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LAY ABSTRACT

The leading cause of death in the world is heart disease. The most

common type of heart disease is caused by fatty plaque build-up in the artery

wall. Certain risk factors put you at higher risk of developing heart disease, some

risk factors are: high blood glucose levels, high blood cholesterol levels, obesity

and smoking. However, we do not know how these risk factors increase the risk

of heart disease. This thesis project uses mouse models that develop plaques in

the heart. We examine how risk factors affect the heart and focus on a pathway

that is involved in disease progression. This allows us to study how specific

factors promote the fatty plaque build-up. The results of these studies are

important as they will give us more information on how to protect individuals from

heart disease.
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ABSTRACT

Cardiovascular disease (CVD) is the leading cause of mortality worldwide.

CVD risk factors include diabetes, dyslipidemia, hypertension, and obesity.

Atherosclerosis is the major underlying cause of CVD. Endothelial cells (ECs)

line the vasculature and function to maintain homeostasis and regulate blood

vessel dynamics. Endothelial activation is thought to be an early predictor of

atherosclerosis initiation.

Studies have concluded that CVD risk factors cause endoplasmic

reticulum (ER) stress. More recently, from work in macrophage models, it was

found that ER stress may signal through the glycogen synthase kinase

(GSK)3α/β pathway to promote atherosclerosis. The aim of this thesis is to

examine the role of ER stress-GSK3α/β signalling on endothelial activation and

atherosclerosis initiation and progression.

This thesis contains three data chapters that each describe the results of a

standalone study. Chapter 3 focuses on the role of hyperglycemia in EC

activation. ApoE-/-Ins2+/akita and ApoE+/-Ins2+/akita mice were used to examine the

effects of hyperglycemia on adhesion protein expression, monocyte/macrophage

recruitment and atherosclerotic plaque development at the aortic sinus.
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The fourth chapter investigates a potential mechanism by which

hyperglycemia promotes EC activation in vitro using cultured human aortic

endothelial cells (HAEC). 4-phenylbutyric acid (4-PBA), an ER stress attenuator

and tideglusib, a GSK3α/β inhibitor, were added to cells cultured in elevated

glucose media. Adhesion protein expression and monocyte attachment were

assessed. The results of these experiments support a role for glucose-induced

ER stress signalling through GSK3α/β in the activation of EC.

Chapter 5 describes the results of in vivo experiments examining adhesion

protein expression, monocyte/macrophage recruitment and atherosclerotic

progression in endothelium-selective GSK3α and GSK3β knockout mice. These

experiments are the first to support a role for endothelial GSK3α, but not GSK3β,

in the progression and development of atherosclerosis.

Together these data show that hyperglycemia, and perhaps other

cardiovascular risk factors, promote early EC activation by a mechanism

involving ER stress signalling through GSK3α. These findings further support the

viability of a strategy to specifically target GSK3α as a way to block or impede

atherosclerosis.
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CHAPTER 1: General Introduction
1.1 INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of mortality

worldwide1,2,3. In 2019 it is estimated that 32% of global deaths were due to

CVD1. Over 75% of CVD death occurs in low-middle income areas1,4. Due to the

global rise in obesity and diabetes, mortality associated with CVD is predicted to

continually rise in years to come1,5. In Canada, CVD is the second leading

contributor to healthcare costs, with an estimated annual cost of 22 billion dollars

per year6,7.

1.2 CVD

Risk factors

CVD describes a complex heterogeneous group of conditions that affect

the circulatory system (heart and/or blood vessels)8. There are five major risk

factors associated with the development of CVD including high body mass index

(>25kg/m2), high blood pressure (>130mg/dL systolic, >80 diastolic), diabetes

(fasting glucose levels >7mM), elevated plasma cholesterol (>200mg/dL total

cholesterol and >130 mg/dL low-density lipoproteins (LDL) cholesterol) and

elevated triglycerides (>150mg/dL)9,10,11,12. If a patient is diagnosed with three or

more of these risk factors, they are considered to suffer from the metabolic

syndrome, and their risk for CVD increases 50-60%10,13,14. In addition to these

metabolic risk factors for CVD, lifestyle factors including smoking, diet, and
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physical inactivity can also significantly contribute to cardiovascular risk8,15. The

mechanism(s) by which these risk factors promote CVD are not fully understood.

An understanding of these mechanisms will facilitate the development of future

therapeutic strategies to reduce the burden of CVD.

Atherosclerosis

Atherosclerosis is an inflammatory disease and a major underlying cause

of CVDs16. In humans, the progression of atherosclerosis usually spans decades,

and patients are typically asymptomatic for years before signs of clinical

manifestation16. Atherosclerosis is a progressive inflammatory disease

characterised by plaque accumulation in the arterial wall, causing narrowing of

the artery, and thus altering blood flow16. Atherosclerosis initiates in focal areas of

the artery wall that are predisposed to disrupted laminar blood flow, including

bifurcations, branches and/or inner curvatures16. The major symptoms of

atherosclerotic CVD include chest pain, shortness of breath and edema due to

plaque build-up in the arterial wall causing insufficient blood flow17. The

obstruction of major blood vessels can ultimately lead to heart attacks, strokes

and peripheral vascular disease18.

Atherosclerotic CVD can be classified into two main diseases, ischemic

heart disease (heart attack) and cerebrovascular disease (stroke). Ischemic heart

disease (IHD) (also called coronary heart disease or coronary artery disease) is

caused by a build-up of atherosclerotic plaque in the artery wall compromising

2
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blood flow resulting in inadequate delivery of blood and oxygen to the heart19. An

inadequate supply of blood and nutrients can lead to cardiomyocyte death

(myocardial infarction) resulting in a heart attack19. IHD is often asymptomatic

and events are likely to occur during exercise or stress when the heart’s demand

for oxygen is increased19. Cerebrovascular disease refers to a group of conditions

that ultimately present as plaque build-up in the artery wall (atherosclerosis)

affecting the blood supply to the brain. The most common cerebrovascular event

is a stroke20. Atherosclerotic CVD accounts for 84.5% of cardiovascular deaths,

with the largest number of deaths involving ischemic heart disease (followed by

cerebrovascular disease)20.

The pathogenesis of atherosclerosis

Atherogenesis is the development of plaque in the arterial wall causing a

narrowing of the artery21. The artery wall is composed of three layers, the inner

layer being the intima that consists of a single layer of endothelial cells (ECs), a

middle layer composed of multiple layers of vascular smooth muscle cells called

the tunica media, and the outer layer, the tunica adventitia (Figure 1.1)22.

Atherosclerosis is believed to initiate at sites of endothelial injury/activation.

Circulating monocytes are attracted to the site of injury and infiltrate the

endothelium23. In the intima, monocytes differentiate to macrophages, which

uptake oxidized low-density lipoproteins particles (ox-LDL) and glycated LDL

(gl-LDL) and efferocytose cellular debris24. As the macrophages become

3
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engorged with lipids they become foam cells24. Foam cells can undergo

apoptosis, and their lipid-filled contents contribute to the acellular, lipid-rich

necrotic core that can grow in size and destabilize the plaque25. Major acute

cardiovascular events, such as heart attacks and strokes, usually occur when an

atherosclerotic plaque ruptures and the resulting thrombus occludes the vessel26.

ECs play a pivotal role in the initiation of atherogenesis. Therefore, further

understanding of how CVD risk factors affect ECs will advance our knowledge of

how risk factors, such as diabetes and dyslipidemia, promote CVD.

4
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Figure 1.1: The artery wall. The artery wall is composed of three layers. The

innermost layer is referred to as the tunica intima, which consists of ECs that are

in direct contact with circulating blood. The tunica media is composed mainly of

vascular smooth muscle cells. The outermost layer of the vessel is composed of

connective tissue and provides structural support. Figure created using

Biorender.com 2022.
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1.3 THE ENDOTHELIUM

ECs form a single semi-permeable layer of cells that line the vasculature

acting as a barrier between circulating blood and the vessel wall27. They are

critical for maintaining vascular homeostasis28. ECs are responsible for vessel

wall maintenance, regulating inflammatory responses and providing barrier

functions29. Healthy ECs regulate blood flow via vasodilation and vasoconstriction

by signalling the vascular smooth muscle cells in the medial layer to relax or

constrict30.

EC activation

EC activation in lesion-prone areas is an important stage in the initiation of

atherosclerosis31. ECs are subjected to hemodynamic forces32. Branches and

bends in the vasculature are susceptible to disturbed blood flow and alterations

in shear stress32. This causes a change in EC morphology, which alters the

barrier function, promotes low-level inflammation, and increases permeability32.

Atherosclerotic prone areas of the artery have lower levels of endothelial nitric

oxide synthase (eNOS) expression33 and elevated expression of p65, an

inflammatory marker associated with nuclear factor kappa B (NF-κB) activity34.

The NF-κB pathway mediates inflammatory processes and contributes to

atherogenesis35.

7
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NF-κB is a transcription factor involved in the regulation of inflammatory

genes, cell proliferation and apoptosis34. NF-κB can be activated through

extracellular stimuli, including cytokines, tumour necrosis factor alpha (TNFα)

and Interleukin-1 (IL-1)34. In an inactive state, NF-κB is bound to the inhibitory κB

kinase (IKK) complex, upon activation IKK is phosphorylated, allowing NF-κB to

migrate to the nucleus and upregulate the transcription of target genes. NF-κB

activation increases the transcription of many genes that contribute to the

pathogenesis of atherosclerosis34. In endothelial cells, activation of NF-κB causes

induction of inflammatory cytokines and upregulation of adhesion proteins, which

promote monocyte recruitment and atherosclerosis initiation35.

EC activation has been associated with specific cardiovascular risk

factors. Diabetes mellitus (DM)36, hypertension37, dyslipidemia 38, and obesity39

have all been linked to an activated endothelium. In addition, it is known that

pro-inflammatory cytokines, such as TNFα can promote EC activation40,41. TNFα

is an inflammatory and immune regulator. Exposure to inflammatory stimuli

causes macrophages and other cells of the myeloid lineage to produce TNFα42.

TNFα has been linked to impaired vasodilation43. In particular, TNFα inhibits

eNOS activity, thereby altering vascular functions43. TNFα also promotes

8
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leukocyte adhesion through the activation of the NF-κB pathway, increasing gene

transcription of adhesion proteins43,44.

EC activation and enhanced adhesion protein expression is thought to be

one of the earliest stages in the initiation of atherogenesis45. Although the

adhesion proteins work in a coordinated fashion to assist in monocyte

recruitment, they have distinct roles and are regulated in different ways.

P-selectin

P-selectin is an inflammatory transmembrane adhesion molecule that is

expressed on activated ECs and platelets46. P-selectin is stored in Weibel Palade

bodies that are specific to EC47. Upon inflammatory stimulation, the Weibel

Palade bodies move to the endothelial membrane allowing rapid translocation of

P-selectin to the endothelial surface48. P-selectin, in concert with other adhesion

molecules, plays a role in inflammation and atherogenesis by assisting in

leukocyte/monocyte recruitment49. Endothelial P-selectin mediates adhesion and

rolling of monocytes to the endothelial layer via interaction with the P-selectin

glycoprotein ligand 1 (PSGL-1) on monocytes50. A study done by Johnson RC et

al genetically eliminated P-selectin in an atherosclerotic prone mouse model

(LDL Receptor knockout (LDLR-/-)) and showed that these mice had a reduced

plaque size as well as reduced monocyte rolling across the endothelial layer51. In

vitro studies explore the role of TNFα and P-selectin regulation. Human umbilical
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vein endothelial cells (HUVEC)52 and bovine capillary endothelial cells (BCE)53

exposed to TNFα had elevated levels of P-selectin gene expression. This

suggests that TNFα promotes EC activation.

E-selectin

E-selectin is a glycoprotein adhesion molecule that is primarily expressed

on activated endothelium, and like P-selectin, aids in the initial recruitment of

leukocytes to the vessel wall54. E-selectin can bind to the PSGL-1 and cluster of

differentiation 44 (CD44) present on monocytes55. In rodents, both P/E-selectin

are upregulated in the presence of inflammatory cytokines, however, in HUVEC

the response is mainly upregulated E-selectin56. In mice it has been shown that

deficiency of E-selectin results in a reduction in atherosclerotic lesion size57. A

combined P/E-selectin deficiency was associated with a far greater reduction in

lesion size, suggesting synergistic roles of these selectins in leukocyte

recruitment and atherosclerotic initiation58. An in vitro study exposed HUVEC to

TNFα or Interleukin- 1 (IL-1) and found that E-selectin was upregulated within 2-4

hours of exposure to an inflammatory cytokine. In this same study they

stimulated the cells with TNFα and an NF-κB inhibitor and found a reduction in

soluble E-selectin (sE-selectin)59. This suggests that TNFα promotes E-selectin

expression by activating NF-κB.
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Vascular cell adhesion molecule (VCAM-1)

VCAM-1 is a cell surface glycoprotein that is present in mice and humans

and plays a role in leukocyte/monocyte recruitment55,60. VCAM-1 is upregulated in

response to inflammatory stimuli, including TNFα61. After P/E-selectin slow

monocyte rolling on the endothelium, VCAM-1 and intracellular adhesion

molecule (ICAM-1) arrest monocytes on the endothelium62. Very late antigen 4

(VLA4/α4β1) and α4β7 are the two leukocyte binding integrin’s that bind to the

endothelial VCAM-1 receptor63,64. VCAM-1 plays an active role in leukocyte

recruitment as well as in leukocyte translocation across the endothelium and into

the vessel wall64. An in vitro study exposed HUVEC to TNFα and assessed

VCAM-1 expression. VCAM-1 levels were significantly elevated in TNFα

stimulated cells compared to untreated cells. In this study expression of ICAM-1

was also induced65.

Intracellular adhesion molecule (ICAM-1)

ICAM-1 is a cell surface glycoprotein expressed on ECs66,67. ICAM-1 is

constitutively active on resting/healthy ECs, however its expression can be

induced by inflammatory cytokines66,67. ICAM-1 binds to integrin’s CD11a/CD18

(Lymphocyte function associated antigen-1 (LFA-1)) present on leukocytes and

thus is thought to play an active role in leukocyte recruitment68. Like VCAM-1,

ICAM-1 aids in the transmigration of leukocytes across the EC layer into the wall

of the vessel. Studies by Cybulsky et al. showed that VCAM-1, but not ICAM-1
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plays a role in early atherosclerosis development64. Human lung microvascular

endothelial cells (HLMEC) exposed to increasing concentration of TNFα had a

dose-dependent increase in ICAM-1 expression69.

Platelet endothelial cell adhesion molecule (PECAM-1), and vascular

endothelial cadherin (VE-cadherin)

PECAM-1 and VE-cadherin are present at EC junctions and assist

primarily in leukocyte transmigration through the vascular EC layer70. PECAM-1

is highly and constitutively expressed at ECs junctions, it is also expressed on

platelets and circulating leukocytes71. PECAM-1 assists in regulation of vascular

permeability71. Inhibition of PECAM-1 in HUVEC blocked transmigration of

monocytes, however did not alter monocyte adhesion to the endothelial layer70,72.

VE-cadherin is an endothelial specific adhesion molecule also located between

EC junctions and assists in vascular permeability73.

Cardiovascular risk factors, including hyperglycemia, are believed to

promote EC injury, thereby contributing to the progression of atherosclerosis74.

Insults to lesion prone areas of arterial vasculature, cause EC activation and the

expression and/or presentation of cell adhesion molecules (P selectin, E selectin,

ICAM-1 and VCAM-1) that promote monocyte recruitment making these areas

prone to the initiation of atherosclerosis (Figure 1.2)75.
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Figure 1.2: Monocyte recruitment. EC activation involves the induction of

adhesion protein expression. P-selectin captures the circulating monocytes,

P/E-selectin, ICAM-1 and VCAM-1 assist in the slow rolling of the monocyte

across the endothelial layer. PECAM-1 and VE-Cadherin facilitate the

transmigration of the monocyte into the subendothelial layer.
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CVD risk factors and EC activation

Cardiovascular risk factors, including obesity, hypertension, and diabetes

induce vascular changes and EC activation76. Although these risk factors are

fundamentally different, they are thought to activate common pathways to initiate

and promote EC activation and the development of atherosclerosis77.

Obesity

A study comparing obese subjects to healthy subjects found that obese

patients had elevated serum concentrations of soluble ICAM-1 (sICAM-1),

sE-selectin and soluble P-selectin (sP-selectin)78. This suggests that obesity can

activate ECs and could explain why these patients have increased risk of CVD

development.

Hypertension

Hypertension is a CVD risk factor characterized by elevations in blood

pressure79. VCAM-1 was found to be significantly elevated in the aorta, and

soluble VCAM-1 (sVCAM-1) was elevated in serum from hypertensive mice,

compared to normotensive controls79. Blockade of VCAM-1 via VCAM-1

neutralizing antibody, resulted in reduced blood pressure, improved vascular

function, as well as reduced adhesion and infiltration of monocytes in the

hypertensive mouse model79. Although other adhesion protein markers were not
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assessed, these results are consistent with a role for VCAM-1 in endothelial

activation and potentially atherogenesis initiation.

Diabetes Mellitus (DM)

DM/hyperglycemia is a well-established risk factor for CVD80,81. In HUVEC,

ICAM-1 and P-selectin expressions were increased when exposed to intermittent

high glucose (12 hours elevated glucose followed by 12 hours normal glucose)80.

ICAM-1 expression was significantly increased in human aortic endothelial cells

(HAEC) exposed to elevated glucose concentrations81. HAEC treated in elevated

glucose conditions for 7 days had increased monocyte binding compared to

normal glucose control82. A clinical study showed that serum levels of soluble

VCAM-1 (sVCAM-1), sICAM-1 and sE-selectin were higher in diabetic patients,

compared to healthy controls83. This thesis will use diabetes/hyperglycemia as a

CVD risk factor to start to delineate a mechanism by which CVD risk factors lead

to EC activation.

The molecular mechanisms that link CVD risk factors to the initiation and

progression of atherosclerosis are not fully understood. Specifically, it is not

known how conditions of CVD risk factors may affect adhesion protein

expression and/or monocyte recruitment to the growing plaque. Previous work, in

our lab and others, has implicated hyperglycemic-induced ER stress as a

potentially important pathway in atherogenesis84,85,86,87,88.
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1.4 ENDOPLASMIC RETICULUM (ER) STRESS

The ER is a tubular network of membranes that facilitates protein

biosynthesis, folding and modification89. There are two distinct forms of the ER,

smooth ER and rough ER90. The rough ER contains ribosomes and is important

for protein synthesis and processing, whilst the smooth ER does not contain

ribosomes and is involved in lipid biosynthesis and intracellular calcium

homeostasis90. When ER functionality is disrupted, aberrant unfolded/misfolded

proteins accumulate and cause ER stress91. Cardiovascular risk factors including

obesity, hypertension, elevated cholesterol, and diabetes/hyperglycemia have all

been associated with increased ER stress92,93. Interestingly, these are the

cardiovascular risk factors associated with the metabolic syndrome.

The adaptive unfolded protein response (UPR) is a protective mechanism,

initiated by conditions of ER stress, that functions to restore ER homeostasis94.

The UPR involves the activation of signal transduction pathways leading to the

inhibition of protein translation, upregulation of ER resident chaperone

expression and degradation of misfolded proteins94,95. Persistent ER stress can

promote inflammation and induce the apoptotic UPR, resulting in cell death94,95,96.

UPR activation has been detected in all stages of lesion development and

therefore provides insight into a potential role of ER stress in the initiation and

progression of atherosclerosis97.
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The UPR is comprised of three signalling cascades that are initiated by

three ER membrane bound ER stress sensors; 1) inositol-requiring enzyme

(IRE1), 2) activating transcription factor (ATF6) and 3) protein kinase R-like

endoplasmic reticulum kinase (PERK)98. Under normal conditions, these three

sensors are inactive and bound to a chaperone protein, glucose-regulated

protein (GRP78). When misfolded proteins accumulate in the ER, GRP78

dissociates from IRE1, ATF6 and PERK leading to their activation99 (Figure 1.3).
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Figure 1.3: ER stress signalling. CVD risk factors cause ER stress and

activation of the UPR response. The 3 signalling pathways that make up the UPR

response are initiated by IRE1, ATF6 and PERK. IRE1 autophosphorylates and

splices X-box-binding protein 1 (XBP1) to make sXBP1, allowing it to translocate

to the nucleus and transcribe UPR associated genes. ATF6 translocates to the

Golgi where it is cleaved, cleaved ATF6 relocates to the nucleus and transcribes

UPR associated genes. PERK autophosphorylates and phosphorylates/inhibits

eIF2. Phosphorylation of eIF2 results in activation of ATF4 which translocates to

the nucleus and promotes an upregulation of apoptotic UPR associated genes.

Figure created using Biorender.com 2022.
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IRE1

IRE1 is an ER transmembrane protein that is non-covalently associated

with GRP78100,101. When GRP78 disassociates in response to ER stress, IRE1

auto-phosphorylates and its RNase domain is activated. Activated IRE1 splices

the X-box-binding protein 1 (sXBP1) mRNA in such a way as a coding frame shift

allows its translation101. sXBP1 translocates to the nucleus and enhances the

transcription of UPR associated genes, including GRP78 and genes involved in

ER-associated degradation (ERAD)102,103. sXBP1 activity enhances the folding

capacity, but also facilitates the elimination of misfolded proteins as a means to

reduce ER stress104.

ATF6

Activated ATF6 translocates to the Golgi complex. In the Golgi, ATF6 is

cleaved by site-1 proteases (S1) and site-2 proteases (S2)105. The cleaved ATF6

relocates to the nucleus where it binds to the ER stress response elements

causing an upregulation in the expression of ER resident chaperone proteins105.

PERK

PERK is a transmembrane protein kinase. When activated, PERK

auto-phosphorylates and also phosphorylates/inhibits eukaryotic translation

initiation factor -2α (eIF2α)106. eIF2α mediates translation initiation, therefore the

inhibition of eIF2α results in a general reduction in protein synthesis106. The
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phosphorylation of eIF2α also causes activation of activating transcription factor

4 (ATF4), which translocates to the nucleus and promotes the expression of

C/EBP homologous protein (CHOP), an apoptotic factor107.

CVD risk factors and ER stress

CVD risk factors have been associated with increased ER stress

suggesting a common pathway by which risk factors promote the development of

atherosclerosis. Dyslipidemia involves elevated levels of circulating lipids, and It

is well documented that dyslipidemia can cause ER stress108. Free cholesterol

and specific fatty acids can cause ER stress by disrupting the ER

membrane109,110,111,112. Human mesenchymal stem cells exposed to palmitate (a

fatty acid) had elevated ER stress and apoptosis assessed by western blot of ER

stress markers113.

Individuals with DM have a 2-4 fold increased risk of developing CVD114,

however the mechanism underlying this pathway is presently not well defined.

The hexamine biosynthesis pathway (HBP) is responsible for production of

precursors required for N-linked glycosylation115. Glycosylation is important as it

ensures proper protein folding in the ER116. HBP converts glucose-6-phosphate

to fructose-6-phosphate to glucosamine-6-phosphate. The rate limiting enzyme

responsible for this conversion is glutamine fructose-6-phosphate

amino-transferase (GFAT)116. Mouse embryonic fibroblasts (MEF) exposed to
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elevated levels of glucosamine had elevated expression of ER stress markers117.

Additionally, overexpression of GFAT in HepG2 cells promotes ER stress and

inflammation118. In human and rat myotubes, glucosamine treatments increased

ER stress markers119. Another study added high levels of glucosamine to HUVEC

which promoted ER stress and increased pro-inflammatory markers, suggesting

a role of hyperglycemia and the HBP impairing ER function120. Thus, increased

flux through the HBP could be the mechanism by which elevated glucose levels

accelerate atherosclerosis.

ER stress and EC activation

Atherosclerosis is associated with inflammation, ER stress, and vascular

dysfunction121. CVD risk factors have been shown to cause ER stress, and

therefore it is possible that there is a downstream mechanism of ER stress that

causes EC activation and adhesion protein expression, thus initiating early

atherogenesis.

HUVEC treated with TNFα (inflammatory cytokine associated with

increased gene transcription of adhesion proteins) had elevated levels of ER

stress markers, as well as increased monocyte adhesion122. Another study in

which HUVECs were treated with glucosamine, ER stress markers as well as

adhesion protein expression were elevated123. HUVEC exposed to LDL showed

activation of the UPR response, adhesion protein expression was not
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assessed124,125. In a separate study, HUVEC exposed to LDL showed a decrease

in eNOS and nitric oxide (NO) production125,126.

Studies support the possibility that ER stress may be a unifying

mechanism between CVD risk factors and accelerated atherogenesis, however

further research and understanding of this process is needed. In particular, the

downstream signalling associated with ER stress is not fully understood. Our lab

has identified an important role for ER stress signalling through glycogen

synthase kinase (GSK)3α/β in myeloid cells in the accelerated development of

atherosclerosis127.

1.5 GLYCOGEN SYNTHASE KINASE (GSK)3α/β

GSK3α/β is a serine/threonine protein kinase enzyme that is present in

two main isoforms; GSK3α and GSK3β. They are 98% identical in the kinase

domain, however only share 36% similarities in their C-terminal amino acid

residues128. GSK3α and GSK3β are encoded by different genes. In mice, GSK3α

is located on chromosome 7 and GSK3β is located on chromosome 16129. In

humans, GSK3α is located on chromosome 19 and GSK3β is located on

chromosome 3 (Figure 1.4)129. There is more than 90% sequence similarity in the

kinase domains across species129. GSK3α (51kDa) has an N-terminus

glycine-rich extension which makes the protein larger than GSK3β (47kDa)129.

GSK3α and GSK3β have structural similarities, however they also have unique
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functional roles130. The strongest evidence for functional differences between

GSK3α and GSK3β is that whole-body GSK3β knockout mice die during

embryogenesis due to heart defects and liver degeneration related to hepatic

apoptosis131, whereas whole-body GSK3α knockout mice are viable and have no

overt phenotype132.
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Figure 1.4: Glycogen synthase kinase3α/β. Figure adapted from Doble B.W

and Woodget J.R.128. In humans, GSK3α (51kDa) is located on chromosome 19

and GSK3β (47kDa) is located on chromosome 3. They both contain a kinase

domain highlighted in red, which are 98% identical between the two isoforms.

Phosphorylation of Tyrosine 279 or Tyrosine 216 activates GSK3α and GSK3β,

respectively. Phosphorylation on Serine 21 or Serine 9 phosphorylation

inactivates GSK3α and GSK3β, respectively. GSK3α has a glycine rich

N-terminal domain highlighted in blue, making the protein larger. Figure created

using Biorender.com 2022.
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GSK3α/β are constitutively active kinases that are involved in many

cellular processes including regulation of gene expression, apoptosis133,134 and

cellular proliferation135,136. GSK3α/β were first identified as kinases involved in the

phosphorylation/regulation of glycogen synthase. GSK3α/β now have over 100

known biological substrates134. They are unusual kinases as they are

constitutively active in resting cells, and therefore can be both inhibited and

induced. In addition, GSK3α/β activity often requires that substrates are

pre-phosphorylated/primed by other kinases. The consensus sequence for

GSK3α/β substrates is serine/threonine-x-x-x- serine/threonine-P. The first

serine/threonine is the target residue for GSK3α/β, whereas the last

serine/threonine-P is the priming residue. Although not always needed, primed

substrates tend to increase the kinases activity137.

GSK3α/β activity can be regulated by phosphorylation of serine residues.

Inhibition of GSK3α is achieved by phosphorylation of serine 21(Ser21), and

GSK3β inhibition by serine 9 (Ser9). Phosphorylation of Ser21/9 residues on

GSK3α/β inactivates the kinase and blocks its ability to phosphorylate substrates.

Some substrates known to phosphorylate GSK3α/β serine 21/9 residues include

protein kinase B (PKB/Akt) (insulin signalling pathway), p38 mitogen-activated

protein kinase (MAPK)138 and protein kinase C (PKC)139. Conversely,

autophosphorylation of tyrosine mediates upregulation and activation of GSK3α/β

activity (tyrosine 279 (Tyr279)/tyrosine 216 (Tyr216) respectively)140. GSK3α/β
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has been detected in the mitochondria and nucleus, as well as the cytosol. Very

little is known about mitochondria GSK3α/β activity. Nuclear GSK3α/β activity has

been associated with regulation of gene expression141,142.

Dysregulation of GSK3α/β has been associated with diseases including

DM143, atherosclerosis144, Alzheimer's145 and mood disorders146. GSK3α/β is

involved in many signalling pathways and diseases, therefore more research is

needed to better understand its roles and regulation in different cellular

pathways.

GSK3α/β signalling pathways

Insulin signalling pathway

GSK3α/β was initially discovered as a regulatory kinase for glycogen

synthase147(Figure 1.5). Insulin binds to the insulin receptor and activates the

phosphatidylinositol 3-kinase (PI3K)-PKB/Akt pathways via phosphorylation of

insulin receptor substrates (IRS)148. PKB/Akt phosphorylates the serine residues

on GSK3α/β resulting in inhibition of GSK3α/β activity148. This allows glycogen

synthase activity and facilitates glucose storage as glycogen.

Wnt/ β-catenin signalling pathway

Wnt/β-catenin signalling is involved in aspects of cell proliferation, cell

migration and cell polarity149. It is an important pathway in embryonic
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development149, 150. Wnt ligands bind to the frizzled receptor forming a complex of

proteins consisting of axin, casein kinase 1 (CK1), adenomatous polyposis coli

(APC) and Dishevelled kinase148,149,151. This complex inhibits GSK3α/β activity by

phosphorylation of Ser21/Ser9. This allows β-catenin accumulation and migration

to the nucleus triggering transcription of Wnt-specific genes151,152.

MAPK signalling pathway

MAPK signalling cascades play an important role in embryonic

development, cell division, proliferation, apoptosis and differentiation153. GSK3α/β

regulates some of the transcription factors in the MAPK signalling cascade. Myc

proteins regulate cell growth and division. GSK3α/β phosphorylates c-Myc

labelling it for degregation154. GSK3α/β also phosphorylates c-Jun thereby

blocking its ability to transcribe genes155. MAPK has been shown to inactivate

GSK3α/β156.

ER stress signalling pathway

More recently there has been a proposed mechanism of GSK3α/β

signalling in the ER stress pathway. ER stress has been implicated in many

diseases such as DM, neurodegenerative disorders and CVD131,132,157,158,159.

Under conditions of ER stress, there is activation of the UPR. The UPR has 3

distinct pathways (mentioned earlier), IRE-1, PERK and ATF6. Our lab has
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shown that ER stress/UPR activation promotes GSK3α/β activity through the

PERK signalling branch of the UPR129.
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Figure 1.5: GSK3α/β signalling pathways. Insulin binds to the insulin receptor

phosphorylating insulin receptor substrates. This causes activation of the

PI3K-PKB/Akt pathway which results in inactivation of GSK3α/β (phosphorylation

of serine residue). Another pathway is Wnt binding to the frizzled receptor

causing a complex of proteins. This protein complex inhibits GSK3α/β via serine

phosphorylation, which allows an accumulation of β-catenin. CVD risk factors

cause ER stress, upregulating the UPR response, GSK3α/β activity is

upregulated through the PERK pathway. Finally, growth factors cause activation

of MAPK, which inactivates GSK3α/β via serine phosphorylation. Figure created

using Biorender.com 2022.

32



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

33



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

GSK3α/β roles in atherosclerosis

GSK3α/β has been implicated in signalling pathways involved in

atherosclerosis. Toll-like receptors (TLR) are signal transducers that regulate the

immune response through NF-κB gene transcription signalling and are reported

to be upregulated in atherosclerosis160. It has been shown that human monocytes

subjected to TLR agonists in the presence of a GSK3α/β inhibitor have reduced

pro-inflammatory cytokine production161. GSK3α/β has been implicated in the

regulation of NF-κB, and therefore alters inflammatory gene transcription161,162,163.

Additionally, a whole body knockout of GSK3α in an atherosclerotic mouse model

significantly reduced plaque volume144. Further analysis of cell specific roles of

GSK3α/β showed that a myeloid knockout of GSK3α in an atherosclerosis-prone

mouse model resulted in reduced plaque volume127. Others have shown that

pharmacological inhibition of GSK3α/β using lithium chloride alleviated

atherosclerotic plaque progression as well as VCAM-1 expression, suggesting

that GSK3α/β could be involved in endothelial activation and therefore

atherosclerosis initiation164. More recently, inhibition of myeloid GSK3α has been

associated with atherosclerotic plaque regression165. These studies all support a

causative role of GSK3α/β, in particular GSK3α, in the progression and initiation

of atherosclerosis.

34



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

GSK3α/β role in ECs

To date, few studies have focussed on the role of GSK3α/β in ECs,

especially with respect to the development and progression of atherosclerosis.

GSK3β inhibition in primary human lung ECs has been shown to increase cell

proliferation and migration166. GSK3β inhibition reduced monocyte adhesion in an

inflammatory mouse model167. GSK3β concentrations were increased in HAEC

exposed to elevated glucose concentrations168. Research to date largely focuses

on the effects of GSK3β inhibition in ECs. Further research is needed to fully

understand the specific roles of GSK3α/β isoforms in EC activation and its

potential relation to atherogenesis initiation.

1.6 RESEARCH GOALS

CVD has been a major burden on global healthcare systems. Therapies

available are focused on reducing CVD risk factors and thereby reducing the risk

and severity of CVD. However, even with the availability of therapies, CVD

remains the leading cause of mortality worldwide. Further understanding of

cellular and molecular mechanisms involved in atherosclerosis initiation will allow

for the identification of new targeted therapies for CVD. The objective of the

research described in this thesis is to investigate if and how CVD risk factors

cause EC activation, and to determine the potential roles that GSK3α/β may

have in EC activation and the initiation of atherogenesis.
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CHAPTER 2: General Hypothesis and Objectives

2.1 GENERAL HYPOTHESIS

The molecular mechanisms that link cardiovascular risk factors, including

dyslipidemia and hyperglycemia, to the accelerated development of

atherosclerosis are not clear. A better understanding of the mechanisms which

drive the initiation of atherosclerosis will facilitate the development of more

effective treatment strategies.

We hypothesize that risk factors for CVD promote EC activation leading to

atherosclerotic initiation by signalling through the ER stress-GSK3α/β pathway.

2.2 GENERAL OBJECTIVES

The objectives of these studies is as follows:

1) To investigate the effects of hyperglycemia (a CVD risk factor) on EC

activation and the initiation of atherosclerosis.

2) Delineate the molecular mechanism by which elevated glucose

concentrations activate ECs, with specific focus on the ER

stress-GSK3α/β pathway.

3) Investigate the role of endothelial GSK3α and GSK3β in the initiation and

progression of atherosclerosis.
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CHAPTER 3: The Effects of Hyperglycemia on Early Endothelial Activation

and the Initiation of Atherosclerosis

Lauren Mastrogiacomo1,2, Robert Ballagh1, Daniel E Venegas-Pino1, Hargun

Kaur1, Peter Shi1, Geoff H Werstuck1,2

1Thrombosis and Atherosclerosis Research Institute, Hamilton, ON, Canada.

2Department of Medicine, McMaster University, Hamilton, ON, Canada.

3.1 FOREWORD

This study investigates the effects of hyperglycemia on endothelial cell (EC)

activation and initiation of atherosclerosis. Results suggest that elevated glucose

levels increase plaque volume and adhesion protein expression in dyslipidemia

and hyperglycemic mice. In a hyperglycemic mouse model (in the absence of

dyslipidemia) there was no plaque accumulation, however, hyperglycemic mice

had an increased expression of adhesion proteins in the aortic sinus. The use of

an SGLT2 inhibitor was able to reduce adhesion protein expression suggesting

that regulating/normalizing glucose may be beneficial for EC health.

The experiments in this study were conducted by Lauren Mastrogiacomo with

assistance from co-authors; Robert Ballagh, Dr. Daniel E Venegas-Pino, Hargun

Kaur and Peter Shi. The manuscript was written by Lauren Mastrogiacomo in

collaboration with Dr. Geoff Werstuck. This paper has been accepted for

publication in the American Journal of Pathology 2022.
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3.2 ABSTRACT

It is well established that patients with diabetes have an increased risk of

developing atherosclerotic cardiovascular disease (CVD). The earliest detectable

sign of atherosclerosis initiation is EC activation. Activated ECs express

adhesion proteins, P-selectin, E-selectin, vascular cell adhesion molecule-1, and

intercellular adhesion molecule-1, which function to recruit monocytes to the

subendothelial layer. This study examines the effect of hyperglycemia on EC

activation and the initiation and progression of atherosclerosis. In vitro studies

revealed that exposure of human aortic ECs to elevated (30mM) glucose

concentrations significantly increased the expression of P-selectin, E-selectin

and vascular cell adhesion molecule-1. In vivo studies showed that, before

lesion development, 5-week-old hyperglycemic ApoE-/-Ins2+/akita mice had

significantly increased expression of these adhesion proteins in the aortic sinus

and increased macrophage infiltration, compared with normoglycemic ApoE-/-

controls. At 25 weeks of age, ApoE-/-Ins2+/akita mice had significantly larger

atherosclerotic plaques than ApoE-/- controls (0.022 mm3± 0.004 vs 0.007 mm3±

0.001, P<0.05). Similar endothelial activation was observed in heterozygous

ApoE+/-Ins2+/akita mice; however, detectable atherosclerotic lesions did not develop

in the absence of dyslipidemia. Lowering blood glucose levels (by 55%) using a

sodium-glucose cotransporter 2 inhibitor did reduce endothelial activation. These

findings support a causative role for hyperglycemia in atherogenesis and
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highlight the importance of blood glucose regulation to prevent atherosclerotic

CVD.

3.3 INTRODUCTION

Diabetes mellitus (DM) is a heterogenous group of diseases that are

characterized by hyperglycemia1. The global prevalence of adults diagnosed with

diabetes is estimated to be 463 million (in 2019) and this is projected to

continually increase over the coming years2,3. Despite advances in care, patients

with diabetes have a 2-4 fold increased risk for developing CVD compared to

individuals that do not have diabetes4,5,6,7. Although a great deal of work has been

done, and several potential mechanisms have been proposed8, a definitive

underlying pathway linking diabetes to the pathogenesis of CVD has not yet been

identified.

Atherosclerosis is an inflammatory disease that is the underlying cause of

most CVD9,10. Atherosclerosis typically appears at sites of endothelial injury, in

regions of the artery that contain bifurcations, branches, or inner curvatures,

which tend to disrupt laminar blood flow11,12. The endothelium is composed of a

single layer of semi-permeable cells that line the inner vasculature13. ECs assist

in regulation of vascular wall permeability, blood fluidity, vascular tone

(contraction and relaxation) and monocyte/leukocyte attachment14,15,16. Therefore,

ECs are critical components and regulators of the cardiovascular system, and
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play a large role in the maintenance of vascular homeostasis and cardiovascular

health15. The endothelium is adaptive to many inflammatory and metabolic

environments; however persistent stressors can activate/damage ECs17.

Endothelial activation is one of the earliest signs of atherosclerosis initiation18,19
.

Activated ECs are characterized by increased expression of cell surface

proteins, including cell adhesion molecules, P-selectin, E-selectin, intercellular

adhesion molecule (ICAM)-1 and vascular cell adhesion molecule

(VCAM)-119,20,21,22. These surface proteins function in the attachment and

infiltration of monocytes into the subendothelial space of the artery wall23. Here,

infiltrating monocytes differentiate into macrophages that efferocytose modified

lipoproteins and cell debris23,24. These lipid engorged macrophages, called foam

cells, are the predominant cell type in a growing atherosclerotic plaque24. They

also play an important role in plaque stability and potential plaque rupture. Thus,

regulation of the endothelial activation and monocyte infiltration is a potential

strategy to protect against the development and progression of CVD.

Preclinical studies have clearly shown that the presence of

diabetes/hyperglycemia can accelerate the development of atherosclerosis in

rodent models25,26. However, the molecular mechanisms by which elevated

concentrations of glucose promote processes that result in enhanced disease

progression are not well understood. In this study we examine the effect of

40



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

hyperglycemia on the endothelium. We hypothesize that hyperglycemia

promotes the earliest events in atherogenesis – the activation of ECs. A better

understanding of how diabetes promotes atherosclerosis CVD will give us insight

on how to prevent CVD in this growing population.

3.4 MATERIALS AND METHODS

HAEC culture treatment conditions and analysis

Human aortic endothelial cells (HAEC) (ATCC, Manassas, VA) were

cultured in EGM™-2 Endothelial Cell Growth Medium-2 BulletKit (Lonza, Basel,

Switzerland) supplemented with 1% penicillin-streptomycin at 37°C in 5% CO2.

Cells from passage 4-10 were used for experiments. Cells were grown to

confluency and split into a 12 well plate at a seeding density of 5x105 cells/well.

Cells were cultured in regular media (5mM glucose), high mannitol (media (5mM

glucose) + 25mM mannitol) or high glucose (media (5mM glucose) + 25mM

glucose for a total of 30mM glucose)27,28 for 24 hours and collected using the

TRIzol Reagent method (Thermo Fisher Scientific, Waltham, MA). Total RNA

was isolated from the cells and cDNA was synthesized using the High-Capacity

cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA). The

expression of P-selectin, E-selectin, ICAM-1, VCAM-1, iNOS, eNOS, vWF, and

PECAM, were quantified using the SYBR Green (with ROX) method (Thermo

Fisher Scientific, Waltham, MA) and the StepOnePlus Real-Time PCR System

(Thermo Fisher Scientific, Waltham, MA)(see Table 3.1). Samples were run in
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technical triplicates and the comparative threshold cycle method was used to

determine gene expression. Expression levels were normalised to a β-actin

control.
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Table 3.1: Primer Sequences

Transcript Primer Sequence

Human P-selectin F: 5’- TGAGCACTGCTTGAAGAAAAAGC -3’
R: 5’- CACGTATTCACATTCTGGCCC -3’

Human E-selectin F: 5’- AGAGGTTCCTTCCTGCCAAG -3’
R: 5’- CAGAGCCATTGAGGGTCCAT-3’

Human VCAM-1 F: 5’- CCCTTGACCGGCTGGAGATT –3’
R: 5’- CTGGGGGCAACATTGACATAAAGTG -3’

Human ICAM-1 F: 5’- GCAGACAGTGACCATCTACAGCTT -3’
R: 5’- CTTCTGAGACCTCTGGCTTCGT – 3’

Human eNOS F: 5′- TGG ACC TGG ATA CCC GGA C-3′ 
R: 5′- TGG TGA CTT TGG CTA GCT GGT 3′ 

Human iNOS F: 5′- GTT TCT GGC AGC AGC GGC TC-3′ 
R: 5′- GCT CCT CGC TCA AGT TCA GC-3′ 

Human vWF F: 5’- TAA GAG GGC AAC ACA AAC G – 3’ 
R: 5’- ATC TTC ACC TGC CCA CTC C – 3’ 

Human PECAM F: 5’- CCA GTG TCC CCA GAA GCA AA – 3’
R: 5’- TGA TAA CCA CTG CAA TAA GTC CTT TC– 3’

Human β-actin F: 5’ - ACC GAG CGC GGC TAC AG – 3’
R: 5’ - CTT AAT GTG ACG CAC GAT TTC – 3’

F – forward primer, R- reverse primer
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Mice

All animal studies were pre-approved by the McMaster University Animal

Research Ethics Board. Male ApoE-/-Ins2+/akita mice were mated with female

ApoE-/- to obtain ApoE-/-Ins2+/akita and ApoE-/- littermates (Jackson Laboratory, Bar

Harbor, ME). All mice are in a C57BL/6 genetic background. Previous studies

have shown that male, but not female, ApoE-/-Ins2+/akita mice present with chronic

hyperglycemia25. Therefore only male mice were used in this study. Fasting blood

glucose levels were determined at 5 weeks of age. Male ApoE-/-Ins2+/akita mice

with fasting blood glucose levels above 15mM were included in the study. Male

ApoE-/- littermates had blood glucose levels <10mM (Table 3.2). To obtain

heterozygous ApoE+/- mice, male ApoE-/-Ins2+/akita mice were mated with female

C57BL/6 to produce ApoE+/-Ins2+/akita and ApoE+/- littermates. Fasting blood

glucose levels were determined at 5 weeks of age and similar blood glucose

inclusion criteria were used. All mice had free access to a regular chow diet

(2018 Teklad Global 18% Protein Diet, Harlan Teklad, 2918, Madison, WI) with

18% of the calories are derived from fat. Mice were euthanized at 5, 7, 10, 15, or

25 weeks of age. Blood was collected and the vasculature was flushed with PBS

and then fixed with 10% formalin. Heart/aorta, adipose and liver tissue were

collected for analysis.
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Table 3.2: Metabolic parameters of ApoE-/- and ApoE-/-Ins2+/akita mice

Genotype Age,
weeks

Blood
glucose,
mM

Plasma
triglyceride,
mM

Plasma
cholesterol,
mM

Body
weight, g

Liver
weight, g

Adipose
weight, g

ApoE-/- 5 8.70  ±0.39 1.10 ±0.13 6.44 ±0.60 14.48 ±0.31 1.06 ±0.05 0.07 ±0.02
25 7.77 ±0.63 1.21 ±0.04 9.40 ±0.47 30.11 ±0.65 1.33 ±0.05 0.31 ±0.06

ApoE-/-

Ins2+/akita
5 20.43 ±1.13

****
1.46 ±0.12 8.15 ±0.34 15.56 ±0.29 1.38 ±0.10

*
0.03 ±0.02

25 25.08  ±0.91
††††

1.04 ±0.08 20.40 ±0.92
††††

24.86 ±0.73
†

1.31 ±0.07 0.02 ±0.01
††

*P<0.05 and ****P<0.00005 compared to 5 week old ApoE-/- mice,

†P<0.05, ††P<0.005 and ††††P<0.00005 compared to 25 week old ApoE-/- mice,

n=5
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Empagliflozin treatment

Five-week-old ApoE+/- and ApoE+/-Ins2+/akita were provided with regular

drinking water or water supplemented with 35mg/kg body weight empagliflozin

(MedChem Express, Monmouth Junction, NJ), as previously described29. After 2

weeks, mice were sacrificed and urine, blood and heart/aorta tissue were

collected.

Analysis of plasma and urine

Fasting blood glucose levels were measured using the OneTouch Verio

Flex Meter (Lifescan, Inc., Milpitas, CA). Fasting plasma total cholesterol and

triglyceride levels were determined using the colormetric infinity

cholesterol/triglyceride kit (Thermo Fisher Scientific, Waltham, MA). Urine

glucose levels were measured using the colormetic infinity glucose kit (Thermo

Fisher Scientific, Waltham, MA).

Analysis of atherosclerosis – Masson’s trichrome staining

The heart was removed and embedded in paraffin and 5 um serial

sections of the aortic sinus were collected on glass slides as previously

described30. Sections were deparaffinised and then stained with Weigert’s

Hematoxylin (Sigma-Aldrich, St. Louis, MI). The slides were further stained with

Biebrich scarlet-acid fuchsin solution and alanine blue (Sigma-Aldrich, St. Louis,

MI). Coverslips were attached using DPX mounting media and images were
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captured using the Olympus DP71 digital camera (Olympus Imaging, Center

Valley, PA) mounted on a Leitz Laborlux S bright-field microscope (Leica

Microsystems, Concord, ON). Atherosclerotic plaque areas were determined

from 10 serial sections per mouse. The atherosclerotic volumes were calculated

manually using Image J software (Version1.15j8, https://imagej.nih.gov/ij/index.

html, Date of last access: 23rd August 2021) as previously described30.

Immunofluorescence/immunohistochemistry staining

Immunofluorescence and immunohistochemistry were used to quantify

markers of EC activation in cross sections of the aortic sinus. Six sections at 50

um intervals were immunostained with antibodies against P-selectin (Novus

Biologicals, Littleton, CO, NB100-65392 1:50 dilution), E-selectin (Novus

Biologicals, Littleton, CO, NBP1-45545 1:100 dilution), VCAM-1 (Abcam,

Cambridge, UK, ab134047 1:50 dilution), vWF (Agilent Dako, Santa Clara, CA,

A008202 1:50 dilution) and CD107b+/Mac3 (BD Biosciences, Franklin Lakes, NJ,

550292 1:50 dilution). Primary antibodies were detected with appropriate

conjugated secondary antibodies (Alexa Fluor 488 anti-mouse, Alexa Fluor 488

anti-rabbit or Alexa Fluor 488 anti-rat – all from Thermo Fisher Scientific,

Waltham, MA) and the percentage of the endothelium stained in each case was

determined by immunofluorescence. ICAM-1 was assessed using

immunohistochemistry using a primary antibody (R&D Systems, Minneapolis,

MN, BAF796 1:50 dilution) and biotinylated anti-goat secondary antibody
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(Thermo Fisher Scientific, Waltham, MA). Immunohistochemical staining was

detected with horseradish peroxidase and 3,3’ diaminobenzidine (DAB) (Agilent,

Santa Clara, CA). Negative controls for staining were performed using

pre-immune IgG in place of the primary antibody (Supplementary Figure 3.1).

Blood cell count

Whole blood cell counts were assessed in 5 week-old male ApoE-/- and

ApoE-/-Ins2+/akita mice using a DREW scientific HEMAvet HV950 multispecies

haematology instrument, according to manufactures instructions (Drew Scientific

Inc, Miami Lakes, FL).

Statistical analysis

Data was analysed using t-test, one or two-way ANOVA test followed by a

multiple comparison test using Graph-Pad Prism 9 (GraphPad Software, San

Diego, CA), and expressed as +/- SEM. For all experiments a P value of <0.05

was considered to be statistically significant. *P<0.05, **P <0.005, ***P<0.0005

and ****P<0.00005.
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3.5 RESULTS

Elevated concentrations of glucose promote adhesion protein expression

in cultured ECs

To assess the effects of glucose on endothelial activation, HAECs were

cultured in standard media containing 5mM glucose, or elevated concentrations

of glucose (total 30mM) for 24 hours. As an osmotic control for the high glucose

treatment, HAECs were exposed to an equimolar concentration of mannitol

(25mM mannitol and 5mM glucose). The expression of genes encoding adhesion

proteins and other endothelial markers were determined by reverse

transcription-polymerase chain reaction (RT-PCR) and results were normalized to

β-actin expression. Treatment with elevated concentrations of glucose

significantly increased expression of adhesion proteins P-selectin, E-selectin and

VCAM-1 genes, compared to the 5mM glucose control and mannitol controls

(Figure 3.1). Inducible nitric oxide synthase (iNOS), vWF and PECAM expression

was also significantly elevated, (Supplementary Figure 3.2). No significant

difference was detected in ICAM-1 expression between experimental groups.

Mannitol did not significantly affect the expression of any of the genes examined.

These results suggest that hyperglycemia may play a direct role in activation of

ECs and thus contribute to early initiation of atherosclerosis.
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Figure 3.1: Analysis of the effects of hyperglycemia on HAEC activation.

HAEC cultured in 5mM glucose were exposed to an additional 25mM glucose or

25mM mannitol for 24 hours. The expression of adhesion proteins P-selectin,

E-selectin, ICAM-1 and VCAM-1 was quantified by RT-PCR and normalized to

β-actin expression.  n= 4-6, *P<0.05, **P < 0.005.
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Atherosclerotic plaque development in ApoE-/- and ApoE-/-Ins2+/akita mice

ApoE-/- and ApoE-/-Ins2+/akita mice were used to investigate the effects of

hyperglycemia on adhesion protein expression in vivo. All mice were fed a

standard chow diet ad libitum. Subsets of mice were sacrificed at 5, 10, 15 and

25 weeks of age and metabolic parameters were assessed (Table 3.2).

ApoE-/-Ins2+/akita mice presented with hyperglycemia and dyslipidemia at 5 and 25

weeks of age, relative to age matched ApoE-/- mice. Plasma total cholesterol was

significantly elevated in 25 week-old ApoE-/-Ins2+/akita, relative to 25 week-old

ApoE-/- mice. Body weight and adipose weight was significantly lower in 25

week-old ApoE-/-Ins2+/akita, compared to ApoE-/- (Table 3.2).

Atherosclerotic plaque volume was quantified from the aortic sinus into the

ascending aorta of 5, 10, 15 and 25 week-old mice (Figure 3.2A-B). Plaques

were not detected in 5 week-old ApoE-/- or ApoE-/-Ins2+/akita mice. Plaques were

identified in both mouse models at ≥10 weeks of age. Atherosclerotic plaques

were significantly larger in 25 week-old hyperglycemic ApoE-/-Ins2+/akita, compared

to age matched normoglycemic ApoE-/- mice (0.022 mm3± 0.004 vs 0.007 mm3±

0.001, P<0.05). Necrotic cores were 70% larger (p<0.05) in 25 week-old

ApoE-/-Ins2+/akita mice, compared to aged matched ApoE-/- (Figure 3.2C). This is

consistent with previous findings25,26 and indicates that hyperglycemia accelerates

plaque development in this dyslipidemic mouse model.
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Figure 3.2: Atherosclerotic progression in ApoE-/- and ApoE-/-Ins2+/akita mice.

A. Representative images of cross sections of aortic sinus stained with Masson’s

trichrome from 5 and 25 week-old mice. Plaques are indicated by blue outlines. B

Quantification of the plaque volume in the aortic sinus at 5, 10, 15, and 25 weeks

of age. C Quantification of necrotic core area at the aortic sinus of 25 week-old

mice. n=5-6 (A-C), *P < 0.05.Scale bar equals 100μm (A).
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EC activation in hyperglycemic/dyslipidemic ApoE-/-Ins2+/akita mice

To assess endothelial activation, adhesion factors P-selectin, E-selectin,

ICAM-1, and VCAM-1 were quantified by immunostaining of cross sections of

aortic sinus from 5 and 25 week-old ApoE-/- and ApoE-/-Ins2+/akita mice (Figure

3.3A). P-selectin, E-selectin and VCAM-1 expression was significantly elevated

in 5 week-old hyperglycemic ApoE-/-Ins2+/akita (52% increase P<0.05, 69%

increase P<0.005 and 47% increase P<0.005, respectively), compared to age

matched ApoE-/- (Figure 3.3B-D). There was no significant difference in ICAM-1

staining between mouse models at 5 weeks of age (Figure 3.3E). At 25 weeks of

age, expression of all endothelial activation markers was elevated, relative to 5

week-old controls, however no significant difference in expression was detected

between 25 week-old ApoE-/- and ApoE-/-Ins2+/akita mice for any of the markers.

The specificity of the immunostaining is supported by slides stained with

pre-immune IgG (Supplementary Figure 3.1).

Endothelial adhesion proteins bind to circulating monocytes, which can be

recruited into the artery walls where they differentiate into macrophages31.

Monocyte/macrophage recruitment was assessed at 5 weeks of age in both

mouse models by immunofluorescence staining. Significantly more

monocyte/macrophage (CD107b+/Mac-3+) staining was detected in 5 week-old

ApoE-/-Ins2+/akita mice, compared to 5 week-old ApoE-/- controls (Figure 3.4). A

hematology profile of 5 week-old ApoE-/- and ApoE-/-Ins2+/akita mice showed that
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hyperglycemia does not affect circulating blood cell counts in this model

(Supplementary Table 3.1). Together, these findings suggest that the observed

increase in adhesion protein expression in ApoE-/-Ins2+/akita mice results in a

significant increase in monocyte recruitment.
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Figure 3.3: Endothelial P-selectin, E-selectin, VCAM-1 and ICAM-1

expression in male ApoE-/- and ApoE-/-Ins2+/akita mice. A Representative

images of cross sections of aortic sinus from 5 and 25 week-old ApoE-/- and

ApoE-/-Ins2+/akita mice immunostained for P-selectin, E-selectin, VCAM-1 or

ICAM-1. White and red boxes indicate more highly magnified sections of the

image. Quantification of percent of endothelium showing immunofluorescence

staining for P-selectin (B), E-selectin (C) and VCAM-1 (D) in 5 and 25 week-old

ApoE-/- and ApoE-/- Ins2+/akita mice, as indicated. E Quantification of percent of

endothelium stained by immunohistochemistry for ICAM-1 expression in 5 and

25-week old ApoE-/- and ApoE-/-Ins2+/akita mice, as indicated. n=5-9 (A-E), *P<0.05,

**P<0.005. Scale bar equals 100μm (A, main images); 50 μm (A, boxed areas).
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Figure 3.4: Endothelial monocyte/macrophage recruitment in ApoE-/- and

ApoE-/-Ins2+/akita mice. A Representative images of cross sections of aortic sinus

from 5 week-old ApoE-/- and ApoE-/-Ins2+/akita mice immunostained with an

antibody against CD107b+/Mac3. White box indicates a more highly magnified

sections of the image. B Quantification of CD107b+/Mac3 positive immunostained

area. n=7-9 (A-B), **P < 0.005.Scale bar equals 50μm (A, main image); Scale

bar equals 25 μm (A, boxed area).
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Hyperglycemia is insufficient to promote plaque development in the

absence of dyslipidemia

To determine if hyperglycemia could enhance adhesion protein expression

and accelerate atherogenesis independent of dyslipidemia, ApoE-/- and

ApoE-/-Ins2+/akita mice were crossed with C57Bl/6 mice to create heterozygous

ApoE+/- and ApoE+/-Ins2+/akita mice. The ApoE+/- mice are normolipidemic and

normoglycemic and ApoE+/-Ins2+/akita mice are normolipidemic and hyperglycemic

(Table 3, Supplementary Table 3.2). Mice were fed a standard chow diet ad

libitum and sacrificed at 5 or 25 weeks of age. No differences were detected in

triglyceride and cholesterol levels between mouse models at 5 or 25 weeks of

age (Table 3.3). Blood glucose levels were significantly elevated in both 5 and 25

week-old ApoE+/-Ins2+/akita, compared to age matched ApoE+/- controls. Body

weight and adipose weight were significantly reduced in 25 week-old

ApoE+/-Ins2+/akita mice, compared to 25 week-old ApoE+/- controls. Atherosclerotic

plaques were not detected at 5 or 25 weeks of age in either mouse strain

(Supplementary Figure 3.3). This finding suggests that hyperglycemia alone is

not sufficient to initiate detectable plaque development in the absence of

dyslipidemia in this mouse model.
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Table 3.3: Metabolic parameters of ApoE+/- and ApoE+/-Ins2+/akita mice

Genotype Age,
weeks

Blood
glucose,
mM

Plasma
triglyceride,
mM

Plasma
cholesterol,
mM

Body
Weight,
g

Liver
weight,
g

Adipose
weight ,
g

ApoE+/- 5 10.22 ±0.48 0.36 ±0.04 2.48 ±0.17 19.04 ±0.65 0.86 ±0.07 0.13 ±0.03

25 11.7 ±0.57 0.77 ±0.03 2.85 ±0.20 31.98 ±0.66 1.31 ±0.09 0.50 ±0.13
ApoE+/-

Ins2+/akita
5 20.48 ±1.89

***
0.58 ±0.08 2.83 ±0.16 21.1 ±1.58 1.04 ±0.05 0.11 ±0.01

25 23.78 ±2.42
††††

0.62 ±0.20 2.61 ±0.31 22.27 ±1.17
††††

1.21 ±0.11 0.01 ±0.01
†††

***P<0.0005 compared to 5 week-old ApoE+/- mice,

†††P<0.0005 and ††††P<0.00005 compared to 25 week-old ApoE+/- mice

n=5

62



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

Hyperglycemia promotes EC activation

To determine if hyperglycemia, in the absence of dyslipidemia, can

promote EC activation, aortic cross sections from 5 and 25 week-old ApoE+/- and

ApoE+/-Ins2+/akita mice were assessed for adhesion protein expression using

immunofluorescence staining (Figure 3.5A). ApoE+/-Ins2+/akita mice

(normolipidemic and hyperglycemic) had elevated P-selectin, E-selectin, and

VCAM-1 at 5 and 25 weeks of age, compared to age matched normolipidemic

and normoglycemic ApoE+/- controls (Figure 3.5B-D). Expression of ICAM-1 was

elevated in 25 week-old ApoE+/- and ApoE+/-Ins2+/akita mice relative to 5 week-old

mice. However, there was no significant difference in ICAM-1 expression

between age-matched ApoE+/- and ApoE+/-Ins2+/akita mice (Figure 3.5E).

To determine if adhesion protein expression was associated with

increased monocyte/macrophage recruitment, CD107b+ (Mac-3+) staining was

assessed on the aortic sinus arterial wall of 5 week-old ApoE+/- and

ApoE+/-Ins2+/akita mice. Five week-old ApoE+/-Ins2+/akita mice showed a significant

increase in CD107b+ (Mac-3+) staining compared to 5 week-old ApoE+/- controls

(Figure 3.6). Overall, monocyte/macrophage staining was much lower in ApoE+/-

and ApoE+/-Ins2+/akita mice compared to age matched ApoE-/- and ApoE-/-Ins2+/akita

mice (Figure 3.4).
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Figure 3.5: Endothelial P-selectin, E-selectin, ICAM-1 and VCAM-1

expression in ApoE+/- and ApoE+/- Ins2+/akita mice. A Representative images of

cross sections of aortic sinus from 5 and 25 week-old ApoE+/- and

ApoE+/-Ins2+/akita mice immunostained for P-selectin, E-selectin, ICAM-1 or

VCAM-1. White and red boxes indicate a more highly magnified sections of the

image. Quantification of percent of endothelium showing immunofluorescence

staining for P-selectin (B), E-selectin (C), and VCAM-1 (D) in 5 and 25-week old

ApoE+/- and ApoE+/-Ins2+/akita mice, as indicated. E Quantification of percent of

endothelium stained by immunohistochemistry for ICAM-1 expression in 5 and 25

week-old ApoE+/- and ApoE+/-Ins2+/akita mice, as indicated. n=5 (A-E), ***P<0.0005

and ****P<0.00005. Scale bar equals 100μm (A, main images); 50 μm (A, boxed

areas).
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Figure 3.6: Endothelial monocyte/macrophage recruitment in ApoE+/- and

ApoE+/-Ins2+/akita mice. A Representative images of cross sections of aortic

sinus from 5 week-old ApoE+/- and ApoE+/-Ins2+/akita mice immunostained with an

antibody against CD107b+/Mac3. White box indicates a more highly magnified

section of the image. B Quantification of CD107b+/Mac3 positive immunostained

area. n=5, *P<0.05 (A-B). Scale bar equals 100μm(A, main images); 50 μm (A,

boxed area).
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SGLT2 inhibitor lowers glucose levels in ApoE+/-Ins2+/akita

It is possible that the effects on adhesion protein expression associated

with mice carrying the Ins2+/akita mutation are a result of deficiencies in functional

insulin rather than hyperglycemia. To determine if lowering glucose levels would

normalize adhesion protein expression, mice were treated with the SGLT2

inhibitor empagliflozin for 2 weeks. Treatments with empagliflozin significantly

reduced fasting blood glucose in ApoE+/-Ins2+/akita mice (55% reduction in blood

glucose levels compared to age matched drinking water control ApoE+/-Ins2+/akita

mice, P<0.00005) and significantly increased urinary glucose output in both the

ApoE+/- and ApoE+/-Ins2+/akita mice, compared to controls (Table 3.4).

To determine the impact of empagliflozin on endothelial activation,

P-selectin, E-selectin, ICAM-1, and VCAM-1 expression was assessed in the

aortic sinus, as previously described29. As observed above, hyperglycemic

ApoE+/-Ins2+/akita mice showed elevated expression of P-selectin, E-selectin, and

VCAM-1 aortic sinus, relative to controls (Figure 3.7). P-selectin, E-selectin and

VCAM-1 expression was significantly lower in ApoE+/-Ins2+/akita mice treated with

empagliflozin. There was no significant difference seen in ICAM-1 in

empagliflozin treated ApoE+/-Ins2+/akita, compared to untreated ApoE+/-Ins2+/akita

mice. Blood glucose reduction with empagliflozin also significantly reduced

monocyte infiltration as assessed by CD107b+ (Mac-3+) staining (Figure 3.8).
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These results are consistent with hyperglycemia, and not hypoinsulinemia, being

responsible for the observed modulation of adhesion protein expression/function.
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Table 3.4: Metabolic parameters of empagliflozin treated ApoE+/- and

ApoE+/-Ins2+/akita mice

Genotype Empagliflozin Blood
glucose
before
treatment,
mM

Blood
glucose
after
treatment,
mM

Urine glucose,
mM

Plasma
triglyceride,
mM

Plasma
cholesterol
, mM

Body
weight,
g

Liver
weight,
g

Adipose
weight,
g

ApoE+/- - 9.78 ±0.71 10.6  ±0.03 15.18 ±1.63 0.31 ±0.01 2.11 ±0.10 21.36 ±3.18 1.32 ±0.13 0.23 ±0.04
+ 10.64

±0.74
7.68 ±0.40 799.85 ±40.39

****/‡‡
0.32 ±0.03 2.41 ±0.26 20.9 ±0.38 1.03 ±0.07 0.17 ±0.02

ApoE+/-

Ins2+/akita
- 23.82

±1.32
****/††††

26.26
±1.22
****/††††

490.21 ±100.54
**

0.43 ±0.41 1.95 ±0.04 20.70 ±0.19 1.35 ±
0.05

0.13 ±0.01

+ 18.41
±1.83

**/††

11.93 ±1.09
†/‡‡‡‡

674.42 ±37.57
****/‡

0.34 ±0.03 1.70  ±0.34 21.37 ±0.48 1.11 ± 0.15 0.12 ±0.02

**P<0.005 and ****P<0.00005 compared to ApoE+/- regular drinking water,

†P<0.05, ††P<0.005, ††††<0.00005 compared to ApoE +/- Empagliflozin,

‡ P<0.05, ‡‡ P<0.005 ‡‡‡‡P<0.00005 compared to ApoE +/- Ins2+/akita regular

drinking water,

n=5
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Figure 3.7: The effects of SGLT2 inhibitor, empagliflozin, on endothelial

activation in ApoE+/- and ApoE+/-Ins2+/akita mice. Five week-old ApoE+/- and

ApoE+/-Ins2+/akita mice were given regular drinking water or water supplemented

with 35mg/kg body weight empagliflozin for 2 weeks. All mice were sacrificed at 7

weeks of age and tissues were analyzed. A Representative images of cross

sections of aortic sinus from 7 week-old ApoE+/- and ApoE+/-Ins2+/akita control and

empagliflozin treated mice immunostained with antibodies against P-selectin,

E-selectin, VCAM-1, or ICAM-1. White and red boxes indicate more highly

magnified sections of the image. B Quantification of percentage of the

endothelium stained for P-selectin, E-selectin, VCAM-1 and VCAM-1, as

indicated. n=5 (A-B), *P<0.05, ***P<0.0005 and ****P<0.00005. Scale bar

equals 100μm (A, main images);  50 μm (A, boxed areas).
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Figure 3.8: Endothelial monocyte/macrophage recruitment in empagliflozin

treated mice. A Representative images of cross sections of aortic sinus from 7

week-old ApoE+/- and ApoE+/-Ins2+/akita mice treated with empagliflozin (35mg/kg

body weight) and immunostained with an antibody against CD107b+/Mac3. Scale

bar equals 100μm. B Quantification of CD107b+/Mac3 positive immunostained

area. n=5 (A-B), **** P<0.00005.
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3.6 DISCUSSION

It is well established that individuals with DM have an increased risk of

developing atherosclerotic CVD32, however the molecular mechanisms

underlying how DM promotes the pathogenesis of atherosclerosis are not well

understood. The process of atherogenesis is believed to initiate at the EC layer

when ECs are injured and activated33. In this study we directly investigated the

effects of elevated glucose levels on endothelial activation both in vitro and in a

mouse model of hyperglycemia-accelerated atherogenesis.

In cultured HAECs, we found that exposure to 30mM glucose for 24 hours

caused an elevation in the expression of genes encoding P-selectin, E-selectin

and VCAM-1. These findings suggest that hyperglycemia instigates EC

activation, which could potentially contribute to early initiation and progression of

atherosclerosis. ICAM-1 expression was unaffected by elevated glucose

concentrations.

The results in HAECs encouraged us to investigate the association of

hyperglycemia and atherosclerosis in the ApoE-/-Ins2+/akita mouse model. The

introduction of the Ins2+/akita mutation into atherosclerosis-prone ApoE-/- mice

causes spontaneous hyperglycemia34,35,36. We have previously shown that

ApoE-/-Ins2+/akita mice present with larger plaques, compared to age matched

ApoE-/- mice25,26. We assessed endothelial activation in ApoE-/-Ins2+/akita and
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ApoE-/- mice at 5 weeks of age, which corresponds to a time prior to the

establishment of detectable atherosclerotic lesions, and at 25 weeks of age,

when advanced atherosclerotic plaques can be easily detected/quantified. We

found that the expression of P-selectin, E-selectin and VCAM-1 was significantly

elevated in the 5 week-old ApoE-/-Ins2+/akita mice, compared to age-matched

ApoE-/- mice. This result suggests that hyperglycemia promotes endothelial

activation of P-selectin, E-selectin and VCAM-1 before atherogenesis initiates.

ICAM-1 levels were similar for both mouse models. Interestingly, it has previously

been demonstrated that the genetic ablation of ICAM-1 had no effect on

atherosclerotic lesion size in a mouse model of atherosclerosis37. The

functionality of the upregulated adhesion factors was supported by the

observation that monocyte recruitment was also elevated in the ApoE-/-Ins2+/akita

mouse model. Together these findings suggest that hyperglycemia-induced early

endothelial activation contributes to the accelerated development of

atherosclerotic plaques, which was detectable at 25 weeks of age. By 25 weeks

of age, when advanced plaques were established in the aortic sinus, the

expression of each of the measured adhesion proteins was similar, in the

presence or absence of hyperglycemia.

The previously described experiments were performed in a mouse model

that is severely dyslipidaemic. To determine if hyperglycemia was sufficient to

induce endothelial activation and atherosclerosis, in the absence of dyslipidemia,
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we examined mice that were heterozygous for the ApoE gene (ApoE+/- and

ApoE+/-Ins2+/akita). Neither ApoE+/- nor ApoE+/- Ins2+/akita mice developed detectable

plaques by 25 weeks of age. However, protein markers of endothelial activation,

P-selectin, E-selectin, and VCAM-1, were elevated in the ApoE+/-Ins2+/akita at 5

and 25 weeks of age compared to age-matched ApoE+/- mice. This finding

suggests that hyperglycemia is sufficient to activate ECs, but not sufficient to

promote atherogenesis in the absence of dyslipidemia. ICAM-1 expression was

not affected by hyperglycemia but was elevated in both strains at 25 weeks of

age, relative to 5 weeks of age. These findings suggest that ICAM-1 expression

is regulated independently of the other adhesion proteins. Monocyte recruitment

was elevated in 5 week-old ApoE+/-Ins2+/akita mice, compared to ApoE+/- mice

however, it should be noted that monocyte recruitment was much lower in the

ApoE+/-Ins2+/akita mice compared to ApoE-/- mice. Thus, dyslipidemia plays a role

in monocyte recruitment which likely drives early atherogenesis.

It is possible that the deficiency of functional insulin, in Ins2+/akita mice,

could also be a factor in endothelial activation. To examine this possibility,

ApoE+/-Ins2+/akita mice were treated with the SGLT2 inhibitor, empagliflozin, to

determine if lowering blood glucose levels would affect the expression of markers

of endothelial activation. Mice treated with empagliflozin presented with

significantly reduced blood glucose levels and elevated urine glucose levels,

compared to controls. The reduction in blood glucose levels was associated with
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reduced expression of activation markers P–selectin, E-selectin and VCAM-1 in

the empagliflozin treated ApoE+/-Ins2+/akita when compared to ApoE+/-Ins2+/akita mice

given normal drinking water. Additionally, monocyte recruitment was significantly

reduced in empagliflozin treated mice. These findings suggest that

hypoinsulinemia does not significantly alter adhesion protein expression in the

Ins2+/akita mouse model. In addition, it appears that early endothelial activation

and monocyte recruitment can be reversed by regulating/normalizing blood

glucose levels.

Our overall objective was to determine the effects of hyperglycemia on

early endothelial activation and the initiation of atherosclerosis. Our results show

that hyperglycemia is sufficient to induce the expression of functional adhesion

proteins on the endothelial layer but that this is insufficient to induce

atherogenesis in this mouse model. In the context of dyslipidemia, hyperglycemia

can activate the endothelium, promote the early initiation of plaque progression,

resulting in significantly advanced atherosclerotic plaques, compared to

age-matched controls. Together these findings support a causative role of

hyperglycemia in the early initiation of atherogenesis and highlight the

importance of blood glucose regulation as a strategy to prevent, and perhaps

reverse, atherosclerotic CVD.
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3.8 SUPPLEMENTARY MATERIAL FOR CHAPTER 3

Supplementary Table 3.1: Hematology profile

Genotype White blood
cells (x103/µl)

Neutrophils
(x103/µl)

Lymphocytes
(x103/µl)

Monocytes
(x103/µl)

Eosinophils
(x103/µl)

Basophils
(x103/µl)

ApoE-/- 2.16 ±0.26 0.68 ±0.10 1.69 ±0.16 0.17 ±0.02 0.03 ±0.01 0.01 ±0.00
ApoE-/-

Ins2+/akita
2.65 ±0.24 0.64 ±0.13 1.70 ±0.15 0.15 ±0.01 0.03 ±0.00 0.04 ±0.02

n=3-5
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Supplementary Table 3.2: Plasma lipid levels

Genotype Plasma Triglycerides
(mM)

Plasma Cholesterol (mM)

C57BL/6 0.4  ±0.1 2.3 ±0.2
ApoE+/- 0.36 ±0.04 2.48 ±0.17
ApoE+/- Ins2+/akita 0.58 ±0.08 2.83 ±0.16
ApoE-/- 1.10 ±0.13 * 6.44 ±0.60 ****/† † † †/‡‡‡‡

ApoE-/-Ins2+/akita 1.46 ±0.12 * 8.15 ±0.34 ****/† † † † /‡‡‡‡

*P<0.05 and ****P<0.00005 compared to C56BL/6,

††††P<0.00005 compared to ApoE+/-,

‡‡‡‡P<0.00005 compared to ApoE+/- Ins2+/akita,

n=5
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Supplementary Figure 3.1: Negative controls for immunofluorscence and

immunohistochemistry staining. A) Pre-immune goat IgG was used in place of

the primary antibody. B) Pre-immune mouse IgG was used in place of primary

antibody as a negative control for P-selectin staining, pre-immune rat IgG was

used as a negative control for Mac-3 staining, and pre-immune rabbit IgG was

used as a negative control for both E-selectin and VCAM-1. Scale bar equals

100μm.
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Supplementary Figure 3.2: Analysis of the effects of hyperglycemia on

HAEC gene expression of eNOS, iNOS, vWF and PECAM. HAEC cultured in

5mM glucose were exposed to an additional 25mM glucose or 25mM mannitol

for 24 hours. The expression of eNOS, iNOS, vWF and PECAM was quantified

by reverse transcription-polymerase chain reaction (RT-PCR) and normalized to

β-actin expression.  n= 4-6, *P<0.05.
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Supplementary Figure 3.3: Atherosclerotic progression in ApoE+/- and

ApoE+/-Ins2+/akita mice. Representative images of cross sections of aortic sinus

stained with Masson’s trichrome from 5 and 25 week-old ApoE+/- and

ApoE+/-Ins2+/akita mice. No plaques are visible. Scale bar equals 500μm. n=5.

91



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

92



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

CHAPTER 4: Investigating the effects of elevated glucose concentration on

human aortic endothelial cell activation

Lauren Mastrogiacomo1,2, Christian Jacobsen-Perez1 and Geoff Werstuck1,2

1Thrombosis and Atherosclerosis Research Institute, Hamilton, ON, Canada.

2Department of Medicine, McMaster University, Hamilton, ON, Canada.

4.1 FOREWORD

This study investigates the effects of elevated glucose concentration on

endothelial cell (EC) activation. Results suggest that elevated glucose

concentrations cause EC activation and expression of adhesion proteins. When

endoplasmic reticulum (ER) stress or glycogen synthase kinase (GSK)3α/β is

inhibited, there is a reduction in adhesion protein expression. Monocyte

attachment was increased in elevated glucose concentrations and decreased

with the inhibition of ER stress and GSK3α/β. Data suggests a role of ER

stress-GSK3α/β in glucose induced EC activation.

The experiments in this study were conducted by Lauren Mastrogiacomo with

assistance from Christian Jacobsen-Perez. The manuscript was written by

Lauren Mastrogiacomo in collaboration with Dr. Geoff Werstuck. This manuscript

is in preparation for submission.
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4.2 ABSTRACT

Diabetes is a risk factor for the development of cardiovascular disease

(CVD). The major underlying cause of CVD is atherosclerosis. An understanding

of the mechanism that links risk factors to accelerated development of

atherosclerosis will help identify potential therapeutic targets. EC activation is an

early predictor of atherogenesis and atherosclerosis initiation. Adhesion proteins

are present on activated ECs and allow the recruitment of circulating monocytes

to bind and migrate to the subendothelial layer, initiating plaque production.

Hyperglycemia has been seen to accelerate plaque production in atherosclerotic

mouse models, therefore we hypothesize that elevated glucose levels cause

early EC activation and therefore early initiation of atherosclerosis. Results from

this study show that human aortic endothelial cells (HAECs) cultured in elevated

glucose concentrations have increased expression of adhesion proteins

(P-selectin, E-selectin, and VCAM-1), and increased THP-1 cell binding. HAEC

cultured in elevated glucose and 4-phenylbutyric acid (4-PBA), an ER stress

attenuator, or tideglusib, an GSK3α/β inhibitor, reduce adhesion protein

expression and THP-1 cell binding. Overall results from this study support that

elevated glucose concentrations cause EC activation through the ER

stress-GSK3α/β pathway.
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4.3 INTRODUCTION

Despite significant advances in our understanding of the pathogenesis of

CVDs, as well as the development of effective drug treatments, CVDs remain a

leading cause of death worldwide1,2. Risk factors for the development of CVD

include hypertension, dyslipidemia, obesity, and diabetes3, however the

molecular mechanisms that link these risk factors to the accelerated

development of CVD are not well understood. Delineation of these pathways will

lead to the identification of specific molecular targets that may provide better

therapeutic options in the future.

A major underlying cause of CVD is atherosclerosis4. Atherosclerosis

involves the accumulation of lipids and inflammatory cells within the walls of

medium to large arteries leading to the restriction of blood flow5. Atherosclerotic

plaques can rupture and trigger the formation of a thrombus, which can lead to

further complications such as myocardial infarction or stroke4,5,6.

Endothelial activation is an early stage in the pathogenesis of

atherosclerosis7,8,9,10. ECs line the vasculature and form a single layer of

semi-permeable cells11,12. They contribute to vascular homeostasis via regulation

of vascular tone, permeability and vessel wall inflammation12,13. EC activation

results in the presentation of cell surface adhesion proteins, including P-selectin,

E-selectin, intercellular adhesion molecule (ICAM)-1 and VCAM-114, the release
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of chemokines and cytokines, and altered vascular permeability14,15. The

presence of the adhesion proteins facilitates the attachment and infiltration of

circulating monocytes to the subendothelial layer, where they differentiate into

macrophages14. Macrophages efferocytose modified lipoprotein particles and

cellular debris, becoming lipid engorged foams cells that form a fatty streak in the

artery wall16. The continued accumulation and growth of foam cell/macrophages

results in enlarged, advanced atherosclerotic plaques.

Previous studies from our lab and others have shown that CVD risk

factors, including diabetes, can induce endoplasmic reticulum (ER) stress in the

cells of the vascular wall17. The ER is involved in cellular homeostasis and

survival, and specifically functions to facilitate protein folding and lipid

biosynthesis17,18. The accumulation of misfolded proteins, and/or an increase in

protein synthesis, can disrupt ER homeostasis and trigger ER stress17,18. ER

stress activates the unfolded protein response (UPR), which helps return the cell

to homeostasis17,18. Chronic activation of ER stress can lead to the activation of

apoptotic pathways17,18.

Hyperglycemia-induced ER stress signalling through GSK3α/β in lesional

macrophages is an important pathway driving atherogenesis, and inhibition of

GSK3α/β has been associated with attenuated atherogenesis and atherosclerotic

regression19,20. It has been suggested that elevated glucose levels can induce ER
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stress pathways, resulting in endothelial activation and therefore the initiation of

plaque development21,22,23. To date, very little is known about the potential role of

ER stress-GSK3α/β signalling in ECs, as it pertains to the development and

progression of atherosclerosis.

We hypothesize that hyperglycemia causes early EC activation through

induction of the ER stress-GSK3α/β pathway. To test this hypothesis, cell culture

systems and small molecule strategies to impair ER stress-GSK3α/β signalling

are utilized in this study. Understanding the molecular mechanism of how

hyperglycemia causes EC activation will help uncover potential therapeutic

targets to limit the cardiovascular risk of diabetes.

4.4 MATERIAL AND METHODS

Cell lines and drug treatment

Human aortic endothelial cells

HAEC (ATCC, Manassas, VA) were cultured in Endothelial Cell Growth

Medium-2 Bulletkit (Lonza, Basel, Switzerland) supplemented with 1%

penicillin-streptomycin in culture flasks at 37°C in 5% CO2. Cells were grown to

confluency and then split into a 12 well plate at a seeding density of 5x105

cells/well. Experiments were performed on cells at passage 4-10. Cells were

cultured in regular media (containing 5mM glucose), high mannitol (media

containing 5mM glucose + 25mM mannitol), high glucose (media containing 5mM
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glucose + additional 25mM glucose - totalling 30mM glucose) for 24 hours.

Subsets of cells were treated with 3mM 4-phenylbutyric acid (4-PBA)

(Sigma-Aldrich, St-Louis, MO), 25μM tideglusib (MedChemExpress, Monmouth

Junction, NJ), or 10 ng/mL tumour necrosis factor alpha (TNFα)(Sigma-Aldrich,

St-Louis, MO) for 24 hours.

THP-1 Cells

THP-1 cells are a human monocytic cell line derived from an acute

monocytic leukemia patient24. THP-1 cells were cultured in RPMI-1640 Medium

(ATCC modification) (Thermo Fisher Scientific, Waltham, MA). Cells were grown

in an untreated cell culture flask to a density of 1x106 cells/mL. Experiments were

performed on cells at passage 5-10.

Analysis of gene expression

HAECs were harvested in TRIzol (Thermo Fisher Scientific, Waltham, MA)

and total RNA was isolated using the TRIzol RNA isolation method. RNA was

quantified using a Nanodrop spectrophotometer (Thermo Fisher Scientific,

Waltham, MA). cDNA was synthesized using the High-Capacity cDNA Reverse

Transcription Kit (Thermo Fisher Scientific, Waltham, MA). Gene expression was

analysed using SYBR Green with ROX (Thermo Fisher Scientific, Waltham, MA)

and the StepOnePlus Real-Time PCR System (RT-PCR) (Thermo Fisher

Scientific, Waltham, MA) (see Table 4.1 for primers). Samples were analysed in

98



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

technical triplicates and the comparative cycle threshold (Ct) method was used to

determine gene expression. Expression levels were normalised to a β-actin

internal control.
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Table 4.1: Primer sequences

Primer Sequence
Human
P-selectin

F: 5’- TGAGCACTGCTTGAAGAAAAAGC -3’
R: 5’- CACGTATTCACATTCTGGCCC -3’

Human
E-selectin

F: 5’- AGAGGTTCCTTCCTGCCAAG -3’
R: 5’- CAGAGCCATTGAGGGTCCAT-3’

Human
VCAM-1

F: 5’- CCCTTGACCGGCTGGAGATT –3’
R: 5’- CTGGGGGCAACATTGACATAAAGTG -3’

Human
ICAM-1

F: 5’- GCAGACAGTGACCATCTACAGCTT -3’
R: 5’- CTTCTGAGACCTCTGGCTTCGT – 3’

Human
eNOS

F: 5′- TGG ACC TGG ATA CCC GGA C-3′ 
R: 5′- TGG TGA CTT TGG CTA GCT GGT 3′ 

Human
iNOS

F: 5′- GTT TCT GGC AGC AGC GGC TC-3′ 
R: 5′- GCT CCT CGC TCA AGT TCA GC-3′ 

Human
vWF

F: 5’- TAA GAG GGC AAC ACA AAC G – 3’ 
R: 5’- ATC TTC ACC TGC CCA CTC C – 3’ 

Human
PECAM

F: 5’- CCA GTG TCC CCA GAA GCA AA – 3’
R: 5’- TGA TAA CCA CTG CAA TAA GTC CTT TC– 3’

Human
β-actin

F: 5’ - ACC GAG CGC GGC TAC AG – 3’
R: 5’ - CTT AAT GTG ACG CAC GAT TTC – 3’

F – forward primer, R- reverse primer
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Monocyte cell attachment assay

HAEC were cultured in a 24 well plate at a seeding density of 8x104

cells/well. Once attached HAEC were subjected to various glucose

concentrations and treatments, as described above. To assess THP-1 cell

attachment, THP-1 cells were stained with calcein AM (1:1000 dilution, Thermo

Fisher Scientific, Waltham, MA) for 1 hour at 37°C in 5% CO2. Calcein-labelled

THP-1 cells (1x104 cells/well) were added to the cultured HAEC in a 24 well plate

and incubated for 30 minutes at 37°C on a rocker platform. After the 30-minute

incubation, unattached THP-1 cells were removed and HAEC were rinsed with

PBS. Nine images were taken per well and THP-1 attachment was quantified

using Image J software (Version1.15j8, https://imagej.nih.gov/ij/index.html).

Calcein-labelled THP-1 attachment in the absence of HAEC was used as a

negative control. After the experiment, trypsin was used to remove the cells and

they were counted using a cell counter (Invitrogen, Waltham, MA).

GSK3α/β expression

HAECs were collected in lysis buffer (4xSDS PAGE sample buffer). Total

protein extracts were separated by SDS-PAGE. Proteins were transferred to a

polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA) and blocked with

5% non-fat milk in TBST (10mM Tris, pH 8.0, 150mM NaCl, 0.5% Tween 20) for

45 minutes. The membrane was probed with primary antibodies against

GSK3α/β (1:1000 dilution (Cell signalling, Danvers, MA)) or β-actin (1:3000
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dilution (Sigma Aldrich, St. Louis, MO)) overnight at 4°C. The membrane was

washed and incubated for 1 hour with horseradish peroxidase-conjugated

anti-rabbit (1:200, Agilent (DAKO), Santa Clara, CA) or anti-mouse (1:200,

Agilent (DAKO), Santa Clara, CA) antibody. Blots were washed with TBST and

developed with the enhanced chemiluminescence system (ECL) (Millipore,

Burlington, MA). Images were captured using a Molecular imager ChemiDoc

XRS+ (Bio-Rad, Hercules, CA).

Statistical analysis

Statistical analysis was performed using Graph Pad Prism 9 and

expressed as +/- SEM. Mean values were compared using one or two-way

ANOVA test followed by Tukey’s multiple comparisons test. Each experiment

included 3-8 replicates for each condition. For all experiments, a P value of <0.05

was considered to be statically significant. *P<0.05, **P<0.005, ***P<0.0005,

****P<0.00005.

4.5 RESULTS

Adhesion protein expression is induced in HAEC exposed to elevated

glucose concentrations

To assess the effects of elevated glucose concentration on ECs, HAEC

were cultured for 24 hours in control media containing 5mM glucose, high

mannitol (control media + 25mM mannitol) or high glucose (control media +
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25mM glucose - totalling 30mM glucose). Mannitol treatments were included to

control for the potential effects of osmotic stress. The expression levels of

adhesion proteins were determined using RT-PCR analysis. Expression levels

were normalised to a β-actin control. The expression of P-selectin, E-selectin and

VCAM-1 were significantly increased in HAECs exposed to high glucose (30mM

glucose), compared to control media (5mM glucose) or mannitol (5mM glucose +

25mM mannitol) controls (Figure 4.1). ICAM-1 expression remained unchanged

between experimental groups. The addition of mannitol did not significantly alter

expression of any of the factors examined. These results suggest that

hyperglycemia may play a direct role in endothelial activation and early initiation

of monocyte recruitment.
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Figure 4.1: Effects of elevated glucose concentration on HAEC. HAEC were

treated with control media (5mM glucose), mannitol (control +25mM mannitol)

and high glucose (control media +25mM glucose) and gene expression of

adhesion proteins was assessed using RT-PCR analysis. Expression levels

were normalised to a β-actin control. n=4-6 **P<0.005 and ***P<0.0005. ns=not

significant.
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4-PBA reduces adhesion protein expression

Previous research has suggested that CVD risk factors, including

hyperglycemia, may promote atherogenesis by a mechanism involving ER

stress17,21,22,22. In order to determine if ER stress is involved in glucose-induced

endothelial activation, 4-PBA, a known attenuator of ER stress25, was added to

HAEC exposed to normal and high glucose concentrations. Gene expression

was then analysed by RT-PCR and normalised to a β-actin control. To ensure

that the 4-PBA treatment was sufficient to reduce ER stress in HAEC, the

expression of two ER stress response genes, calreticulin and glucose regulated

protein (GRP78), was assessed (Supplementary Figure 4.1). Elevated glucose

concentration (30mM glucose) induced ER stress, as indicated by significantly

enhanced expression of both calreticulin and GRP78, compared to HAEC

exposed to control media (5mM glucose) or mannitol (5mM glucose + 25mM

mannitol). Treatment of the cells with 4-PBA resulted in reduced calreticulin and

GRP78 expression, suggesting that 3mM 4-PBA was sufficient to attenuate ER

stress in HAEC.

As previously observed, elevated glucose levels significantly increase

P-selectin, E-selectin and VCAM-1, but not ICAM-1, gene expression in HAEC

(Figure 4.2). The addition of 4-PBA to HAEC cultured in control media (5mM

glucose) had no significant effect on adhesion marker expression. Addition of

4-PBA to HAECs exposed to high glucose concentrations (30mM glucose)
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resulted in a significant reduction in the expression of E-selectin, ICAM-1 and

VCAM-1 (Figure 4.2). Interestingly, the addition of 4-PBA further enhanced

P-selectin expression in cells cultured in both control and high glucose media.

This suggests that ER stress pathways may be involved in endothelial activation

and that attenuating endothelial ER stress can reduce some endothelial

activation markers (E-selectin, ICAM-1 and VCAM-1).
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Figure 4.2: Effects of 4-PBA on glucose induced HAEC activation. HAEC

were cultured in control media (5mM glucose), mannitol (control media +25mM

mannitol), high glucose (control media +25mM glucose) in the presence or

absence of 3mM 4-PBA. Gene expression of adhesion proteins was assessed by

RT-PCR analysis. Gene expression was normalised to a β-actin control. n=3-6

*P<0.05, **P<0.005, ***P<0.0005.
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Tideglusib reduces the expression of adhesion proteins

Previous research from our lab and others have suggested that ER stress

signals through GSK3α/β to promote atherogensis26,27,28. Very little is known

about the function of GSK3α/β in ECs, however, both kinases are expressed in

HAECs (Supplementary Figure 4.2). In order to assess the potential role of

endothelial GSK3α/β signalling in adhesion protein expression, tideglusib, a

GSK3α/β inhibitor29, was added to cultured HAEC. The effect on adhesion protein

expression was analysed using RT-PCR and normalised to a β-actin control.

Tideglusib (25μM) had no significant effect on the expression of ER stress

markers, calreticulin and GRP78, in cells cultured in control or high glucose

media, suggesting that GSK3α/β lies downstream of the adaptive ER stress

response (Supplementary Figure 4.1). The addition of tideglusib to HAEC

cultured in control media (5mM glucose) did not affect P-selectin, E-selectin, or

VCAM-1 expression levels, but interestingly resulted in a decrease in ICAM-1

expression (Figure 3). The addition of tideglusib to HAEC cultured in high

glucose (30mM glucose) resulted in a significant decrease in adhesion protein

expression for all adhesion markers (P-selectin, E-selectin, ICAM-1 and

VCAM-1) compared to HAEC exposed to high glucose levels (30mM glucose)

(Figure 4.3). Together, these data suggest that ER stress signalling through

GSK3α/β does play a role in glucose-induced endothelial activation and that this
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pathway could contribute to accelerated atherogenesis observed in

hyperglycemic conditions.
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Figure 4.3: Effects of tideglusib on glucose induced HAEC activation.

HAEC were treated with control media (+5mM media), mannitol (control media

+25mM mannitol), high glucose (control media +25mM glucose) in the presence

or absence of tideglusib (25μM). RT-PCR analysis determined gene expression

levels. Expression levels were normalised to a β-actin control. n=3-6 *P<0.05,

**P<0.005, ***P<0.0005, ****P<0.00005.

112



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

113



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

The effect of elevated glucose concentration and the role of ER

stress-GSK3α/β signalling on other markers of endothelial activation

Endothelial activation has been associated with the induced expression of

other factors, including eNOS, iNOS, vWF and PECAM-130,31,32,33. In order to

determine the effects of elevated glucose concentration and the role of ER

stress-GSK3α/β signalling on these factors, gene expression of these markers

was assessed in HAEC cultured in control or high glucose conditions (Figure

4.4). iNOS, vWF and PECAM-1 expression was significantly elevated in HAEC

exposed to high glucose (30mM glucose) compared to HAEC cultured in control

media (5mM glucose) or high mannitol (5mM glucose + 25mM mannitol). The

addition of 4-PBA (3mM) to HAEC significantly reduced gene expression of each

of these factors and the addition of tideglusib (25μM) reduced expression of

iNOS and PECAM-1 (Figure 4.4). eNOS gene expression was not significantly

altered between experimental groups involving any of the treatments (Figure

4.4).
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Figure 4.4: eNOS, iNOS, vWF and PECAM-1 expression in HAEC. HAEC

were treated with control media (5mM glucose), high mannitol (control media

+25mM mannitol), high glucose (control media +25mM glucose), in the presence

of absence of 25μM tideglusib or 3mM 4-PBA and gene expression of markers

were evaluated using RT-PCR analysis. All results were normalised to a β-actin

control. n=3-7. *P<0.05, **P<0.005, ***P<0.0005, ****P<0.00005. ns=not

significant.
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ECs exposed to elevated glucose concentrations have increased monocyte

adhesion

To assess the functionality of the upregulated adhesion proteins, and their

ability to bind to monocytes, a THP-1 cell attachment assay was performed.

HAEC, cultured in control or elevated glucose concentrations, were treated with

4-PBA or tideglusib for 24 hours, as described above. Cells were washed and

placed in control media (5mM glucose). TNFα has been shown to promote

endothelial activation and the presentation of adhesion proteins, thus facilitating

monocyte recruitment34,35,36. Therefore TNFα was used as a positive control in

this experiment. Calcein-labelled THP-1 monocytes were added to all wells and

the cells were placed on a rocker platform for 30 minutes. There was a significant

increase in monocyte attachment to HAEC exposed to high glucose (30mM

glucose) or TNFα (5mM glucose + 10ng/ml TNFα), compared to HAEC cultured

in control media (5mM glucose) or high mannitol (5mM glucose + 25mM

mannitol) (Figure 4.5). This finding suggests that the enhanced adhesion protein

expression, observed under hyperglycemic conditions, results in the presentation

of functional adhesion proteins on the surface of HAECs. The addition of

tideglusib (25μM) or 4-PBA (3mM) to HAEC cultured in high glucose (total 30mM

glucose), significantly reduced monocyte attachment (Figure 4.5). These

findings are consistent with our observation that impaired ER stress-GSK3α/β

signalling results in reduced adhesion protein expression in HAEC (Figure 4.2

and Figure 4.3).
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Figure 4.5: THP-1 cell attachment assay. HAEC were treated for 24 hours in

control media (5mM glucose), high mannitol (control media +25mM mannitol),

high glucose (control media +25mM glucose), TNFα (control media +10ng/ml

TNFα), in the presence or absence of 25μM tideglusib or 3mM 4-PBA.

Calcein-labelled THP-1 cells were added to HAEC treated under different

conditions for 30 minutes at 37˚C. Fluorescently labelled THP-1 cells were

quantified. A Representative images of THP-1 cell attachment under varying

conditions. B Number of THP-1 cells attached to HAEC. n=4-8. ***P<0.0005,

****P<0.00005.
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4.6 DISCUSSION

Hyperglycemia and diabetes are well-established risk factors for CVD and

the accelerated development of atherosclerosis37,38,39. Diabetes is often

associated with vascular impairment characterized by altered nitric oxide

production, ER stress and endothelial activation18,40,41,42. EC activation is widely

accepted as an important step in the initiation of atherosclerosis43,44. However,

our understanding of the molecular mechanisms that link hyperglycemia to the

development of CVD is lacking. Previous studies have shown that hyperglycemia

can cause ER stress leading to the activation of the UPR45,46,47,48,49. The UPR

involves the induced expression of ER resident chaperone proteins, the

enhanced degradation of unfolded proteins, and if ER stress is not resolved,

apoptosis. ER stress has been linked to EC activation50, however a definitive

mechanism has not yet been reported.

In this study we show that HAEC exposed to high glucose concentrations

for 24 hours have significantly increased expression of P-selectin, E-selectin and

VCAM-1, compared to HAEC cultured in control media or high mannitol. These

findings suggest that high glucose levels initiate EC activation, and therefore

could contribute to the attachment and migration of monocytes to the

subendothelial layer, and early initiation of atherosclerosis. ICAM-1 expression

levels were unaffected by high glucose levels, suggesting that ICAM-1 is

regulated differently from P-selectin, E-selectin and VCAM-1. In fact, results from
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a previous study have suggested that ICAM-1 is not essential for

atherogenesis51.

4-PBA is a short branch chain fatty acid that has been shown to alleviate

ER stress both in vitro25 and in vivo52. The exposure of HAECs to 4-PBA

significantly reduced the expression of ER stress response genes, calreticulin

and GRP78, suggesting that these treatment conditions were effective at

reducing ER stress levels in HAECs. 4-PBA treatment also attenuated the

enhanced gene expression of E-selectin, ICAM-1 and VCAM-1 in HAECs

cultured in high glucose concentrations. This finding is consistent with the results

of an in vivo study that showed 4-PBA reduced ER stress and decreased

expression of E-selectin, ICAM-1 and VCAM-1 in lung ECs53. These findings

suggest that ER stress plays a direct role in the activation of HAEC and that

alleviating ER stress is sufficient to reduce the expression of some adhesion

protein markers. Interestingly, in our study, the addition of 4-PBA to high glucose

further elevated the expression of P-selectin. This finding suggests that

P-selectin may be regulated through alternative pathways/mechanisms relative to

the other adhesion proteins.

Previous evidence from our lab and others have suggested that conditions

of ER stress can lead to the activation of GSK3α/β28,54,55. GSK3α/β are

serine/threonine kinases that are involved in the regulation of many metabolic
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signalling pathways29,56,57. In this study we used tideglusib, a small molecule

GSK3α/β inhibitor29, to determine if ER stress was signalling through GSK3α/β in

the activation of ECs. Tideglusib did not alter gene expression of ER stress

markers, which is a result consistent with our understanding that GSK3α/β is

downstream of the adaptive ER stress response28. The addition of tideglusib to

high glucose treated HAEC significantly reduced adhesion protein expression,

suggesting that ER stress signals through GSK3α/β in the upregulation of

adhesion protein expression and the activation of ECs.

To assess the functionality of these adhesion proteins, calcein-labelled

THP-1 cells (a human monocytic cell line) were added to cultured HAEC. We

found that HAEC exposed to high glucose had significantly increased THP-1 cell

attachment. The addition of 4-PBA or tideglusib to HAEC exposed to high

glucose significantly reduced monocytic attachment, likely due to the reduction in

adhesion protein expression. These findings are consistent with glucose-induced

ER stress-GSK3α/β playing a central role in endothelial activation. These data

are also consistent with recent reports of increased THP-1 cell attachment when

human umbilical vein endothelial cells (HUVEC) were treated with elevated

glucose levels58.

Individuals with diabetes are at increased risk of developing CVD37,38,39,

however a complete understanding of the molecular mechanisms that link
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hyperglycemia/diabetes to atherosclerosis is not yet known. Our results indicate

that high glucose levels are sufficient to increase functional adhesion protein

expression. Additionally, we have found a potential molecular mechanism by

which high glucose levels cause EC activation by signalling through the ER

stress-GSK3α/β pathway. Together these findings identify a novel target for new

anti-atherogenic therapeutic strategies to reduce endothelial activation. 

Reducing the effects that hyperglycemia has on the vasculature could prevent or

slow the initiation of atherosclerosis in diabetic patients at risk of developing

CVD.
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4.8 SUPPLEMENTARY MATERIAL FOR CHAPTER 4

Supplementary Figure 4.1: ER stress activation in HAEC cultured in

elevated glucose concentration. HAEC were cultured for 24 hours in control

media (5mM glucose), mannitol (control media +25mM mannitol), high glucose

(control media +25mM glucose), in the presence of absence of 25μM tideglusib

or 3mM 4-PBA. After 24 hours, ER stress markers were evaluated using RT-PCR

analysis. Gene expression was normalised to a β-actin control. A Calreticulin

gene expression under different conditions. B GRP78 gene expression in HAEC

under different conditions. n=3-6. *P<0.05, **P<0.005, ***P<0.0005,

****P<0.00005.
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Supplementary Figure 4.2: Western blot analysis of GSK3α/β expression in

HAEC. The blot shows GSK3α(51kDa) and GSK3β (47 kDa) protein expression

in 2 HAEC cultures (1+2) grown in control media.
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CHAPTER 5: Investigating the role of endothelial GSK3α/β in atherogenesis

Lauren Mastrogiacomo1,2 and Geoff Werstuck1,2

1Thrombosis and Atherosclerosis Research Institute, Hamilton, ON, Canada.

2Department of Medicine, McMaster University, Hamilton, ON, Canada.

5.1 FOREWORD

This study investigates the role of endothelial glycogen synthase kinase (GSK)3α

and GSK3β in endothelial activation and the initiation of atherosclerosis. Deletion

of GSK3α, but not GSK3β, reduces endothelial cell (EC) activation and the

development of atherosclerotic lesions. These data suggest that endothelial

GSK3α and GSK3β play distinct roles. GSK3α is involved in the activation of the

endothelium and is pro-atherogenic in LDLR-/- mice.

The experiments in this study were conducted by Lauren Mastrogiacomo. The

manuscript was written by Lauren Mastrogiacomo in collaboration with Dr. Geoff

Werstuck. This paper has been submitted to the International Journal of

Molecular Sciences (2022).
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5.2 ABSTRACT

Atherosclerotic cardiovascular disease (CVD) is the leading cause of

death worldwide. Risk factors for developing CVD (hyperglycemia, dyslipidemia,

obesity, hypertension and smoking) are associated with endoplasmic reticulum

(ER) stress, inflammation, and endothelial activation. When ECs become

activated they express adhesion proteins (P-selectin, E-selectin, ICAM-1 and

VCAM-1) that recruit monocytes to the subendothelial layer initiating plaque

development in the vessel wall. Understanding the mechanism(s) by which ECs

increase adhesion protein expression will facilitate the development of therapies

aimed at preventing CVD progression and mortality. GSK3α/β are constitutively

active kinases which have been associated with many cellular pathways

regulating cell viability and metabolism. While roles for myeloid GSK3α/β in the

development of atherosclerosis have been established, there is limited

knowledge on the potential roles of endothelial GSK3α/β. With the use of Cre

recombinase technology, GSK3α/β was knocked out of both ECs and

macrophages (Tie2Cre GSK3α/βfl/fl LDLR-/-). A bone marrow transplant was used

to replenish GSK3α/β in the myeloid lineage allowing the assessment of an

endothelial-specific GSK3α/β knockout (BMT Tie2Cre GSK3α/βfl/fl LDLR-/-). In

both models, adhesion protein expression, macrophage recruitment and plaque

volume were reduced in GSK3α knockout mice. GSK3β knockout had no

significant effect. Results from this study are the first to suggest a
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pro-atherogenic role of endothelial GSK3α and support existing evidence for

targeting GSK3α in the treatment of atherosclerotic CVD.

5.3 INTRODUCTION

Atherosclerosis is a multifactorial inflammatory disease that involves

accumulation of lipids and inflammatory cells in the subendothelial layer, causing

a narrowing of the artery, altering vascular blood flow, and increasing risk of

thrombus formation and/or cardiac complications1,2,3,4. Atherosclerotic CVD is the

leading cause of mortality worldwide5,6. Although effective, current medications

target specific risk factors, such as hypertension or dyslipidemia, rather than the

disease process itself7,8. Understanding the mechanism(s) underlying the

initiation and development of atherosclerosis will facilitate the development of

more targeted therapies to prevent or reduce the risk for CVD.

The earliest detectable stage in atherogenesis is endothelial activation9.

The endothelium forms a single layer of semi-permeable cells that line the

vasculature that performs critical functions in the maintenance of vascular

homeostasis10. Risk factors for CVD, including hyperglycemia, hypertension,

dyslipidemia and smoking, are each associated with arterial inflammation and

activation of the EC layer11. EC activation is characterized by expression of

leukocyte adhesion proteins, including P-selectin, E-selectin, ICAM-1 and

VCAM-112. These adhesion proteins facilitate the recruitment of circulating
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monocytes to the injured endothelium. Monocytes migrate into the subendothelial

layer where they differentiate into macrophages. These macrophages

endocytose lipids and cellular debris, becoming lipid engorged foam cells13,14.

Understanding the mechanism underlying adhesion protein expression could

potentially reveal novel therapeutic targets to halt atherogenesis and plaque

progression.

GSK3 is an enzyme involved in many cellular signalling pathways15. There

are two isoforms of GSK3, GSK3α and GSK3β that are 98% homologous in the

kinase domain16. These isoforms are now known to possess both redundant and

isoform-specific functions17. A whole body GSK3α knockout mouse model is

viable, however a whole body GSK3β knockout mouse dies during

mid-gestation18,19. Previous research has indicated that a whole body GSK3α

knockout attenuates atherosclerosis in mice20. Further research has shown that a

myeloid-specific knockout of GSK3α can also attenuate atherosclerosis, however

not to the extent observed in the whole body GSK3α knockout mouse21. These

findings suggest that GSK3α plays a pro-atherosclerotic role in other cells of the

body.

ECs play a critical role in the initiation of atherosclerosis and little is known

about the potential role of GSK3α/β in the endothelium. In this study, Cre-Lox
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technology was used to create an endothelial GSK3 knockout in LDLR-/- mice in

order to investigate the potential role of endothelial GSKα/β in atherogenesis.

5.4 MATERIAL AND METHODS

GSK3α/β knockout mouse strains

Cre-Lox technology was used to generate mice in which GSK3α or

GSK3β is specifically ablated in ECs. LDLR-/- mice (B6.129S7-Ldlrtm1Her/J,

Jackson Laboratory, Bar Harbor, ME) were crossed with mice carrying a

loxP-flanked GSK3α (GSK3αfl/fl) gene or GSK3β floxed (GSK3βfl/fl) gene22,23 to

create GSK3αfl/fl LDLR-/- or GSK3βfl/fl LDLR-/- mice. These mice were then crossed

with a mouse that expressed Cre recombinase under the control of the

endothelial specific Tie2 promoter (B6.Cg-Tg (Tek-Cre)1Ywa/J, Jackson

Laboratories, Bar Harbor, ME) to create Tie2Cre GSK3αfl/fl LDLR-/- or Tie2Cre

GSK3βfl/fl LDLR-/- mice. All mouse strains existed in a C57Bl/6 genetic

background. Validation and characterization of these mice showed that the

ablation of GSK3α and GSK3β occurred in ECs, as well as myeloid lineage cells

(Supplementary Figure 5.1). Therefore, these mice were an endothelial

/macrophage GSK3α or GSK3β knockout mouse model. To replenish GSK3α or

GSK3β in the myeloid lineage, bone marrow from LDLR-/- mice was transplanted

into GSK3αfl/fl LDLR-/-, GSK3βfl/fl LDLR-/-, Tie2Cre GSK3αfl/fl LDLR-/-, Tie2Cre

GSK3βfl/fl LDLR-/-, or LDLR-/- (control) mice (see below). These mice were used as

endothelial-selective GSK3α or GSK3β knockout mouse models.
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Bone marrow transplant

Eight week old LDLR-/-, Tie2Cre LDLR-/-, GSK3αfl/fl LDLR-/-, GSK3βfl/fl

LDLR-/-, Tie2Cre GSK3αfl/fl LDLR-/- and Tie2Cre GSK3βfl/fl LDLR-/- mice were

irradiated with 667RAD and then 333RAD, 3 hours later, for a total dose of

1000RAD. Irradiated recipient mice were injected with bone marrow harvested

from the tibias and femurs of 8 week old donor LDLR-/- mice (1x106

cells/recipient). The recipient mice were allowed to recover for 4 weeks, during

which they received mush food combined with Nutri-cal (Vetoquinol, France) and

hydrogel. The bone marrow transplant was validated by isolating DNA from

circulating leukocytes using a DNeasy Blood and Tissue Kit (Qiagen, Hilden,

Germany) and RT-PCR analysis of peritoneal macrophages (Primers Table 5.1)

(Supplementary Figure 5.2A+B).

140



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

Table 5.1: Primer sequences

Primer sequence

GSK3α F: 5’- GAG CGT TCC CAA GAA GTG G -3’
R: 5’- GTG CCT GGT ATA CTA CTC CGA -3’

GSK3β F: 5’- ATA AAG ATG GCA GCA AGG TAA CCA -3’
R: 5’- CTG ACT TCC TGT GGC CTG TCA -3’

vWF F: 5’-GCA GTG GAG AAC AGT GGT G -3’
R: 5’- GTG GCA GCG GGC AAA C -3’

β-actin F: 5’- GGG GTG TTG AAG GTC TCA AAC -3’
R: 5’-GGC ACC ACA CCT TCT ACA ATG -3’
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Experimental design

At 12-weeks of age female mice (LDLR-/-, Tie2Cre LDLR-/-, GSK3αfl/fl

LDLR-/-, GSK3βfl/fl LDLR-/-, Tie2Cre GSK3αfl/fl LDLR-/- and Tie2Cre GSK3βfl/fl

LDLR-/-), both endothelial/macrophage GSK3α or GSK3β knockout mice and

BMT endothelial GSK3α or GSK3β knockout mice, were placed on a high-fat diet

((HFD) containing 21% fat, 0.2% cholesterol with 42% of the calories from fat,

Harland Tekland,TD97363) for 3-weeks to establish atherosclerotic plaques. Mice

were maintained on a 12-hour light/dark cycle with unlimited access to food and

water. All mice were harvested at 15-weeks of age (Supplementary Figure 5.3).

All experiments were performed in female mice because 3 weeks of high fat diet

feeding produced only minimal lesions in male mice (data not shown).

Littermates lacking Cre recombinase were used as controls. Additional controls

include LDLR-/- mice and Tie2Cre LDLR-/- mice. Experiments were performed

according to the guidelines and regulations of the Canadian Council on Animal

care and all animal studies were pre-approved by McMaster University Animal

Research Ethics Board.

Tissue harvesting

Mice were anesthetized and a midline laparotomy incision was made. PBS

was flushed through the apex of the heart to rinse the vasculature. The whole

aorta was carefully removed and cleaned from surrounding muscle and
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adventitial fat. Other tissues included heart, lung, liver, and skeletal muscle were

also removed from some mice for further analysis.

EC isolation

ECs were isolated using a protocol adapted from Chen S. et al24. Whole

aortas were longitudinally dissected, and the tunica intima side of the vessel was

washed in 50μl of 0.25% Trypsin (Gibco, Waltham, MA) for 2 minutes at 37°C in

5% CO2
24. ECs were collected and placed in 10ml media (EGM™-2 Endothelial

Cell Growth Medium-2 BulletKit (Lonza, Basel, Switzerland) supplemented with

1% penicillin-streptomycin). This process was repeated 4 times. The collected

cells were centrifuged at 500 rpm for 10 minutes, the supernatant was discarded,

and cells were resuspended in TRIzol Reagent (Thermo Fisher Scientific,

Waltham, MA). The identity of the isolated cells was confirmed by assessing vWF

gene expression by RT-PCR (Supplementary Figure 5.1C).

Macrophage collection

To collect peritoneal macrophages, 1mL of thioglycolate (10%,

Sigma-Aldrich, St. Louis, MO) was injected into the peritoneal cavity. After 5

days, the mouse was euthanized, and 10mL of 0.05mM EDTA-PBS was injected

into the peritoneal cavity. The peritoneum was massaged to achieve maximum

yield, and the macrophages were collected using a 10mL syringe. Macrophages

were centrifuged and resuspended in DMEM media (supplemented with 20%
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FBS, 1% pen strep and 1% L-glutamine) and plated in a 6 well plate. After 2

hours the plates were washed 3 times with PBS, to remove red blood cells and

other debris. Macrophage RNA was isolated using the TRIzol Reagent method

(Thermo Fisher Scientific, Waltham, MA).

Assessing tissue specific GSK3α and GSK3β gene expression

Total RNA was isolated from peritoneal macrophages, lung, liver, skeletal

muscle and aortic ECs using the TRIzol reagent method (Thermo Fisher

Scientific, Waltham, MA) and cDNA was synthesized using the High-Capacity

cDNA Reverse Transcription Kit (Thermo Fischer Scientific, Waltham, MA). The

expression of GSK3α and GSK3β was quantified using the SYBR Green (with

ROX) method (Thermo Fischer Scientific, Waltham, MA) and the StepOnePlus

Real-Time PCR System (Thermo Fischer Scientific, Waltham, MA) (Primers

Table 5.1). Samples were run in technical triplicates. The comparative Ct method

was used to determine relative gene expression and expression levels were

normalized to a β-actin control.

Analysis of blood and plasma

Mice were fasted for 4 hours. Fasting blood glucose levels were measured

using a OneTouch Verio Flex Meter (Lifescan, Inc., Milpitas, CA), fasting plasma

total cholesterol and triglyceride levels were determined using the colormetric
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Infinity Cholesterol or Infinity Triglyceride Kit (Thermo Fisher Scientific, Waltham,

MA). Assays were performed according to the manufacturer's instructions.

Atherosclerotic plaque analysis

Hearts were embedded in paraffin and 5μm thick serial sections of the

aortic sinus were collected on glass slides25. Sections were deparaffinised and

then stained with Weigert’s Hematoxylin (Sigma-Aldrich, St. Louis, MI). The

slides were further stained with Biebrich scarlet-acid fuchsin solution and alanine

blue (Sigma-Aldrich, St. Louis, MI). Coverslips were attached using DPX

mounting media and images were captured using the Olympus DP71 digital

camera (Olympus imaging, Centre Valley, PA) mounted on a Leitz Laborlux S

bright-field microscope (Leica Microsystems, Concord, ON). Atherosclerotic

plaque areas were determined from 12 serial sections per mouse. The

atherosclerotic volumes were determined using ImageJ software (Version1.15j8,

https://imagej.nih.gov/ij/index.html), as previously described25.

Analysis of EC activation

Endothelial activation was assessed through immunofluorescent and

immunohistochemical analyses. Sections of aortic sinus were immunostained

with antibodies against P-selectin (Novus Biologicals, Littleton, CO,

NB100-65392 1:50 dilution), E-selectin (Novus Biologicals, Littleton, CO,

NBP1-45545 1:100 dilution), VCAM-1 (Abcam, Cambridge, UK, ab134047 1:50
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dilution), vWF (Agilent Dako, Santa Clara, CA, A008202 1:50 dilution or

Proteintech, Rosemount, IL, 66682-1-Ig, 1:100) and CD107b+/Mac3 (BD

Biosciences, Franklin Lakes, NJ, 550292 1:50 dilution). Primary antibodies were

detected with appropriate conjugated secondary antibodies (Alexa Fluor 488

anti-mouse, Alexa Fluor 488 anti-rabbit or Alexa Fluor 488 anti-rat – all from

Thermo Fisher Scientific, Waltham, MA) and the percentage of the endothelium

stained in each case was determined by immunofluorescence.

Immunohistochemistry was used to assess ICAM-1 expression, using a primary

antibody (R&D Systems, Minneapolis, MN, BAF796 1:50 dilution) and the

appropriate biotinylated anti-goat secondary antibody (Thermo Fisher Scientific,

Waltham, MA). Horseradish peroxidase and 3,3’ diaminobenzidine (DAB)

(Agilent, Santa Clara, CA) was used to detect immunohistochemical staining.

Negative controls for staining were performed using pre-immune IgG in place of

the primary antibody (Supplementary Figure 5.4).

Statistical analysis

Analysis of data was performed on Graph Pad Prism 9 and analyzed

using a t-test, one or two-way ANOVA test followed by a multiple comparison

test. All error bars on graphs represent the standard error of the mean (+/- SEM).

For all experiments, a P value of <0.05 was considered to be statically significant.

*P<0.05, **P<0.005, ***P<0.0005, ****P<0.00005.
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5.5 RESULTS

The Tie2Cre recombinase is not endothelial specific

In this study, Tie2Cre GSK3αfl/fl LDLR-/- and Tie2Cre GSK3βfl/fl LDLR-/-

mice were created in order to investigate the endothelial-specific role(s) of

GSK3α and GSK3β. It has previously been reported that the Tie2Cre mouse

strain (B6.Cg-Tg (Tek-cre)1Ywa/J) may express Cre recombinase activity in

some myeloid lineages26. Previous work from our lab has found that deletion of

GSK3α in macrophages attenuated atherosclerosis in LDLR-/- mice21. Therefore,

it was important to determine the specificity of GSK3α/β knockout in our Tie2Cre

strains. Peritoneal macrophages and ECs were isolated from GSK3αfl/fl LDLR-/-,

GSK3βfl/fl LDLR-/-, Tie2Cre GSK3αfl/fl LDLR-/- and Tie2Cre GSK3βfl/fl LDLR-/- mice

and the gene expression of GSK3α or GSK3β was analysed. RT-PCR analysis

showed that macrophages and ECs from Tie2Cre GSK3αfl/fl LDLR-/- showed a

significant decrease in GSK3α, but not GSK3β, expression, compared to

GSK3αfl/fl LDLR-/- mice (Supplementary Figure 5.1A). No significant differences

were observed in GSK3α or GSK3β expression in the lungs, liver, or skeletal

muscle. RT-PCR analysis from Tie2Cre GSK3βfl/fl LDLR-/- mice showed a

significant decrease in macrophage and endothelial GSK3β, but not GSK3α,

compared to GSK3βfl/fl LDLR-/- mice (Supplementary Figure 5.1B). No significant

differences were observed in gene expression in lung, liver or skeletal muscle.

These results indicate that, in these Tie2Cre strains, GSK3 is affected in

macrophages, as well as ECs. Therefore, this is not an endothelial specific
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model. This mouse model will be referred to hereon as an endothelial

/macrophage knockout of GSK3α or GSK3β.

Endothelial/macrophage knockout of GSK3α attenuates atherosclerosis

To determine the effect of an endothelial/macrophage GSK3α or GSK3β

knockout on atherogenesis, mice were placed on a HFD to initiate plaque

formation. After 3 weeks of HFD feeding, no significant differences were

observed in plasma lipids or body weight of Tie2Cre GSK3αfl/fl LDLR-/- mice,

compared to age matched LDLR-/- or Tie2Cre LDLR-/- controls (Table 5.2). Mice

carrying the GSK3βfl/fl allele tended to present with elevated plasma triglycerides,

body weight and adipose weight, relative to Tie2Cre LDLR-/- control. This appears

to be a result of non-GSK3 related differences in this strain as the effect was

independent of Cre recombinase activity.
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Table 5.2: Metabolic parameters for endothelial/macrophage knockout mice

Genotype Blood
glucose
(mM)

Plasma
Triglycerides
(mM)

Plasma
Cholesterol
(mM)

Body Weight
(g)

Liver Weight
(g)

Adipose
Weight
(g)

Pancreas
weight
(g)

LDLR-/- 10.85 ± 0.81 2.30 ± 0.22 11.23 ± 0.42 22.71 ± 0.97 1.30 ± 0.16 0.31 ± 0.06 0.13 ± 0.01

Tie2Cre
LDLR-/-

9.39 ± 0.37 2.12 ± 0.18 11.11 ± 0.16 20.40 ± 0.78 1.00 ± 0.05 0.18 ± 0.03 0.11 ± 0.00

GSK3αfl/fl GSK3αfl/fl

LDLR-/-
9.56 ± 0.61 2.06 ± 0.12 10.18 ± 0.25 22.61 ± 0.77 1.11 ± 0.07 0.22 ±0.03 0.12 ± 0.00

Tie2Cre
GSK3αfl/fl

LDLR-/-

9.86 ± 0.85 2.43 ± 0.19 10.38 ± 0.41 21.56 ± 0.55 1.04 ± 0.08 0.22 ± 0.02 0.13 ± 0.01

GSK3βfl/fl GSK3βfl/fl

LDLR-/-
10.92 ± 1.35 2.71 ± 0.52 11.39 ± 0.29 27.35 ± 0.58

**/††††
1.27 ± 0.05 0.48 ± 0.05

††
0.14 ± 0.01

Tie2Cre
GSK3βfl/fl

LDLR-/-

10.75 ± 1.26 4.33 ± 0.56
*/†

11.44 ± 0.43 25.55 ± 1.47
**/††††

1.16 ± 0.17 0.24 ± 0.06
†

0.16 ± 0.00

*P<0.05 and **P<0.005 compared to LDLR-/-

†P <0.05, ††P<0.005, ††††P<0.00005 compared to Tie2Cre LDLR-/-

n= 7-9
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Plaque volumes were visualized and quantified using Masson’s trichrome

staining. LDLR-/-, Tie2Cre LDLR-/-, GSK3αfl/fl LDLR-/- and GSK3βfl/fl LDLR-/- mice

showed no difference in plaque volume, suggesting that neither the Tie2Cre

recombinase nor GSK3αfl/fl/GSK3βfl/fl had an effect on atherosclerotic plaque

formation (Supplementary Figure 5.5). GSK3αfl/fl LDLR-/- and GSK3βfl/fl LDLR-/-

mice, lacking the Tie2Cre recombinase, were chosen as controls for the

remainder of this study, as they are littermates with the experimental mice.

It was observed that Tie2Cre GSK3αfl/fl LDLR-/- mice have significantly

smaller plaque volume, compared to age matched GSK3αfl/fl LDLR-/- mice (Figure

5.1C). No significant difference was detected between Tie2Cre GSK3βfl/fl LDLR-/-

and GSK3βfl/fl LDLR-/- controls. This suggests that endothelial/macrophage

GSK3α is an important contributor to plaque accumulation, and supports

previous findings, that GSK3α and GSK3β display different functional roles in the

context of atherosclerosis 19,21,27,28.
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Figure 5.1: Atherosclerosis in endothelial/macrophage GSK3α/β knockout

mice. A Representative images of Masson’s trichrome staining of cross sections

of aortic sinus from 15 week old control or endothelial/macrophage GSK3α/β

knockout mice. Scale bar represents 100μm. B Quantification of plaque area at

the aortic sinus of the 15 week old mice. C Plaque volume quantification in the

aortic sinus of control and endothelial/macrophage GSK3α/β knockout mice.

n=7-8 (B-C), *<P0.05, **P<0.005, ***P<0.0005, †P<0.05, ††††P<0.00005,

ns=not significant.
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Endothelial activation is reduced in endothelial/macrophage knockout of

GSK3α

EC activation is widely accepted as an important event in monocyte

recruitment and the initiation of atherosclerosis29,30. To assess endothelial

activation, sections of aortic sinus from 15 week old mice were immunostained

with antibodies against P-selectin, E-selectin, VCAM-1 and ICAM-1. Endothelial

staining was verified by co-staining with the endothelial marker, vWF

(Supplementary Figure 5.6). Results indicate that Tie2Cre GSK3αfl/fl LDLR-/- mice

have significantly reduced expression of P-selectin, E-selectin and VCAM-1

compared to age matched GSK3αfl/fl LDLR-/- controls (Figure 5.2B-D). No

significant difference was detected in adhesion protein expression between

Tie2Cre GSK3βfl/fl LDLR-/- and GSK3βfl/fl LDLR-/- mice. These data are the first

indication that GSK3α plays a role in endothelial activation. There was no

difference in ICAM-1 expression in any experimental groups (Figure 5.2E). The

specificity of the staining is supported by sections of the aortic sinus stained with

appropriate pre-immune IgG in place of the primary antibody (Supplementary

Figure 5.4).
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Figure 5.2: Adhesion protein expression in endothelial/macrophage

GSK3α/β knockout mice. A Representative images of stained aortic sinus cross

sections from 15 week old endothelial/macrophage GSK3α/β knockout and

control mice. Scale bar represents 100μm. Quantification of percentage of

endothelium showing immunofluorescent staining of P-selectin (B) E-selectin (C)

and VCAM-1 (D). E Quantification of immunohistochemistry staining of ICAM-1

expression on the endothelium. n=6-8 (B-E), *P<0.05, ***P<0.0005. ns=not

significant.
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Sections were stained with an antibody against CD107b+/Mac-3+ (Mac-3)

to assess monocyte/macrophage recruitment. Tie2Cre GSK3αfl/fl LDLR-/- mice had

significantly reduced Mac-3 staining, compared to age matched control mice

(Figure 5.3). There was no significant difference in monocyte/macrophage

content between Tie2Cre GSK3βfl/fl LDLR-/- and GSK3βfl/fl LDLR-/- control mice,

these findings support a role for endothelial and macrophage GSK3α in

monocyte/macrophage recruitment.
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Figure 5.3: Monocyte/macrophage recruitment in endothelial/macrophage

GSK3α/β knockout mice. A Representative images of cross sections of aortic

sinus from 15 week old endothelial/macrophage GSK3α/β knockout and control

mice stained with an antibody against Mac-3. Scale bar represents 100μm. B

Quantification of percentage of the intima stained with anti-Mac-3 antibody. n=7-8

(B), **P<0.005. ns=not significant.
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Bone marrow transplant (BMT) replenished GSK3α and GSK3β expression

in myeloid cells

It is possible that the effects on endothelial activation and monocyte

/macrophage recruitment, observed above, were an indirect result of

macrophage-specific deficiency in GSK3α. A bone marrow transplant was

performed to replace myeloid expression of GSK3α and GSK3β, thereby

facilitating the assessment of the effects of endothelial GSK3α or GSK3β

deficiencies directly.

BMTs were performed on both control and experimental mice. In order to

determine if the BMT was successful, DNA was isolated from circulating

leukocytes, and the presence of intact genes encoding GSK3α and GSK3β was

verified (Supplementary Figure 5.2A). The expression of GSK3α or GSK3β was

confirmed in isolated peritoneal macrophages by RT-PCR analysis

(Supplementary Figure 5.2B). No significant difference in GSK3α or GSK3β

expression was detected, suggesting that the BMT was successful. This mouse

model will be referred to as the endothelial knockout of GSK3α or GSK3β.

Interestingly, plaques in mice receiving a BMT were significantly smaller

than in the mice that did not receive a BMT indicating that the procedure itself did

have an effect on atherosclerotic progression (Supplementary Figure 5.7).

Therefore, direct comparisons of atherosclerotic progression in macrophage

159



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

/endothelial GSK3 knockout mice and BMT endothelial GSK3 knockout mice are

not presented.

Endothelial knockout of GSK3α attenuates atherosclerosis

To determine the role of GSK3α or GSK3β in ECs during atherogenesis,

bone marrow from 8 week old LDLR-/- mice was transplanted into lethally

irradiated 8 week old LDLR-/-, Tie2Cre LDLR-/-, GSK3αfl/fl LDLR-/-, GSK3βfl/fl LDLR-/-,

Tie2Cre GSK3αfl/fl LDLR-/- and Tie2Cre GSK3βfl/fl LDLR-/- recipient mice. After 4

weeks of recovery, the success of the BMT was verified, and mice were placed

on a HFD for 3 weeks. No significant difference was detected in blood glucose,

plasma triglycerides, plasma cholesterol, liver weight, adipose weight or

pancreas weight between mouse models (Table 5.3). As previously observed,

the body weight of BMT GSK3βfl/fl LDLR-/- mice was significantly higher than

controls. Plaque volume of the controls (BMT LDLR-/-, BMT Tie2Cre LDLR-/-, BMT

GSK3αfl/fl LDLR-/- and BMT GSK3βfl/fl LDLR-/-) was assessed, and no significant

difference was identified between control groups (Supplementary Figure 5.8),

suggesting that Tie2Cre, GSK3αfl/fl or GSK3βfl/fl do not affect plaque development.

BMT GSK3αfl/fl LDLR-/- or BMT GSK3βfl/fl LDLR-/- mice were used as controls for

the remaining experiments, as they are littermates of the experimental mice.
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Table 5.3: Metabolic parameters for BMT endothelial knockout mice

Genotype Blood
glucose
(mM)

Plasma
Triglycerides
(mM)

Plasma
Cholesterol
(mM)

Body Weight
(g)

Liver Weight
(g)

Adipose
Weight
(g)

Pancreas
weight
(g)

BMT
LDLR-/-

9.6 ± 0.16 1.99 ± 0.22 9.65 ± 0.21 19.54 ± 0.72 0.89 ± 0.04 0.16 ± 0.06 0.12 ±0.05

BMT
Tie2Cre
LDLR-/-

10.15 ± 1.14 2.67 ± 0.27 8.89 ± 0.51 21.93 ± 0.34 1.33 ± 0.20 0.23 ± 0.01 0.31 ± 0.23

BMT
GSK3αfl/fl

BMT
GSK3αfl/fl

LDLR-/-

11.54 ± 0.88 1.97 ± 0.15 8.25 ± 0.28 25.36 ± 1.43 1.29 ± 0.09 0.28 ± 0.06 0.10 ± 0.01

BMT
Tie2Cre
GSK3αfl/fl

LDLR-/-

12.08 ± 0.60 1.63 ± 0.12 7.71 ± 0.26 21.56 ± 0.82 1.13 ± 0.10 0.18 ± 0.03 0.09 ± 0.01

BMT
GSK3βfl/f

BMT
GSK3βfl/fl

LDLR-/-

11.6 ± 0.56 1.58 ± 0.22 7.01 ± 0.34 28.12 ± 1.51
**/†/‡‡

1.41 ± 0.15 0.42 ± 0.19 0.12 ± 0.01

BMT
Tie2Cre
GSK3βfl/fl

LDLR-/-

10.2 ± 0.49 2.02 ± 0.24 7.31 ± 0.33 22.40 ± 0.70 1.00 ±0.07 0.18 ± 0.02 0.09 ± 0.00

**P<0.005 compared to BMT LDLR-/-

†P<0.05 compared to BMT Tie2Cre LDLR-/-

‡‡P<0.005 compared to BMT Tie2Cre GSK3βfl/fl LDLR-/-

n= 7-10
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To investigate the endothelial specific role of GSK3, plaque volumes of the

BMT endothelial GSK3α or GSK3β knockout mice were quantified. Results show

that BMT Tie2Cre GSK3αfl/fl LDLR-/- mice have significantly smaller plaques than

control mice (Figure 5.4B-C). No significant difference was seen between BMT

Tie2Cre GSK3βfl/fl LDLR-/- and the BMT GSK3βfl/fl LDLR-/- control. This suggests

that endothelial GSK3α specifically contributes to atherogenesis and supports

previous data that GSK3α and GSK3β play different functions in the context of

atherogenesis 19,21,27,28.
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Figure 5.4: Atherosclerosis in BMT endothelial GSK3α/β knockout mice. A

Representative images of Masson’s trichrome staining of cross sections of aortic

sinus from 15 week old BMT control or BMT endothelial GSK3α/β knockout mice.

Scale bar represents 100μm. B Quantification of plaque area at the aortic sinus

of the 15 week old mice. C Plaque volume quantification in the aortic sinus of

BMT control and BMT endothelial GSK3α/β knockout mice. n=7-10 (B-C),

*<P0.05, **<P0.05. ns=not significant.
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Endothelial activation is reduced in endothelial GSK3α knockout mice

To determine the effects that endothelial GSK3α or GSK3β knockout have

on endothelial activation, sections of aortic sinus from BMT endothelial knockout

mice were immunostained for adhesion markers. BMT Tie2Cre GSK3αfl/fl LDLR-/-

mice had significantly less staining of P-selectin, E-selectin and VCAM-1

compared to age matched BMT GSK3αfl/fl LDLR-/- controls (Figure 5.5B-D). No

significant difference was detected between BMT Tie2Cre GSK3βfl/fl LDLR-/- and

BMT GSK3βfl/fl LDLR-/-. There was no difference in ICAM-1 expression in any

experimental groups (Figure 5.5E). These results, combined with the results

above, suggest that endothelial GSK3α plays a role in adhesion protein

expression thereby affecting/increasing plaque accumulation.
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Figure 5.5: Adhesion protein expression in BMT endothelial GSK3α/β

knockout mice. A Representative images of stained cross sections of aortic

sinus from 15 week old BMT endothelial GSK3α/β knockout and BMT control

mice. Scale bar represents 100μm. Quantification of percentage of endothelium

showing immunofluorescent staining of P-selectin (B) E-selectin (C) and VCAM-1

(D). E Quantification of immunohistochemistry staining of ICAM-1 expression on

the endothelium. n=5-8 (B-E), **P<0.005, ***P<0.0005. ns=not significant.
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To assess monocyte/macrophage recruitment, aortic sinus sections were

stained with an antibody against Mac-3. BMT Tie2Cre GSK3αfl/fl LDLR-/- had

significantly reduced Mac-3 staining, compared to age matched control mice

(Figure 5.6). There was no significant difference in monocyte/macrophage

recruitment between BMT Tie2Cre GSK3βfl/fl LDLR-/- and BMT GSK3βfl/fl LDLR-/-

control mice. These findings suggest that the effect of endothelial GSK3α

knockout on endothelial activation results in a significant reduction in monocyte

/macrophage recruitment.
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Figure 5.6: Monocyte/macrophage recruitment in endothelial GSK3α/β

knockout mice. A Representative images of sections of aortic sinus from 15

week old BMT endothelial GSK3α/β knockout and BMT control mice stained with

anti-Mac-3. Scale bar represents 100μm. B Quantification of percentage of intima

stained with anti-Mac-3 immunofluorescent staining. n=7-8 (B). **P<0.005.

ns=not significant.
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5.6 DISCUSSION

EC activation is believed to be the initiating step in the pathogenesis of

atherosclerosis31. Activated ECs express adhesion proteins that facilitate the

recruitment of circulating monocytes to the artery wall. These monocytes

differentiate into macrophages which drive further plaque growth and

development. Understanding the mechanism by which cardiovascular risk factors

promote atherosclerosis will facilitate the development of therapies to inhibit this

process.

In this study we examine the effect of dyslipidemia on the endothelium and

specifically focus on the role of GSK3α/β in this process using Tie2Cre

recombinase to selectively ablate GSK3 in ECs. As previously noted the Tie2Cre

mouse model may not be endothelial specific26. Characterization of these novel

mouse strains (Tie2Cre GSK3α/βfl/fl LDLR-/-) revealed that GSK3α and GSK3β

were eliminated in macrophages, as well as ECs. Therefore, this model was

used to examine the combined effects of endothelial/macrophage GSK3α or

GSK3β knockout. Endothelial/macrophage knockout of GSK3α (Tie2Cre

GSK3αfl/fl LDLR-/-) significantly reduced the expression of endothelial activation

markers (P-selectin, E-selectin, VCAM-1) and monocyte/macrophage

recruitment, compared to the age matched control (GSK3αfl/fl LDLR-/-). ICAM-1

staining showed no difference which has been reported in another atherosclerotic

mouse model32. Likely as a result of these effects, atherosclerotic plaque size
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was also significantly reduced in endothelial/macrophage GSK3α knockout mice.

These findings indicate that endothelial and/or macrophage GSK3α plays an

important role in atherogenesis. Deletion of endothelial/macrophage GSK3β had

no significant effect on adhesion protein expression, monocyte/macrophage

recruitment, or plaque size. The limitation of these experiments was the inability

to clearly distinguish the effects of endothelial from macrophage GSK3α

knockout on endothelium activation and atherogenesis. 

Previous work from our lab has shown that macrophage knockout of

GSK3α does have the effect of reducing atherosclerotic plaque area and

volume21. Therefore, knocking out GSK3α in the myeloid lineage is likely having

an effect on plaque size in this model. To replenish GSK3α in the myeloid

lineage, a BMT was performed in order to create an endothelial selective GSK3α

or GSK3β knockout mouse model. Results suggest that an endothelial selective

GSK3α knockout significantly reduced adhesion protein expression, monocyte

/macrophage recruitment, and atherosclerotic plaque area/volume, compared to

age matched BMT GSK3αfl/fl LDLR-/- controls. Deletion of endothelial GSK3β had

no effect on adhesion protein expression, monocyte/macrophage recruitment, or

plaque size, suggesting that endothelial GSK3β may not be an important

contributor to atherogenesis. More research is required to assess the possibility

of targeting endothelial and/or macrophage GSK3α as a therapy to slow or

attenuate atherogenesis. Future studies using small molecule isoform-specific
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inhibitors for GSK3α33 will help to test the potential for specific GSK3α inhibition

as a therapy to treat CVD.

This is the first report to indicate a specific role for endothelial GSK3α and

further supports the potential of targeting GSK3α as a therapy in the treatment or

prevention of atherosclerotic CVD.
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5.8 SUPPLEMENTARY MATERIAL FOR CHAPTER 5

Supplementary Figure 5.1: Characterizing the endothelial/macrophage

GSK3α/β knockout mouse model. A Gene expression of GSK3α and GSK3β

was assessed in macrophages, lung, liver, skeletal muscle and ECs from

GSK3αfl/fl LDLR-/- and Tie2Cre GSK3αfl/fl LDLR-/- mice. B Gene expression of

GSK3α/β was assessed in macrophages, lung, liver, skeletal muscle and ECs

from GSK3βfl/fl LDLR-/- and Tie2Cre GSK3αfl/fl LDLR-/- mice. Gene expression was

normalised to a β-actin control. C To verify that the cells isolated from murine

aortas were, in fact, ECs, the expression of endothelial marker, vWF was

assessed. n=3-7 (A-C). *P<0.05, **P<0.005, ***P<0.0005, ****P<0.00005. ns=not

significant.
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Supplementary Figure 5.2: Confirmation that BMT restored GSK3α and

GSK3β in macrophages. A PCR analysis of genomic DNA from blood cells from

BMT GSK3αfl/fl LDLR-/-, LDLR-/-, GSK3αfl/fl LDLR-/-, and Tie2Cre GSK3αfl/fl LDLR-/-

mice. Results confirm that BMT mice have the GSK3α wildtype (WT) gene

restored. B RT-PCR analysis of GSK3α/β expression in macrophages isolated

from BMT GSK3αfl/fl LDLR-/-,BMT Tie2Cre GSK3αfl/fl LDLR-/-, BMT GSK3βfl/fl

LDLR-/-, and BMT Tie2Cre GSK3βfl/fl LDLR-/- mice after a BMT. n=3 (B). ns=not

significant.
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Supplementary Figure 5.3: Experimental design. A Experimental plan for

analysis of endothelial/macrophage GSK3 knockout mice. Genotyped mice were

placed on a HFD for 3 weeks and harvested at 15 weeks of age. B Experimental

plan for BMT endothelial GSK3α/β knockout mice. Genotyped mice received a

BMT at 8 weeks of age. After 4 weeks of recovery the mice were placed on a

HFD for 3 weeks and harvested at 15 weeks of age.Figure created using

Biorender.com 2022.
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Supplementary Figure 5.4: Negative controls for immunofluorescence and

immunohistochemistry staining. A Pre-immune IgG rabbit was used in place

of primary antibody as a negative control for both E-selectin and VCAM-1

staining. Pre-immune IgG rat was used in place of primary antibody as a

negative control for Mac-3 staining. Pre-immune IgG mouse was used in place of

primary antibody as a negative control for P-selectin staining. B Pre-immune goat

IgG was used in place of the primary antibody for a negative control for ICAM-1

staining. Scale bar represents 100μm.
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Supplementary Figure 5.5: Atherosclerosis in control mice from the

endothelial/macrophage GSK3α/β knockout mouse model. A Representative

images of aortic sinus cross sections from 15 week old control LDLR-/-, Tie2Cre

LDLR-/-, GSK3αfl/fl LDLR-/- and GSK3βfl/fl LDLR-/- mice stained with Masson’s

trichrome. Scale bar represents 100μm. B Plaque volume quantification in the

aortic sinus of control mice. n=4-8 (B). ns=not significant.
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Supplementary Figure 5.6: Co-staining of adhesion protein and vWF.

Representative images of aortic cross sections stained with antibodies against

vWF and P-selectin, E-selectin or VCAM-1. Green represents the adhesion

proteins (P-selectin, E-selectin of VCAM-1), red represents vWF staining and

blue represents DAPI. Yellow represents where both proteins are present. Scale

bar represents 50μm.
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Supplementary Figure 5.7: Atherosclerosis assessment comparison

between non-BMT mice and BMT mice. Plaque volume quantification in the

aortic sinus of non-BMT mice and BMT mice in LDLR-/- mice, αfl/fl mouse model

and the βfl/fl mouse model. n=4-10, *<P 0.05, **<P0.05.
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Supplementary Figure 5.8: Atherosclerosis assessment in control mice

from the BMT endothelial GSK3α/β knockout mouse model. A

Representative images of Masson’s trichrome staining of aortic sinus cross

sections from 15 week old control BMT LDLR-/-, BMT Tie2Cre LDLR-/-, BMT

GSK3αfl/fl LDLR-/- and BMT GSK3βfl/fl LDLR-/- mice. Scale bar represents 100μm.

B Plaque volume quantification in the aortic sinus of control mice. n=4-9, ns=not

significant.
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CHAPTER 6: General Discussion

Cardiovascular disease (CVD) is presently the leading cause of death

worldwide. Atherosclerosis is a major underlying cause of CVD169,170. Risk factors

that are known to increase the risk of developing atherosclerosis and CVD

include; hyperglycemia, dyslipidemia, hypertension, obesity and smoking171.

Despite advancements in research, as well as the development of medications

for the treatment of CVD risk factors, mortality related to atherosclerotic CVD

continues to rise172.

The INTERHEART study identified diabetes as a risk factor for CVD171.

Diabetic patients have a 2-4 fold increased risk of developing CVD, compared to

individuals without diabetes. It is estimated that up to 80% of diabetes related

deaths are due to CVD173. Diabetes is characterized by elevated glucose

levels174, therefore it has been suggested that elevated glucose levels may

directly cause vascular complications associated with the development of CVD.

This is supported by research identifying hyperglycemia as an independent risk

factor for CVD175,176,177. The purpose of the research detailed in this thesis is to

begin to identify a potential mechanism by which CVD risk factors, including

hyperglycemia and dyslipidemia, activate endothelial cells (ECs) to initiate

atherosclerosis. Understanding these pathways will facilitate the identification of

new therapeutic targets for CVD prevention.
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Briefly, the three manuscripts in this thesis outline:

1) The effects of hyperglycemia on early endothelial activation and the

initiation of atherosclerosis (published in Am J Pathol 2022).

2) Investigating the effects of elevated glucose concentration on human

aortic endothelial cell activation (in preparation for submission).

3) Investigating the role of endothelial GSK3α/β in atherogenesis (submitted

to Int J Mol Sci, 2022).

Hyperglycemia causes early EC activation

The findings presented in Chapter 3 suggest a direct role for

hyperglycemia in early EC activation, and the initiation of atherogenesis. Our

results show that 25 week old hyperglycemic and dyslipidemic mice

(ApoE-/-Ins2+/akita) present with increased plaque size, compared to age matched

dyslipidemic controls (ApoE-/- mice). This is consistent with previous reports

showing that hyperglycemia can accelerate the development of

atherosclerosis159,178,179,180,181,182. Adhesion protein expression was assessed and

compared in 5 and 25 week old ApoE-/-Ins2+/akita and ApoE-/- mice using

immunofluorescence staining techniques. Results suggest that at 5 weeks of

age, before detection of plaque development, hyperglycemic mice have

increased endothelial expression of P-selectin, E-selectin and VCAM-1 in the

aortic sinus. To determine the specific role of hyperglycemia, in the absence of

dyslipidemia, atherosclerosis and endothelial activation were assessed in
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hyperglycemic, normolipidemic ApoE+/-Ins2+/akita mice. At 5 weeks and 25 weeks

of age, no atherosclerosis was detectable in either ApoE+/-Ins2+/akita or ApoE+/-

mice, suggesting that hyperglycemia is not sufficient to promote atherogenesis in

the absence of dyslipidemia. ApoE+/-Ins2+/akita mice had elevated P-selectin,

E-selectin and VCAM-1 expression on ECs located in the aortic sinus at 5 and 25

weeks of age, and increased monocyte/macrophage recruitment to the EC layer,

relative to normoglycemia, normolipidemic ApoE+/- controls. This suggests that

elevated glucose concentrations are sufficient to activate EC, however, in the

absence of dyslipidemia, no detectable plaque is formed. Treatment with an

SGLT-2 inhibitor significantly reduced blood glucose levels in the ApoE+/-Ins2+/akita

mice. This reduction in blood glucose was associated with a significant reduction

of P-selectin, E-selectin, VCAM-1, as well as monocyte/macrophage recruitment.

These findings suggest that regulating/reducing glucose levels will directly

improve EC health and may block the initiation of atherosclerosis. A summary of

the findings from this Chapter is shown in Figure 6.1.
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Figure 6.1: Summary of findings from Chapter 3. In vitro and in vivo studies

suggest that hyperglycemia causes EC activation. In vivo, evidence for the

functionality of the activated endothelium is supported by increased monocyte

infiltration and accelerated atherogenesis. Hyperglycemia is sufficient to induce

endothelial activation, however dyslipidemia is required for accelerate plaque

development. Blood glucose lowering with an SGLT-2 inhibitor attenuates EC

activation and decreased monocyte attachment in mice. Figure created using

Biorender.com 2022.
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Previous work has assessed the effects of hyperglycemia on the

vasculature. Children with type 1 diabetes showed increased intima-medial

thickening and lower flow mediated dilation compared to non-diabetic controls183.

The outcome of this study suggested that endothelial dysfunction is present in

type 1 diabetic children and may predispose them for early development of

CVD183. A multicenter study assessed the risk of non-lipid related CVD risk

factors, including dysglycemia184. The outcome showed that individuals with

impaired glucose levels had more extensive fatty streaks in the right coronary

artery184. These studies suggest a role of hyperglycemia in early endothelial

activation and monocyte/macrophage infiltration to the subendothelium.

Previous work done on mice had shown that hyperglycemia accelerates

plaque development in ApoE-/-Ins2+/akita mice178. This increase in plaques volume

was also seen in other hyperglycemic mouse models using streptozotocin (STZ)

injections, to eliminate pancreatic beta cells179, and induce hyperglycemia in

ApoE-/- mice159,180,181,182. However, EC activation was not accessed in these

models. EC activation is considered to be the earliest stage in atherogenesis,

therefore it is important to understand how hyperglycemia interacts and affects

ECs.

In this study, EC activation has been defined as the significant up

regulation of the expression of adhesion proteins, including P-selectin, E-selectin

and VCAM-1. A previous study investigated the specific contribution of individual
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adhesion proteins by knocking out ICAM-1, P-selectin or E-selectin in ApoE-/-

mice. Mice with any one of the individual adhesion proteins knockout showed

significantly smaller atherosclerotic lesions185. Another study knocked out ICAM-1

and knocked down VCAM-1 in LDLR-/- mice64,as a knockout of VCAM-1 is

embryonically lethal186,187. In this model, VCAM-1 mRNA and protein levels were

knocked down to 2-8%64. This study revealed that mice with VCAM-1 deficiency

showed reduced atherosclerotic lesion volume whereas ICAM-1 deficient mice

showed no difference in atherosclerotic lesion formation64. This suggests a more

important role of VCAM-1 in the initiation of atherosclerosis in LDLR-/- mice64.

Studies performed in mice have looked at the importance of endothelial

activation in the context of dyslipidemia and atherosclerosis, however there has

been limited focus on how hyperglycemia affects EC activation.

SGLT-2 inhibitors are currently FDA approved for clinical use in the

treatment of type 2 diabetes188,189,190. SGLT-2 inhibitors are used to lower blood

glucose levels by suppressing glucose reabsorption in the proximal convoluted

tubule of the kidney191. Recent studies showed that SGLT-2 inhibitors improve

CVD outcomes, as well as reduce body weight, however the mechanisms

underlying the cardiovascular benefit are not fully understood192,193,194,195. It has

been suggested in some clinical trials, that the use of SGLT-2 inhibitors were

successful in improving endothelial function196,197,198,199.

200



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

Taken together, research to date has outlined the importance of

hyperglycemia and vascular interactions/complications. Chapter 3 outlines that

adhesion proteins are upregulated in responses to elevated glucose levels. This

allows recruitment of monocytes and the initiation of atherogenesis earlier than in

normoglycemic controls. This may explain, at least in part, why hyperglycemic

mice have larger plaques compared to normoglycemic sex and age matched

controls. The finding that the activation of ECs is reversible after glucose levels

are reduced supports the importance of blood glucose control to prevent CVD.

CVD risk factors may cause EC activation by signalling through the

endoplasmic reticulum (ER) stress-glycogen synthase kinase (GSK)3α/β

pathway

Chapter 4 investigates a potential pathway by which hyperglycemia, and

potentially other CVD risk factors, may upregulate adhesion protein expression

and therefore accelerate atherosclerosis. In this study, cultured HAEC cells

showed increased P-selectin, E-selectin, and VCAM-1 expression when exposed

to elevated glucose concentrations. The expression of ER stress response

proteins, GRP78 and calreticulin, were also induced by exposure to elevated

glucose concentration. The addition of 4-PBA, an ER stress inhibitor, or

tideglusib, a GSK3α/β inhibitor, reduced adhesion protein expression in HAEC

treated with elevated glucose. This suggests a role of ER stress and GSK3α/β in

EC activation.
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As expected, treatment with 4-PBA also reduced the expression of ER

stress markers (calreticulin and GRP-78) suggesting that 4-PBA was alleviating

ER stress. In contrast, HAEC treated with tideglusib showed no change in

calreticulin and GRP-78 expression, compared to untreated HAEC. This

suggests that GSK3α/β is downstream of the adaptive ER stress response, a

finding that is consistent with previous reports144,182,200.

A THP-1 monocyte adhesion assay was performed to assess the

functionality of the adhesion protein expression on HAEC under elevated glucose

concentrations. Results show that HAECs cultured in elevated glucose

concentrations had enhanced THP-1 cell attachment compared to normal

glucose controls. Additionally the treatment of HAECs with 4-PBA or tideglusib

reduced adhesion of THP-1 cells. The results from this study are consistent with

the in vivo data presented in Chapter 3 - that elevated glucose levels are

sufficient to elevate functional adhesion protein expression and monocyte

binding. In addition, this study shows that alleviation of ER stress, or GSK3α/β

inhibition reduces endothelial activation and reduces recruitment of monocytes.

Together, these data suggest that hyperglycemia causes endothelial activation

through the ER stress-GSK3α/β pathway (Figure 6.2).
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Figure 6.2: Summary of findings from Chapter 4. In vitro studies showed that

elevated glucose levels cause an increase in calreticulin and GRP78 (ER stress

markers), elevated gene expression of P-selectin, E-selectin and VCAM-1, and

an increase in monocyte recruitment. The addition of 4-PBA reduced ER stress

and EC activation. The addition of tideglusib to elevated glucose concentrations

still showed elevated GRP78 and calreticulin, however there was a decrease in

EC activation. Findings summarized in this paper suggest that elevated glucose

levels cause signalling through ER stress-GSK3α/β resulting in the activation of

ECs and the recruitment of monocytes. This may be a mechanism by which

hyperglycemia causes accelerated atherosclerosis. Figure created using

Biorender.com 2022.
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A definitive mechanism associating CVD risk factors, in this case

specifically hyperglycemia, and EC activation is presently unknown. Risk factors

of CVD have been shown to promote ER stress and ER stress has been

identified at every stage of plaque development201. Atherosclerotic mice lacking

the ER stress effector CHOP were shown to have a reduction in atherosclerotic

lesion volume at the aortic sinus202. 4-PBA is FDA approved for clinical use and is

currently used to treat patients with urea disorders203. It is an ER stress alleviator

that prevents the aggregation of unfolded proteins203. Supplementation with

4-PBA attenuates atherosclerosis in ApoE-/- and LDLR-/- mice204,205. In a study

using hyperglycemic rats, it was shown that reduction of ER stress improved

endothelial function, assessed by the vessel's ability to vasodilate206.

Atherosclerosis was not a part of this study. These findings suggest ER stress

promotes atherosclerosis progression and alters endothelial function.

GSK3α/β is thought to lie downstream of ER stress and contribute to

atherosclerosis progression132, 144,182,207. Tideglusib is a pan GSK3α/β inhibitor that

was originally developed for the treatment of neurological disorders208,209.

Presently, tideglusib is being used in clinical trials for congenital myotonic

dystrophy and amyotrophic lateral sclerosis210,211,212. Currently there is limited

research on GSK3α/β inhibition and its relation to EC activation. In vitro research

has suggested GSK3β expression in ECs is increased under elevated glucose

concentrations213. In this study there was no assessment of EC activation.
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Another study involved the treatment of HUVEC with TNFα (responsible for the

upregulation of adhesion proteins), and saw an elevation in VCAM-1

expression214. Inhibition of GSK3α/β in TNFα treated cells reduced VCAM-1

expression214. Other adhesion proteins were not assessed in this study. Further

investigation is needed to delineate the specific role of GSK3α/β in EC activation.

Additional research is needed to determine if other CVD risk factors cause

upregulation of adhesion proteins, and if this is regulated through ER

stress-GSK3α/β signalling. This thesis supports the role of ER stress-GSK3α/β

signalling and the upregulation of functional adhesion proteins expression

(P-selectin, E-selectin, VCAM-1) on HAEC. Together these data identify multiple

potential therapeutic targets (including ER stress and/or GSK3α/β) for the

treatment of vascular diseases.

GSK3α plays a role in EC activation and atherosclerotic progression

Chapter 5 investigates the specific roles of GSK3α and GSK3β in

endothelial activation and atherogenesis in a mouse model. A novel mouse

model was created to knockout GSK3α or GSK3β in ECs (Tie2Cre GSK3αfl/fl

LDLR-/- or Tie2Cre GSK3βfl/fl LDLR-/-). It was discovered that Tie2Cre

recombinase was not just restricted to ECs and that GSK3α/β expression in

macrophages was also affected. Mice with an endothelial/macrophage GSK3α

(Tie2Cre GSK3αfl/flLDLR-/-) knockout had reduced plaque volume, and showed
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reduced EC activation (P-selectin, E-selectin, VCAM-1). The reduction in plaque

volume was not surprising as previous studies had shown that macrophage

deficiency of GSK3α was sufficient to significantly attenuate plaque growth. In

order to delineate the specific role of endothelial GSK3α/β, BMT was used to

replenish the myeloid lineage with GSK3α and GSK3β, to create an endothelial

selective GSK3α or GSK3β knockout mouse model (BMT Tie2Cre GSK3αfl/fl

LDLR-/- or BMT Tie2Cre GSK3βfl/fl LDLR-/-). Results from Masson’s Trichrome

staining analysis showed that endothelial GSK3α knockout mice had reduced

plaque volume. Endothelial GSK3α knockout mice also had a reduction in

P-selectin, E-selectin and VCAM-1 expression at the aortic sinus. Monocyte

/macrophage recruitment was also reduced in GSK3α knockout mice (both

endothelial/macrophage and endothelial knockout). Interestingly, across all

groups, endothelial/macrophage or endothelial-selective GSK3β knockout mice

showed no substantial effect on plaque volume, adhesion protein expression or

monocyte/macrophage recruitment. Additionally, ICAM-1 expression remained

unaffected by the endothelial/macrophage or endothelial GSK3α/GSK3β

knockout in these mice. Overall, the results of this study are consistent with the

previous findings and further suggest a specific role for GSK3α in endothelial

activation and adhesion protein expression resulting in accelerated

atherosclerotic progression (Figure 6.3).
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Figure 6.3: Summary of findings from Chapter 5. Both endothelial

/macrophage and endothelial GSK3α knockout mice have reduced EC activation,

reduced monocyte/macrophage recruitment, and reduced plaque volume,

compared to age matched GSK3α LDLR-/- or BMT GSK3α LDLR-/- controls. The

overall findings of this study suggest that dyslipidemia activates GSK3α causing

EC activation, monocyte recruitment and accelerated atherosclerosis. Figure

created using Biorender.com 2022.
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Presently, the relevant signalling factors lying directly upstream and

downstream of GSK3α are unknown. Further research is required to fully

understand this pathway and these studies may lead to the identification of even

better targets for therapies. Additionally, a greater understanding of the individual

role of the isoforms is also required. Previous research has shown that GSK3β is

vital for embryonic development and survival in mice215. A whole body GSK3α

knockout is a viable and fertile mouse model216. The role for GSK3α has been

suggested in atherosclerosis development. A whole body knockout of GSK3α in

an atherosclerotic mouse model attenuated atherosclerosis144. Pharmacological

inhibition of GSK3α/β (using valproate) reduced plaque volume in dyslipidemic204,

and hyperglycemic/dyslipidemic mice182. Another pharmacological inhibition study

using lithium to inhibit GSK3α/β in an atherosclerotic mouse model showed a

reduction in plaque volume, as well as decrease in VCAM-1 expression and

monocyte recruitment164. Additionally myeloid specific knockout of GSK3α

reduced plaque formation127 and it was more recently discovered that this

knockout can promote atherosclerotic regression165.

The downstream signalling pathways through which GSK3α activates

pro-atherogenic processes are not known. One potential mechanism may

involve activation of NF-κB resulting in the upregulation of adhesion protein

expression. It has been suggested that GSK3α/β inhibition reduces NF-κB

activity in pancreatic cancer cell (PCC) lines217,218. Another study using PCC
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concluded that GSK3α/β maintains NF-κB activity by regulating IKK activity218.

IKK phosphorylates the inhibitory IκB protein attached to NF-κB219.

Phosphorylation of IκB results in its disassociation from NF-κB, allowing NF-κB to

migrate to the nucleus and initiate gene transcription219. Additionally fibroblasts

from GSK3β whole body knockout embryos (collected on day 12.5 of gestation)

treated with TNFα, showed reduced NF-κB activity compared to wildtype

embryos220. These studies suggest a role for GSK3α/β and NF-κB activation.

One study involved the creation of an atherosclerotic mouse model in which

NF-κB was specifically down regulated in EC only. Results suggest that mice with

the EC specific NF-κB inhibition had significantly reduced plaques, compared to

wildtype controls221. Furthermore, NF-κB activation has also been associated with

increased adhesion protein expression222,223,224,225. Putting this research together,

combined with results from this thesis, GSK3α could be increasing adhesion

protein expression through NF-κB activation. Further research is required to

explore this possibility.

Cre-recombinase technology allowed us to research the individual roles of

endothelial GSK3α and GSK3β in the initiation and progression of

atherosclerosis, and EC activation in vivo. Research highlighted in this thesis

suggests that GSK3α specifically plays a role in EC activation. This was outlined

in Chapter 4 and Chapter 5. Inhibition of GSK3α/β in HAEC and a specific

knockout of endothelial GSK3α in mice showed reduced expression of adhesion
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proteins. Chapter 5 concludes that endothelial GSK3α plays a pro-atherogenic

role in atherosclerosis progression in mice, whereas GSK3β appears to not play

a major role. We believe that CVD risk factors cause EC activation through the

ER stress-GSK3α pathway.

Limitations

As with all studies, this research has limitations that should be taken into

consideration in future studies. First, there are many CVD risk factors associated

with increased risk for CVD. Research outlined in this thesis was limited to the

effects of hyperglycemia and dyslipidemia in relation to EC activation and

atherosclerosis initiation and progression. Therefore, further research is needed

to assess how other CVD risk factors (obesity, hypertension, smoking etc.) also

cause EC activation and accelerated atherosclerosis development. The potential

role of GSK3α should also be investigated in these models.

Secondly, these studies investigate the potential role of ER stress-GSK3α

signalling in the progression of atherosclerosis. Clinically relevant interventions

will have to be effective on established atherosclerotic CVD that is usually

diagnosed after symptoms are present. Whilst mechanistically interesting and

informative, the results of this study do not inform on the potential effects of

GSK3α inhibition in existing plaques. Future studies will involve the use of

specific small molecule inhibitors for GSK3α and GSK3β226. These will permit
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studies in which specific isoforms are inhibited at particular times during

atherosclerosis.

Finally, in these studies, assessment of EC activation is limited to the

expression of 4 key proteins, however there are other proteins and EC functions

that could be assessed. A more thorough investigation of endothelial activation

should be carried out in future research. Other potential endothelial specific

markers for future projects could be VE-Cadherin, CD31/PECAM-1 and

CD105/endoglin. Other studies could involve the intimal-media thickening227,228,

NO production and the ability of the vessel to vasodilate228. These studies will

give a more complete picture of the effects of specific interventions and the

molecular mechanisms involved.

Future Directions

Future studies should be focused on further exploration of GSK3α to

better understand its role in the endothelium as it relates to atherogenesis and,

as a potential anti-atherogenic target for CVD therapy.

Specific small molecule inhibitors for GSK3α and GSK3β have been

recently created226. BRD0705 is the GSK3α specific inhibitor, and BRD3731 is

the GSK3β specific inhibitor. These small molecule inhibitors will allow much

more flexibility in the investigation of the role(s) of GSK3α/β in atherogenesis.

213



Ph.D Thesis - Lauren Mastrogiacomo McMaster University - Medical Science

These studies could be done in LDLR-/- mice, ApoE-/- mice, or any other animal

model of atherosclerosis. Additionally, inhibition can be introduced at any point in

disease development. This research will allow us to assess the use of

pharmacological intervention and inhibition of GSK3α in vivo.

Another future direction would be to identify the relevant downstream

factors involved in GSK3α and GSK3β signalling. The direct downstream

substrates of GSK3α could be determined using phospho-proteomic analysis.

ECs would be collected from Tie2Cre GSK3αfl/fl LDLR-/- (experimental) and

GSK3αfl/fl LDLR-/- (control) mice and analysed relative to each other.

Phospho-proteomics looks at the differential phosphorylation of proteins. The

difference in protein phosphorylation patterns between the two groups would

permit the identification of key proteins that are specifically phosphorylated by

GSK3α activity. These proteins could then be specifically studied to determine

their potential role in EC activation in atherogenesis.

Significance

Atherosclerotic cardiovascular disease is a major health concern in today's

society. In order to develop new targeted therapies, cellular and molecular

mechanisms that lead to disease initiation and progression need to be

understood. The data present in this thesis identifies the association between
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hyperglycemia and dyslipidemia and ECs activation, as well as a critical role for

GSK3α in EC activation and atherosclerotic progression.

Specifically, this thesis outlines;

1. Hyperglycemia (a CVD risk factor) alone is sufficient to cause EC

activation. Reduction in glucose levels using an SGLT-2 inhibitor, reduces

adhesion protein expression on ECs in an ApoE+/-Ins2+/akita mouse model.

2. Hyperglycemia, and potentially other CVD risk factors, cause EC

activation by signalling through the ER stress-GSK3α/β pathway.

3. Endothelial GSK3α signalling specifically mediates EC activation and

atherosclerosis progression.

EC activation is an important process of atherosclerosis initiation.

Observations from this thesis extend our understanding of how CVD risk factors,

in particular hyperglycemia and dyslipidemia, may contribute to EC activation and

the progression of atherosclerosis (Figure 6.4). Furthermore, this research has

uncovered GSK3α as a potential anti-atherogenic target.
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Figure 6.4: Summary of the findings from this thesis. CVD risk factors,

hyperglycemia and dyslipidemia, cause ER stress. ER stress leads to GSK3α

activation (signalling through the PERK pathway was suggested in previous

papers144,182,200,207). GSK3α activation results in the upregulation of adhesion

protein expression, promoting the initiation and progression of atherosclerosis.
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