycemic mice 

and appeared to have more vasa vasorum density, but did not show significance.  

The levels of HIF1α proteins, endoglin, VEGF-A and its receptor, VEGFR-2, were 

analyzed.  While the hyperglycemic mice had increased staining of HIF-1α and 

endoglin, there was decreased staining of VEGF-A and VEGFR2.  This suggests 

that while the lesions are hypoxic, there is impaired angiogenesis.  

 Later that same year, a study was released that used contrast-enhanced 

ultrasound imaging to examine the vasa vasorum density in the carotid arteries of 

patients with T2DM with and without retinopathies110.  They found that individuals 

with DM had an increased vasa vasorum signal than healthy controls.  In 

addition, the individuals with T2DM with retinopathies had an increased signal 

compared to those who have T2DM without retinopathy.  More research is 
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needed, however, to i) reproduce and confirm these findings, ii) examine the vasa 

vasorum in other arteries and iii) to improve this ultrasound method since 

criticisms were raised in this study about the influence of pseudo-enhancement 

on the findings111.  
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2.0 RATIONALE, HYPOTHESIS AND RESEARCH OBJECTIVES 

 

2.1 RATIONALE 

 While macrovascular and microvascular complications of DM were 

traditionally categorized as distinct pathological consequences of the disease, 

increasing research suggests that these vascular beds are more closely related11, 

16-21.  Studies have shown that a common molecular pathway may trigger 

vascular abnormalities in response to conditions of chronic hyperglycemia10, 15, 22-

24.  In addition to this mechanism, it has been hypothesized that the 

microvasculature may have direct effects on cardiovascular outcomes specifically 

through changes in vasa vasorum angiogenesis8, 20, 21, 110, 111.  While research 

has shown that increases in atherosclerosis correlate to increases in vasa 

vasorum neovascularization in non-diabetic models, there is limited research 

showing the effects of hyperglycemia on this microvascular bed.  Previous 

research from our lab, demonstrated that chemically induced hyperglycemic mice 

had impaired neovascularization at the aortic sinus that correlated to increases in 

atherosclerosis at 15 weeks of age8.  These mice showed increased levels of 

hypoxia in the atherosclerotic plaques yet decreased levels of angiogenesis that 

were normalized with treatment of insulin.  While there appears to be impairment 

in hypoxia-mediated angiogenesis of the vasa vasorum, the molecular 

mechanism for this is still unknown.  Long-term effects of hyperglycemia on the 

vasa vasorum have also been yet to be determined. 
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2.2 HYPOTHESIS 

We hypothesis that hyperglycemia has disruptive effects on the vasa 

vasorum that contribute to the accelerated development and progression of 

atherosclerosis seen in DM.  We believe that the macrovascular complications 

seen in DM are a result of microvascular dysfunction.   

 

2.3 RESEARCH OBJECTIVES 

Utilizing two mouse models of diabetes, cell culture experiments and samples of 

human coronary arteries, our research objectives are:  

1. To assess the long-term effects of chronic hyperglycemia on 

neovascularization of the vasa vasorum in a chemically induced mouse 

model of diabetes and correlate this information to atherosclerosis 

progression.  

2. To examine a genetically-induced diabetic mouse model, quantify the 

effects of hyperglycemic on the vasa vasorum density and correlate this 

data to the progression of atherosclerosis. 

3. To investigate the molecular mechanisms by which hyperglycemia may 

impair angiogenesis. 

4. To examine vasa vasorum density in coronary artery samples from 

humans with and without diabetes.  
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3.0 METHODOLOGY 

 

3.1 ANIMAL MODELS 

3.1.1 Animals and diets 

 Female ApoE-/- mice (C57BL/6J genetic background) were purchased from 

Jackson Laboratory.  Male ApoE+/+ Ins2+/Akita mice were also purchased from 

Jackson Laboratory and breed to produce ApoE-/- Ins2+/Akita mice as previously 

described112.  All mice were maintained on a standard chow diet (2018 Teklad 

Global 18% protein rodent diet) purchased from Harlan Laboratories and had free 

access to water.  All animal procedures were approved by the McMaster Animal 

Research Ethics Board. 

 

3.1.2 Female STZ-injected ApoE -/- mice  

Female ApoE-/- mice were randomized into two treatment groups at five 

weeks of age.  Over the course of three weeks, one treatment group (n=75) was 

administered two rounds of low-dose STZ injections (40 mg/kg) to induce 

hyperglycemia.  The second treatment group (n= 54) was used as a control and 

given two sets of citrate buffer injections over the same time period.  Body weight 

and FBG levels were measured at 4, 8, 12, 16, 20, 25, 30, 35 and 40 weeks of 

age or until harvested.  Mice were sacrificed at 25, 30 or 40 weeks of age (n=7-9 

per group), and plasma and tissue samples were collected.  The mice were 
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flushed with 1xPBS before perfusion fixation with 10% neutral buffered formalin.  

Liver and adipose weights were also measured post-mortem.   

 

3.1.3 Female ApoE-/- Ins2+/Akita mice 

Female ApoE-/- mice and ApoE-/- Ins2+/Akita mice were harvested at 5, 10 or 15 

weeks of age (n=7-10 per group) with fasting blood glucose (FBG) and body 

weight being measured just prior to sacrifice.  Blood was collected for plasma 

analysis before mice were flushed with 1xPBS and perfusion-fixed with 10% 

neutral buffered formalin.  Various tissue samples were then collected. 

 

3.2 PLASMA ANALYSIS  

 FBG levels were determined in hyperglycemic and normoglycemic mice 

using a glucometer (LifeScan).  Fasting plasma triglyceride and total cholesterol 

were measured in female STZ-injected ApoE-/- and ApoE-/- mice at 25, 30 and 40 

weeks of age using colourimetric assays (Thermo Scientific).  

 

3.3 TISSUE COLLECTION AND PROCESSING 

3.3.1 Mouse samples 

The tissue collection procedure for all groups (ApoE-/-, ApoE-/- Ins2+/Akita 

and ApoE-/- STZ-injected mice) was the same.  Blood and liver samples were 

collected and stored in a -80oC freezer.  Mesenteric adipose tissue was collected 

and weighed.  Various other tissues were harvested and preserved at room 
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temperature in neutral buffered 10% formalin solution (Sigma-Aldrich) including 

the heart, aorta, small intestine, spleen, kidneys, muscle, lungs, eyes and brain. 

To isolate the aortic sinus, the heart is cut transversely across the base of 

the left and right atrium and the ascending aorta is cut from the rest of the aorta 

before the innominate artery.  This superior aspect of the heart is then processed 

and set in paraffin blocks for sectioning.  Other organs, such as the kidneys, liver 

and lungs were also processed and put into paraffin blocks. 

The paraffin blocks containing the aortic sinus and ascending aorta are cut 

transversely into thin slices (4.5 µm for mice 5 to 15 weeks of age, and 5 µm for 

mice 25 to 40 weeks of age) using a microtome (Leica RM2265).  The heart is 

rotated to find the three valve leaflets to allow for more consistent orientation of 

the aortic sinus before serial sections are collected onto microscope slides for 

subsequent staining.   

 

3.3.2 Human Samples 

 Left anterior descending coronary arteries from deceased diabetic and 

non-diabetic patients were collected from Hamilton General Hospital and 

sectioned in paraffin for future immunofluorescent staining.  Researchers were 

blinded to HbA1C levels of the patients during analysis. The McMaster Research 

Ethics Board pre-approved the collection and analyses of these tissues.  
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3.4 HISTOLOGY AND IMMUNOFLUORESCENCE 

 Prior to any histochemical and immunofluorescent staining, all slides were 

processed by first heat fixing the samples.  To remove the paraffin, samples were 

placed in xylene then rehydrated in serial concentrations of ethanol.  

 Immunofluorescent staining of all aortic samples was conducted using 

antigen unmasking solution (H-3300; Vector Laboratories) and goat serum 

(Vector Laboratories) to block prior to incubation with primary antibodies 

overnight at 4oC.  Secondary antibodies for goat anti-rabbit IgG and goat anti-

mouse IgG were tagged with AlexaFluor 488 or AlexaFluor 594 (Invitrogen) and 

nuclei were visualized with a DAPI stain (Invitrogen).  To control for non-specific 

staining, IgG controls were used for all fluorescent staining. 

	
  

3.5 AORTIC LESION ANALYSIS 

To analyze atherosclerotic lesions in the aortic sinus and ascending aorta, 

samples were stained with Harris Hematoxylin and Eosin (H & E) stain (Sigma-

Aldrich), according to manufacturer’s instructions.  Stained slides were analyzed 

under a light microscope (Olympus BX41) and images captured by an Olympus 

DP71 camera.  The cross-sectional area of the lesion was measured at the aortic 

sinus every 45	
  µm in 5 to 15 week old mice and every 50 µm in 25 to 40 week old 

mice until lesions were no longer present.  Measurements were conducted using 

ImageJ software.  This data was put into a graph to see any differences in lesion 

size along the length of the aorta.  An approximate volume was calculated by 
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using the area under the curve.  Necrotic core content was calculated by 

measuring acellular area. 

The atherosclerotic lesions of 25 to 40 weeks old ApoE-/- and ApoE-/- STZ-

injected mice were also stained with Masson’s Trichrome stain (Sigma-Aldrich), 

according to manufacturer’s instructions.  This allowed for some morphological 

qualification of the lesions as cell nuclei are stained black, collagen is stained 

blue and muscle and cytoplasm are stained a pinkish-red.  The lesion area, 

volume and necrotic content can then be quantified with the same techniques 

used previously. 

 

3.6 VASA VASORUM QUANTIFICATION 

To visualize the vasa vasorum, samples were stained with primary 

antibodies for polyclonal rabbit anti-human von Willebrand Factor (vWF) (DAKO), 

secondary antibodies for goat anti-rabbit IgG with AlexaFluor 488 and 

counterstained with DAPI.  A fluorescent microscope (Olympus BX41) was used 

and images were captured by an Olympus DP72 camera.  

Quantification of vasa vasorum vessels occurred at 40 times 

magnification.   To be considered for quantification of vasa vasorum density, 

vessels had to 1) have the presence of the vWF stain around the entire vessel, 2) 

have the presence of the DAPI stain around the vessel, 3) have a luminal 

opening, and 4) be less than 50 µm in diameter.  
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Human coronary arteries were also stained with vWF antibodies and 

imaged using a fluorescent microscope (Nikon Eclipse Ti).  The number of vasa 

vasorum microvessels was analyzed using NIS element software.  The criteria for 

inclusion of microvessels to be counted as vasa vasorum was 1) have the 

presence of the vWF stain around the entire vessel, 2) have a luminal opening, 3) 

be less than 200 µm in diameter and 4) vessels were in the intima, media or 

adventitial layers.  

 

3.7 ANALYSIS OF HYPOXIA AND ANGIOGENESIS  

 To assess the amount of hypoxia in the lesion at the aortic sinus, samples 

were stained with primary antibodies for monoclonal mouse anti-mouse HIF-1α 

(Novus Biologicals), secondary antibodies for goat anti-mouse IgG with 

AlexaFluor 488 and counterstained with DAPI.  To analyze angiogenesis in 

lesions at the aortic sinus, samples were stained with either polyclonal rabbit anti-

mouse VEGF-A (Santa Cruz Biotechnology), secondary antibodies for goat anti-

rabbit IgG with AlexaFluor 594, counterstained with DAPI or monoclonal rabbit 

anti-rabbit VEGFR-2 (Cell Signaling), secondary antibodies for goat anti-mouse 

IgG with AlexaFluor 488 and counterstained with DAPI.  A fluorescent 

microscope (Olympus BX41) was used and images were captured by an 

Olympus DP72 camera. 

Fluorescent images of HIF-1α, VEGF-A and VEGFR-2 were analyzed 

using ImageJ software.  To quantify the stained area, non-specific staining was 



	
  

	
   44	
  

subtracted from the picture using an IgG control slide for each type of stain, 

stained area was measured and normalized to total lesion area of that section. 

 

3.8 CELL CULTURE PROCEDURES 

 Human THP-1 monocytes from American Type Culture Collection were 

cultured in RPMI 1640 media (Life Technologies) supplemented with 10% fetal 

bovine serum and antibiotics, and containing 11.1 mM glucose.  To differentiate 

THP-1 monocytes into macrophages, cells were cultured for 72 hours with 100nM 

PMA.  Human aortic smooth muscle cells (HASMCs) (Cascade Biologicals Inc.) 

were grown in 231 media (Life Technologies) supplemented with smooth muscle 

cell growth supplement and antibiotics, and containing 4.6 mM glucose.  Both 

THP-1 macrophages and HASMCs were either treated with an additional 30 mM 

glucose or untreated for 20 hours at 37oC under normoxic conditions (5% carbon 

dioxide, 95% atmospheric air).  The media was then removed and cells either 

treated with 30mM glucose or untreated and cultured at 37oC under hypoxic (1% 

oxygen, 5% carbon dioxide, 94% nitrogen) conditions using a hypoxic chamber 

(Coy Laboratory Products) and specialized gas tank ordered to the previous 

percentages, or normoxic conditions for 24 hours.  Cells, proteins, RNA, DNA 

and media were then collected for analysis.  
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3.8.1 Cell Survival  

To measure viability, cells were trypsinized and combined with Trypan 

Blue Stain (Invitrogen).  The number of live and dead cells was then measured 

using the Countess (Invitrogen).   

 

3.8.2 Western blot analysis 

Total protein lysates (25µg) were separated using SDS-PAGE on an 8% 

gel and transferred to a nitrocellulose membrane.  Proteins were detected with 

primary antibodies against HIF-1α and β-actin (Sigma-Aldrich).  The blots were 

then incubated with a secondary antibody conjugated to horseradish-peroxidase 

(HRP) (Life Technologies) and proteins imaged with a chemiluminescence 

detection system.  

 

3.8.3 Real-time Polymerase Chain Reaction (PCR)  

Total RNA was extracted from cells using an RNeasy Mini Kit (Qiaqen) 

and reverse transcribed into cDNA using a High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) according to manufacturer’s instructions.  

Expression of mRNA levels was quantified by real-time PCR using Sybr green 

Master Mix (Invitrogen) with the ABI 7300 System and software (Applied 

Biosystems).  Samples were run in triplicate and expression levels were 

normalized to a β-actin control. Primers utilized in this study are listed in Table 1.  
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Table 1- Primers Utilized for PCR 

 

Both forward and reverse primers for real-time quantitative PCR of VEGF-A, 

VEGF-A165a and VEGF-A165b are listed from 5’- 3’. β-actin was used as a control. 
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Primer Forward (5’- 3’) Reverse (5’- 3’) 
 

VEGF-A CACTGCCTGGAAGATTCA TGGTTTCAATGGTGTGAGGA 
 

VEGF-A165a GAGCAAGACAAGAAAATCCC CCTCGGCTTGTCACATCTG 
 

VEGF-A165b GAGCAAGACAAGAAAATCCC GTGAGAGATCTGCAAGTACG 
 

β-actin ACCGAGCGCGGCTACAG CTTAATGTGACGCACGATTTCC 
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3.8.4 Enzyme-linked immunosorbent assay (ELISA)  

To determine the concentration of secreted VEGF-A from the cells, media 

was collected and stored at -80oC until analyzed with an ELISA kit (Invitrogen) 

according to manufacturer’s instructions.  

 

3.9 STATISTICS  

 Results are expressed as means ± SEM and statistically analyzed by two-

ANOVA or Student’s T-Tests.  A p value of less than 0.05 was determined to be 

statistically significant for all experiments. 
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4.0 RESULTS 

 

4.1 METABOLIC CHARACTERISTICS OF FEMALE APOE-/- STZ-INJECTED 

MICE 

To determine glucose status in both the female ApoE-/- and ApoE-/-STZ-

injected mice, FBG levels were measured starting at 4 weeks of age.  The ApoE-/-

STZ-injected mice had significantly elevated FPG levels by 8 weeks of age and 

were chronically hyperglycemic throughout the remainder of the study (Figure 

5A).  The observed glucose levels are consistent with results obtained previously 

in this mouse strain used in the lab8.  

Plasma lipid concentrations of female ApoE-/- and ApoE-/-STZ-injected 

mice were determined by measuring fasting plasma triglyceride and total 

cholesterol levels at 25, 30 and 40 weeks of age (Figure 5B & C).  From 25 to 40 

weeks of age, the triglyceride and cholesterol levels of the ApoE-/- mice were 

similar across time points.  In contrast, the triglyceride levels of the ApoE-/-STZ-

injected mice increased at 25 weeks of age and remained elevated.  The 

cholesterol levels of the ApoE-/-STZ-injected mice were also significantly 

increased compared to controls at 25 weeks of age and continued to increase 

with age.  Previous results from our lab demonstrated that there were no 

significant differences in fasting plasma triglyceride or cholesterol levels until 20 

weeks of age in ApoE-/-STZ-injected mice compared to normoglycemic ApoE-/- 

mice (Figure 5D & E)8. 
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Total body weights of female ApoE-/- and ApoE-/-STZ-injected mice were 

measured beginning at 4 weeks of age.  From 16 weeks of age until the mice 

were scarified, ApoE-/-STZ-injected mice had significantly less body weight than 

ApoE-/- mice (Figure 6A).  This correlated with decreased mesenteric adipose 

tissue and increased liver weight in the ApoE-/-STZ-injected mice from 25 to 40 

weeks of age (Figure 6B & C).  These hyperglycemic mice likely have decreased 

mesenteric adipose tissue weight due to impaired glucose utilization in tissues 

dependent on insulin for glucose uptake causing increased reliance on fatty acid 

oxidation for energy production.  Liver weights may be increased after 25 weeks 

of age in the hyperglycemic mice since these mice appear to develop fatty livers.  

This effect correlates with the increased plasma triglyceride and cholesterol 

levels seen previously.  
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Figure 5- Metabolic profile of ApoE-/- and ApoE-/-STZ-injected mice 

 

Measurement of A. fasting blood glucose in normoglycemic and hyperglycemic 

mice from 8 to 40 weeks of age.  Colorimeteric measurement of fasting blood B. 

triglyceride and C. cholesterol in normoglycemic and hyperglycemic mice at 25, 

30 and 40 weeks of age.  Measurement of fasting blood D. triglyceride and E. 

cholesterol in control and hyperglycemic mice from 5 to 40 weeks of age 

(Veerman et al., 2013)8. n= 5-8 mice per group; mean ± SEM.  *p<0.05, ** 

p<0.01, ***p<0.001 relative to age-matched ApoE-/- controls. 
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Figure 6- Tissue weights of ApoE-/- and ApoE-/- STZ-injected mice 

 

Measurement of A. body weight in control and hyperglycemic mice from 4 to 40 

weeks of age. n= 54-75 mice per group; mean ± SEM.  Tissue weights of B. 

mesenteric adipose tissue and C. liver in normoglycemic and hyperglycemic 

ApoE-/- mice at 25, 30, 35 and 40 weeks of age. n= 7-9 mice per group; mean ± 

SEM.  *p<0.05, ***p<0.001 relative to age-matched ApoE-/- controls; ###p<0.001 

relative to age-matched ApoE-/- STZ-injected. 
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4.2 ATHEROSCLEROTIC PLAQUE SIZES INCREASE IN FEMALE APOE-/-

STZ-INJECTED MICE FROM 25 TO 40 WEEKS OF AGE 

 Previously published results from our lab to showed that hyperglycemic 

mice have significantly larger atherosclerotic plaque volumes at 15 weeks of age, 

relative to normoglycemic controls (Figure 7A)8.  To investigate the longer term 

effects of hyperglycemia, female ApoE-/- and ApoE-/- STZ-injected mice were 

sacrificed at 25, 30 and 40 weeks of age and analyzed for lesion cross-sectional 

area, volume and necrotic core content.  At these ages, there were no significant 

differences in the cross-sectional area, volume or necrotic core content between 

normoglycemic and hyperglycemic mice at any time point (Figure 8A).  The 

cross-sectional area of the lesions appeared to increase in each group with 

increases in age (Figure 8B).  There was a trend towards increased total volume 

of atherosclerotic plaque in the 30 week old ApoE-/- and ApoE-/- STZ-injected 

mice compared to their 25 week old counterparts, but no statistically significant 

differences were seen (Figure 8C).  ApoE-/- and ApoE-/- STZ-injected mice at 40 

weeks of age had significantly more plaque volume then both 25 week and 30 

week old normoglycemic and hyperglycemic mice.  A two-way ANOVA analysis 

of differences with age between ApoE-/- and ApoE-/- STZ-injected mice also 

demonstrated significantly more plaque size with increases in age (p<0.0001), 

but no significant differences in genotype (p=0.31) or interaction (p=0.64).  

The atherosclerotic necrotic core sizes also appeared to increase in each 

group with increases in age.  There was a trend towards increased necrotic core 
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volume in the 30 week old ApoE-/- and ApoE-/- STZ-injected mice compared to 

their 25 week old counterparts, but these differences were not statistically 

significant (Figure 8D).  There also appeared to be increased necrotic core 

volumes in the 40 week old ApoE-/- and ApoE-/- STZ-injected mice compared to 

the 30 week old mice, but this was not statistically significant.  The 40 week old 

ApoE-/- and ApoE-/- STZ-injected mice had significantly more plaque volume then 

the 25 week old normoglycemic and hyperglycemic mice.  To analysis differences 

between ApoE-/- and ApoE-/- STZ-injected mice with age, a two-way ANOVA was 

conducted.  The results showed that there was significantly more necrotic core 

volume with increases in age (p<0.0005), but no significant differences between 

genotypes (p=0.11) or interaction (p=0.60). 

Data about atherosclerotic volume was then combined with previous 

published results from our lab to demonstrate increases in atherosclerotic plaque 

volume from 5 to 40 weeks of age in female ApoE-/- and ApoE-/- STZ-injected 

mice (Figure 7B). 
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Figure 7- Atherosclerotic lesion volumes in female ApoE-/- and ApoE-/- STZ-

injected mice from 5 to 40 weeks of age 

 

Quantification of atherosclerotic lesion volume in A. 5 to 20 week old (Veerman et 

al., 2013)8 and B. 5 to 40 week old normoglycemic and hyperglycemic mice 

(Veerman et al., 2013)8. n= 7-9 mice per group; mean ± SEM.  **p<0.01 relative 

to age-matched ApoE-/- controls 
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Figure 8- Atherosclerotic lesions in female ApoE-/- and ApoE-/- STZ-injected 

mice 

 

A. Cross-sections of aortic root from normoglycemic (top) and hyperglycemic 

(bottom) mice were stained with Masson’s trichrome. Atherosclerotic lesions are 

indicated by arrows. Quantification of B. cross-sectional area, C. total volume of 

atherosclerotic lesions, and D. necrotic core volume in 25, 30 and 40 week old 

female ApoE-/- and ApoE-/- STZ-injected mice.  n= 7-9 mice per group; mean ± 

SEM.  #p<0.05, p<0.01, ###p<0.001 relative to 40 week old ApoE-/- controls; 

†<0.05, ††p<0.01, †††p<0.001 relative to 40 week old ApoE-/- STZ-injected mice. 

Scale= 200µm 
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4.3 THE AORTIC LUMINAL AREA DOES NOT CHANGE WITH INCREASES IN 

ATHEROSCLEROSIS 

 Since the plaque volumes continued to increase with age in both 

normoglycemic and hyperglycemic mice, we wanted to examine if the plaques 

were growing into the lumen or into the arterial wall.  We examined this effect by 

measuring lumen perimeter and area in 25, 30 and 40 week old mice (Figure 9 A 

&B).  The lumen perimeter and area were similar between ApoE-/- and ApoE-/- 

STZ-injected mice as well as across time points suggesting that the lesions do 

not intrude into the lumen, but instead the aorta may expand to maintain the 

lumen area.  This explains how the aorta can remain function despite continued 

plaque growth.  
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Figure 9- Lumen dimensions at the aortic sinus in female ApoE-/- and ApoE-

/- STZ-injected mice 

 

Quantification of A. lumen perimeter and B. lumen cross-sectional area. n= 7-9 

mice per group; mean ± SEM. 
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4.4 FEMALE APOE-/-STZ-INJECTED MICE HAVE IMPAIRED ANGIOGENESIS 

FOLLOWED BY ENHANCED NEOVASCULARIZATION 

 Data previously collected from our lab from female ApoE-/- and ApoE-/- 

STZ-injected mice at 5, 10, 15 and 20 weeks of age showed impaired vasa 

vasorum density in the hyperglycemic mice8. To determine the effects in older 

mice,the vasa vasorum was stained using an antibody against vWF in 25, 30 and 

40 week old female ApoE-/- and ApoE-/- STZ-injected mice (Figure 10A).  At 25 

and 30 weeks of age, the ApoE-/- STZ-injected mice had significantly fewer vasa 

vasorum microvessels than the ApoE-/- mice controls at the aortic sinus (Figure 

10B).  At 40 weeks of age, however, the ApoE-/- STZ-injected mice had 

significantly more vessels at the aortic sinus.  At the proximal and distal 

ascending aorta, there were no differences in vasa vasorum density at 25 and 30 

weeks of age (Figure 10C & D).  At the proximal ascending aorta there were 

more microvessels in the 40 week old ApoE-/- STZ-injected mice, but no 

differences at the distal ascending aorta.  The combined results from 5 to 40 

weeks of age show the initial deficiency in vasa vasorum density starting at 10 

weeks of age in ApoE-/- STZ-injected mice, before having increased vessel 

neovascularization at 40 weeks of age (Figure 11A)8.  The female ApoE-/- mice 

showed a plateau in the amount of neovascularization after 20 weeks of age, 

while the female ApoE-/- STZ-injected mice continued to show microvessel 

expansion throughout each time point.  The trend towards decreased 
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angiogenesis followed by enhanced neovascularization appears analogous 

observed effects on the microvasculature in diabetic retinopathy. 
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Figure 10- Vasa vasorum density in female ApoE-/- and ApoE-/- STZ-injected 

mice 

 

Immunofluorescent stain, using an antibody against vWF, of aortic adventitia in 

normoglycemic (top) and hyperglycemic (bottow) mice at 25, 30 and 40 weeks of 

age. Microvessels are indicated by arrows.  Quantification of vasa vasorum 

density at the B. aortic sinus, C. proximal ascending aorta and D. distal 

ascending aorta in female ApoE-/- and ApoE-/- STZ-injected mice. n= 7-9 mice per 

group; mean ± SEM.  *p<0.05, **p<0.01.  Scale= 100µm 
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Figure 11- Vasa vasorum density at the aortic sinus 

 

Quantification of vasa vasorum density in 5 to 40 week old normoglycemic and 

hyperglycemic mice (Veerman et al., 2013)8.  n= 7-9 mice per group; mean ± 

SEM.  *p<0.05, **p<0.01 
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4.5 METABOLIC CHARACTERISTICS OF FEMALE APOE-/- INS2+/AKITA MICE  

FBG levels were measured in female ApoE-/- and ApoE-/- Ins2+/Akita mice at 

5, 10 and 15 weeks of age.  Glucose concentrations were significantly higher in 

ApoE-/- Ins2+/Akita mice at 5 and 10 weeks of age compared to age-matched ApoE-

/- mice (Table 2).  At 15 weeks of age, however, there was no significant 

difference in the FBG levels (p= 0.063).  The normalization of glucose levels in 

female ApoE-/- Ins2+/Akita mice is consistent with previous results from our lab112.  

Previous research from our lab has also shown that female ApoE-/- Ins2+/Akita mice 

have similar cholesterol and triglyceride levels to ApoE-/- mice from 5 to 15 weeks 

of age112. 
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Table 2- Metabolic characteristics of female ApoE-/- Ins2+/Akita mice 

 

Fasting plasma glucose levels and body weights of female ApoE-/- and ApoE-/- 

Ins2+/Akita mice from 5 to 10 weeks of age. n= 7-10 mice per group; mean ± SEM.  

**p<0.01 relative to age-matched ApoE-/- controls 
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 5 weeks 
 

10 weeks 15 weeks 

 ApoE-/- ApoE-/- 

Ins2+/Akita 

 

ApoE-/- ApoE-/- 

Ins2+/Akita 
ApoE-/- ApoE-/- 

Ins2+/Akita 

Glucose 
(mM) 

8.26 
±0.33 

17.43 
±1.86 ** 

8.53 
±0.30 

13.51 
±1.35 ** 

8.46 
±0.84 

10.65 
±0.49 
 

Body 
weight 
(g) 

14.56 
±0.74 

13.67 
±0.87 

18.16 
±0.18 

18.93 
±0.47 

22.76 
±0.73 

21.45 
±0.26 
 
 

n 7 9 10 9 7 7 
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4.6 FEMALE APOE-/- INS2+/AKITA MICE HAVE LARGER LESIONS AT 15 

WEEKS OF AGE 

Female ApoE-/- Ins2+/Akita and ApoE-/- mice were harvested at 5, 10 and 15 

weeks of age and analyzed for lesion area and volume.  At 5 weeks of age, there 

were no visible atherosclerotic lesions in any mice. Both ApoE-/- Ins2+/Akita and 

ApoE-/- mice had detectable atherosclerosis by 10 weeks of age and had 

significantly larger plaque sizes at 15 weeks of age (Figure 12A).   

 While the female ApoE-/- Ins2+/Akita and ApoE-/- mice have similar lesion 

sizes and volumes at 10 weeks of age, there was a significant difference in size 

between these groups at 15 weeks of age.  The 15 week old female ApoE-/- 

Ins2+/Akita mice have significantly more atherosclerotic plaque at the aortic sinus 

(Figure 12B), increased total lesion volume (Figure 12C) and more necrotic 

content (Figure 12D) when compared to controls. This data is consistent with 

findings from female ApoE-/- and ApoE-/- STZ-injected mice also done in our lab8. 
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Figure 12- Atherosclerotic lesions in female ApoE-/- and ApoE-/- Ins2+/Akita 

mice 

 

Hyperglycemia is associated with accelerated atherosclerosis at the aortic sinus 

in 15 week old ApoE-/- Ins2+/Akita mice.  A. Cross-sections of the aortic root in 

normoglycemic (top) and hyperglycemic (bottom) mice were stained with H&E. 

Atherosclerotic lesions are indicated by arrows. Quantification of B. cross-

sectional area from the aortic sinus to ascending aorta, C. total volume of 

atherosclerotic lesions and D. total necrotic core content in 5, 10 and 15 week old 

female ApoE-/- and ApoE-/- Ins2+/Akita mice.  n= 7-10 mice per group; mean ± SEM.  

*p<0.05, **p<0.01 relative to age-matched ApoE-/- controls. Scale= 200µm 
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4.7 FEMALE APOE-/- INS2+/AKITA MICE HAVE IMPAIRED 

NEOVASCULARIZATION AT 10 WEEKS OF AGE AND ENHANCED 

NEOVASCULARIZATION AT 15 WEEKS OF AGE AT THE AORTIC SINUS 

 The vasa vasorum was imaged and quantified in 5, 10 and 15 week old 

female ApoE-/- Ins2+/Akita and ApoE-/- mice (Figure 13A).  Results showed that the 

number of vessels is similar at 5 weeks of age at both the aortic sinus and 

ascending aorta.  At 10 weeks of age, however, the female ApoE-/- Ins2+/Akita mice 

have significantly fewer vasa vasorum vessels at the aortic sinus (Figure 13B).  

Interestingly, the number of vessels at the ascending aorta is similar between the 

ApoE-/- Ins2+/Akita and ApoE-/- mice (Figure 13C).  

The 15 week old female ApoE-/- Ins2+/Akita mice have a greater number of 

vasa vasorum vessels at the aortic sinus than 15 week old ApoE-/- mice.  

Similarly to the 10 week old ApoE-/- Ins2+/Akita and ApoE-/- mice, there were no 

observable differences at the ascending aorta.  It is possible that the enhanced 

neovascularization observed in 15 week old female ApoE-/- Ins2+/Akita mice 

represents a proliferative response to hyperglycemia or is a result of the 

normalization of blood glucose levels. 
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Figure 13- Vasa vasorum neovascularization in female ApoE-/- and ApoE-/- 

Ins2+/Akita mice 

 

Hyperglycemia is associated with aberrant angiogenesis at the aortic sinus.  A. 

Immunofluorescent stain, using an antibody against vWF, of aortic adventitia in 

normoglycemic (top) and hyperglycemic (bottom) mice at 5, 10 and 15 weeks of 

age.  There are fewer vasa vasorum vessels in hyperglycemic mice at 10 weeks 

of age, but significantly more microvessls at 15 weeks of age.  Microvessels are 

indicated by arrows.  Quantification of vasa vasorum density at the B. aortic sinus 

and C. ascending aorta in female ApoE-/- and ApoE-/- Ins2+/Akita mice. n= 7-10 

mice per group; mean ± SEM.  *p<0.05. Scale= 100µm 
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4.8 FEMALE APOE-/- INS2+/AKITA MICE HAVE INCREASED HYPOXIA AND 

INSUFFICIENT ANGIOGENESIS  

 

4.8.1 Increased Hypoxia 

Cross-sections of aorta from ApoE-/- Ins2+/Akita and ApoE-/- mice at 10 and 

15 weeks of age were stained with an antibody for HIF-1α to determine levels of 

hypoxia at the aortic root (Figure 14A).  At 10 and 15 weeks of age, the ApoE-/- 

Ins2+/Akita mice showed increased levels of HIF-1α suggesting there may be 

increased levels of hypoxia at the aortic sinus even when HIF-1α levels were 

normalized to lesion area (Figure 14B).   

 

4.8.2 Insufficient Angiogenesis 

 Cross-sections of aortic sinus from ApoE-/- Ins2+/Akita and ApoE-/- mice at 10 

and 15 weeks of age were also stained with an antibody for VEGF-A (Figure 

15A).  Levels of VEGF-A were used as a marker of angiogenic potential in the 

tissue.  Results showed decreased levels of VEGF-A in the atherosclerotic 

plaques of 10 week old ApoE-/- Ins2+/Akita mice compared to controls (Figure 15B) 

despite the observed increase in HIF-1α levels.  This decrease in a marker of 

angiogenesis corresponds to the decrease vasa vasorum density seen at this 

time point.  While 15 week old ApoE-/- Ins2+/Akita mice had a trend towards higher 

VEGF-A levels, there were no significant differences seen between groups.  This 

finding is interesting since 15 week old ApoE-/- Ins2+/Akita have elevated levels of 
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HIF-1α and increased vasa vasorum density and may be expected to have 

significantly higher levels of VEGF-A.  These results may indicate that the new 

microvessels in the ApoE-/- Ins2+/Akita mice are dysfunctional and/or that there is 

not a sufficient number of vessels present.  The number of vessels in the ApoE-/- 

Ins2+/Akita and ApoE-/- mice were compared to lesion cross-sectional area.  There 

were significantly fewer vasa vasorum microvessels per plaque lesion area in the 

15 week old ApoE-/- Ins2+/Akita mice suggesting that there was an insufficient 

quantity of microvessels being formed (Figure 16).  

To examine if impaired angiogenesis may be a consequence of VEGF 

resistance, sections from ApoE-/- Ins2+/Akita and ApoE-/- mice at 10 and 15 weeks 

of age were stained at the aortic sinus with an antibody for VEGFR-2 (Figure 

17A).  At 10 and 15 weeks of age, there were no significant differences in 

VEGFR-2 expression normalized to lesion area between ApoE-/- Ins2+/Akita mice 

and ApoE-/- mice (Figure 17B).  This suggests that “VEGF resistance” may not 

be a factor in the aortic sinus of ApoE-/- Ins2+/Akita mice. It is also possible that 

“VEGF resistance” is not detectable using this particular technique. 
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Figure 14- HIF-1α levels in female ApoE-/- and ApoE-/- Ins2+/Akita mice 

 

Hyperglycemia is associated with increased HIF-1α levels at the aortic sinus.  A. 

Immunofluorescent stain with an antibody against HIF-1α (green) and 

counterstained with DAPI (blue) in normoglycemic (left) and hyperglycemic 

(middle) mice at 10 and 15 weeks of age.  HIF-1α staining is indicated by arrows.  

A control (pre-immune) IgG stain (right) is also shown. B. Quantification of HIF-1α 

fluorescence in atherosclerotic lesions at 10 and 15 weeks of age.  n= 5 mice per 

group; mean ± SEM.  *p<0.05 relative to ApoE-/- controls. Scale= 100µm 
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Figure 15- Angiogenesis in female ApoE-/- and ApoE-/- Ins2+/Akita mice 

 

Hyperglycemia is associated with insufficient angiogenesis at the aortic sinus.  A. 

Immunofluorescent stain with an antibody against VEGF-A (red) and 

counterstained with DAPI (blue) in normoglycemic (left) and hyperglycemic 

(middle) mice at 10 and 15 weeks of age.  A control (pre-immune) IgG stain 

(right) is also shown.  VEGF-A staining is indicated by arrows.  B. Quantification 

of VEGF-A fluorescence in atherosclerotic lesions at 10 and 15 weeks of age. n= 

4-5 mice per group; mean ± SEM.  *p<0.05 relative to ApoE-/- controls. Scale= 

100µm 
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Figure 16- Number of vasa vasorum per plaque area in 15 week old female 

ApoE-/- and ApoE-/- Ins2+/Akita mice 

	
  

Quantification of number of vasa vasorum microvessels per atherosclerotic lesion 

area at 15 weeks of age. n= 7 mice per group; mean ± SEM.  *p<0.05 relative to 

ApoE-/- controls.  
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Figure 17- Receptor for VEGF-A in female ApoE-/- and ApoE-/- Ins2+/Akita mice 

 

There are no observable differences in staining for VEGFR-2 between 

hyperglycemic and normoglycemic mice at the aortic sinus.  A. 

Immunofluorescent stain with an antibody against VEGFR-2 (green) and 

counterstained with DAPI (blue) in normoglycemic (left) and hyperglycemic 

(middle) mice at 10 and 15 weeks of age.  VEGFR-2 staining is indicated by 

arrows A control (preimmune) IgG stain (right) is shown. B. Quantification of 

VEGFR-2 fluorescence in atherosclerotic lesions.  n= 4-5 mice per group; mean ± 

SEM. Scale= 100µm 
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4.9 EXPRESSION OF ANTI-ANGIOGENIC VEGF-A165B MRNA IS ENHANCED 

IN THP-1 MACROPHAGES TREATED WITH GLUCOSE 

 

4.9.1 Cell Survival 

 To further explore the mechanism(s) by which hyperglycemia may 

influence hypoxia-mediated angiogenesis, THP-1 macrophages and HASMCs 

were cultured in the presence or absent of an additional 30 mM glucose since the 

media for THP-1 macrophages contains 11.1 mM glucose and the HASMCs 

contain 4.6 mM glucose.  This was done under normoxic conditions for 20 hours 

then the media was changed with and without additional glucose, and cells were 

then placed under hypoxic and normoxic condtions for another 24 hours.  Both 

THP-1 macrophages and HASMC showed similar cell survival following each 

treatment condition (Figure 18A &B), signifying that glucose treatment and 

changes in the partial pressure of oxygen did not significantly affect cell viability. 

	
  

4.9.2 HIF-1α Stabilization 

 Total protein lysates were collected and utilized to determine if HIF-1α was 

stabilized by hypoxic conditions.  There was significantly more HIF-1α in both 

THP-1 macrophages and HASMCs when they were cultured in hypoxic 

conditions compared to normoxiac conditions, regardless of glucose 

concentration (Figure 19A &B).  This finding suggests that HIF-1α was stabilized 

under hypoxic conditions and available as a transcription factor in these cells.   
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Figure 18- Cell viability in THP-1 macrophages and HASMCs 

 

Cell survival following changes in partial pressure of oxygen and glucose 

treatment in A. THP-1 macrophages and B. HASMCs. n= 3 per group; mean ± 

SEM.  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

 

 



	
  

	
   91	
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	
  

A.	
  

B.	
  

Normoxic Hypoxic

V
ia

bi
lit

y 
(%

)

0

20

40

60

80

100

Low glucose
High glucose

Normoxic Hypoxic

Vi
ab

ilit
y 

(%
)

0

20

40

60

80

100

Low glucose
High glucose



	
  

	
   92	
  

Figure 19- HIF-1α stability in THP-1 macrophages and HASMCs 

 

Immunoblots inducate that hypoxic conditions stabilize HIF-1α in A. THP-1 

macrophages and B. HASMCs.  Data normalized to β-actin.  n= 3 per group; 

mean ± SEM.  *p<0.05, **p<0.01, ***p<0.001 relative to the normoxic HG group; 

#p<0.05, ##p<0.01 relative to the normoxic LG group. 

LG indicates cells cultured in low glucose conditions; HG indicates cells cultured 

in high glucose conditions.  
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4.9.3 mRNA Expression 

 To determine the effects of hyperglycemia and/or hypoxia on the VEGF 

expression, mRNA levels of VEGF-A in THP-1 macrophages and HASMCs were 

quantified using real-time PCR.  To determine if there were post-transcriptional 

changes occurring through alternative splicing, we specifically quantified VEGF-

A165a and VEGF-A165b mRNA levels.  Results from the THP-1 macrophages 

showed that total VEGF-A mRNA was significantly increased in the cells placed 

under hypoxic conditions regardless of glucose status (Figure 20A).  These 

results are consistent with increases in HIF-1α leading to increases in 

transcription of VEGF-A.  Expression of VEGF-A165a and VEGF-A165b mRNA 

levels were also elevated in the THP-1 macrophages in hypoxic conditions and 

treated with glucose (Figure 20B &C).  To evaluate the relative amounts of 

VEGF-A165a and VEGF-A165b being alternatively spliced, a ratio between the two 

values was calculated.  Findings showed that the ratio of VEGF-A165a mRNA to 

VEGF-A165b mRNA was significantly lower in glucose-treated cells compared with 

the untreated cells, both under hypoxic conditions (Figure 20D).   

 Expression levels of VEGF-A mRNA in HASMCs were significantly lower 

in glucose-treated cells in hypoxic conditions than untreated cells in both hypoxic 

and normoxic conditions (Figure 21A).  Previous studies have suggested that a 

glycolytic metabolite associated with diabetes, methylglyoxal, may cause 

modification of HIF-1α and/or the cofactor p300 that would reduce transcription of 

proteins such as VEGF-A.  This mechanism may explain the decreased 
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expression of VEGF-A mRNA in hypoxic glucose-treated cells, however, it is 

perplexing that there were no decreases in glucose-treated cells in normoxic 

conditions.  Alternative splicing of VEGF-A was also evaluated in HASMCs and 

results showed that there were no significant differences in VEGF-A165a mRNA 

expression (Figure 21B).  There was significantly less VEGF-A165b mRNA in the 

glucose-treated cells placed in normoxic conditions than the untreated cells under 

hypoxic conditions, but no other differences were observed (Figure 21C).  A ratio 

of VEGF-A165a mRNA to VEGF-A165b mRNA also showed no significant 

differences between any of the groups (Figure 21D).  From these findings, it 

appears that alternative splicing of VEGF-A mRNA in HASMCs may not 

significantly alter the expression of angiogenic VEGF-A under acute 

hyperglycemic conditions. 
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Figure 20- Expression of VEGF-A, VEGF-A165a and VEGF-A165b in THP-1 

macrophages  

 

Expression of A. VEGF-A, B. VEGF-A165a, and C. VEGF-A165b mRNA in THP-1 

macrophages. D. Ratio of VEGF-A165a to VEGF-A165b THP-1 macrophages.  

Data normalized to β-actin.  n= 3 per group; mean ± SEM.  *p<0.05, ***p<0.001 

relative to the normoxic HG group; #p<0.05, ##p<0.01 relative to the normoxic 

LG group; †p<0.05 relative to hypoxic LG group. 
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Figure 21- Expression of VEGF-A, VEGF-A165a and VEGF-A165b in HASMCs 

 

Expression of A. VEGF-A, B. VEGF-A165a, and C. VEGF-A165b mRNA in 

HASMCs.  D. Ratio of VEGF-A165a to VEGF-A165b in HASMCs.  Data normalized 

to β-actin.  n= 3 per group; mean ± SEM.  *p<0.05, ***p<0.001 relative to the 

normoxic HG group; #p<0.05, ##p<0.01 relative to the normoxic LG group; 

†p<0.05 relative to hypoxic LG group.  
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4.10 SECRETED VEGF-A LEVELS ARE DECREASED IN THP-1 

MACROPHAGES AND HASMC TREATED WITH GLUCOSE 

Media from both THP-1 macrophages and HASMCs was collected to 

examine the amount of VEGF-A secreted by the cells.  An ELISA for VEGF-A 

showed that both glucose-treated and untreated THP-1 macrophages had 

elevated VEGF-A levels in the hypoxic conditions compared to the respective 

glucose-treated and untreated cells in normoxic conditions (Figure 22A).  This 

finding is consistent with the knowledge that stabilized HIF-1α acts as a 

transcription factor for VEGF-A.  There were also significantly lower levels of 

VEGF-A present in cells treated with additional 30 mM glucose than cells that 

were not treated in both the normoxic and hypoxic conditions.  This finding when 

combined with results seen previously suggests that additional post-

transcriptional or post-translational modifications may be occurring in 

hyperglycemic conditions that inhibit the secretion of VEGF-A in THP-1 

macrophages.   

The amount of VEGF-A released by HASMCs was significantly elevated in the 

untreated cells placed under hypoxic conditions (Figure 22B).  No significant 

differences were detected between glucose-treated cells under hypoxic and 

normoxic conditions or in the untreated HASMCs in normoxic conditions.  This 

data, while not as robust as the results observed in the THP-1 macrophages, also 

demonstrates the potential for upstream changes in glucose-treated cells that 

results in impaired VEGF-A availability.  Reduced transcription of VEGF-A mRNA 
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may explain the reduced secretion seen and may be the result of changes 

occurring in the amount of transcription.	
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Figure 22- Secretion of VEGF-A in THP-1 macrophages and HASMCs 
 
 

Secretion of VEGF-A in the media from A. THP-1 macrophages and B. HASMCs. 

n= 3 per group; mean ± SEM.  *p<0.05 relative to the normoxic HG group; 

#p<0.05 relative to the normoxic LG group; †p<0.05 relative to hypoxic HG group. 
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4.11 VASA VASORUM IN HUMAN CORONARY ARTERIES 

 

To begin to investigate the potential effects of hyperglycemia on the vasa 

vasorum in humans, tissue samples were obtained from autopsies performed on 

patients with and without diabetes. Vasa vasorum was imaged and quantified in 

cross sections of the left anterior descending coronary artery (Figure 23A).  The 

vasa vasorum was quantified in the adventitia, the intimal-medial layer and as 

total number of microvessels in the arterial wall.  All measurements were 

normalized to the adventitial area, intimal-medial area or total area, respectively.  

Individuals were classified as diabetic, prediabetic or not diabetic if HbA1C levels 

exceeded 6.5%, were between 6.0-6.5% or were less than 6.0%, respectively4.

 There were significantly fewer vasa vasorum microvessels in the 

adventitial area of the coronary arteries from diabetic patients compared to non-

diabetic patients (Figure 23B).  The intimal-medial vasa vasorum appeared to 

increase in density in the diabetic group, but this was not statistically significant 

(Figure 23C).  There were also no significant differences observed in total vasa 

vasorum microvessels between the diabetic and non-diabetic groups (Figure 

23D). 

To further assess changes in microvessel density with changes in 

hyperglycemia, the vasa vasorum density was plotted versus HbA1C levels and a 

line of best fit generated.  The adventitial vasa vasorum microvessels showed a 

trend towards decreased microvessels with increased HbA1C levels and an R2 
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value of 0.21403 (Figure 24A).  The intimal-medial vasa vasorum, on the other 

hand, demonstrated a trend towards increased number of microvessels with 

increased hyperglycemia with an R2 value of 0.24146 (Figure 24B).  Finally, the 

total vasa vasorum density was graphed and showed no differences in the 

microvessel number with changes in hyperglycemia, as the R2 value was 

0.01051 (Figure 24C). 
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Figure 23- Vasa vasorum in diabetic, prediabetic and non-diabetic human 

coronary arteries 

 

A. An immunofluorescent stain, using an antibody against vWF, allowed for 

visualization of vasa vasorum microvessels in the intimal-medial layer (inset left) 

and adventitial layer (inset right).  Representative microvessels are indicated by 

arrows.  Quantification of B. adventitial, C. Intimal-medial and D. total vasa 

vasorum microvessels at the left anterior descending coronary artery of non-

diabetic and diabetic patients. n=13 non-diabetic samples, n= 4 diabetic samples; 

mean ± SEM.  *p<0.05 relative to non-diabetic samples.  
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Figure 24- Vasa vasorum density relative to HbA1C levels 

 

Quantification of A. adventitial, B. Intimal-medial and C. total vasa vasorum 

microvessels relative to HbA1C levels obtained. n= 19 samples 
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5.0 DISCUSSION 

 

5.1 VASA VASORUM NEOVASCULARIZATION IN APOE-/- STZ-INJECTED 

MICE  

Chronic hyperglycemia is associated with the development of both 

microangiopathies and macrovascular complications 8.  To assess these 

complications, we examined atherosclerotic lesions and markers of angiogenesis 

in hyperglycemic and normoglycemic ApoE-/- mice at 25, 30 and 40 weeks of age.  

Previous findings from our lab have shown accelerated atherosclerotic lesion 

area, volume and necrotic core size in 15 week old mice, however, no significant 

differences in these parameters were seen at later time points. This effect has 

been previously observed and likely is a result of the genetic predisposition of 

ApoE-/- mice to spontaneously develop atherosclerosis that overwhelms the 

effects of hyperglycemia113.   

At 25 and 30 weeks of age, the hyperglycemic mice had impaired 

neovascularization at the aortic sinus.  By 40 weeks of age, however, the diabetic 

mice had enhanced neovascularization.  By combining this information with 

previous data from hyperglycemic and normoglycemic mice at 5, 10, 15 and 20 

weeks of age, the effect of hyperglycemia on the vasa vasorum angiogenesis 

appears to be analogous to diabetic retinopathy, since there is an initial decrease 

(pre-proliferative stage) followed by a period of proliferation.  Researchers have 

previously suggested that this “angiogenic switch” may be due to increased 
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inflammation from hypercholesterolemia that may trigger the angiogenic 

phenotype90, 91.  We observed that female ApoE-/- mice showed a plateau in the 

amount of neovascularization after 20 weeks of age while microvessel expansion 

continued to occur in the female ApoE-/- STZ-injected mice.  These changes in 

angiogenesis correlate with increases in total fasting plasma cholesterol levels in 

the ApoE-/- STZ-injected mice while cholesterol levels in the control ApoE-/- mice 

remain relatively stable after 20 weeks of age.  

	
  

5.2 HYPERGLYCEMIA IN APOE-/- INS2+/AKITA MICE IS ASSOCIATED WITH 

ACCELERATED ATHEROSCLEROSIS, INCREASED HYPOXIA AND 

ABERRANT ANGIOGENESIS OF THE VASA VASORUM  

 In addition to investigating microangiopathies and macrovascular 

complications in ApoE-/- STZ-injected mice, we also examined genetically 

modified hyperglycemic female ApoE-/- Ins2+/Akita mice at 5, 10 and 15 weeks of 

age.  Similarly to the previous mouse model there was increased atherosclerotic 

plaque cross sectional area, total volume and necrotic core content in the 15 

week old ApoE-/- Ins2+/Akita mice compared to age-matched normoglycemic 

controls. Aberrant angiogenesis in hyperglycemic mice was observed with 

decreases in vasa vasorum neovascularization at 10 weeks of age and 

microvessel expansion at 15 weeks of age.  The decreased vasa vasorum 

density at 10 weeks of age corresponded to increased staining of HIF-1α, 

decreased staining for the angiogenic marker VEGF-A and no differences in 
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VEGFR-2 staining.  These results suggest that there may be dysfunction in the 

pathway that regulates hypoxia-mediated angiogenesis and appears less likely 

that VEGF resistance is occurring.   

From the results obtained in both hyperglycemic mouse models, we are 

interested in examining if the decreases in microvascular angiogenesis at 10 

weeks of age have an influence on accelerated atherosclerosis seen at 15 weeks 

of age.  Previous studies have suggested that angiogenesis must be tightly 

regulated and that impaired or enhanced neovascularization can cause potential 

disruptions in endothelial function90, 114, 115.  In rabbits with atherosclerotic lesions, 

areas of hypoxia were co-localized with infiltration of macrophages, increased fat 

deposition and larger necrotic cores105, 114.  Studies using the drug Bevacizumab 

to bind to VEGF and inhibit its activity have seen increases in CVD risk and 

thromboembolic events115.  It has been suggested that these increased events 

may be due to the large influence VEGF has on vascular homeostasis and 

endothelial survival.   

The ApoE-/- Ins2+/Akita mice at 15 weeks of age had increased vasa vasorum 

neovascularization, but we are not able to distinguish if this change is from 

previous hyperglycemic conditions or a restoration of angiogenic function since 

the glucose levels are similar to normoglycemic controls at this age.  It is 

interesting to note that the ApoE-/- Ins2+/Akita mice at 15 weeks of age have 

increased HIF-1α levels at the aortic sinus even with increased microvascular 

density.  The increases in hypoxia may be due to an insufficient number of 
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microvessels present and/or dysfunction of the blood vessels despite no longer 

being hyperglycemic.  Analysis of the number of vessels per area of the lesion 

revealed that there may not be enough microvessels for the substantial increases 

in lesion area. 

These results suggest that hyperglycemia in mice is associated with 

increased hypoxia and insufficient angiogenesis of the vasa vasorum.  Irregular 

angiogenesis of the vasa vasorum corresponds to and may influence the 

development of atherosclerosis in the aortic sinus of hyperglycemic mice.  Many 

studies have observed a correlation between plaque development and the vasa 

vasorum, but these reports do not support a causative role of angiogenesis in the 

progression of atherosclerosis96, 98, 102, 103, 107.  One of the future aims of this 

project is to determine if changes in neovascularization have a reactive or 

causative role in atherosclerosis.  Compiling the information from multiple studies 

demonstrating that vasa vasorum inhibition and expansion may have an influence 

on atherogenesis suggests that the role of vasa vasorum angiogenesis may be 

dynamic and differ depending on the stage of atherosclerosis progression. 

 

5.3 POST-TRANSLATIONAL MODIFICATIONS AND ALTERNATIVE 

SPLICING MAY BE RESPONSIBLE FOR ACUTE CHANGES SEEN IN 

GLUCOSE-TREATED MACROPHAGES 

 As previously mentioned, there are multiple theories that may explain 

impaired angiogenesis seen in diabetes including methylglyoxal modifications, 
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increased splicing of the anti-angiogenic VEGF-A165b and VEGF resistance.  

Since levels of VEGFR-2 are unaltered in the aortic sinus of hyperglycemic mice, 

we concluded that the changes in vasa vasorum angiogenesis are less likely to 

be due to VEGF resistance.  To further examine the potential mechanism by 

which hyperglycemia may impair vasa vasorum neovascularization, THP-1 

macrophages and HASMCs were cultured in the present or absence of additional 

30 mM glucose for 44 hours and under hypoxic or normoxic conditions for 24 of 

those hours.  Both cell lines had increases in HIF-1α when placed in hypoxic 

conditions. 

 The expression levels of VEGF-A mRNA were elevated in both glucose-

treated and untreated THP-1 macrophages placed in hypoxic conditions.  This is 

consistent with increases in HIF-1α contributing to increases in transcription of 

VEGF-A.  Since there were no significant differences between VEGF-A mRNA 

expression in glucose-treated and untreated macrophages, there is likely no 

effect on transcription.  This may suggest that methylglyoxal modification of HIF-

1α and/or p300 is not responsible for the observed alterations in hypoxia-

mediated angiogenesis in macrophages in this system, or that the time point 

examined was too short to generate sufficient amounts of methylglyoxal required 

to alter transcription.  Interestingly, expression levels of VEGF-A165a and VEGF-

A165b were found to be elevated in the glucose-treated hypoxic macrophages.  A 

calculation of VEGF-A165a mRNA to VEGF-A165b mRNA found that there was a 

significantly higher ratio of the angiogenic isoform of VEGF-A in untreated cells 
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compared with the glucose-treated cells when under hypoxic conditions.  The 

increased amount of VEGF-A165b splicing in glucose-treated cells suggests that 

decreases in angiogenesis may result from a mechanisms involving alternative 

splicing.   

In addition to alternative splicing of VEGF-A, there appears to be other 

post-transcriptional modifications occurring in THP-1 macrophages. VEGF-A may 

be regulated at the level of transcription, post-transcriptional modifications, 

translation, protein stability, post-translational modifications and/or intracellular 

trafficking/secretion80.  A study published in 2014 noted that the biological effects 

and transcriptional regulation of VEGF-A have been characterized extensively yet 

there is relatively little known about VEGF-A processing and secretion116. 

Previous studies had shown that a signal sequence on VEGF-A meant that the 

protein was likely translocated to the ER lumen before being directed to the Golgi 

apparatus for glycosylation and post-translational modifications then constitutively 

secreted from the cell117-119.   To further investigate intracellular trafficking and 

secretion, researchers used protein tags that were fused to the C-terminus of 

VEGF-A165.  Results showed that trafficking proteins, Sar1 and Arf1, were likely 

responsible for trafficking of VEGF-A165 from the ER to Golgi apparatus as 

mutation of these proteins localized VEGF-A to the ER and inhibited secretion.  

Glycosylation of VEGF-A165 in the Golgi apparatus appeared to be important for 

protein secretion, but not biological activity, which is consistent with previous 

studies117,120.  A plasma membrane phospholipid PtdIns(4,5)P2 also appears to 
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be essential for docking and priming of VEGF-A165 containing vesicles, whereas 

PKC activation and elevations in calcium appeared to only slightly enhance 

VEGF-A165 secretion.  The knowledge of these post-translational modifications, 

intracellular trafficking and protein secretion could be used to investigate the 

reductions in VEGF-A seen in this study.  The gamma interferon (IFN-γ)-activated 

inhibitor of translation (GAIT) complex may also be responsible for these effects 

as it is able to bind inflammatory mRNAs, including VEGF-A, and regulate protein 

synthesis through transcript-selective translation inhibition80, 81.  The GAIT 

complex inhibits the small ribosomal subunit recruitment by binding the 3’ 

untranslated region (UTR) on mRNA and interacting with a eukaryotic translation 

initiation factor, eIF4G, to block translation initiation.  To our knowledge, these 

targets of VEGF-A regulation have not been examined in a diabetic model.  

 Our data show that the reaction of HASMCs to hyperglycemia and hypoxia 

is quite different than that of the THP-1 macrophages.  The mRNA expression 

levels were significantly decreased in glucose-treated cells in hypoxic conditions 

compared to untreated cells, and may suggest a role for methylglyoxal 

modification causing decreases in VEGF transcription.  These levels, however, 

also appeared to be lower than glucose-treated cells under normoxic conditions 

(p= 0.1).  As noted previously, levels of HIF-1α were elevated in the HASMCs 

under hypoxic conditions, so VEGF-A transcription is expected to be higher in 

these cells than respective normoxic controls. What was observed, however, was 

similar or potentially even decreased expression of VEGF-A mRNA and there is 
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currently no explanation for these findings.  Examination of VEGF-A alternative 

splicing resulted in no significant differences between any of the groups, unlike 

results seen in THP-1 macrophages.  Lastly, the concentration of secreted 

VEGF-A was significantly higher in the untreated cells placed under hypoxic 

conditions.  These decreases in VEGF-A may be due to reduced mRNA levels 

observed in the glucose-treated hypoxic cells or due to other post-transcriptional 

and/or post-transcriptional regulations occurring that have yet to be determined.  

 The results obtained suggest that hyperglycemia may disrupt 

angiogenesis by multiple, different, cell-specific mechanisms.  

 

5.4 HUMAN CORONARY ARTERIES REQUIRE FURTHER INVESTIGATION 

 To assess if hyperglycemia potentially had an influence on vasa vasorum 

neovascularization in a human population, coronary arteries were collected from 

autopsies performed on diabetic, prediabetic and non-diabetic patients.  Similar 

to the hyperglycemic mouse models utilized in this study, there was a significant 

reduction in the number of adventitial vasa vasorum microvessels in the diabetic 

patients compared to non-diabetic individuals.  When analyzing intimal-medial 

and total microvessel density, however, there were no significant differences 

observed between the groups.  It is important to note that this is preliminary data 

as the sample size is quite small for the diabetic and prediabetic groups with 4 

and 2 samples, respectively.  Collection and analysis of additional samples may 

provide more definitive information about trends in vasa vasorum density.  
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Another limitation of this study is that limited data was provided regarding the 

metabolic profile of these individuals.  It is impossible, at this point, to determine if 

any effects observed are solely due to changes in glucose levels or if there are 

potential effects of other metabolites, such as cholesterol, on vasa vasorum 

neovascularization.  Additional information may provide more insight into the 

effects of hyperglycemia and the complex relationship it may have with other 

metabolites on vasa vasorum angiogenesis. 

 

5.5 FUTURE DIRECTIONS 

In addition to gathering more samples to analyze the human coronary 

artery data, there are a number of other tests that can be conducted to further our 

knowledge of hyperglycemic effects on the vasa vasorum.  

 

5.5.1 Chromatin Immunoprecipitation (ChIP) assay  

 To further assess the potential influence of hyperglycemia on transcription 

of VEGF-A, a ChIP assay for p300 can be utilized.  In this experiment, 

transcription factors and cofactors such as HIF-1α and p300 are cross-linked to 

DNA121.  The chromosomes are fragmented into smaller pieces (~1000bp) 

through sonication.  Samples can then be immunoprecipitated for p300 which will 

also pull down any crossed DNA from promoter elements to which the p300 was 

bound. VEGF-A specific promoter DNA can be quantified by real-time PCR using 

a promoter-specific primers122.  In order to complete this experiment, the 
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procedure must be optimized for each cell type, as there may be differences in 

cross-linking time, sonication and immunoprecipitation. This experiment may offer 

increased understanding of the DNA-protein interactions occurring under 

hyperglycemic conditions.  

 

5.5.2 Explore molecular mechanisms of diabetes-associated aberrant 

angiogenesis 

 While some potential mechanisms of hyperglycemia induced aberrant 

angiogenesis at the aortic sinus have been explored in this study, the exact 

mechanism still remains to be understood.  The results from this study implied 

that THP-1 macrophages have increased expression of an antiangiogenic form of 

VEGF-A known as VEGF-A165b.  While this may explain some of the decreases 

in angiogenesis observed, there were also decreases in VEGF-A secretion that 

may suggest post-translational modifications of VEGF-A that, to the best of our 

knowledge, have yet to be explored in diabetic models.   

 While we have observed changes in THP-1 macrophages when treated 

with glucose, there are some limitations of utilizing cell lines that could be 

overcome with additional experimentation.  THP-1 macrophages are a commonly 

used cell line in atherosclerosis, diabetes and inflammatory research due to their 

homogeneous genotype that reduces phenotype variability, long storage life and 

ability to mimic both monocytes and macrophages123, 124.  While this is 

considered a reasonable model to study macrophage function in the vasculature, 
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observations made should still be verified using primary cells.  One way that 

different cells such as macrophages, smooth muscle cells and endothelial cells 

could be studied is with laser capture microdissection.  This technique would 

allow isolation of individual cells types from atherosclerotic plaques followed by 

DNA, RNA or protein analysis125.  An additional benefit of this technique is that it 

could aid in determining the relative contribution of each cell type to promoting or 

inhibiting angiogenesis.  

 Another limitation of this study was the short time period in which cells 

were treated with glucose.  Methylglyoxal modification has been suggested as a 

potential mechanism of impaired angiogenesis in diabetic retinopathy and 

impaired wound healing74, 75.   This modification may also contribute to decreases 

in vasa vasorum angiogenesis, but the time periods utilized in this study may 

have been too short to produce sufficient amounts of methylglyoxal and observe 

any differences.  Cell culture experiments with prolonged exposure to glucose or 

treatment with methylglyoxal may allow for investigation of transcriptional 

changes of VEGF-A from chronic hyperglycemia126, 127.  

 

5.5.3 Explore effects of cholesterol on vasa vasorum angiogenesis 

 Finally, our results have shown that there are increases in vasa vasorum 

angiogenesis in ApoE-/- STZ-injected mice that correlate to increases in 

cholesterol levels.  These results are consistent with previous findings that 

cholesterol may promote angiogenesis, but the possible mechanism(s) for this 
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increase are not fully understood90-93.  Experiments on mice that express high 

levels of cholesterol, such as ApoE-/- mice and LDLR-/- mice fed a high fat diet, 

could be utilized to compare with wild type controls and a subset treated with lipid 

lowering statins to examine vasa vasorum angiogenesis128-130.  

	
  

5.6 LIMITATIONS 

 It is important to note that the focus of this research was on the effects of 

hyperglycemia on the vasa vasorum angiogenesis and to correlate this data to 

atherosclerotic plaque progression.  The diabetic mouse models utilized in this 

research had chronically elevated glucose levels in the case of the ApoE-/- STZ-

injected mice and transiently elevated glucose levels in the case of the ApoE-/- 

Ins2+/Akita mice to reflect this emphasis on hyperglycemia.  Both these models of 

diabetes also have a common characteristic in that these mice have 

hypoinsulinemia.  So a limitation of this study is that the potential effects of 

decreased insulin levels on vasa vasorum angiogenesis were not explored.  

 Previous studies have observed that insulin can stimulate angiogenesis to 

induce microvessel development131-134.  Insulin appears to promote endothelial 

cell migration, tube formation and vessel maturation.  Interestingly, the effects of 

insulin on angiogenesis appear to be dependent on signalling through the insulin 

receptor leading to Rac1 activation131.  Since the mice utilized in this study have 

decreased insulin levels, there may be inhibitory effects on vasa vasorum 

angiogenesis from hypoinsulemina that we have yet to explore.  
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 In addition to not observing the effects of insulin, the effects of growth 

factors such as insulin-like growth factor and proteins such as plasminogen 

activator inhibitor-1 have not been considered132, 135.  While hyperglycemia and 

hypoinsulinemia are characteristics of the mouse models utilized in this study, 

other growth factors and proteins may be influenced by diabetes and have an 

effect on the results observed.  
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6.0 CONCLUSIONS 

 

 The microvascular and macrovascular complications of diabetes appear to 

be related and some research has suggested that microvascular dysfunction may 

promote cardiovascular outcomes.  Utilizing two mouse models of diabetes, our 

results have shown that chronically hyperglycemic mice have accelerated 

atherosclerosis that correlates to initial decreases in vasa vasorum density at the 

aortic sinus.  Examination of these samples have suggested that there may be 

disruption of hypoxia-mediated angiogenesis as there is increased staining for 

the transcription factor HIF-1α yet decreased levels of the angiogenic marker 

VEGF-A.  Cell culture experiments conducted have implicated a potential role for 

increased splicing of antiangiogenic VEGF-A165b as well as additional post-

transcriptional and/or post-translational modifications that reduce VEGF-A 

secretion in macrophages.  Experiments on ApoE-/- STZ-injected mice also 

demonstrated increased vasa vasorum density at later time points that correlated 

with increases in fasting plasma cholesterol levels.  Further research is needed to 

determine if the correlations between plaque development and the vasa vasorum 

angiogenesis are causative and/or reactive as well as exploration of potential 

molecular mechanisms that may alter vasa vasorum angiogenesis.  

	
   Evidence supporting a 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 CVD.  A better 
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understanding of the mechanisms by which diabetes promotes CVD will facilitate 

the development of new and more effective treatments.  
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