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Lay Abstract 

 Cardiovascular disease is the leading cause of death in the world today. A major 

underlying cause of cardiovascular disease is atherosclerosis – a condition involving the 

thickening of the artery wall. Type I and II diabetes are each strong independent risk factors 

for atherosclerosis. The purpose of this study is to examine the effects of high blood glucose 

(hyperglycemia) on early events leading to atherosclerosis. This study found that 

hyperglycemia was not sufficient to promote atherosclerosis unless plasma cholesterol 

levels were also elevated. Hyperglycemia appeared to induce atherosclerosis by increasing 

the expression of factors responsible for recruiting white blood cells to the artery wall. This 

is consistent with the observation that hyperglycemic mice also had significantly more 

macrophages in the sites of plaque development. This study implicates one macrophage-

recruitment factor in particular, vascular cell adhesion molecule (VCAM), as playing an 

important and unique role in the initiation of atherosclerosis by hyperglycemia. Therefore, 

VCAM is a possible target for the development of therapies to block or slow the 

development of atherosclerosis in individuals with diabetes. 
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Abstract 

Cardiovascular disease is the leading cause of death in the world today. 

Atherosclerosis is the formation of plaque in the arteries and a major underlying cause of 

these fatalities. Type I and II diabetes are each strong independent risk factors for 

atherosclerosis. This study examines the effects of hyperglycemia on early atherosclerosis. 

Hyperglycemia did not promote atherosclerosis in the absence of hypercholesterolemia. 

Hyperglycemic mice demonstrated greater VCAM, but not ICAM, expression in regions 

of the endothelium susceptible to atherogenesis, prior to initiation of plaque development. 

Regions correlating to upregulation of VCAM exhibited a greater quantity of macrophages 

infiltrating the intima. This study suggests a unique and important role for VCAM in early 

atherosclerotic development and may explain the accelerated atherosclerotic plaque 

progression seen in hyperglycemic mice. This study also identifies VCAM as a potential 

target for the development of therapies to block or slow atherosclerotic plaque development 

in people with diabetes. 
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Chapter 1: General Introduction 

Introduction 

Atherosclerosis 

Cardiovascular disease is the leading cause of death in the world today (Heron, 

2018). Heart disease and stroke kill as many as 8.76 million and 6.24 million people 

respectively each year (Heron, 2018), including roughly 80% of all diabetic patients in 

North America (Ross, 1993). Atherosclerosis is the formation of plaque in the arteries and 

a major underlying cause of these fatalities (Heron, 2018). Atherosclerosis is initiated at 

sites of endothelial injury, which typically occurs at inner curvatures, bifurcations, and 

other regions of turbulent blood flow (Sud et al. 1984). Injured endothelial cells (ECs) 

express adhesive molecules that bind to circulating monocytes and recruit them to the site 

of inflammation3. Monocytes enter the intima and differentiate into macrophages, which 

engulf oxidized low-density lipoproteins (LDL), cholesterol, and modified LDL particles 

(Ross, 1993). These lipid-engorged macrophages become foam cells, accumulate in the 

intima, and form fatty streaks (Ross, 1993). Apoptotic foam cells collect to form necrotic 

regions of the plaque as atherosclerosis progresses (Sud et al. 1984). Matrix 

metalloproteases (MMPs) degrade collagen connective tissue, which disrupts cellular 

architecture and allows vascular smooth muscle cell (VSMC) migration into the intima 

(Vacek et al. 2015). VSMCs can further occlude the vessel, become foam cells, or undergo 

subsequent apoptosis (Vacek et al. 2015). If not rectified, these plaques can obstruct the 

arterial lumen and cause heart attacks, strokes, coronary heart disease, or angina (Sud et al. 

1984). 



M.Sc. Thesis – R. Ballagh; McMaster University – Medical Science 

 

2 
 

When plaques rupture, blood comes into direct contact with the necrotic core 

initiating coagulation by activating the extrinsic pathway (Sud et al. 1984). This causes 

vessel occlusion, and potentially death (Sud et al. 1984). The specific molecular 

mechanisms by which hyperglycemia promote atherosclerosis are still being studied and 

this research is essential for the typically high-risk diabetic patients. 

Diabetes 

Diabetes is a complex heterogeneous group of metabolic conditions, often 

associated with dyslipidemia, hypertension and obesity (Noyman et al. 2002). Diabetes is 

the fifth leading cause of death globally and has been shown to dramatically increase 

atherosclerotic progression and cardiovascular risk (Das & Elbein 2006). Type I and II 

diabetes are both strong and independent risk factors for atherosclerosis (Aronson & 

Rayfield, 2002). More than 75% of hospitalizations for diabetic complications can be 

linked to cardiovascular problems (Aronson & Rayfield, 2002). Long-term hyperglycemia 

is now recognized as the primary causal factor in their pathogenesis (Aronson & Rayfield, 

2002). Chronic elevated blood glucose causes several changes in the vascular endothelium 

that are believed to promote and accelerate atherosclerosis (Ross, 1993). Typical fasting 

blood glucose for humans is between 3.8 and 5.5mM (Das & Elbein 2006). Blood glucose 

higher than 7mM is classified as diabetic (Das & Elbein 2006). Hyperglycemia can 

facilitate the progression of heart disease through mechanisms that may involve oxidative 

stress, endothelial dysfunction, and non-enzymatic glycosylation of proteins and lipids 

(Aronson & Rayfield, 2002). 
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Oxidative Stress 

Hyperglycemia may promote oxidative stress in several ways. Exposure of the 

arterial wall to glucose or free fatty acids increases superoxide production by the 

mitochondria (Nishikawa et al. 2000). This superoxide originates from the proton 

electrochemical gradient created by the electron transport chain of the mitochondria. This 

contributes significantly to the overall increase in reactive oxygen species (ROS) 

(Nishikawa et al. 2000). Glucose can also auto-oxidize when catalyzed by transition metals 

to produce free radical superoxide anions and peroxide (Karpen et al. 1985). Furthermore, 

hyperglycemia appears to compromise antioxidants such as vitamin C, glutathione, and 

vitamin E (Aronson & Rayfield, 2002); however, the mechanisms are yet unclear (Karpen 

et al. 1985). Studies of diabetic patients show marked drops in these antioxidants, including 

40-50% reduction in vitamin C (Chen et al. 1983). This reduction in antioxidants and free 

radical production by glucose and mitochondria work in compliment to increase ROS. 

Despite these theories and some successful animal studies (Nishikawa et al. 2000) 

(Venegas-Pino et al. 2013) – antioxidant therapies have shown no beneficial effects toward 

cardiovascular disease in humans (Venegas-Pino et al. 2013) – so further research into this 

pathogenesis and treatment is essential. 

Endothelial Dysfunction 

The presence of ROS triggers two main pathways of endothelial dysfunction that 

precede atherosclerosis. The first is the uncoupling of endothelial nitric oxide synthase 

(eNOS) from its cofactor, tetrahydrobiopterin (BH4), via conversion to dihydrobiopterin 

(BH2) (Maron et al. 2013). Nitric oxide (NO) is a soluble gas continuously synthesized by 

eNOS and is a key regulator of vascular homeostasis (Maron et al. 2013). It regulates 
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platelet aggregation and adhesion, leukocyte-endothelial cell interactions, vascular tone, 

and local blood flow (Maron et al. 2013). eNOS can also produce superoxide, a potent ROS 

(Vásquez-Vivar et al. 1998). NO production is optimized when eNOS is coupled 

(dimerized via BH4) (Thum et al. 2007). Uncoupled eNOS only produces superoxide 

(Thum et al. 2007). This combination of compromised NO production and increased 

oxidative stress has a synergistic effect that adversely affects the vascular tone, increases 

arterial stiffness, and predisposes the vessel to vasospasm and cardiac ischemia (Matthys 

& Bult, 1997) (Baker et al. 2011). Perhaps most pertinently, loss of NO reduces inhibition 

of leukocyte adhesion (Baker et al. 2011). 

A second pathway of endothelial dysfunction involves the activation of 

transcription factor NF-κB, the nuclear factor kappa-light-chain-enhancer of activated B 

cells (Funk et al. 2012). NF-κB is ubiquitous to nearly all animal cells and is a key regulator 

of the immune response to infection (Funk et al. 2012). It regulates the expression of pro-

inflammatory genes, including intracellular adhesion molecule-1 (ICAM-1), vascular cell 

adhesion molecule-1 (VCAM-1), E-selectin, chemokines, and cytokines (Funk et al. 2012) 

in response to stimuli like ROS, cytokines, heavy metals, oxidized LDL, and bacterial or 

viral antigens (Funk et al. 2012). ICAM-1, VCAM-1, and E-selectin recruit monocytes to 

the site of inflammation (Funk et al. 2012). Intimal monocytes differentiate into 

macrophages, which become engorged with lipids in the subendothelial space (Sud et al. 

1984). Lipid engorged macrophage foam cells undergo apoptosis and contribute to the 

growth of the necrotic core (Sud et al. 1984). Hyperglycemia’s role in increasing oxidative 

stress is one way it increases the activation of NF-κB and pathological progression of 

atherosclerosis (Funk et al. 2012). 
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Hyperglycemia also damages other endothelial factors. Proteoglycans are a major 

component of the extracellular matrix and are found on the endothelial cell membrane 

(Gabbay et al. 1977). They are chemically diverse macromolecules composed of a protein 

core and branching glycosaminoglycans (GAGs) (Gabbay et al. 1977). Proteoglycans and 

collagen form large complexes to create cartilage, and heparan sulphate (HS) proteoglycans 

regulate blood coagulation, angiogenesis, developmental processes, and tumour metastasis 

(Gabbay et al. 1977). Hyperglycemia and related oxidative stress have been shown to 

upregulate heparanase, reduce HS, and damage other GAGs (Gabbay et al. 1977). 

Non-Enzymatic Reactions 

Some effects of hyperglycemia are irreversible and lead to progressive cell 

dysfunction6. Symptoms and complications of hyperglycemia can persist despite a return 

to normoglycemic conditions (Aronson & Rayfield, 2002).  Non-enzymatic reactions 

between glucose and proteins or lipids can facilitate this metabolic memory (Aronson & 

Rayfield, 2002). Glucose forms glycosylation products with vulnerable amino groups of 

circulating or vessel wall proteins (Aronson & Rayfield, 2002). These products are initially 

reversible, but eventually rearrange to form stable biomolecules called Schiff bases and 

eventually Amadori products (Aronson & Rayfield, 2002). One well-known product, 

glycated haemoglobin A1C (HbA1C), is used in annual testing for diabetics as a metric for 

long-term blood glucose (Brownlee et al. 1988). Haemoglobin has a life span of 80-120 

days in a healthy adult (Brownlee et al. 1988) and thus, medical professionals can measure 

the amount of HbA1C in the blood to determine a person’s average blood glucose level for 

the previous 2-3 months (Brownlee et al. 1988). Unfortunately, not all tissues have similar 

cell half-lives. Some long-lived proteins, like vessel wall collagen, can rearrange over time 
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to create advanced glycosylation end products (AGEs) (Feener & King, 1997). These 

AGEs are stable and near irreversible (Feener & King, 1997). They accumulate with 

increasing blood glucose and time of exposure (Feener & King, 1997) increasing oxidative 

stress (Brownlee et al. 1988). 

AGEs accelerate atherosclerosis through non-receptor mediated mechanisms in the 

extracellular matrix and receptor-mediated mechanisms (AGE-RAGE) (Brownlee et al. 

1988). The AGE-RAGE interaction can promote inflammation by inducing the secretion 

of cytokines, such as tumour necrosis factor-α (TNF-α), as well as induce cellular 

proliferation stimulating monocyte secretion of platelet-derived growth factor (PDGF) and 

insulin-like growth factor 1 (IGF-1) (Brownlee et al. 1988). Additionally, AGEs stimulate 

endothelial dysfunction, demonstrated by increasing permeability of endothelial cell 

monolayers, procoagulant activity through tissue factor expression, increased expression 

of adhesion molecules like VCAM and ICAM, and intracellular oxidative stress (Brownlee 

et al. 1988; Feener & King, 1997; Funk et al. 2012). These mechanisms increase endothelial 

dysfunction, recruitment of macrophages to sites of atherosclerotic development, and 

contribute to the oxidative stress characteristic of hyperglycemia (Funk et al. 2012). 

Mouse Models 

Mice serve as useful models for studying cardiovascular disease. Mice do not 

normally develop atherosclerosis, even when fed a high-fat diet (Beckman et al. 2002; 

Zadelaar et al. 2007). Existing mouse models contain a recessive loss-of-function mutation 

in the gene for the low-density lipoprotein receptor (LDLR) or apolipoprotein E (ApoE) 

(Wu & Huan, 2007). These mutations interfere with normal lipid clearance and render the 

mice susceptible to atherogenesis (Wu & Huan, 2007; Zadelaar et al. 2007).  
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ApoE-/- mice are a homozygous knockout of ApoE and develop plaques 

spontaneously, even when fed a normal diet (Nguyen et al. 2009; Wu & Huan, 2007). ApoE 

is an apolipoprotein component of high-density lipoproteins (HDL), very low-density 

lipoproteins (VLDL), and chylomicron remnants that participates in their metabolism and 

clearance (Barber et al. 2005). ApoE mediates their clearance from the plasma 

compartment through interaction with cell surface receptors, especially those of LDL 

(Barber et al. 2005). ApoE also promotes cellular endocytosis of lipoproteins by binding 

heparin sulphate proteoglycans (Barber et al. 2005). This reduces plasma cholesterol levels 

and subsequent risk of plaque formation (Barber et al. 2005). Compromising the activity 

of ApoE increases circulating proatherogenic VLDL and renders mice much more 

susceptible to atherosclerosis (Barber et al. 2005; Beriault et al. 2016). 

In order to study the effects of diabetes in mice, hyperglycemia must be induced in 

the mouse model. Normal fasting blood glucose in humans is between 3.8 and 5.5 mM (Wu 

& Huan, 2017). Fasting blood glucose levels are slightly higher in mice than in humans. 

Our lab defines murine normoglycemia as a level below 9mM. Mice with blood glucose 

levels >13mM are classified as diabetic hyperglycemia (Barber et al. 2005).  

Hyperglycemia is typically induced in one of two ways: i) intraperitoneal injection with 

streptozotocin (STZ), a toxin selective for pancreatic beta cells, or more recently, ii) the 

mutation of one copy of the gene insulin 2 (Ins2), a homologue of human insulin (Venegas-

Pino et al. 2016). 

Ins2+/Akita is a commonly available mouse line with a dominant mutation that 

spontaneously induces early-onset diabetes without compromising fertility (Zhang et al. 

1994). This makes it an excellent candidate for a genetic model of diabetes. The mutation 
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causes pancreatic β-cell apoptosis and insulin deficiency (Venegas-Pino et al. 2016). By 

inducing diabetes genetically, this model eliminates potential confounding effects 

associated with the administration and other physiological effects of streptozotocin, such 

as hepatotoxicity and nephrotoxicity (Graham et al. 2011).  

While our lab has shown Ins2+/Akita to be preferable to streptozotocin, there are some 

things that should be noted about the model. Jackson Laboratories show that Ins2+/Akita mice 

demonstrate significantly elevated levels of glutathione S-transferase mRNA, increased 

sphingosine-1-phosphate and plasma concentrations of valine, leucine, isoleucine, alanine, 

citrulline, proline, and total branched chain amino acids (Jackson Laboratory, 2018). Akita 

mice also have general reductions in nervonic acid, containing ceramide, sphingomyelin, 

and reductions in cerebrosides, and sphingolipids in the liver and heart. Aged In2+/Akita mice 

show gait disturbance, hyperphagia, anxiety, and decreased sensory nerve conduction 

velocity but no reduction in learning or memory (Jackson Laboratory, 2018). They have a 

shorter lifespan, typical of hyperglycemic models, with an average life span of 305 days, 

less than half the longevity of normoglycemic male mice of the same background, 690 days 

(Jackson Laboratory, 2018). The heterozygous model of Ins2+/Akita used for this study is 

most common, as untreated homozygotes rarely survive beyond 12 weeks (Jackson 

Laboratory, 2018). This study intends to look at both early and late stages of 

atherosclerosis, beyond 12 weeks. Other methods of inducing hyperglycemia are available, 

including various genetic, chemical, and spontaneous autoimmune methods, however the 

Ins2+/Akita model has proven to be one that is reliable and effective over the course of several 

studies conducted by our lab (Barber et al. 2005; Martin-Body et al, 1985). 
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Our lab has previously created the ApoE-/- Ins2+/Akita mouse (Martin-Body et al, 

1985; Venegas-Pino et al. 2016). Males developed chronic hyperglycemia while females 

showed transient hyperglycemia between 5 and 10 weeks of age, after which blood glucose 

levels normalized (Venegas-Pino et al. 2016). The underlying reason for this sex-specific 

effect is currently under investigation in the Werstuck lab (Venegas-Pino et al. 2016). The 

chronic hyperglycemia seen in males significantly exacerbated atherosclerosis and the 

transient hyperglycemia in females also caused an increase in plaque development 

(Venegas-Pino et al. 2016).  

The experiments proposed in this study will utilize the ApoE homozygous knockout 

strain (ApoE-/-) for both control and experimental groups. These experiments will also use 

the heterozygous ApoE mutant (ApoE+/-). The Werstuck lab has previously found that 

heterozygous ApoE+/- mice do not have significantly elevated plasma lipid levels, 

compared to C57Bl6 mice, and do not develop large plaques (Martin-Body et al, 1985). 

These experiments are based upon the results of our lab’s previous observations of potential 

plaque development in hyperglycemic ApoE+/- Ins2+/Akita mice (Martin-Body et al, 1985). 

This study intends to determine if hyperglycemia significantly increases early 

atherosclerosis or incites initiation of plaque formation in the normolipidemic ApoE+/- 

mouse model. The hyperglycemia will be induced genetically, via the Ins2+/Akita mutation 

(Martin-Body et al, 1985). 

This study will also examine endothelial activation in hyperglycemic mice 

compared to normoglycemic controls, using both the ApoE+/- and ApoE-/- mouse models, 

and will focus on early plaque development. Aortic cross sections will be analyzed through 
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histochemical (HC), immunohistochemical (IHC), and immunofluorescent (IF) staining, to 

compare expression of conventional markers of endothelial activation, VCAM and ICAM. 

VCAM 

 Vascular cell adhesion molecule 1 (VCAM-1) or cluster of differentiation 106 

(CD106) is a cell surface sialoglycoprotein of mice and humans encoded by the VCAM1 

gene (Cybulsky et al. 2001; Khalfaoui et al. 2008; Watanabe et al. 1989). It is part of the 

immunoglobin (IG) superfamily (Ceriello et al. 1998; Khalfaoui et al. 2008). VCAM-1 

mediates the adhesion of leukocytes to the vascular endothelium by binding to two 

leukocyte integrins, α4β1 and α4β7 (Newham et al. 1997; Yang et al. 2013). It has also 

been shown to interact with membrane-organizing extension spike protein and Ezrin, 

however it functions primarily by binding to integrin α4β1, also known as very late antigen-

4 (VLA-4) (Newham et al. 1997). The promoter region for the VCAM1 gene contains 

binding sites for NF-κB. NF-κB upregulates gene transcription of VCAM1 in response to 

TNFα and IL-1 (Barreiro et al. 2002; Cybulsky et al. 2001). 

ICAM 

 Intercellular adhesion molecule 1 (or ICAM-1) or cluster of differentiation 54 

CD54 is a cell surface glycoprotein expressed primarily on endothelial cells and 

leukocytes, much like VCAM-1 (Cybulsky et al. 2001; Marlin & Springer, 1987). It is 

encoded by the ICAM1 gene and binds to integrins CD11a/CD18 or CD11b/DC18 present 

on the cell surface of leukocytes (Cybulsky et al. 2001). The binding of ICAM and these 

integrins provides the firm adhesion necessary for leukocytes to extravasate through the 

endothelium to sites of inflammation and endothelial dysfunction (Cybulsky et al. 2001; 

Khalfaoui et al. 2008). Recent evidence by Cybulsky et al. suggests a key role for VCAM 
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in the initiation of atherosclerosis in hyperglycemic mice that is not seen with ICAM 

(Cybulsky et al. 2001). This study examines each endothelial recruitment factor to provide 

a better understanding of the mechanisms behind the hyperglycemia-induced onset of 

atherosclerosis. 
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Chapter 2: Hypothesis and Objectives 

Hypothesis 

We hypothesize that hyperglycemia initiates and accelerates the development of 

atherosclerosis in both normolipidemic and dyslipidemic mice by a mechanism that 

involves induction of VCAM and/or ICAM expression. 

Objectives 

This study will examine aortic cross sections from mouse models of hyperglycemia 

(Ins2+/Akita) and normoglycemic cohorts (Ins2+/+). The first phase of the project will 

determine if normolipidemic ApoE+/-Ins2+/Akita mice develop significantly larger 

atherosclerotic lesions than ApoE+/- mice. Plasma will be collected to determine plasma 

triglyceride and cholesterol concentrations (Venegas-Pino et al. 2016). Plaque volume will 

be visualized with trichrome staining, quantified, and compared (Venegas-Pino et al. 

2013). The second phase compares markers of endothelial activation between 

hyperglycemic and normoglycemic mice for both ApoE+/- and ApoE-/- mouse models. This 

study will further characterize this new heterozygous strain of hyperglycemic mice and 

increase our understanding of the role of hyperglycemia in endothelial activation in both 

ApoE+/- and ApoE-/- mouse models. 
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Chapter 3: Hyperglycemia and Atherosclerosis in ApoE+/- Mice 

Abstract 

Objective 

 This study investigates the effects of hyperglycemia on plaque volume in the 

normolipidemic ApoE-/- mouse model. We showed that the hyperglycemic ApoE+/- 

Ins2+/Akita mice demonstrated no significant differences in lipids or plaque volume from 

their normoglycemic ApoE+/- counterparts, at 25 weeks. Recent evidence in this lab 

suggested that hyperglycemic ApoE+/- mice may develop plaques and normoglycemic 

ApoE+/- mice do not. This mouse model does not demonstrate dyslipidemia and has shown 

persistent hyperglycemia in female mice, which is not present in the ApoE-/- model. In this 

study, we used the Ins2+/Akita mouse model to look at the effects of hyperglycemia in the 

absence of dyslipidemia on both male and female ApoE+/- mice. 

Approach and Results 

 Blood glucose was measured with a glucometer for each mouse and total plasma 

cholesterol and triglycerides levels were determined using treated with infinity reagent 

chromogens and quantification with absorption chromatography (Maeda, 2011; 

Shimomura et al. 1999). Hearts of ApoE+/- mice were cut parallel to and 5mm below the 

aortic sinus and encased in paraffin blocks (Venegas-Pino et al. 2013). These blocks were 

sectioned and the sections stained with Mason’s trichrome to visualize endothelium, 

collagen, and plaque (Venegas-Pino et al. 2013). Stained sections were imaged at 10x 

magnification, quantified with ImageJ tracing software, and final plaque volumes were 

calculated (Venegas-Pino et al. 2013). These volumes were compared statistically with 

Man-Whitney U tests and Kruskal Wallace H tests if they failed the D’Agostino-Pearson 
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omnibus normality test, or Student’s T tests and One-way ANOVA if they were normally 

distributed (Poirier et al. 2005).  

Conclusions 

ApoE+/- Ins2+/Akita mice had significantly elevated blood glucose and no differences 

in plasma lipids. There were no significant differences in plaque volume between ApoE+/- 

and ApoE+/- Ins2+/Akita mice. These results suggest that hyperglycemia independent of 

dyslipidemia is not sufficient to induce accelerated atherosclerosis. 

 

Introduction 

Unlike humans, mice have a very atheroprotective lipid profile (Maeda, 2011; 

Shimomura et al. 1999). Mice typically display low plasma cholesterol and a lipid profile 

that is rich in the anti-atherogenic HDL and low in the pro-atherogenic VLDL and LDL 

(Maeda, 2011; Venegas-Pino et al. 2013). Mice also live very short lives, averaging 

between 2 and 3 years, which is not enough time for plaques to form like we see in humans 

(Poirier et al. 2005). Humans develop plaques over the span of dozens of years, so a model 

reflecting this progression in mice would need to accelerate their plaque development (Sud 

et al. 1984). First developed by Nobuyo Maeda, ApoE-/- mice are a well-established mouse 

model of atherosclerosis; characterized by chronic hypercholesterolemia (Maeda, 2011). 

ApoE is an important ligand for receptors that clear LDL and chylomicrons from the 

plasma (Poirier et al. 2005; Shimomura et al. 1999). Cholesterol-rich remnants accumulate 

in the circulation when ApoE is knocked out, which promotes deposition of lipids in the 

subendothelial space and the resultant pathogenesis of atherosclerosis (Maeda, 2011; 

Shimomura et al. 1999). 
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A study by Zhang et al. 2008 showed a 5-fold increase in murine plasma cholesterol 

and plaques in the proximal aorta by 3 months (Zhang et al. 1992). These plaques continued 

to grow and caused severe occlusion by 8 months (Zhang et al. 1992). Moreover, these 

results were obtained with a normal chow diet (Zhang et al. 1992). ApoE-/- mice develop 

spontaneous plaques without the need for a high fat diet, which is required by models like 

LDLR-/- (Maeda, 2011; Poirier et al. 2005; Zhang et al. 1992). This allows us to observe 

the effects of chronic hypercholesterolemia in mice without excess dietary fat (Poirier et 

al. 2005; Zhang et al. 1992).  

While this is convenient, it should be noted that there is a complication with the 

ApoE-/- mouse model when considering female mice in studies of hyperglycemia (Shea et 

al. 2004; Venegas-Pino et al. 2016). Female ApoE-/- mice demonstrate transient 

hyperglycemia that presents early around 5 weeks of age, but then returns to normal healthy 

murine levels by 10 weeks (Venegas-Pino et al. 2016). This presents a challenge for 

experiments testing the effects of hyperglycemia on female mice (Shea et al. 2004; 

Venegas-Pino et al. 2016), however this transient hyperglycemia appears to be unique to 

the homozygote (ApoE-/-) (Venegas-Pino et al. 2016). The return to normal blood glucose 

levels is not observed in ApoE+/- mice (Venegas-Pino et al. 2016). 

Instead, female ApoE+/- mice retain a significantly elevated hyperglycemia at both 

10 and 15 weeks of age (Venegas-Pino et al. 2016). Additionally, ApoE+/- mice show 

relatively normal plasma lipid levels (Poirier et al. 2005; Shea et al. 2004; Venegas-Pino 

et al. 2016). During the course of the study explaining this phenomenon, by Venegas-Pino 

et al. in our lab, experimenters saw some evidence of larger plaques in the hyperglycemic 

ApoE+/- mice than those in their normoglycemic ApoE+/- counterparts (Poirier et al. 2005; 
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Venegas-Pino et al. 2016). While these plaques were very small, even at 25 weeks, this 

could suffice as a useful way to assess the effects of hyperglycemia in the absence of 

dyslipidemia and in female mice (Venegas-Pino et al. 2016). This study was designed to 

test the viability of this model in assessing the accelerating effects of hyperglycemia on the 

development of atherosclerosis and to observe the effects of hyperglycemia on 

atherosclerotic inception and acceleration in a model without dyslipidemia. 

 

Methods  

Harvesting and Sectioning 

 All ApoE+/- mice were fed a normal chow diet and harvested at 25 weeks of age 

(Maeda, 2011; Poirier et al. 2005; Venegas-Pino et al. 2016). ApoE-/- mice were fed a 

normal chow diet and harvested at 5, 10, 15, and 25 weeks of age (Venegas-Pino et al. 

2016). To quantify the extent of atherosclerotic development: hearts were perfused with 

phosphate buffered saline (PBS), harvested, fixed in 10% formalin, processed in a tissue 

processor, and encased in paraffin blocks (Venegas-Pino et al. 2013). The paraffin-encased 

tissue was trimmed at 10 micrometers until initial signs of the first leaflet of the aortic valve 

were observed (Venegas-Pino et al. 2013). The block was then reoriented until the second 

leaflet became apparent (Venegas-Pino et al. 2013). When at least two of the three aortic 

valve pouches were visible, the microtome was then switched to section at 4.5 micrometers 

and sections were fixed to slides via a hot water bath, set to 45 degrees Celsius (Venegas-

Pino et al. 2013). Sections were distributed over 10 slides in staggered order (slide 1, slide 

2… slide 10, slide 1…) running left to right and top to bottom (Venegas-Pino et al. 2013; 

Venegas-Pino et al. 2016). Sections were taken until the aortic valve pouches were no 
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longer observed (Venegas-Pino et al. 2013; Venegas-Pino et al. 2016). Due to the small 

size of plaques in ApoE+/- specimens, this technique was adapted with the second batch of 

mice so that sectioning would begin at the appearance of the first aortic valve pouch and 

no reorientation would occur (Venegas-Pino et al. 2013). This was an attempt at reducing 

the likelihood of missing plaques (Venegas-Pino et al. 2013; Venegas-Pino et al. 2016). 

Conversely, ApoE-/- hearts were all sectioned until at least 2 aortic valve pouches were 

visible, as described above (Venegas-Pino et al. 2013; Venegas-Pino et al. 2016). 

Plaque and Lipid Quantification 

All mice were sectioned at a thickness of 4.5um (Venegas-Pino et al. 2013; 

Venegas-Pino et al. 2016). Aortic sinuses were fully sectioned after 8-12 sections 

(Venegas-Pino et al. 2013). ApoE+/- sections were stained with Mason’s trichrome 

(Venegas-Pino et al. 2013). Mason’s trichrome stains connective tissue blue, nuclei dark 

red/purple, and cytoplasm pink (Gerlis et al. 1985; Venegas-Pino et al. 2013). The first 

slide of each specimen’s set was stained unless significant damage necessitated other slides 

be used. Once stained, slides were imaged and plaque area quantified using ImageJ 

software (Gerlis et al. 1985; Venegas-Pino et al. 2013). Plaque volumes were calculated 

from sequential measurements of area on adjacent sections (see statistical analysis). Plaque 

areas of each section were defined as the sum of all plaque in all aortic valve pouches 

(Venegas-Pino et al. 2013; Venegas-Pino et al. 2016). The average area of two adjacent 

sections was multiplied by the thickness of the sections to determine volume of plaque 

within the first of the two sections (Venegas-Pino et al. 2013; Venegas-Pino et al. 2016). 

Volumes were tested for normality with the D’Agostino-Pearson omnibus normality test 

(D’Agostino et al. 1990) compared via the nonparametric Mann-Whitney U test if they 
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were not normally distributed (McKnight & Najab, 2010), or a Student’s t-test if they were 

normally distributed (Haynes, 2013), between ApoE+/- Ins2+/Akita and ApoE+/- groups. No 

data set was normally distributed, so all were compared with Mann-Whitney U tests 

(D’Agostino et al. 1990; McKnight & Najab, 2010).  

To better understand the context of disease pathogenesis, lipid profiles, cholesterol, 

and triglyceride levels were quantified with Infinity reagents (Rashid et al. 2005; Venegas-

Pino et al. 2016). Quantitative determinations of cholesterol and triglyceride levels in vitro 

were each conducted in 96-well plates and compared against a standard curve established 

via serial dilution (Rashid et al. 2005; Venegas-Pino et al. 2016). Cholesterol and 

triglyceride reagents respectively were added to the plasma to facilitate concentration-

dependent absorbance at 500nm (Rashid et al. 2005; Venegas-Pino et al. 2016). 

Colorimetric assays were conducted on the plates, specified to a 500nm wavelength, in a 

spectrophotometer (Rashid et al. 2005; Venegas-Pino et al. 2016). Absorbance was 

converted to concentration by extrapolating from the standard curve (Rashid et al. 2005; 

Venegas-Pino et al. 2016). Concentrations were compared between 25-week old male and 

female, ApoE+/- and ApoE+/- Ins2+/Akita groups, as well as male ApoE-/-, and ApoE-/- 

Ins2+/Akita at 5, 10, 15, and 25 weeks of age (Black et al. 2000; Venegas-Pino et al. 2013; 

Venegas-Pino et al. 2016).  

Lipid profiles were estimated by pooling plasma from all specimens within each 

group, for the ApoE+/- mouse model (Coleman et al. 1984; Thum et al. 2007). These 

mixtures were subjected to size-exclusion chromatography to separate HDLs, LDLs and 

VLDLs into a gradient plotted on a 96-well plate (Thum et al. 2007). Colorimetric assays 

were performed in a spectrophotometer following the addition of the cholesterol reagent 
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(Rashid et al. 2005). Absorbance was set to 500nm in the spectrophotometer and intensities 

obtained were converted to concentrations via the standard curve (Rashid et al. 2005). 

These mixtures were compared between all ApoE+/- groups. 

Plaque volume for ApoE-/- mice was much larger than ApoE+/- mice and easier to 

visualize with staining methods like DAB IHC staining (Maeda, 2011; Ruifrok & Johnston, 

2001; Venegas-Pino et al. 2013). It was quantified from aortic sinus cross-sections 

previously stained with DAB to measure ICAM (Ruifrok & Johnston, 2001). The larger 

plaque size made it possible and practical to quantify with this method (Maeda, 2011; 

Ruifrok & Johnston, 2001; Venegas-Pino et al. 2013). 

Statistical analysis 

Plaque volume was calculated from serial 2D images of aortic sinus sections by 

multiplying the average area of adjacent sections by the section thickness (Venegas-Pino 

et al. 2013). This was then converted from um3 to mm3. This process used the following 

equation: 

𝑉 = 𝑇
(𝑆𝑛 + 𝑆𝑛+1)

2
 

Where V is volume, T is section thickness, Sn is the first section of two adjacent 

sections and Sn+1 is the next adjacent section further along the aortic sinus or ascending 

aorta (Venegas-Pino et al. 2013). All sections were taken at a thickness of 4.5 um (Venegas-

Pino et al. 2013; Venegas-Pino et al. 2016). All measurements were then converted from 

um3 to mm3. 

𝑉 = 4.5
(𝑆𝑛 + 𝑆𝑛+1)

2
10−9 
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This calculation was applied to every adjacent pair of sections from the 1st to 10th 

section in order to calculate the volume of plaque between each pair (i.e. 1&2, 2&3, 3&4 

… 9&10) (Venegas-Pino et al. 2013). Plaques did not present past the 10th section in 

ApoE+/- mice and so plaque volume was only measured up to 10 sections deep (450um) 

(Venegas-Pino et al. 2013). All of these sequential volumes calculated were summed to 

find the total plaque volume for each mouse (Venegas-Pino et al. 2016). These were then 

compared between groups. 

Groups were tested for normal distribution with D'Agostino & Pearson omnibus 

normality tests (D’Agostino et al. 1990). Small sample sizes (n<8) often give false positives 

for normality tests (D’Agostino et al. 1990; Haynes, 2013; McKnight & Najab, 2010). It is 

more reliable to use non-parametric analyses in these cases (D’Agostino et al. 1990; 

McKnight & Najab, 2010). For this reason, samples that did not present with normal 

distribution, or had sample sizes below 8, were analyzed with non-parametric analyses 

(D’Agostino et al. 1990; McKnight & Najab, 2010). Comparisons between two groups 

were analyzed with non-parametric Mann-Whitney U tests (McKnight & Najab, 2010). 

Comparisons between multiple groups were conducted with non-parametric Kruskal-

Wallis H tests (Heiberger & Neuwirth, 2009; McKnight & Najab, 2010). Normally 

distributed data was analyzed with t-tests for comparisons between two groups (Ruifrok & 

Johnston, 2001) and one-way ANOVA for multiple comparisons (D’Agostino et al. 1990; 

Heiberger & Neuwirth, 2009). 

For all statistical analyses, outliers were defined as any point of data outside of the 

respective interquartile range for that data (Rousseeuw & Leroy, 2005). Outliers were 

identified using this method digitally with Excel software and were exclude from analysis 
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(Rousseeuw & Leroy, 2005). Interquartile range and outliers were recalculated each time 

data was added or removed (Rousseeuw & Leroy, 2005). 

 

Results 

Metabolic Parameters 

25-week male ApoE+/- mice carrying the Ins2+/Akita mutation had significantly 

elevated fasting blood glucose levels relative to age and sex-matched ApoE+/- controls 

(Figure 1) (P<0.0001) (n=7,11). Blood glucose in female ApoE+/- Ins2+/Akita mice was 

also significantly elevated relative to ApoE+/- mice (P=0.0168) (n=7-10). 

ApoE+/- Ins2+/Akita mice had no significant difference in fasting plasma cholesterol 

levels relative to their ApoE+/- counterparts (Figure 2) (n=6). Female ApoE+/- Ins2+/Akita 

mice showed significantly elevated plasma triglycerides relative to ApoE+/- females 

(p=0.0071) (n=6) however no significant difference was observed in male mice (Figure 2) 

(n=6).  
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Figure 1: Fasting blood glucose of 25-week ApoE+/- Mice: Blood glucose was 

significantly elevated for both male and female ApoE+/- Ins2+/Akita mice relative to age-

matched ApoE+/- controls (p=0.007 and <0.0001 respectively) (n=6,7,12,7). 

 

  

*** 

**** 
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Figure 2: Cholesterol and Triglycerides in 25-week ApoE+/- mice. A. Plasma cholesterol 

and B. triglyceride concentrations for ApoE+/- and ApoE+/- Ins2+/Akita, male and 

female mice at 25 weeks of age. Groups were compared with one-way ANOVA. There 

were no significant differences in plasma cholesterol between ApoE+/- and ApoE+/- 

Ins2+/Akita mice in males or females (n=6). There were no significant differences in 

plasma triglycerides for male ApoE+/- and ApoE+/- Ins2+/Akita mice (n=6), however 

female ApoE+/- In2+/Akita mice had significantly higher plasma triglycerides than their 

ApoE+/- counterparts (p=0.0071) (n=6). 
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Atherosclerotic Plaque 

The heart and ascending aorta from each group of mice was sectioned and the aortic 

sinus was stained with Mason’s trichrome to visualize the cellular architecture by 

contrasting plaques (pink and red) against the blue collagen of the aortic wall (Figure 3a-

d) (Sud et al. 1984). Very small lesions (fatty streaks) were observed in at least some mice 

from each of the ApoE+/- groups, however there were no significant differences in plaque 

volume between any of the male or female ApoE+/- of ApoE+/- Ins2+/Akita mice (n=8-

12) (Figure 3e). One male ApoE+/- and one female ApoE+/- Ins2+/Akita mouse had 

plaques four times larger than any other specimen and fifteen times larger than average. 

These mice were excluded as outliers, following calculation specified above. 

There was no significant correlation between plaque volume and fasting blood 

glucose concentration in A) male ApoE+/- or B) female ApoE+/- groups (Figure 4) (n=8-

12, 9-10). There was also no significant correlation between plaque volume and fasting 

plasma cholesterol or triglycerides (Figure 5) (n=17,19). 
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Figure 3: Plaque Volume of 25-week ApoE+/- mice. A-D. Sample images of aortic sinus 

cross-sections stained with Mason’s Trichrome, where first leaflet is visible: A. Male 

ApoE+/- Ins2+/Akita B. Male ApoE+/- C. Female ApoE+/- D. Female ApoE+/- Ins2+/Akita. 

Lesions are indicated with red arrows. E. Quantification of total plaque volume of male 

and female ApoE+/- and ApoE+/- Ins2+/Akita mice at 25 weeks of age. There were no 

significant differences between any group (n=7, 11, 9, 9; left to right). 
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Figure 4: Blood Glucose and Plaque Volume in 25-week ApoE+/- Mice. Comparison of 

plaque volume and blood glucose levels between A. male and B. female ApoE+/- 

Ins2+/Akita and ApoE+/- groups. There were no significant correlations. 
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Figure 5: Triglycerides, Cholesterol, and Plaque Volume in 25-week ApoE+/- Mice. A. 

Comparison of plaque volume and plasma triglyceride levels (n=17,15) and B. 

Comparison of plaque volume and plasma cholesterol levels (n=17,15). There were no 

significant correlations. 
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Discussion 

Previous experimental evidence within the Werstuck lab suggested that that 

ApoE+/- mice may develop plaques when subjected to hyperglycemia (Venegas-Pino et al. 

2016), but this was not the case. Neither male nor female ApoE+/- Ins2+/Akita mice 

demonstrated any significant differences in plaque volume even at 25 weeks (Figure 3e) 

and the plaques formed were ten times smaller in 25-week old ApoE+/- mice than 10-week 

old ApoE-/- mice (Figure 8a) (Maeda, 2011). These results suggest that dyslipidemia is a 

key factor in hyperglycemia-associated atherosclerotic progression (Maeda, 2011; 

Venegas-Pino et al. 2016). 

The first sets of mice were sectioned using a technique that was established for 

characterization of ApoE-/- mice (with larger plaques) (Venegas-Pino et al. 2013; Venegas-

Pino et al. 2016). Hearts were sectioned until the first leaflet was visible and then reoriented 

until at least one more leaflet was also visible (Braun et al. 2003). This method is intended 

to reduce the number of slides and sections necessary to complete the sectioning and keep 

the aortic sinuses in a similar plane of reference (Venegas-Pino et al. 2013). The 

reorientation often resulted in one or two lost sections at the start, often obscuring the first 

leaflet (Venegas-Pino et al. 2013). Since the plaques in this model are very small and 

located near the beginning of the leaflets, the lost sections could result in lost plaques 

(Venegas-Pino et al. 2013). 

To correct this, we adjusted our methods for the second set of ApoE+/- and ApoE+/- 

Ins2+/Akita mice (Venegas-Pino et al. 2013; Venegas-Pino et al. 2016). The second set was 

trimmed only until the first leaflet was observed (Braun et al. 2003; Venegas-Pino et al. 

2013). The sinus was then sectioned until the final leaflet disappeared (Braun et al. 2003; 
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Venegas-Pino et al. 2013). To best compare with the first set of mice, the starting point to 

measure distance was held constant (Venegas-Pino et al. 2013). This new method of 

sectioning yielded a greater quantity of early sections, containing the beginnings of leaflets 

where plaques are most likely to form in mice (Braun et al. 2003; Maeda, 2011; Venegas-

Pino et al. 2013; Venegas-Pino et al. 2016). Examination of additional mice using this 

technique revealed some plaque trends that the original method didn’t show in the first 24 

mice, however overall conclusions remained the same, with no significant differences in 

atherosclerotic plaque volume between ApoE+/- and ApoE+/- Ins2+/Akita mice in males or 

females (Figure 3). 

ApoE+/- Ins2+/Akita females presented plaque volumes more similar to female 

ApoE+/- than the male ApoE+/- Ins2+/Akita to male ApoE+/-. Our lab has observed evidence 

of gluconormalization in female ApoE-/- mouse models after 15 weeks (Venegas-Pino et 

al. 2016). Estrogen has demonstrated anti-apoptotic activity in the beta cells of the murine 

pancreas (Venegas-Pino et al. 2016), which increases availability of insulin and protects 

against hyperglycemia (Venegas-Pino et al. 2016); however, in this study, the female Akita 

mice had significantly elevated blood glucose relative to female controls (P=0.0168), even 

at 25 weeks. While it is possible that genetic drift or stress-related factors could have 

reduced gluconormalizing effects, previous studies have shown normalizing effects only 

in female ApoE-/- mice (Maeda, 2011; Venegas-Pino et al. 2016). It would appear that the 

ApoE+ allele in the heterozygote must be responsible for the lack of gluconormalization in 

the Ins2+/Akita females (Venegas-Pino et al. 2016). 

Lipid analyses showed no significant differences in the levels of cholesterol or 

triglycerides between ApoE+/- Ins2+/Akita mice and the ApoE+/- controls (Figure 2). The 
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similarity in lipid concentrations suggests that we can exclude these factors as a potential 

source of the differences between the groups and also reinforces the notion that 

hyperglycemia is the cause of whatever differences are observed (Maeda, 2011; 

Shimomura et al. 1999). However, plaque volume and blood glucose did not demonstrate 

any significant correlations (Figure 4), nor did plaque volume and cholesterol or 

triglyceride concentrations (Figure 5) in the ApoE+/- mouse model. 

Since there were no significant differences in plaque volume between ApoE+/- and 

ApoE+/- Ins2+/Akita mice, our study looked into the effects of hyperglycemia on the 

development of atherosclerosis in the endothelium in ApoE-/- mouse model.  As expected, 

both female and male ApoE-/- Ins2+/Akita mice demonstrated hyperglycemia at 10 weeks of 

age (Figure 7) (Maeda, 2011; Shea et al. 2004; Venegas-Pino et al. 2016). Male ApoE-/- 

Ins2+/Akita mice demonstrated greater differences in blood glucose relative to controls than 

female ApoE-/- Ins2+/Akita mice even at 10 weeks of age (Figure 7) (p<0.0001 and p=0.0019 

respectively) (n=8-9). Early activities of these gluconormalizing effects previously 

described in female ApoE-/- mice are likely the cause of these sex differences (Venegas-

Pino et al. 2016). Male ApoE-/- mice were selected as the focus of this study because male 

ApoE-/- Ins2+/Akita mice expressed the most reliable and pronounced hyperglycemia at 5, 10, 

15, and 25 weeks. The fasting blood glucose of the ApoE-/- Ins2+/Akita mice was significantly 

elevated from their normoglycemic ApoE-/- counterparts (p=0.0002, 0.0002, 0.0022, and 

0.0079 respectively) (n=5-8) (Figure 6a). 

ApoE-/- mice demonstrated plaques averaging ten times larger than ApoE+/- mice 

and presented at least some plaque in all specimens (p=0.0021) (n=16,38) (Figure 8a). This 



M.Sc. Thesis – R. Ballagh; McMaster University – Medical Science 

 

31 
 

further supports evidence of the importance of dyslipidemia in the progression of 

atherosclerosis in mice. 

It should be noted that while our lab has previously demonstrated that the ApoE+/- 

mouse model has normal lipid levels, the results of the lipid analyses in this study were 

lower than would be expected for all specimens (Maeda, 2011; Venegas-Pino et al. 2016; 

Zhang et al. 1992). While ApoE-/- plasma cholesterol and triglycerides were within ranges 

established in other papers, these values for the ApoE+/- mouse model were much lower 

than should be expected (Falk, 2006; Maeda, 2011; Shea et al. 2004; Venegas-Pino et al. 

2016). Similarly, unexpected, the female mice showed significantly elevated fasting 

plasma triglycerides when the mice were hyperglycemic (Falk, 2006; Maeda, 2011; 

Venegas-Pino et al. 2016). While these results were suspect and a reassessment was 

attempted, the reassessment produced similar results and the remaining blood samples were 

exhausted. Without additional blood samples from 25-week heterozygotes to further assess 

plasma lipids and with the conclusions of our quantification of plaque volume showing no 

significant differences in between ApoE+/- and ApoE+/- Ins2+/Akita this study shifted focus 

to the ApoE-/- model and endothelial activation. 

Conclusion 

 ApoE+/- Ins2+/Akita mice had significantly elevated blood glucose and no differences 

in plasma cholesterol compared to age-matched controls. There were no significant 

differences in plaque volume between ApoE+/- and ApoE+/- Ins2+/Akita mice. 

Hyperglycemia, in normolipidemic mice, is not sufficient to induce the accelerated 

atherosclerosis.  
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Chapter 4: Hyperglycemia and Endothelial Activation 

 

Foreword 

 This study investigates the effects of hyperglycemia on endothelial activation by 

quantifying the expression of two common markers expressed on the endothelial surface, 

VCAM and ICAM. It also looks at subsequent macrophage recruitment to these sites prior 

to plaque formation, and plaque volume over time. We showed here that hyperglycemic 

mice express more VCAM but not ICAM along their aortic endothelium at as early as 5 

and 10 weeks of age and that macrophage recruitment is also increased in hyperglycemic 

mice at 5 weeks. 

Abstract 

Objective 

 Studies of the endothelium and plasma at later stages of atherosclerotic 

development show a significant rise in both circulating and endothelial VCAM and ICAM 

especially in mice and patients with chronic hyperglycemia. This study investigates the 

effects of hyperglycemia on early atherosclerotic development by looking at the markers 

of endothelial activation and macrophage recruitment to the subendothelial space of the 

aortic sinus and ascending aorta.  

Approach and Results 

 Blood glucose was measured with a glucometer for each mouse and cholesterol and 

triglycerides levels were discerned from blood samples treated with infinity reagent 

chromogens and quantification with absorption chromatography. Hearts of ApoE-/- mice 

were cut parallel to and 5mm below the aortic sinus and encased in paraffin blocks. These 

blocks were sectioned and the sections stained with either indirect immunofluorescent 
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tagging of VCAM or Mac3, to visualize endothelial VCAM expression and macrophage 

recruitment respectively, or indirect immunohistochemical streptavidinated HRP-DAB 

staining to visualize endothelial ICAM. Stained sections were imaged at 10x magnification, 

quantified with ImageJ tracing software, and the percentage of the endothelium expressing 

VCAM or ICAM was calculated. Mac3 was quantified by measuring the total area of the 

fluorescent macrophages stained for each mouse. These quantities were compared between 

age groups, between ApoE-/- and ApoE-/- Ins2+/Akita, and between ApoE+/- and ApoE+/- 

Ins2+/Akita statistically with Man-Whitney U tests and Kruskal Wallace H tests if they failed 

the D’Agostino-Pearson omnibus normality test, or Student’s T tests and One-way 

ANOVA if they were normally distributed. 

Conclusions 

 This study shows that hyperglycemia increases early VCAM but not ICAM 

expression in ApoE-/- mice; macrophage recruitment to the subendothelial space is also 

enhanced in hyperglycemic mice; and hyperglycemic mice develop larger plaques that 

become evident at 25 weeks of age. These findings are consistent with evidence that 

VCAM functions as an important endothelial recruitment factor that plays a unique role in 

the acceleration of atherosclerosis by hyperglycemia. These results further our insight into 

the mechanisms behind hyperglycemia, its affect on plaque formation, and highlight the 

importance of VCAM in early macrophage recruitment and atherosclerotic progression 

independent of ICAM. 
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Introduction 

Atherosclerosis is the most prominent underlying cause of coronary artery 

disease, carotid artery disease, and peripheral arterial disease (Basta et al. 2004). 

Atherosclerosis is an immunoinflammatory disease of the medium and large arteries 

caused by the gradual deposition of lipids and macrophages in the subendothelial space of 

the arterial wall (Basta et al. 2004). Atheroprone regions; typically, those with turbulent 

blood flow, branching, or oscillating sheer stress; accumulate excess cholesterol in the 

form of chylomicrons, VLDL, and LDL in the subendothelial space, which oxidizes and 

facilitates the chronic inflammation characteristic of the disease (Basta et al. 2004). The 

endothelium in these lesion-prone areas becomes dysfunctional and activated, expressing 

cellular adhesion molecules like VCAM and ICAM (Sud et al. 1984). It also becomes 

more permeable to the very lipids it intends to address (Basta et al. 2004). VCAM and 

ICAM are adhesion molecules of the immunoglobin (Ig) superfamily expressed along the 

vascular endothelium and recruit macrophages to clear the lipids and oxidized derivatives 

from the subendothelial space (Basta et al. 2004; Sud et al. 1984). These macrophages 

can quickly saturate with lipids, become engorged, and become proatherogenic foam cells 

(Basta et al. 2004; Blankenberg et al. 2003). Foam cells are fat-engorged M2 

macrophages and key actors in lesion formation in nascent atherosclerosis (Venegas-Pino 

et al. 2016; Walpola et al. 1995). They accumulate in the subendothelial space to become 

fatty streaks and eventually lesions and advanced plaques (Blankenberg et al. 2003; 

Venegas-Pino et al. 2016). Research examining this recruitment has shown promising 

evidence for potential targets of prophylactic intervention (Blankenberg et al. 2003; 

Cybulsky et al. 2001). 
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Work by Cybulsky et al. has found evidence that both VCAM and ICAM are 

upregulated in cases of atherosclerosis in the aorta, however VCAM, but not ICAM, play 

a large role in lesion initiation (Cybulsky et al. 2001). The study disrupted the fourth 

immunoglobin (Ig) domain of VCAM or ICAM so that only 2-8% of what is normally 

produced in the wild type was present (Cybulsky et al. 2001). They found that 

compromising VCAM significantly reduced the area of early atherosclerotic lesions in 

ApoE-/- mice, while their plasma lipid profiles, cholesterol, or circulating leukocytes 

remained comparable to the wild-type (Cybulsky et al. 2001). Conversely, deficiency of 

ICAM showed no significant changes in plaque initiation or development (Cybulsky et al. 

2001). 

This is of particular interest to research regarding diabetes (Aronson & Rayfield, 

2002; Blankenberg et al. 2003). Chronic hyperglycemia is a hallmark of diabetes and a 

potent stimulus for inflammation (Aronson & Rayfield, 2002). It should be no surprise 

that atherosclerosis, a disease characterized by chronic inflammation, is exacerbated by 

these circumstances (Blankenberg et al. 2003). This synergistic effect leads to significant 

rises in macrophage recruiting factors and is suspected to be the mechanism behind early 

initiation and acceleration of cardiovascular disease (Blankenberg et al. 2003; Cybulsky 

et al. 2001; Venegas-Pino et al. 2016; Walpola et al. 1995). 

This study intends to examine the effects of hyperglycemia on the expression and 

coverage of these macrophage recruitment factors along the aortic sinus endothelium, 

assess the role of VCAM and ICAM in early atherosclerosis, and look at macrophage 

recruitment at these nascent stages of atherogenesis in the murine aortic sinus 

(Blankenberg et al. 2003; Venegas-Pino et al. 2016). 
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Methods 

Harvesting and Sectioning 

 All ApoE+/- mice were fed a normal chow diet and harvested at 25 weeks of age 

(Venegas-Pino et al. 2013; Venegas-Pino et al. 2016). ApoE-/- mice were fed a normal chow 

diet and harvested at 5, 10, 15, and 25 weeks of age (Venegas-Pino et al. 2016). Hearts 

were perfused with phosphate buffered saline (PBS), harvested, fixed in 10% formalin, 

processed in a tissue processor, and encased in paraffin blocks (Venegas-Pino et al. 2013). 

The paraffin-encased tissue was trimmed at 10 micrometers until initial signs of the first 

leaflet of the aortic valve were observed (Venegas-Pino et al. 2013). The block was then 

reoriented until the second leaflet became apparent (Venegas-Pino et al. 2013). When at 

least two of the three aortic valve pouches were visible, the microtome was then switched 

to section at 4.5 micrometers and sections were fixed to slides via a hot water bath, set to 

45 degrees Celsius (Venegas-Pino et al. 2013). Sections were distributed over 10 slides in 

staggered order (slide 1, slide 2… slide 10, slide 1…) running left to right and top to bottom 

(Venegas-Pino et al. 2013). Sections were taken until the aortic valve pouches were no 

longer observed (Venegas-Pino et al. 2013). Due to the small size of plaques in ApoE+/- 

specimens, this technique was adapted with the second batch of mice so that sectioning 

would begin at the appearance of the first aortic valve pouch and no reorientation would 

occur (Venegas-Pino et al. 2013; Venegas-Pino et al. 2016). This was an attempt at 

reducing the likelihood of missing plaques (Venegas-Pino et al. 2016). Conversely, ApoE-

/- hearts were all sectioned until at least 2 aortic valve pouches were visible, as described 

above (Venegas-Pino et al. 2013). 
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Quantifying Endothelial Activation 

To evaluate endothelial activation, ApoE+/-, ApoE+/- Ins2+/Akita, ApoE-/-, and 

ApoE-/- Ins2+/Akita hearts were subjected to histochemical (HC) (Venegas-Pino et al. 2016), 

immunohistochemical (IHC) (Moore et al. 2013; Ruifrok & Johnston, 2001), and 

immunofluorescent (IF) (Cybulsky et al. 2001; Moore et al. 2013) staining. ICAM was 

quantified with IHC, using diaminobenzene (DAB) as a chromogen in conjunction with 

streptavidinated horseradish peroxidase, localized through streptavidin adhesion to a 

biotinylated secondary antibody, which in turn adhered to a primary antibody specific for 

ICAM (Ruifrok & Johnston, 2001). Finally, VCAM expression was analyzed via indirect 

IF tagging of a primary anti-VCAM antibody with a secondary Alexa Fluor 488 fluorescent 

antibody (Cybulsky et al. 2001; Moore et al. 2013). 

ICAM expression was visualized with indirect IHC staining (Cybulsky et al. 2001; 

Ruifrok & Johnston, 2001). Slides were deparaffinized and treated with citrate-based 

antigen unmasking solution in a pressure cooker for heat-induced epitope retrieval (HIER) 

(Moore et al. 2013; Venegas-Pino et al. 2016). Sections were treated with 10% rabbit serum 

as a blocking agent, diluted in 1X PBS 0.05% triton for permeabilization, for 45 minutes 

at room temperature (RT) (Moore et al. 2013; Venegas-Pino et al. 2016). Sections were 

covered with 200uL of goat anti-ICAM-1, an antibody specific for mouse ICAM-1 with 

biotin affinity, diluted 1:50 in 1X PBS 0.05% triton, and incubated at 4°C overnight (Moore 

et al. 2013; Venegas-Pino et al. 2016). Slides were washed in 1X PBS and rinsed over 20 

minutes and covered with 200uL of a biotinylated rabbit anti-goat secondary antibody, 

diluted 1:250 in PBS, and incubated for 1.5 hours at RT (Moore et al. 2013; Venegas-Pino 

et al. 2016). Slides were washed in 1X PBS and covered with streptavidinated horseradish 
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peroxidase for 45 minutes at RT (Moore et al. 2013; Venegas-Pino et al. 2016). Slides were 

washed in 1X PBS and treated with DAB for 30 minutes at RT (Moore et al. 2013; 

Venegas-Pino et al. 2016). They were washed with 1X PBS and mounted with aqueous 

mounting medium (Moore et al. 2013; Venegas-Pino et al. 2016). Experimental controls 

were incorporated, which omitted the primary antibody to visualize any nonspecific 

staining (Moore et al. 2013; Venegas-Pino et al. 2016). Slides were imaged and quantified 

with colour deconvolution, tracing, and particle analysis using ImageJ software (Venegas-

Pino et al. 2013; Venegas-Pino et al. 2016). 

VCAM expression was visualized with indirect IF tagging (Cybulsky et al. 2001; 

Moore et al. 2013). Slides were deparaffinized and treated with citrate-based antigen 

unmasking solution in a pressure cooker for heat-induced epitope retrieval (HIER) (Moore 

et al. 2013; Venegas-Pino et al. 2016). Sections were treated with 10% goat serum as a 

blocking agent, diluted in 1X PBS 0.05% triton for permeabilization, for 45 minutes at 

room temperature (RT) (Moore et al. 2013; Venegas-Pino et al. 2016). Sections were 

covered with 200uL of rabbit anti-VCAM-1, diluted 1:50 in 1X PBS 0.05% triton, and 

incubated at 4°C overnight (Moore et al. 2013; Venegas-Pino et al. 2016). Slides were 

washed in 1X PBS, rinsed over 20 minutes, and covered with 200uL of fluorescent goat 

anti-rabbit Alexa Fluor 488 secondary antibody, diluted 1:250 in 1X PBS, and incubated 

for 1.5 hours at RT (Moore et al. 2013; Venegas-Pino et al. 2016). These slides were 

protected from exposure to light (Venegas-Pino et al. 2013; Venegas-Pino et al. 2016) 

(Cybulsky et al. 2001; Moore et al. 2013). Slides were washed with 1X PBS and mounted 

with aqueous mounting medium (Venegas-Pino et al. 2016). Controls were incorporated, 

which either omitted the primary antibody or substituted non-specific rabbit IgG. Slides 
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were imaged, analyzed, and quantified using ImageJ software (Venegas-Pino et al. 2013; 

Venegas-Pino et al. 2016). 

The coverage of VCAM and ICAM expression along the endothelium of the aortic 

valve pouches was quantified digitally using the tracing tool of ImageJ and standardized 

with scale bars (Venegas-Pino et al. 2013; Venegas-Pino et al. 2016). This study attempted 

to account for variation in sizes of aortic sinuses between mice by calculating the 

percentage of endothelium expressing either VCAM or ICAM (Venegas-Pino et al. 2013; 

Venegas-Pino et al. 2016). Calculation divided the length of the endothelium expressing 

either VCAM or ICAM was by the total length of the endothelium in each valve pouch 

aortic sinus. Sections of the endothelium of aortic sinus valve pouches with excessive non-

specific staining were omitted. This was done for all age groups (5, 10, 15, and 25 weeks) 

and genotypes (ApoE-/-, ApoE+/-, ApoE-/- Ins2+/Akita, and ApoE+/- Ins2+/Akita) (Venegas-Pino 

et al. 2016). 

VCAM intensity was not normally distributed and thus was compared with Mann-

Whitney U tests at 5, 10, 15, and 25-week timepoints (D’Agostino et al. 1990). Once 

considered within age groups and gender, these analyses were also performed via Kruskal-

Wallis H tests to run multiple comparisons between the groups (McKnight & Najab, 2010).  

Groups were tested for normal distribution with D'Agostino & Pearson omnibus 

normality tests (D’Agostino et al. 1990). Small sample sizes (n<8) often give false positives 

for normality tests (D’Agostino et al. 1990; Heiberger & Neuwirth, 2009; McKnight & 

Najab, 2010). It is more reliable to use non-parametric analyses in these cases (McKnight 

& Najab, 2010). For this reason, samples that did not present with normal distribution, or 

had sample sizes below 8, were analyzed with non-parametric analyses (D’Agostino et al. 
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1990). Comparisons between two groups were analyzed with non-parametric Mann-

Whitney U tests (D’Agostino et al. 1990). Comparisons between multiple groups were 

conducted with non-parametric Kruskal-Wallis H tests (McKnight & Najab, 2010). 

Normally distributed data was analyzed with t-tests for comparisons between two groups 

or one-way ANOVA for multiple comparisons (Haynes, 2013; Heiberger & Neuwirth, 

2009). 

 

Results 

Metabolic Parameters 

 

Male ApoE-/- Ins2+/Akita mice had significantly elevated blood glucose levels 

relative to age and sex-matched ApoE-/- controls at 5, 10, 15, and 25 weeks of age 

(p=0.0002, 0.0002, 0.022, and 0.079 respectively) (n=5-9) (Figure 6a). Female ApoE-/- 

Ins2+/Akita mice had significantly higher blood glucose than their age matched ApoE-/- 

counterparts at 10 weeks of age (p=0.0019) (n=9-10) (Figure 7). 

Some female ApoE-/- Ins2+/Akita mice had similar or lower blood glucose than their 

ApoE-/- counterparts (Figure 7). This is consistent with previous studies in our lab, which 

show that glucose levels normalize in female ApoE-/- mice after sexual maturation4. 

Because we are interested in the effect of hyperglycemia on atherogenesis, this study opted 

to focus on male mice4. Male ApoE-/- Ins2+/Akita mice showed significantly elevated fasting 

plasma cholesterol at 15 (P=0.0159) and 25 weeks of age (P=0.0079) compared to age-

matched ApoE-/- mice (p=0.0159 and 0.0079 respectively) (n=5) (Figure 6b). There were 

no significant differences in fasting plasma triglycerides between male ApoE+/- Ins2+/Akita 

and ApoE-/- mice at any age (n=3-5) (Figure 6c).  
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Figure 6. Analysis of Glucose and Lipid Levels in Male ApoE-/- Mice. A. Male ApoE-/- 
Ins2+/Akita mice showed significantly higher blood glucose than male ApoE-/- mice at 
5, 10, 15, and 25 weeks of age. (p=0.002, 0.002, 0.022, 0.079 respectively) 
(n=9,7,8,8,5,6,5,5) B. Male ApoE-/- Ins2+/Akita mice demonstrated significantly elevated 
cholesterol at 15 and 25 weeks of age relative to age matched controls. (p=0.0159, 
0.0079 respectively) (n=5) C. There were no significant differences in triglyceride 
levels in either genotype at any age examined. (n=5,5,5,5,5,5,3,4) 
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Figure 7: Blood glucose levels in 10-week ApoE-/- mice. Male ApoE-/- Ins2+/Akita mice had 

significantly higher blood glucose than male ApoE-/- (p<0.0001) (n=8). Female ApoE-/- 

Ins2+/Akita mice also had significantly higher blood glucose than female ApoE-/- 

(p=0.0019) (n=10,9). Males demonstrated greater and more reliable differences in blood 

glucose than females between ApoE-/- and ApoE-/- Ins2+/Akita. 
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Atherosclerotic Plaque Volume 

Male ApoE-/- Ins2+/Akita mice at 10 weeks had significantly larger plaques than 

ApoE+/- mice at 25 weeks (p<0.0001) (n=16,38) (Figure 8a). Both male ApoE-/- and ApoE-

/- Ins2+/Akita mice presented with distinct and significant plaques by 15 and 25 weeks of age 

(Figure 8b,c). Male ApoE-/- Ins2+/Akita mice presented significantly larger plaque volume, 

approximately 3 times larger than male ApoE-/- mice, at 25 weeks of age (Figure 8a) 

(p=0.0317) (n=4-7).  
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Figure 8: Plaque Volume of Male ApoE-/- Mice. A. Quantification of plaque volume in 

the aortic sinus of 10-week ApoE-/- and 25-week ApoE+/- model mice. Plaques in ApoE-/- 

model were 10 times larger than ApoE+/- at 25 weeks (P<0.0001) (n=16,38). B. 

Quantification of the plaque area in the aortic sinus at 5, 10, 15, and 25 weeks of age. 

Plaques presented in both ApoE-/- and ApoE-/- Ins2+/Akita mice at 15 weeks. ApoE-/- 

Ins2+/Akita mice presented significantly larger plaque size at 25 weeks (p=0.0317) 

(n=5,7,5,4,5,6,5,5). C. Representative sections of aortic root were taken from 

normoglycemic ApoE-/- and hyperglycemic ApoE-/- Ins2+/Akita mice. Atherosclerotic 

lesions are outlined in red.  
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VCAM Expression 

Indirect IF staining of male ApoE-/- aortic sinuses showed specific fluorescence 

along the endothelial lining in sections 0-180um rom the aortic root, indicative of VCAM 

expression (Figure 9b). 

Male ApoE-/- Ins2+/Akita mice expressed elevated levels of VCAM at 5 and 10 weeks 

of age, compared to their normoglycemic ApoE-/- counterparts (p=0.0079 and 0.0037 

respectively) (n=6-9) (Figure 10a). Male ApoE-/- Ins2+/Akita mice showed sustained high 

levels of endothelial VCAM, with linear regression analysis showing no significant 

changes from 5 to 25 weeks (p=0.2010) (R2=0.3588) (n=3-9) (Figure 10c). Conversely, 

linear regression analysis on male ApoE-/- mice showed a significant increase in VCAM 

expression over time from 5 to 25 weeks (p=0.0041) (R2=0.0804) (n=3-8) (Figure 10c). 

Examination of VCAM in the ascending aorta, sectioned 319.5-495um from the 

aortic root, we see no significant differences in VCAM expression between male ApoE-/- 

and ApoE-/- Ins2+/Akita mice along the endothelium at 5 or 25 weeks of age, however Mann-

Whitney U tests on both groups show a significant rise in VCAM expression of both male 

ApoE-/- and ApoE-/- Ins2+/Akita mice between 5 and 25 weeks (p=0.0357 and 0.0238 

respectively) (n=3-6) (Figure 11). Quantification of mean grey value showed similar 

intensity of fluorescent VCAM in male ApoE-/- Ins2+/Akita mice at 10, 15, and 25 weeks 

(n=3-5) (Figure 12).  

ApoE+/- Ins2+/Akita mice demonstrated no significant differences in VCAM 

expression relative to age and sex-matched controls in sections 0-180um from the aortic 

root (Figure 13). 
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Figure 9: Sample Images of VCAM Fluorescence. Sample images of immunofluorescent 

staining with: A. no primary antibody B. VCAM-1-specific antibody C. and non-specific 

rabbit IgG. Red arrows indicate regions of specific staining of VCAM along the 

endothelium. Blue arrows indicate regions of nonspecific staining. There is little to no 

staining in the staining with no primary antibody; there is specific endothelial staining 

when using the VCAM antibody with some non- specific staining; and there is non-

specific staining when using the rabbit IgG. 
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Figure 10. Endothelial VCAM Expression in ApoE-/- Mice. A. Aortic sinus endothelium 

expressing VCAM. ApoE-/- Ins2+/Akita mice show higher VCAM expression at 5 

(p=0.0079) and 10 (p=0.0037) weeks of age. (n=9,7,6,8,5,7,5,6) B. Representative 

sections of the aortic sinus treated with indirect immunofluorescence at 5, 10, 15, and 25 

weeks of age. Specific staining of endothelial VCAM is indicated with blue arrows. VWF 

was used as a positive control and demonstrated staining of the whole endothelium. 

Negative controls showed no specific fluorescence. C. Linear regression of VCAM 

coverage in ApoE-/- and ApoE-/- Ins2+/Akita mice over time. ApoE-/- mice show significant 

rise over time (p=0.0041) (R2=0.3588) (n=9,4,5,3), while ApoE-/- Ins2+/Akita mice show 

no significant change over time (p=0.2010) (R2=0.0804) (n=7,8,4,3). 
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Figure 11: Endothelial VCAM Expression in the Ascending Aorta in ApoE-/- Mice. 

ApoE-/- Ins2+/Akita mice showed no significant differences in VCAM coverage from ApoE-

/- mice at 5 or 25 weeks, however VCAM coverage rose significantly in both groups by 

25 weeks (p=0.0357 for ApoE-/-, 0.0238 for ApoE-/- Ins2+/Akita) (n=5,6,3,3). 
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Figure 12: VCAM Fluorescence Intensity in ApoE-/- Mice. Average intensity of 

fluorescence of aortic leaflets in male ApoE-/- and ApoE-/- Ins2+/Akita mice at 10, 15 and 25 

weeks (n=5,5,6,5,3,3). While ApoE-/- Ins2+/Akita mice appear to have higher expression at 

each time-point, there are no significant differences. There is no significant difference in 

VCAM intensity between 10, 15, and 25-week mice. 
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Figure 13: Endothelial VCAM Expression in ApoE+/- Mice. Quantification of the 

percentage of the endothelium expressing fluorescent VCAM in male ApoE+/- and 

ApoE+/- Ins2+/Akita at 25 weeks. There were no significant differences (n=4). 
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ICAM Expression 

Cross sections of the aortic sinus were stained for ICAM via indirect IHC staining 

with DAB, streptavidinated horseradish peroxidase and a biotinylated secondary antibody 

and displayed red oxidized DAB localized along the endothelium, indicative of ICAM-

specific staining (Figure 14). 

In sections taken 0-180um from the aortic root, male ApoE-/- Ins2+/Akita mice 

showed no significant differences in ICAM expression relative to age and sex-matched 

ApoE-/- mice at any age (n=4-8) (Figure 15a). ApoE-/- Ins2+/Akita and ApoE-/- mice showed 

similar significant increases in the coverage of ICAM along the endothelium over time, 

increasing gradually but significantly from 5 to 25 weeks or age (p=0.0235 and 0.0438 

respectively) (R2=0.2214 and 0.1722 respectively) (Figure 15c). 

In the ascending aorta in sections 319.5-49.5um from the aortic root, there are no 

significant differences in ICAM expression between ApoE-/- and ApoE-/- Ins2+/Akita mice at 

5 or 25 weeks along the endothelium (n=5-7) (Figure 16). 

ApoE+/- mice also demonstrated no significant differences in ICAM expression 

between male 25-week ApoE+/- and ApoE+/- Ins2+/Akita mice in sections from 0-180um deep 

(n=3) (Figure 17). 
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Figure 14: Sample Images of ICAM-specific DAB Staining. Sample images of IHC 

staining with: A. no primary antibody and B. ICAM-1-specific antibody. Red arrows 

indicate regions of specific staining of ICAM along the endothelium. There is no staining 

when omitting the primary antibody and there is specific endothelial staining when using 

the ICAM-specific antibody. Both images are of male ApoE-/- Ins2+/Akita mice at 15 

weeks.  
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Figure 15. Endothelial ICAM Expression in ApoE-/- mice. A. Quantification of ICAM 

expression along the aortic sinus endothelium. No significant differences in ICAM 

expression between ApoE-/- Ins2+/Akita or ApoE-/- mice at 5, 10, 15, or 25 weeks 

(n=5,7,6,4,4,5,8,8) B. Representative sections of aortic root stained with biotinylated anti-

ICAM, streptavidinated horseradish peroxidase, and diaminobenzene. Specific staining of 

endothelial ICAM indicated with red arrows. C. Linear regression of ICAM coverage in 

ApoE-/- and ApoE-/- Ins2+/Akita mice over time. ICAM coverage of both ApoE-/- and ApoE-

/- Ins2+/Akita mice rose significantly over time (p=0.0235 and 0.0438 respectively) 

(R2=0.2214 and 0.1722 respectively) (n=5,6,4,8 and 7,4,5,8 respectively).  
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Figure 16. Endothelial ICAM Expression in the Ascending Aorta of ApoE-/- mice. 

Sections of the upper aortic sinus and ascending aorta showed no significant differences 

in the coverage of ICAM along the endothelium between ApoE-/- and ApoE-/- Ins2+/Akita 

mice at 5 or 25 weeks (n=5,6,7,7). There was also no significant difference in the 

endothelial coverage of ICAM between 5 and 25 weeks for either group.  
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Figure 17: Endothelial ICAM Expression in ApoE+/- Mice. Quantification of the 

percentage of the endothelium expressing DAB-stained ICAM in male ApoE+/- and 

ApoE+/- Ins2+/Akita at 25 weeks. There were no significant differences (n=3).  
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Macrophage Recruitment 

 Aortic sinus sections were immunostained with an antibody against CD-107b 

(Mac3) using indirect immunofluorescence and demonstrated specific staining along the 

endothelium and within plaques (Figure 18b). ApoE-/- Ins2+/Akita mice presented 

significantly greater macrophage recruitment than ApoE-/- at 5 weeks (P=0.0002) (Figure 

16a). Macrophage recruitment in ApoE-/- mice rose significantly by 10 weeks to levels 

similar to what was seen in ApoE-/- Ins2+/Akita at 5 weeks (P=0.0002) (n=7-9). 
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Figure 18. Macrophage Recruitment in ApoE-/- Mice. A. Quantification of macrophage 

area measured as a sum of the area of all fluorescent macrophages for each mouse. ApoE-

/- Ins2+/Akita mice presented significantly greater macrophage recruitment than ApoE-/-. 

(p=0.0002) (n=9,8,7,4). Macrophage recruitment in ApoE-/- mice rose significantly at 10 

weeks to levels similar to ApoE-/- Ins2+/Akita at 5 weeks. (p=0.0002) B. Representative 

sections of the aortic sinus stained with indirect immunofluorescence, specific for Mac3, 

a marker present on the surface of the target macrophages. Blue arrows indicate specific 

staining of macrophages along the endothelium and within the subendothelial space. 

Fluorescent macrophages can be seen at 10 weeks in both ApoE-/- and ApoE-/- Ins2+/Akita 

mice, however fluorescent macrophages are scarce in ApoE-/- but prevalent in ApoE-/- 

Ins2+/Akita mice at 5 weeks.  
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Discussion 

Endothelial VCAM Expression 

This study looked at endothelial activation in ApoE-/- and ApoE+/- mouse models 

(Venegas-Pino et al. 2016). IF staining of VCAM using a monoclonal rabbit anti-VCAM-

1 antibody showed specific staining that was not observed with rabbit IgG or when omitting 

the primary antibody (Figure 9) (Moore et al. 2013). This is evidence that the fluorescence 

localized to the aortic valve pouch endothelium is representative of VCAM expression 

(Cybulsky et al. 2001; Venegas-Pino et al. 2016). Quantification of the percentage of 

endothelium expressing fluorescent VCAM found that VCAM expression was 

significantly elevated in ApoE-/- Ins2+/Akita mice relative to ApoE-/- mice at 5 and 10 weeks 

of age (p=0.0079, 0.0037 respectively) (n=6-9) (Figure 10a). This rise in VCAM 

expression occurs before plaques can be detected (Figure 10b) (Venegas-Pino et al. 2013; 

Venegas-Pino et al. 2016). ApoE-/- mice typically present plaques, by 15 weeks of age when 

fed a standard chow diet (Venegas-Pino et al. 2016). In this study, ApoE-/- Ins2+/Akita mice 

maintain similar elevated VCAM expression at 5, 10, 15, and 25 weeks, while ApoE-/- mice 

show a more gradual rise to similar levels by 15 or 25 weeks of age (Figure 10c). Linear 

regression analysis showed the significance of this rise in VCAM expression for ApoE-/- 

but not ApoE-/- Ins2+/Akita mice (p=0.0041 and 0.2010 respectively), however it should be 

noted that the linear regression for each presented low R2 values (R2=0.3588 and 0.0804 

respectively) and therefore, while the linear regression model for ApoE-/- mice was 

significant (p=0.0041), neither regression model accurately explains the variation in the 

data (Rousseeuw & Leroy, 2005). Regardless, we see elevated VCAM coverage along the 

aortic endothelium in ApoE-/- Ins2+/Akita mice with chronic hyperglycemia at 5, 10, 15 and 



M.Sc. Thesis – R. Ballagh; McMaster University – Medical Science 

 

59 
 

25 weeks, where ApoE-/- only present similar levels at 15 and 25 weeks (Venegas-Pino et 

al. 2016). This suggests that hyperglycemia stimulates endothelial activation earlier in 

ApoE-/- mice (Blankenberg et al. 2003; Ruifrok & Johnston, 2001). Since VCAM 

expression in ApoE-/- mice does not significantly change between 5 and 25 weeks and 

VCAM expression in ApoE-/- mice rises to similar levels around 15 and 25 weeks, this may 

also suggest some maximal threshold of endothelial VCAM expression, which is achieved 

early on by ApoE-/- Ins2+/Akita mice and which ApoE-/- mice build to more gradually 

(Cybulsky et al. 2001; Ruifrok & Johnston, 2001). As atherosclerotic plaques progress, 

macrophages are recruited to the subendothelial space at sites of inflammation by cellular 

adhesion molecules like VCAM and ICAM (Cybulsky et al. 2001; Ruifrok & Johnston, 

2001). Over time, this inflammation becomes more and more severe and macrophages 

continue to be recruited (Basta et al. 2004). There is no significant difference in VCAM 

expression in either group between 15 and 25 weeks, where most plaque growth is likely 

to occur (Basta et al. 2004). Our results seem to support the notion of a maximal threshold 

of VCAM coverage, which is reached earlier in hyperglycemic ApoE-/- Ins2+/Akita mice than 

ApoE-/- mice and is realized at 15 and 25 weeks in both groups (Cybulsky et al. 2001). 

It should be noted that there was no difference in the intensity of this VCAM 

fluorescence per unit area between the ApoE-/- and ApoE-/- Ins2+/Akita mice. Instead the 

quantification of mean gray values showed a uniform intensity of VCAM fluorescence 

along the endothelium at all ages (Blankenberg et al. 2003). This significant rise in VCAM 

coverage along the endothelium with no rise in intensity may suggest an all-or-none 

mechanism of VCAM expression by endothelial cells; where VCAM upregulation does 

not increase the VCAM produced by individual cells as much as increase the number of 
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cells expressing VCAM (Cybulsky et al. 2001). This idea is currently under investigation 

in the Werstuck lab. In either case, it would appear that mice with hyperglycemia display 

a greater area of the endothelium expressing VCAM but no difference in its intensity per 

unit area (Cybulsky et al. 2001; Ruifrok & Johnston, 2001; Venegas-Pino et al. 2016).  

These results were not mirrored in the male ApoE+/- mouse model, where there were 

no differences in VCAM coverage between ApoE+/- and ApoE+/- Ins2+/Akita mice (Venegas-

Pino et al. 2016). These experiments seem to suggest that hyperglycemia significantly 

increases area of expression but not essentially intensity of VCAM along the endothelium; 

and that dyslipidemia, as seen in the ApoE-/- but not ApoE+/- mouse model, plays a key role 

in increasing the extent of VCAM coverage in these atherosclerosis-susceptible regions of 

the endothelium (Venegas-Pino et al. 2016). 

ICAM Expression 

Similarly, to VCAM immunofluorescent experiments, immunohistochemical 

staining of ICAM using goat anti-ICAM-1 showed a specific staining that was not observed 

with goat IgG or when omitting the primary antibody (Figure 14) (Cybulsky et al. 2001; 

Venegas-Pino et al. 2016). This suggests that the localized DAB staining is representative 

of ICAM expression along the endothelium (Ruifrok & Johnston, 2001). Unlike VCAM, 

quantification of endothelial ICAM showed no significant differences in coverage between 

ApoE-/- Ins2+/Akita and ApoE-/- mice (Figure 15). ApoE+/- and ApoE+/- Ins2+/Akita mice also 

showed no significant differences (Figure 17). Instead, linear regression analysis showed a 

significant rise in ICAM expression for both ApoE-/- and ApoE-/- Ins2+/Akita mice (p=0.0235 

and 0.0438 respectively), however, like our previous linear regression in VCAM, it should 

be noted that the linear regression for each genotype, ApoE-/- and ApoE-/- Ins2+/Akita, 
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presented low R2 values (R2=0.2214 and 0.1722 respectively) and therefore, while both 

analyses are significant, they do not explain the variation in the data accurately.  

This deviation from the trends observed in VCAM trials was unexpected 

(Blankenberg et al. 2003; Cybulsky et al. 2001; Venegas-Pino et al. 2016). As plaques 

become more advanced, inflammation increases to promote macrophage recruitment to the 

subendothelial space and facilitate lipid clearance (Ruifrok & Johnston, 2001). This 

recruitment is in part facilitated by VCAM and ICAM, which are responsible for firm 

adhesion to leukocytes before endothelial extravasation (Cybulsky et al. 2001; Ruifrok & 

Johnston, 2001; Venegas-Pino et al. 2016). One might reasonably expect both VCAM and 

ICAM to increase as the plaque progresses, however VCAM demonstrated no significant 

rise in ApoE-/- Ins2+/Akita mice between 5, 10, 15 and 25 weeks or ApoE-/- mice between 15 

and 25 weeks (Noyman et al. 2002). Overall, ApoE-/- mice showed a significant rise in 

VCAM expression similar to what is seen in ApoE-/- and ApoE-/- Ins2+/Akita in the ICAM 

trials. VCAM trials of ApoE-/- Ins2+/Akita mice are the only group to show no significant 

changes between 5 and 25 weeks of age, instead remaining relatively elevated for all time 

points (Cybulsky et al. 2001). Cybulsky et al. found VCAM, but not ICAM, played an 

important role in early atherosclerosis (Cybulsky et al. 2001). These findings seem to 

support their conclusions that VCAM is an independent and key actor in the initiation of 

atherosclerosis by hyperglycemia. 

One should also consider the differences in IHC and IF staining as a possible reason 

for these differences. 5, 10, 15, and 25-week mice were stained together under the same 

conditions for ICAM IHC (Ruifrok & Johnston, 2001). The use of IHC methods in lieu of 

IF could explain these unusual differences; however, the specific staining demonstrated by 
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the DAB chromogen strictly localized along the endothelium seems evident of its efficacy 

(Cybulsky et al. 2001; Ruifrok & Johnston, 2001).  

Macrophage Recruitment 

Similarly, to VCAM, immunofluorescent microscopy of macrophage recruitment 

with anti-Mac3 showed a marked increase in fluorescent macrophages recruited to 

atheroprone regions of the subendothelial space in ApoE-/- Ins2+/Akita mice at 5 weeks 

relative to ApoE-/- mice (Figure 18). By 10 weeks, ApoE-/- mice showed similar 

macrophage recruitment to ApoE-/- Ins2+/Akita mice at 5 weeks. As we saw in our VCAM 

trials, ApoE-/- Ins2+/Akita mice demonstrated significantly higher VCAM at 5 and 10 weeks 

than ApoE-/- mice, before ApoE-/- mice reached similar levels by 15 and 25 weeks of age. 

Since VCAM is a cellular adhesion molecule tasked with recruiting macrophages to sites 

of inflammation in the vasculature, it is understandable why macrophage recruitment is 

similarly higher at 5 weeks in ApoE-/- Ins2+/Akita mice than ApoE-/- mice, however the rise 

of ApoE-/- macrophage recruitment to similar levels as ApoE-/- Ins2+/Akita mice at 10 weeks 

is unexpected, as VCAM coverage is still significantly higher in the ApoE-/- Ins2+/Akita mice 

(Cybulsky et al. 2001). One would expect the macrophage recruitment to remain 

significantly higher in the ApoE-/- Ins2+/Akita mice where VCAM is also elevated, however 

this is not the case. This earlier recruitment of macrophages to the subendothelial space 

helps to illustrate the unique role played by VCAM in the development of early 

atherosclerosis (Cybulsky et al. 2001). 

Conclusions 

 Hyperglycemia increases the early expression of VCAM but not ICAM, 

macrophage recruitment in the subendothelial space, and larger atherosclerotic plaques in 
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ApoE-/- mice. These findings are consistent with evidence that VCAM functions as an 

important endothelial recruitment factor that plays a unique role in the acceleration of 

atherosclerosis by hyperglycemia. These results further our insight into the mechanisms 

behind hyperglycemia, its effect on plaque formation, and highlight the importance of 

VCAM in early macrophage recruitment and atherosclerotic progression. 
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Chapter 5: General Discussion 

Discussion: 

 Despite heightened awareness and research into heart disease and stroke, 

cardiovascular disease remains the primary cause of death worldwide (Das & Elbein, 

2006). Type 1 and type 2 diabetes are each independent and strong risk factors for 

cardiovascular disease, and the growing prevalence of type 1 and type 2 diabetes in the 

world today should highlight the importance of research into understanding the 

pathogenesis of atherosclerosis, potential therapeutic targets for medical interventions and 

clinical applications, prophylactic changes to modifiable risk factors like dietary and 

lifestyle changes, and such daily and often underestimated essentials, like nutrition and 

metabolism (Das & Elbein, 2006; Ross, 1993; Yang et al. 2013). 

 To pursue research in this endeavour, it is essential to find the right animal model. 

It is often difficult to mirror human conditions in mice, given the differences in size, 

metabolism, and lifestyle, and so it is important to understand the parameters with which 

we design our experiments. This study reinforces that dyslipidemia is necessary to induce 

atherosclerosis in mice and that, while hyperglycemia can accelerate atherosclerosis, it is 

not sufficient to induce its initiation in normolipidemic ApoE+/- mice (Barber et al. 2005).  

 When hyperglycemia and dyslipidemia are both present, in ApoE-/- Ins2+/Akita mice, 

mice develop accelerated atherosclerosis and show elevated expression of VCAM from as 

early as 5 weeks, and all other ages tested. Where hyperglycemia is absent, we see a gradual 

rise in VCAM expression over time in dyslipidemic ApoE-/- mice, similar to what was seen 

with ICAM in both hyperglycemic and normoglycemic mice with dyslipidemia. These 

results seem to reaffirm the findings of Cybulsky et al. that VCAM, but not ICAM, plays 
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an important role in early atherosclerosis. Elevated VCAM expression at 5 weeks of age 

was consistent with earlier influx of macrophages into the subendothelial space at 5 weeks. 

While macrophage presence in the subendothelial space became similar between 

normoglycemic and hyperglycemic mice at 10 weeks, this still seems to suggest that 

chronic hyperglycemia, as seen in diabetes, leads to earlier initiation of plaque formation. 

It is especially interesting that VCAM plays such a unique role in this recruitment. 

It may suggest that suppression of VCAM expression could be a viable avenue of 

suppressing atherogenesis. Cybulsky et al. found promising results reducing plaque volume 

when compromising VCAM, however we must also acknowledge the essential role VCAM 

plays in the recruitment of macrophages to site of inflammation along the endothelium and 

in other cells. Reduction in the functionality of VCAM could lead to complications with 

the general immune response, leukocyte-endothelial cell signalling, and disrupt even some 

mesenchymal stem cells (Shimomura et al. 1999). Leaving ICAM intact may help to 

mitigate the damage of such therapies, however more research into the matter is needed. 

For now, this study serves as invaluable information for further analysis of the role of 

VCAM in the initiation and progression of atherosclerosis in mice. 

Conclusions: 

  This study shows that hyperglycemia increases early VCAM, but not ICAM, 

expression in ApoE-/- mice; macrophage recruitment to the subendothelial space is also 

enhanced in hyperglycemic mice; and hyperglycemic mice develop larger plaques that 

become evident at 25 weeks of age. These findings are consistent with evidence that 

VCAM functions as an important endothelial recruitment factor that plays a unique role in 

the acceleration of atherosclerosis by hyperglycemia. These results further our insight into 
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the mechanisms behind hyperglycemia, its effect on plaque formation, and highlight the 

importance of VCAM in early macrophage recruitment and atherosclerotic progression 

independent of ICAM. 
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Chapter 6: Future Work 

Future Directions: 

 This study discovered a much about the nature of VCAM and dyslipidemia in the 

progression of early atherosclerosis, however it provides many avenues for further research 

in its conclusions. Further testing of the gluconormalizing and non-gluconormalizing 

effects of the ApoE-/- and ApoE+/- hyperglycemic mice respectively could better help us to 

understand and study female models of hyperglycemia and atherosclerosis in the murine 

heart and vasculature (Barber et al. 2005). Studies might also wish to look into the effects 

on mice younger than 5 weeks to see if VCAM is expressed at the same high levels we see 

at 5, 10, 15, and 25 weeks from birth or when it begins to be evident. Taking samples at 1, 

2, 3, and 4 weeks of age could determine how early this effect is observed and whether this 

phenomenon is present from birth or has a later point of onset. Similar studies into the 

recruitment of macrophages at these time points would be an excellent way to gauge if their 

recruitment is chronic from birth or begins atherogenesis at the 5-week time point shown 

here in hyperglycemic ApoE-/- mice. 

 Similarly, it may be useful to study the expression of VCAM and ICAM at earlier 

time points in the ApoE+/- mouse model. Mice in the ApoE-/- model demonstrated greater 

VCAM expression at 5 and 10 weeks of age, however ApoE+/- mice were only sampled at 

25 weeks of age. Further studies should examine the aortic sinus or ascending aorta at 5 

and 10 weeks of age in the ApoE+/-. This study suggests that dyslipidemia is necessary for 

hyperglycemia-accelerated plaque growth in mice, however it is unclear if VCAM is still 

overexpressed at these early ages in a normolipidemic model. It would be interesting to see 

if one can see elevated levels of VCAM without dyslipidemia.  
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 Studies could also attempt to reaffirm ICAM results with immunofluorescent 

microscopy in addition to the immunohistochemical DAB staining shown here. While our 

available antibodies were best suited for the latter method, comparisons with 

immunofluorescence may further test the activity of ICAM in hyperglycemic mice at both 

early and advanced stages of atherosclerosis. 

 It may also be useful to examine the unexpected trends in VCAM fluorescence over 

time. While we expected VCAM to increase with greater inflammation and plaque 

progression, it seemed to reach a sort of threshold between 40% and 80% coverage that 

was maintained in the hyperglycemic mice from 5 weeks to 25 weeks of age, and reached 

by the normoglycemic mice by 15 and 25. Studies may wish to further analyze the apparent 

maximal threshold of VCAM expression in the aortic sinus and see if this is both confirmed 

and present in other areas of the vasculature, like further along the ascending aorta or in 

later stages of atherosclerotic progression. Similar studies might test the expression of 

VCAM in cultured endothelial cells. Further analysis of this may test the all-or-none model 

of VCAM expression in endothelial cells discussed earlier as a possible theory behind the 

similarity in intensity of VCAM expression per unit area despite greater coverage. 

 Further research into hyperglycemia, diabetes and cardiovascular disease is 

essential to address the main source of mortality in the world today. Answering the 

questions here and expanding our knowledge of pathology and treatment remains one of 

the most pressing issues in medical science today. The number of people diagnosed with 

diabetes has risen from 108 million in 1980 to 422 million in 2014 and that number is only 

rising1. More research could better inform the public about prophylactic measures, lifestyle 
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choices, and management techniques that can continue to better quality of life and 

longevity for everyone, especially patients with diabetes.  
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