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Abstract 

Atherosclerosis is an inflammatory disease of the endothelium which is focally concentrated to 

regions of complex blood flow in the vasculature. Flow fields created in different vascular 

geometries, such as curvature and bifurcations, result in spatial wall shear stress gradients 

(WSSGs) which have been found to cause an inflammatory phenotype in endothelial cells (ECs). 

ECs sense these forces and elicit a biochemical response, a process termed 

mechanotransduction. Although the specific pathways are still unclear, a dynamic cell-surface 

proteoglycan layer called the glycocalyx is hypothesized to play a significant role in EC 

mechanotransduction.  

The work in this thesis investigates the regulation of the glycocalyx in regions of WSSGs to 

better define its role in mechanotransduction. Heparan sulphate, a major component of the 

glycocalyx, was chosen as a target for degradation to impair the function of the glycocalyx and 

quantify shedding of the structure. In vitro cell culture models mimicking physiologically 

relevant regions of curvature and vessel stenosis were used in flow experiments to determine 

their relation to EC health. It was found that in both geometries, WSSGs resulted in an 

inflammatory EC response including cellular rounding and increased leukocyte adhesion. 

Enzymatic degradation of heparan sulphate attenuated the morphological response and 

adhesion patterns in these regions, demonstrating the role of the glycocalyx as a 

mechanotransducer. In these regions, increased activity of matrix metalloproteinases (MMPs) 

was also observed and this correlated with shedding of glycocalyx components, suggesting a 

mechanism by which this structure is regulated when exposed to complex flow.  
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A sodium-glucose transport protein inhibitor, empagliflozin (EMPA), used to treat 

hyperglycemia in diabetics, was also tested in flow experiments to investigate its potential 

pleiotropic effect on EC health. ECs treated with EMPA demonstrated an anti-inflammatory 

phenotype marked by cellular elongation, decreased leukocyte adhesion and decreased cellular 

adhesion molecule (CAM) expression. Further, EMPA treatment was shown to improve 

glycocalyx health and restore heparan sulphate expression following enzymatic degradation. 

This renewed the mechanotransduction response of ECs to shear stress, helping explain the 

pleiotropic benefits of EMPA. EMPA therefore presents a clinically relevant strategy to improve 

glycocalyx health. Together, these results demonstrate the important role that the glycocalyx 

plays in EC mechanotransduction and regulation in regions of complex flow. 
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Resumé 

L’athérosclérose est une maladie inflammatoire de l’endothélium que l’on retrouve dans les 

régions où le flux sanguin est irrégulier. Les champs d’écoulement créés selon différentes 

géométries vasculaires, caractérisées par des courbures et des bifurcations, induisent des 

gradients dans la contrainte de cisaillement à la paroi (WSSGs). Il a été démontré que ces 

gradients provoquent un phénotype inflammatoire des cellules endothéliales (ECs). De plus, ces 

gradients amorcent une réponse biochimique des ECs, soit une réponse de mécanotransduction. 

Les voies de signalisation de cette réponse demeurent actuellement inconnues. Il est cependant 

plausible de postuler que le mécanisme de mécanotransduction des ECs réside dans le rôle que 

joue le glycocalyx, une couche dynamique de protéoglycanes de surface cellulaire. 

Dans cette thèse, nous avons étudié la régulation du glycocalyx dans les régions caractérisées par 

des WSSGs afin de mieux définir son rôle dans les réponses de mécanotransduction. La 

dégradation du sulfate d'héparane, un composant majeur du glycocalyx, a permis d’altérer la 

fonction du glycocalyx et de quantifier l'excrétion de sa structure. Des modèles in vitro imitant la 

physiologie de courbure et de sténose vasculaire ont été utilisés dans des expériences de 

perfusion afin de déterminer comment le flux hydrodynamique affecte les ECs. Il a été démontré 

que dans les deux types de géométrie, les WSSGs provoquent une réponse inflammatoire des 

ECs via l’arrondissement cellulaire et l’augmentation de l’adhésion des leucocytes. La 

dégradation enzymatique du sulfate d'héparane a atténué la réponse morphologique et 

l’adhésion de leucocytes dans les modèles in vitro, ce qui démontre le rôle du glycocalyx comme 

étant un mécanotransducteur. Dans ces modèles, l’augmentation de l’activité des 
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métaloprotéases matricielles (MMPs) a été observée et corrélée avec la perte des composantes 

du glycocalyx suggérant un mécanisme d’action par lequel la structure est régulée suivant une 

exposition à un flux irrégulier. 

Un inhibiteur du transporteur sodium-glucose, l’empagliflozine (EMPA), utilisé pour traiter 

l’hyperglycémie chez les diabétiques, a été appliqué dans les expériences de perfusion afin 

d’élucider son effet pléiotropique potentiel sur les ECs. Les ECs traitées avec l’inhibiteur EMPA 

ont démontré un phénotype anti-inflammatoire caractérisé par une élongation cellulaire, une 

diminution de l’adhésion des leucocytes et une diminution de l’expression des molécules 

d’adhésion cellulaire (CAM). De plus, le traitement avec l’EMPA a amélioré l’état du glycocalyx 

via la restauration de l’expression du sulfate d’héparane suivant la dégradation enzymatique. 

Cette amélioration de l’état du glycocalyx a permis de rétablir les réponses de 

mécanotransduction des ECs en réponse aux contraintes de cisaillement sur la paroi. Ces 

évènements pourraient expliquer les bénéfices pléiotropiques de l’EMPA et pourraient 

représenter une stratégie clinique afin d’augmenter l’état de santé du glycocalyx. 

Finalement, ces résultats démontrent le rôle important que le glycocalyx joue dans la 

mécanotransduction des ECs et la régulation du glycocalyx dans différents modèles exposés à un flux 

irrégulier.  
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cause shedding of heparan sulphate and syndecan-1 from the surface of endothelial 

cells, impairing the glycocalyx and affecting pathways of mechanotransduction. 

• Local glycocalyx shedding in regions of wall shear stress gradients (in an asymmetric 

50% stenosis and 180o curve) is causally linked to increased activity of matrix 

metalloproteinases. 

• Empagliflozin elicits an anti-inflammatory phenotype in both statically cultured and 

flow-conditioned endothelial cells characterized by decreased leukocyte adhesion and 
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• Empagliflozin treatment promotes endothelial cell glycocalyx health by increasing 
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• Empagliflozin treatment returns normal endothelial cell response to flow following 

enzymatic degradation of heparan sulphate, further supporting the hypothesis that 

empagliflozin’s effect on glycocalyx health promotes an anti-inflammatory endothelial 

cell phenotype, decreasing the risk of cardiovascular disease. 
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Chapter 1: Introduction and Hypothesis 

1.1 Introduction 

Atherosclerosis, an inflammatory disease, is a leading cause of death in North America and the 

world [1]. The disease is characterized by the build up of fatty plaques and is observed focally in 

areas of complex blood flow such as bifurcations and regions of curvature [2]. Endothelial cells 

(ECs) which line the vasculature respond to hemodynamics and exhibit an inflammatory or 

“atheroprone” phenotype through upregulation of inflammatory pathways in areas 

characterized by spatial wall shear stress gradients (WSSGs) [3]. This inflammation is an early 

step in the progression of atherosclerotic lesions. 

In vitro experiments using parallel plate flow chambers and three-dimensional models have 

studied the EC response to WSS [4]. These models have generated a thorough body of 

knowledge describing the effect of steady and dynamic WSS on ECs, helping to investigate the 

connection between hemodynamics and atherosclerosis. Attention has now turned to 

uncovering the mechanism in which ECs sense these shear fields and transmit this stimulus into 

biochemical responses within the cell, a process termed mechanotransduction. An extracellular 

layer called the glycocalyx (GCX), which lines the endothelium, has become a key structure in 

these studies [5-7]. 

A comprehensive understanding of the development of atherosclerosis is dependent on a 

better understanding of GCX regulation and the associated mechanotransduction pathways in 

ECs. The overall objectives of this thesis were: i) identify the role that the GCX plays in EC 

mechanotransduction, ii) how the GCX structure is regulated by biomolecules and mechanical 
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forces and iii) identify the potential therapeutic benefits to the GCX from empagliflozin (EMPA). 

Three-dimensional tissue culture models with physiologically relevant, complex geometries 

were utilized to facilitate flow experiments.  

1.2 Hypothesis 

Experiments to address the objectives of this thesis tested the hypotheses that: 

1) The GCX plays a pivotal role in the mechanotransduction of WSSGs  

2) The GCX is focally shed in regions of WSSGs 

3) EMPA pleiotropically promotes an anti-inflammatory EC phenotype by improving GCX 

health 

By testing these hypotheses, this thesis provides a better understanding of the progression of 

atherosclerosis in complex vascular geometries and its relationship to GCX health. This work will 

help researchers and clinicians more efficiently target and screen for disease. Further, 

understanding how EMPA reduces the risk of cardiovascular disease can help lead to the 

development of strategies to improve GCX health and help prevent and control disease 

progression.  
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Chapter 2: Background and Literature Review 

2.1 The Cardiovascular System 

2.1.1 Components of the Vasculature 

The circulatory system is comprised of a network of arteries, arterioles and arterial capillaries 

which support the flow of oxygenated blood to the body’s tissues, and venous capillaries, 

venules and veins which return deoxygenated blood from these tissues back to the lungs. This 

dynamic system supports the transfer of blood and nutrients (electrolytes, proteins, 

carbohydrates, etc.) while acting as a semi-permeable membrane separating blood from 

surrounding tissues. The entire vasculature, besides capillaries, is comprised of three layers or 

“tunics”: the intima, media and adventitia [8]. The inner-most layer is the intima which is in 

contact with blood flow and is comprised of a monolayer of ECs. This layer is the barrier 

between blood and other tissues and imparts the selective qualities of the vessel membrane. 

There is also a subendothelial layer which supports the ECs and is comprised of smooth muscle 

cells and collagen.  

The media is the middle layer found immediately below the intima and the adventitia is the 

final layer encompassing the artery. The media layer is comprised of smooth muscle cells and 

an extracellular matrix of elastic fibres. This layer is responsible for many of the mechanical 

properties of vessels and its constriction and dilation are responsible for vasoconstriction and 

vasodilatation, respectively [9]. 

 



4 
 

2.1.2 Atherosclerosis 

Atherosclerosis is pathologically relevant in large and medium sized arteries [10, 11]. It is 

initiated by dysfunction of the endothelium and the earliest signs of the disease are mediated 

by the inflammatory cascade. Endothelial dysfunction involves many phenotypical changes 

including increases in pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α). 

Nuclear factor kappa B (NF-κB) is a regulator of inflammatory and immune genes, apoptosis, 

and cell proliferation that is activated in atherosclerosis [12, 13].  Translocation of NF-κB to the 

nucleus regulates inflammatory protein expression such as, intracellular and vascular adhesion 

molecules (ICAM-1) and (VCAM-1), as well as selectins such as E-selectin [14-17]. Regulation of 

CAMs induces recruitment of leukocytes, specifically monocytes and T cells, from the blood to 

the inflamed endothelium. After these cells penetrate the endothelium, macrophage colony 

stimulating factor (M-CSF) will then induce most migrated leukocytes to behave like 

macrophages while increasing macrophage proliferation in the intima. M-CSF also activates Ox-

LDL receptors on the macrophages  and they will eventually form foam cells [18]. Their 

accumulation leads to the formation of a "fatty streak", the earliest visible sign of 

atherosclerosis [19, 20]. Clinically, a change of diet or lifestyle can decrease LDL levels and 

reverse the disease at this early stage [20]. 

The uptake of Ox-LDLs continues to increase until the macrophages are unable to absorb 

anymore. Ox-LDLs will then begin accumulating in the macrophages and become toxic to the 

cells, causing them to rupture and release lipids which then form a developing plaque’s lipid 

core [20].  
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The body's response is to try to isolate this growing plaque by forming a fibrous cap over the 

lesion which acts as a barrier between it and the blood flow [19]. T cells release MMPs which 

disrupt the extracellular matrix in the intima providing the necessary constituents to build the 

fibrous cap [18]. These enzymes can also degrade other cellular structures, including the 

glycocalyx (GCX), impairing the health of the surrounding cells. 

As the plaque continues to grow, vessel remodelling is inevitable. Negative remodelling occurs 

when the growing plaque expands into the arterial lumen, restricting blood flow and forming a 

stenosis [20]. When this stenosis is disturbed, clinically significant manifestations of 

atherosclerosis occur. Two of the most dangerous of these events are plaque destabilization 

which exposes the thrombogenic subendothelium to blood, forming clots, or detachment of 

pieces of the plaque which migrate downstream with the flowing blood. Once mobile, they can 

potentially be degraded by the fluid flow, preventing pathological events, or they can remain 

intact and become lodged and fully impede a smaller artery. This will inevitably lead to tissue 

necrosis due to oxygen no longer being delivered to the area. This can cause severe pathologies 

such as gangrene, myocardial infarction or stroke in cerebral vessels [20]. 

2.1.3 Arterial Hemodynamics 

The compliance of arteries as well as the pulsatile nature of blood flow complicate the flow 

profiles in the vessels and without assumptions, would be very difficult to determine. To 

simplify the fluid dynamics for in vitro models, researchers commonly assume blood flow 

through medium arteries to be steady, incompressible and Newtonian with a no-slip boundary 
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condition [21]. Determination of laminar flow can be validated using the Reynolds Number, Re, 

which is the ratio between viscous and inertial forces in a fluid: 

𝑅𝑒 =
𝜌𝑉𝐷

𝜇
   

Where ρ is the density of the fluid, V is the average velocity, D is the vessel diameter and µ is 

the kinematic viscosity of the fluid. A Reynolds Number below 2300 indicates laminar flow in 

straight, rigid tubes with steady flow. The average values for the coronary artery fall between 

150-300 demonstrating the flow is well within the laminar regime [21, 22]. 

With these assumptions, the Navier-Stokes Equation, which governs fluid flow, can be solved to 

yield a solution in the form of Hagen-Poiseulle Flow. This simplifies to a fully developed 

hemodynamic velocity profile, v, as a function of the arterial radius, r: 

𝑣(𝑟) = 2 (
𝑄

𝜋𝑅2
) [1 − (

𝑟

𝑅
)

2

] 

Where Q is the volumetric flow rate and R is the vessel radius. 

WSS is the tangential force per unit area that a flowing fluid imposes on the wall of a vessel. For 

a material with a constant dynamic viscosity, termed a Newtonian fluid, the WSS, 𝜏𝑤, evaluated 

at the wall can be presented as: 

𝜏𝑤 =  𝜇𝛾|𝑟=𝑅 

Where γ is the shear rate. Various components of blood such as red blood cells tend to make 

blood act as a Non-Newtonian fluid for shear rates less than 100-200 1/s [9]. However, from the 

relatively high shear rates caused by flow throughout the vasculature, blood is commonly 
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assumed to be in the Newtonian regime and maintains a constant viscosity of around 3.5cP for 

shear rates above this threshold [22].  

For Hagen-Poiseulle Flow the shear rate can be defined as: 

𝛾|𝑟=𝑅 =  
𝑑𝑣(𝑟)

𝑑𝑟
|

𝑟=𝑅

=
4𝑄

𝜋𝑅3
 

By combining the above equations, the WSS within an artery can be approximated as: 

𝜏𝑤 = 𝜇
4𝑄

𝜋𝑅3
 

WSS values have been shown to vary between 5-70 dyne/cm2, in vivo, however average values 

within the coronary artery have been found to be approximately 15 dyne/cm2 [23, 24]. Spatial 

WSS gradients (WSSGs) at the vessel wall can be calculated by the change in WSS given a 

distance along the vessel, L: 

𝑊𝑆𝑆𝐺 =
𝑑𝜏𝑤

𝑑𝐿
 

In curved vessels, fluid momentum creates complex spatial WSSGs and this phenomenon was 

first described by Dean in the 1920s [25, 26]. Centrifugal forces cause the bulk fluid motion to 

shift to the outer wall of curvature, creating a differential WSS between the inner and outer 

wall of curvature, with lower values observed on the inner wall. Secondary flows sweep fluid 

flow to the outer wall of curvature through the centre of the channel which is redistributed to 

the inner wall along the circumference of the channel. This results in two counter-rotating 

vortices, termed Dean vortices, which are a hallmark of fully developed Dean flow, Figure 2-1. 
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Figure 2-1: CFD velocity plot cross section of flow in a curved vessel demonstrating Dean vortices 
(velocity in m/s). 

 

These complex flows create an M-shaped velocity profile as opposed to the aforementioned 

parabolic profile which describes flow in a straight vessel [27].  

The dimensionless parameter, Dean Number (DN), is used to describe laminar flow through 

curved vessels. It takes into consideration the ratio of the channel radius, R, to the radius of 

curvature, A, using the curvature ratio, 𝛿, is defined as: 

𝛿 =
𝑅

𝐴
 

Consequently, DN can be described as: 

𝐷𝑁 = √𝛿 ∙ 𝑅𝑒 

This parameter can be applied to laminar blood flow in curved arteries. In vivo, DN values range 

from 10 to 700 throughout different regions of the vasculature, with the highest values 

occurring in the aortic arch [9]. As the DN increases, both the axial velocity and the velocity of 

the secondary vortices increases. This is accompanied by an increased fluid flow bias to the 

outer wall of curvature[28]. 
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2.1.4 Structure of the Endothelial Cell Glycocalyx 

The GCX is a layer of membrane-bound macromolecules which lines the apical side of the 

endothelium and is approximately 150-400nm thick, in vivo [29]. Its extension into the vessel is 

dependent on pH and the protein content of its environment. For example, sphingosine-1-

phosphate is a component of plasma which binds to albumin and its reduction can result in up 

to a 20% drop in GCX coverage, in vitro [30]. Similarly, the concentration of various cations has 

been shown to drastically affect GCX extension [31-35]. A less extended GCX is commonly found 

in vitro compared to that of an in vivo endothelium, making it a difficult structure to investigate. 

It is debated whether this is a consequence of imaging techniques or a change in expression 

due to the cellular environment [36]. 

The major components of the GCX include: glycoproteins, syndecans, proteoglycans and 

glycosamioglycans (GAGs). The net negative charge of the GCX is largely due to glycoproteins 

which bear oligosaccharides containing terminal sialic acids. Syndecans are a family of 

transmembrane proteins containing membrane-bound glypicans and the basement matrix-

associated perlecans. Linker molecules bind the cytoplasmic tails of the syndecans to the EC 

cytoskeleton and this allows them to distribute forces throughout the cell. Syndecans contain 

binding sites for various GAGs and important biomolecules like glypican-1 which contains 

caveolae housing signalling molecules such as nitric oxide synthase (eNOS). Proteoglycans are 

bound to corresponding GAGs which impart a negative charge due to their polyanionic 

constituents. Heparan sulphate (HS), chondroitin sulfate and hyaluronic acid are GAGs 

associated with the GCX with HS accounting for 50-90% of total GAGs in ECs [37].  
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The actin filaments of the cytoskeleton construct an intricate network under the plasma 

membrane called the actin cortical web which anchors the GCX. The "bush like" structure 

allows the GCX to act as a permeability barrier restricting the transport of inflammatory cells 

and molecules to the EC surface. The EC surface is also insulated from shear forces by the GCX 

as the WSS is dissipated mainly in the tips of the structure [38]. As a result of the inefficiency of 

force penetration, negligible shear acts on the apical EC surface. 

2.2 Endothelial Cells and the Response to Flow 

2.2.1 Response to Wall Shear Stress 

The inflammatory nature of atherosclerosis has led to a focus on EC phenotype and the role of 

WSS. Steady, uniform WSS at physiologically relevant values promotes an anti-inflammatory 

morphology characterized by cellular elongation and orientation in the direction of flow which 

is believed to help reduce shear gradients along the cell surface [39]. This morphological 

adaptation is accompanied by a reorganization of F-actin filaments into bundles of stress fibres 

which also align in the direction of flow [40]. Numerous biomolecules that help promote a 

healthy, anti-inflammatory phenotype are modulated by uniform WSS including the 

upregulation of eNOS, increasing vascular levels of NO [41] and superoxide dismutases [42].  

Conversely, in situations of complex hemodynamics characterized by WSSGs and unsteady flow, 

ECs exhibit an inflammatory phenotype. This includes a more rounded, cobblestone-like 

morphology [43], increased proliferation rate and increased migration speed [44]. Disturbed 

flow also increases expression and activation of pro-inflammatory biomolecules such as MCP-1, 

NADPH oxidase and MMPs [45].  
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There are several key transcription factors that are regulated in response to WSS and alter gene 

expression. These can be activated by pro-inflammatory cytokines such as TNF-α and 

Interleukin-1 and β which can be produced from activated macrophages and other 

inflammatory and vascular cells [46]. NF-κB, a member of the Rel family of DNA binding 

proteins, plays a key role in the inflammatory response. It has been shown to exhibit increased 

activity in atherosclerotic lesions and has been linked to the upregulation of genes implicated in 

the EC inflammatory response including E-selectin, ICAM-1, VCAM-1 [47] and MMP-9 [48]. This 

is crucial as NF-κB is activated in regions of WSSGs [49, 50].  

2.2.2 Leukocyte Adhesion 

Leukocyte adhesion, a hallmark of the early progression of atherosclerosis, is also modulated in 

response to WSS. A cascade of events leads to firm leukocyte adhesion beginning with 

“tethering and rolling” of leukocytes along the endothelium which is induced by P- and E-

selectin [51]. In ECs, P-selectin is constitutively expressed and released upon stimulation 

whereas E-selectin is synthesized and expressed in direct response to stimulation. These 

molecules interact with L-selectin which is expressed on leukocytes resulting in weak bonds 

forming and subsequently breaking, as leukocytes roll across the endothelium. Chemokines are 

secreted by circulating leukocytes as well as ECs which increases integrin expression on the 

surface of leukocytes. Increases in chemokine expression have been found to be antagonized by 

WSS acting on ECs [52]. Certain integrins such as β2-integrins bind to ICAM-1 and others such as 

α4β1-integrins bind to VCAM-1. Leukocytes tethering and rolling across the endothelium will 

eventually slow, allowing the formation of integrin-CAM binding complexes and firm adhesion 

[53]. This process is closely regulated in response to flow with uniform WSS, downregulating 
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VCAM-1 at the protein transcript level subsequently decreasing adhesion. Inversely, VCAM-1, is 

upregulated, increasing adhesion in regions of WSSGs [4].  

2.2.3 Matrix Metalloproteinases (MMPs) 

MMPs are a group of over 20 zinc-dependent proteolytic enzymes. They can be categorized into 

4 major sub groups: collagenases (MMP-1, -8, -13 and -14), gelatinases (MMP-2 and -9), 

stromelysins (MMP -3, -10 and -11) and a final miscellaneous group. They play a pivotal role in 

the regulation of human tissue and are implicated in extracellular matrix remodelling which can 

be either beneficial or pathological. The majority of MMPs are secreted proteins, being 

released from cells in either their pro- or latent form in response to stimuli[54]. There are 

however there are 6 so called membrane-bound/ membrane-type MMPs (MT-MMPs) which 

have transmembrane domains. In vascular biology, the gelatinases, MMP-2 and MMP-9, are the 

focus of many studies, however, several other MMPs are commonly implicated in vascular 

remodelling. These MMPs are secreted in a latent pro-form containing a cysteine switch which 

can be activated through chemical agents and reactive oxygen species, in vitro, and through 

serine proteinases and even other MMP molecules in vivo [54, 55]. Tissue inhibitors of 

metalloproteinases (TIMPs) are a class of endogenous inhibitors of MMPs and once the pro-

domain of the secreted MMPs is cleaved, TIMPs can further regulate activity through the 

binding of their N-terminal region to the catalytically active site of MMPs [56]. There are four 

members of the TIMP family and TIMPs 1 and 2 are commonly regarded as the most potent 

inhibitors of MMPs [57]. 
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Many factors including inflammatory cytokines (such as TNF-α), hormones, growth factors and 

oncogenes can induce MMP expression [57, 58]. Most members of the MMP family share 

similar elements in their promoters resulting in frequent co-expression even though they have 

distinct expression pathways. Groupings of MMPs based on their regulation mechanisms link 

the majority into a single group (MMP-1, -3, -7, -9, -12, -13 and -19) and split most of the 

remaining into two smaller groups [59]. Expression can occur through many pathways, for 

example, cell-cell contact in ECs has been shown to downregulate MMP-2 and MMP-9 

expression, coinciding with an increased expression of VE-cadherin [60]. 

MMPs have been directly related to activation of various pathways which can become 

pathologically relevant. MMP-2 and MMP-9 can release TGF-β from an extracellular complex 

increasing activity and can therefore alter cell migration [61]. Furthermore, TGF-β has been 

shown to increase the half life of mRNA which codes for MMPs such as MMP-9, demonstrating 

their positive feedback relationship. Synd-1 sequesters many chemokines, which can play a key 

role in leukocyte adhesion and subsequent migration through the endothelium, and 

consequently shedding of these proteoglycans through the action of MMPs can release these 

molecules, increasing cellular mobility [62]. 

2.2.4 Glycocalyx Regulation 

Uniform WSS promotes the health and extension of the EC GCX. Regions of steady, laminar WSS 

elicit an increased expression of GCX components such as HS whereas WSSGs have been shown 

to shed HS [63]. This shedding can lead to an impaired response to WSS in ECs, including a more 

rounded morphology and increased leukocyte adhesion [64]. The regulation of GCX 
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components has also been linked closely with MMP expression. Magid et al found that 

oscillatory WSS significantly upregulated MMP-9 expression and resulted in a 10-fold increase 

in activity compared to controls exposed to steady WSS while not affecting expression of its 

regulatory inhibitor, TIMP-1 [65]. In a simulated bifurcation in vitro model, Wang et al observed 

upregulation and increased activity of MMP-2 and MMP-9 in regions of WSSGs [66]. A 

cobblestone-like, rounded morphology characteristic of regions of WSSGs has been linked with 

increased MMP-2 expression in ECs [67] and studies have linked MMP expression with NF-κB 

activity [48].  Although the mechanisms  of GCX shedding are not fully understood, a variety of 

MMPs have been linked to its different components such as: MMP-9 cleaving HS [68], MMP-1 

and MT1-MMP (MMP-14) cleaving synd-1 preferentially at the Gly245-Leu246 peptide bond [69, 

70], MMP-2, MMP-7, MMP-9 cleaving chondroitin sulphate [71] and a correlation, in vivo, 

between MMP-2 expression and atherosclerosis [72]. 

In vivo, observations of increased GCX shedding have been linked to numerous conditions 

including both acute and chronic hyperglycemia in diabetics [29, 73], atherosclerosis [74, 75], 

ischemia/ reperfusion [76-78] and patients with severe burns [79] and other trauma [80]. 

Shedding in such conditions can be mediated by a variety of factors. For example, reactive 

oxygen species and nitrogen species have been observed to directly cleave HS, hyaluronic acid 

and chondroitin sulphate. They have also been shown to activate MMPs and inactivate 

endogenous protease inhibitors further potentiating the proteolysis of the GCX [81]. In type 2 

diabetes, GCX impairment has been linked to increased glucose concentration (without a causal 

mechanism being identified) [73] as well as altered HS biosynthesis [82]. 
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Currently there are very few clinical strategies to promote GCX health but the suggested use of 

antithrombin III and the infusion of human plasma albumin are being investigated as ways to 

stabilize the GCX structure and direct inhibition of TNF-α has been proposed to limit 

degradation of GCX components [83]. Further, drugs such as sulodexide have been developed 

which introduce exogenous HS to improve GCX health [84, 85]. 

2.2.5 Mechanotransduction Pathways in Endothelial Cells 

Observing the changes in EC phenotype in response to flow has garnered interest in 

mechanotransduction pathways. This process involves several sequential steps initiated first by 

deformation of components at the cell surface, followed by transmission of stress into and 

through the cell. Next, changes in chemical activity in response to the mechanical force will 

initiate downstream biochemical activity [86]. Although certain pathways can bypass 

intracellular stress transmission [87] most shear-mediated signalling highlights the role of the 

cytoskeleton in the transmission of forces leading to a “decentralized” model of 

mechanotransduction. This model proposes that most cell signalling occurs after the forces 

acting on structures at the apical surface of the cell are transmitted intracellularly through the 

actin network that comprises the cell cytoskeleton. The cytoskeleton is held under tension to 

provide cell stiffness and maintain the shape of the cell. The importance of this integrity has 

been highlighted by Malek et al who showed that even small interferences in cytoskeletal 

assembly can inhibit flow responses [88]. Although several regulators of actin cytoskeletal 

remodelling exist, RhoA is an important molecule because of its role in the formation of actin 

stress fibres [89]. Specifically, RhoA translocates to the membrane in response to WSS and 

subsequently activates important transcription factors through c-Jun NH2-terminal kinases 
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which mediate the EC shear response [90]. Studies have shown that inhibiting Rho blocks 

cellular responses to WSS, highlighting its role in mechanotransduction [90, 91]. One particular 

area of interest in cytoskeletal force transmission is at focal adhesion sites where the initiation 

of mechanically stimulated signals can occur as well as rapid responses from shear sensitive 

proteins such as platelet EC adhesion molecule 1 (PECAM-1) [92].  In general, junctional sites 

tend to be abundant in adaptor proteins, enzymes and cofactors which elicit 

mechanotransduction responses [93]. Other signalling molecules such as VE-cadherin [94] and 

stretch activated cation and K+ channels [95] are regulated at these junctions. 

The GCX as a location of mechanotransduction for ECs has been increasingly supported and an 

analogy has been made as blood flow being the "wind in the trees" of this structure. Simply 

explained, wind (blood flow) is sensed by the branches (GAGs) and this force is transmitted to 

the ground (membrane and/or cytoskeleton) through the tree trunk (core proteins) [96]. 

Weinbaum et al found that a near zero fluid velocity is found at the cell membrane (0.2% of 

centerline velocity [38]) which helps strengthen the hypothesis that the GCX is transmitting 

signals to the rest of the cell. Theoretical calculations have suggested that the GCX can 

attenuate the WSS felt by the apical cell surface with some claiming that no WSS reaches the 

plasma membrane [97]. Further studies found that the "bush like" structures help increase the 

force felt by the core proteins allowing these core proteins (with a relatively high flexural 

rigidity of 700pN-nm2) to act as cantilever beams which can exert a torque on the cytoskeleton 

[38]. This force transmission relates to several “decentralized” pathways of 

mechanotransduction including: FAK activation in response to changes in cytoskeleton tension 

[98], sensing of flow direction through cytoskeletal torque acting on basal syndecan-4 [99, 100] 
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and focal adhesion site activation through platelet endothelial cell adhesion molecule 1 

(PECAM-1), vascular endothelial cadherin (VE-Cadherin) and connexions (Cx40 and Cx43) due to 

cytoskeletal force transmission [101, 102]. Although these models highlight the potential 

importance of the GCX, other studies have recorded deformation of the cell surface at the 

onset of WSS, calling into question the validity of these calculations [103]. Other “centralized” 

pathways of mechanotransduction do not act through the cytoskeleton. For example, eNOS 

activation has been related to glypican-1 bound HS on the cell surface due to the localization of 

caveolae in these structures [104]. Despite the current advances, the role the EC GCX plays in 

mechanotransduction of WSS is still not fully understood and this knowledge is vital in better 

understanding the maintenance of cellular homeostasis and initiation of EC dysfunction. 

2.3 Diabetes and SGLT-2 Inhibitors 

Sodium-glucose cotransporters (SGLTs) are a group of six membrane bound proteins that 

control the transfer of glucose against concentration gradients. This class of molecule is found 

throughout many cell types but is most prominent in the renal control of blood glucose levels. 

To control a tight homeostasis of blood glucose, the renal glomeruli filters approximately 160-

180g of glucose per day out of the blood where it is then reabsorbed in the proximal 

convoluted tubule [105, 106]. SGLTs are active cotransporters of which SGLT-1 and -2 are 

considered the most important with SGLT-2 accounting for up to 90% of renal glucose 

reabsorption [107].  

Type 2 diabetes is characterized by hyperglycemia due to impaired insulin action and/ or 

secretion. It can lead to a wide range of both acute and vascular conditions including 
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retinopathy, nephropathy, heart attack, stroke and an increased risk or cardiovascular disease 

[108]. C-glucoside SGLT inhibitors such as Empagliflozin (EMPA) have been developed to stop 

glucose reabsorption causing it to be eliminated in urine to treat hyperglycemia in type 2 

diabetics. Clinical trials have shown that it decreases blood glucose levels without increasing 

the risk for hypoglycemia and also decreases both blood pressure and weight [109-112]. EMPA 

also significantly reduces cardiovascular disease morbidity and related hospitalizations by up to 

a third [113]. Despite this interesting finding, little research has been able to explain this 

pleiotropic effect. The most highly investigated hypothesis is that hyperglycemia increases the 

risk of cardiovascular disease, however, studies have not been able to support that glycemic 

control reduces this risk [114-116]. Studies have shown that SGLT-2 inhibitors are capable of 

attenuating SNP-induced membrane hyperpolarization [117]. This could potentially lead to 

changes in the actin cortical skeleton in ECs, affecting mechanotransduction and cell signalling, 

however this link has not yet been established.  

  



19 
 

Chapter 3: Stenosis hemodynamics disrupt the endothelial cell 

glycocalyx by MMP activity creating a proinflammatory environment  

3.1 Preface Article 

Due to its structure and location, the GCX is commonly implicated in the mechanotransduction 

of WSS in ECs [7, 104, 118]. Disruption of this proteoglycan layer has been observed in vivo [63], 

focally occurring in regions of complex flow. Little research has investigated regulation of the 

GCX in regions of WSSGs, in vitro, and how it relates to mechanotransduction. In the current 

study, we utilized a three-dimensional tissue culture model to simulate the fluid dynamics 

occurring at a 50% asymmetric stenosis. Flow experiments demonstrated an inflammatory 

response by HAAECs in regions of WSSGs through morphological rounding and increased 

leukocyte adhesion. Interestingly, after disruption of the GCX layer, this inflammatory response 

was attenuated. Further, decreased abundance of the GCX components HS and synd-1 was 

observed in regions of WSSGs as well as downstream of these regions. This suggested that 

these flow fields resulted in GCX shedding. Through experiments blocking MMP activity, it was 

concluded that increased MMP activity and expression in regions of WSSGs resulted in the 

observed GCX shedding. 

This manuscript has been published: Annals of Biomedical Engineering, 2017 Sep;45(9):2234-

2243. doi: 10.1007/s10439-017-1849-0  
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Stenosis hemodynamics disrupt the endothelial cell glycocalyx by MMP activity creating a 

proinflammatory environment 

 

Cooper, S1., McDonald, K1., Burkat, D.1, Leask, R.L.1,2 

1Department of Chemical Engineering, McGill University, Montreal, Quebec, Canada 

2Montreal Heart Institute, Montreal, Quebec, Canada 

Abstract and key terms 

Hemodynamic forces are known to be able to induce an inflammatory phenotype in endothelial 

cells (ECs).  The EC glycocalyx (GCX) is a dynamic structure which is regulated in response to 

different stimuli and hypothesized as an important contributor to the mechanotransduction of 

wall shear stresses (WSS). In this work, we used a three-dimensional in vitro EC culture model 

with a 50% asymmetric stenosis to investigate degradation of the GCX by increased matrix 

metalloproteinase (MMP) activity in regions of WSS gradients and how this degradation might 

create a proinflammatory environment. Experiments showed GCX degradation was observed in 

regions of WSSGs created by a 50% asymmetric stenosis.  Furthermore, inhibition of MMP 

activity abolished this regional degradation. The integrity of the GCX altered EC morphological 

elongation to flow and leukocyte adhesion patterns. These results help strengthen the 

hypothesis that the EC GCX is involved in the mechanotransduction of hemodynamic forces and 

that the GCX is regulated by MMP activity in regions of WSSGs.  

Key Words: Atherosclerosis, Mechanotransduction, Inflammation  
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3.2 Introduction 

Inflammation is pivotal in the initiation and progression of atherosclerosis and can affect plaque 

stability in its later stages. The disease is focal in nature leading to the hypothesis that disturbed 

flow causes endothelial cell (EC) dysfunction and initiation of atherosclerosis [119]. ECs respond 

to the wall shear stress (WSS) imparted by fluid flow [120, 121] with steady, uniform WSS 

resulting in an anti-inflammatory phenotype and wall shear stress gradients (WSSGs) eliciting 

an inflammatory phenotype characteristic of plaque development [122]. Morphology, cell 

alignment and firm adhesion can be altered by WSS [4, 45, 123] and are implicated in the focal 

inflammation which can occur with atherosclerosis [2] . 

How ECs sense WSS to produce a biochemical response, a process termed 

mechanotransduction, is still poorly understood. The glycocalyx (GCX), a layer of membrane-

bound macromolecules lining the endothelium, has been investigated as a prime location for 

mechanotransduction. This layer is comprised of glycoproteins, syndecans, proteoglycans and 

glycosaminoglycans and has been found to extend on the scale of 0.5-4.5μm into the vessel, in 

vivo [31, 75, 124]. Heparan sulfate (HS), chrondroitin sulfate and hyaluronic acid are the 

glycosaminoglycans associated with the GCX with HS being the most plentiful, accounting for 

50-90% of them [37]. Because of its relative abundance in the GCX, HS has become a common 

target for flow studies investigating the GCX’s role in mechanotransduction.  

The GCX is constantly shed and regrown and its integrity is vital to vascular health [30]. 

Numerous studies have found that shedding of the GCX is linked to atherosclerosis and 

diabetes [29, 125, 126]. This shedding is suggested to be the result of matrix metalloproteinases 
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(MMPs) which are comprised of over 20 zinc-dependent proteases responsible for tissue 

remodelling with MMP-2 and MMP-9 (gelatinases), MMP-1 (interstitial collagenase), MT1-MMP 

(MMP-14) and MMP-12 being the most investigated in vascular research. MMP expression and 

activity has been documented to increase in regions of complex flow both in vivo [127] and in 

vitro [66].  

Ultimately, disruption of components of the GCX results in negative effects on EC health 

including increased leukocyte adhesion and abolition of other mechanotransduction responses 

[7]. Building on this understanding, we sought to investigate how the GCX was modulated in the 

presence of a stenosis and how this affected the inflammatory response of ECs. Previous work 

in our lab showed ECs in regions of spatial WSSGs, created by a three dimensional, 50% 

asymmetric stenosis, have an inflammatory phenotype and exhibit increased leukocyte 

adhesion [4]. In this study we investigated the role of the EC GLX in this inflammatory response 

to stenosis hemodynamics and local degradation of the GLX by MMP activity. 

3.3 Materials and Methods 

Three Dimensional Tissue Models 

In vitro experimentation was performed in three dimensional tissue culture models. The models 

were made of Sylgard®184 (Dow Corning), prepared as previously described [128]. CFD 

simulations were conducted in Comsol Multiphysics 5.0 (Comsol Inc. Burlington, MA) to 

determine the WSS profile in the 50% asymmetric stenosis tissue culture model. The 

acceleration region which occurs on the inlet shoulder of the stenosis produces a positive WSSG 

and the deceleration region on the distal side of the stenosis can cause flow recirculation at 
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larger Reynolds numbers, Figure 1. In both the inlet and outlet of the model, uniform WSS is 

established. More detailed descriptions have been previously published [3].  

 

Figure 3-1: A) velocity contour normalized to inlet velocity of three dimensional, 50% 
asymmetric stenosis model with regions identified, B) WSS plot across stenosis model at inlet 

WSS of 10 dyne/cm2. 

 

Cell Culture 

Human abdominal aortic endothelial cells (HAAECs, Coriell, AG09799) were cultured and grown 

to confluence in 0.01% gelatin-coated T-175 flasks in incubators (37oC, 100% humidity and 5% 

CO2) over 48 hours. The HAAECs were grown in EC media (PromoCell, C-22010) with 10% fetal 

bovine serum (Invitrogen, 26140-079) and 1% penicillin-streptomycin (Invitrogen, 15140-122). 
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The Sylgard®184 models were coated with 40 µg/mL fibronectin (Sigma Aldrich, F2006-5X5MG) 

for 12 hours prior to cell seeding. The cultured HAAECs were removed from the T-175 flasks 

using a trypsin solution (0.25% Trypsin/EDTA, Invitrogen) and seeded into the in vitro models at 

a density of 1x106 cells/mL. The HAAECs were cultured for 48 hours prior to each flow 

experiment, with a fresh media change after 24 hours, allowing them to establish a confluent 

monolayer on the models’ luminal surface. 

NB4 cells, a human promyelocytic cell line, have been previously used to simulate leukocyte 

adhesion to the endothelium [3, 129]. NB4 cells were cultured in suspension in T-75 flasks with 

RPMI Media (Global Cell Solutions, 89140-464) containing 10% fetal bovine serum (Invitrogen, 

26140-079) and 1% penicillin-streptomycin (Invitrogen, 15140-122). Prior to experimentation, 

NB4 cells were treated with RPMI media spiked with 10-6 M all-trans retinoic acid (ATRA) (Life 

Sciences, 89158-732) for 48 hours. Brown et al observed that stimulation of NB4 cells with 

ATRA results in a differentiation into neutrophil-like cells characterized by increased expression 

of β1 and β2 integrins on the cell surface [130].  

After ATRA stimulation, the NB4 cells were suspended in HAAEC media at a cell density of 1x106 

cells/mL and split into 40mL aliquots to act as perfusion loop media reservoirs. 

HS Degradation 

To compromise the integrity of the GCX, selective degradation of a single GCX component, 

heparan sulphate (HS), was performed by heparinase III (Sigma Aldrich, H8891-10UN) 

treatment using an adapted protocol from studies carried out by Florian et al [7]. Prepared EC 

media (PromoCell, C-22010) without added serum (SFM) was spiked with 180mU/mL 
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heparinase III and acted as the enzyme solution. Digestions consisted of adding the spiked SFM 

to the in vitro models in the 2 hours immediately prior to perfusion experiments. This resulted 

in a significant decrease in HS intensity of 33±4%, with no loss in cell viability, as previously 

shown [131]. At the start of the experiments, standard EC media was reintroduced into the 

models. 

Perfusion Experiments 

Perfusion experiments were maintained in an incubator at standard cell culture conditions 

(37oC, 100% humidity and 5% CO2) in a sterilized closed-loop setup as previously described 

[128]. The flow rate was maintained to impart an inlet WSS of 10 dyne/cm2 in morphology and 

preshearing experiments and 1 dyne/cm2 in circulating leukocyte adhesion assays. 

Morphological Quantification 

The shape index (SI), as previously used by Nerem et al [123], was determined by staining 1% 

paraformaldehyde-fixed ECs with Crystal Violet and imaging the 4 defined sections of the in 

vitro model, Figure 1, using an inverted light microscope (DC300, Leica Microsystems, Canada) 

at 80x total magnification. The images were processed by a MatLab® protocol developed by 

Farcas et al which determines the SI of the stained nuclei of at least 10 cells per image [128]. 

NB4 Quantification  

Leukocyte adhesion to the endothelium was investigated by introducing a neutrophil-like cell 

line (ATRA stimulated NB4 cells) to the in vitro cell culture models both statically and through 

circulation [4]. Both control and HS-degraded models were presheared for 24 hours at an inlet 
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WSS of 10 dyne/cm2 and were stimulated with 10 ug/mL of the cytokine TNF-α for 24 hours to 

increase the adhesive "stickiness" of the ECs [17]. Following this treatment, a 1x106 NB4 

cells/mL suspension was either statically added to the models or circulated through at an inlet 

WSS of 1 dyne/cm2. The lower flow rate helped facilitate an increase in firm adhesion of the 

NB4 cells as demonstrated by Lawrence et al who found that above low values of shear (0.5-4 

dyne/cm2), little to no adhesion occurs in vitro as the circulating cells have too much 

momentum [132]. Following the 1 hour exposure to the NB4 cell suspension, the models were 

fixed using a 1% paraformaldehyde solution and imaged under an inverted light microscope 

(DC300, Leica Microsystems, Canada) at 40x total magnification. 

Immunofluorescence Quantification of Glycocalyx 

Immediately following experiments, ECs were fixed with a 1% paraformaldehyde solution and 

subsequently probed with a monoclonal antibody specific to HS (Millipore, MAB2040) and an 

alexflour® 488 secondary antibody (Invitrogen, A31570). Using a laser scanning confocal 

microscope (Zeiss Exciter), the ECs were excited with an argon laser (AS 488nm) and images 

were taken. An average intensity of at least 10 cells per image was used and all values were 

normalized to the inlet of the statically cultured controls. 

Inhibition of Matrix Metalloproteinases 

During perfusion experiments, a potent inhibitor of collagenases, GM 6001 (Santa Cruz 

Biotechnology, 203979), was used to inhibit MMP function. GM6001 has been proven to inhibit 

a wide range of MMPs including: MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-12, 
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MT-MMP-1 (MMP-14) and MMP-26 [133]. During the 24hr preshearing protocol, GM 6001 was 

included in flow loops or in statically cultured models at a concentration of 25µM. 

Statistical Analysis 

All results were expressed as mean ± standard mean and experiments were performed at least 

in triplicates. Analysis of results was completed using Graphpad Prism 5 software (Graphpad 

Software, La Jolla, CA). One-way and Two-way ANOVAs were used for comparisons when 

needed and were accompanied by multiple comparisons tests (Bonferroni post-hoc tests). 

Differences between means were considered significant at P<0.05. 

 

 

 

 

 

 

 

 

 

 

 



28 
 

3.4 Results 

Glycocalyx degradation leads to an impaired morphological response to WSS 

 

Figure 3-2: A) Morphological response (quantified by shape index) for both static and 24 hour 
presheared (inlet WSS of 10 dyne/cm2) cultures, and HS-degraded (DEG) and control (CTL) 
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conditions (n=3). In the inlet and outlet regions, CTL-presheared HAAECs had a significantly 
lower shape index (Bonferroni post-hoc text, P<0.001) than all other conditions. Representative 

images of stained HAAECs for the B) CTL-presheared and C) DEG-presheared experiments. 

ECs statically cultured exhibited no significant regional differences in SI (two way ANOVA, 

P>0.05), whereas preshearing resulted in significant differences (P<0.0001, two way ANOVA), 

Figure 2. Control ECs in the inlet and outlet regions were elongated compared to the statically 

grown cells (Bonferroni post-hoc test, P<0.001) whereas in regions of WSSGs, no elongation 

was observed. This different morphological response to uniform WSS in the inlet/ outlet versus 

spatial WSSGs has previously been shown [3]. 

Following HS degradation, ECs in regions of uniform WSS (inlet/outlet) had significantly higher 

SI than the control ECs in the same regions (Bonferroni post-hoc test, P<0.01). In regions of 

spatial WSSGs, no difference was observed between the HS-degraded or control EC 

morphology. 
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Glycocalyx degradation leads to altered patterns of regional NB4 adhesion  

 

Figure 3-3: Firm leukocyte adhesion of NB4 cells circulating at an inlet WSS of 1 dyne/cm2 for 1 
hour following 24 hours of preshearing (inlet WSS of 10 dyne/cm2) (n=3). Results for HS-

degraded (DEG) and control (CTL) HAAECs are normalized to the inlet location. There was a 
significant effect on adhesion by location and degradation (two way ANOVA, P<0.00025 and 

P<0.001, respectively). There was significantly higher adhesion in the acceleration and 
deceleration regions in control HAAECs (Bonferroni post-hoc test, P<0.01 and P<0.001, 

respectively). 

 

The firm adhesion of circulated NB4 cells to presheared ECs demonstrated a significant 

dependence on HS degradation and model region (two way ANOVA, P<0.00025 and P<0.001, 

respectively), Figure 4. In control ECs, a significant increase in normalized adhesion was 

observed in the deceleration region when compared to the inlet (Bonferroni post-hoc test, 

P<0.05), as previously shown [4]. There were no significant regional differences in normalized 

adhesion in HS-degraded ECs, however, there was significantly lower normalized adhesion in 

the acceleration (Bonferroni post-hoc test, P<0.05) and deceleration (Bonferroni post-hoc test, 

P<0.001) regions in HS-degraded ECs when compared to controls, Figure 3. 
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Figure 3-4: Firm leukocyte adhesion of NB4 cells statically incubated for 1 hour following 24 
hours of preshearing (inlet WSS of 10 dyne/cm2) (n=3). Results for HS-degraded (DEG) and 
control (CTL) HAAECs are normalized to the inlet location. There was a significant effect on 

adhesion by location and degradation (two way ANOVA, P<0.001 and P<0.001, respectively). 
There was significantly higher adhesion in the deceleration region in control compared to HS-

degraded HAAECs (Bonferroni post-hoc test, P<0.001). 

 

Static adhesion assays following preshearing demonstrated the firm adhesion of NB4 cells was 

dependent on HS degradation and model region (two way ANOVA, P<0.001 and P<0.001, 

respectively), Figure 4. Similar to the circulated adhesion assays, there was an increased pattern 

of adhesion in regions of spatial WSSGs, with a significant increase in the deceleration region 

(Bonferroni post-hoc test, P<0.05). In HS-degraded ECs, no significant difference in regional 

normalized adhesion was found. There was a significantly lower normalized adhesion in the 

deceleration region (Bonferroni post-hoc test, P<0.001) in HS-degraded ECs when compared to 

controls 
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Overall adhesion was assessed by comparing the absolute number of adhered cells in the inlet 

regions of each assay. HS degradation significantly increased total adhesion, however, assay 

condition showed no significant effect (two way ANOVA, P<0.05) (data not shown). 

Fluid dynamics of a stenosis lead to disruption of GCX components  

 

Figure 3-5: Heparan sulphate (HS) immunofluorescence intensity in control (CTL) and MMP 
inhibited (GM 6001) HAAECs following 24 hours of preshearing (inlet WSS of 10 dyne/cm2). HS is 

significantly down-regulated in the deceleration and outlet regions compared to the inlet in 
control, presheared models (Bonferroni post-hoc test, P<0.05, n=4).  Furthermore, there is a 
significant decrease in control, presheared HAAEC HS intensity when compared to cultures 

treated with a general MMP inhibitor (Bonferroni post-hoc test, P<0.05, n=4). 

 

GCX health in ECs was compared between presheared and statically cultured ECs showing HS 

intensity was increased with preshearing and dependent on model region (two way ANOVA, 

P<0.01). Statically cultured ECs exhibited no regional differences in HS intensity, however, 

following 24 hours of preshearing, there was a significant decrease in HS intensity in both the 
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deceleration and outlet regions of the model compared to the inlet (Bonferroni post-hoc test, 

P<0.05), Figure 5. 

Inhibition of MMP activity mitigates regional differences in HS abundance 

Perfusion experiments spiked with a general MMP activity inhibitor, GM 6001, demonstrated 

HS intensity was dependent on MMP inhibition (two way ANOVA, P<0.01), Figure 5. Following 

MMP inhibition, there were no regional decreases in HS intensity. Notably, there was a 

significantly higher HS intensity in both the deceleration and outlet regions following MMP 

inhibition when compared to presheared controls (Bonferroni post-hoc test, P<0.05). 

General inhibition of MMP activity abolishes regional patterns of NB4 adhesion  

 

Figure 3-6: Firm leukocyte adhesion of NB4 cells circulating at an inlet WSS of 1 dyne/cm2 for 1 
hour following 24 hours of preshearing (inlet WSS of 10 dyne/cm2) (n=3). A general MMP 

inhibitor (GM6001) was included for presheared HAAECs (GM 6001-Presheared) and compared 
to control statically cultured and presheared HAAECs, with all values normalized to the inlet 
location. Preshearing resulted in significantly higher adhesion in the deceleration region in 
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control HAAECs however this response was abolished when GM 6001 was present (Bonferroni 
post-hoc test, P<0.01, n=3). 

 

Adhesion assays were performed showing that the attachment of NB4 cells was dependent on 

MMP inhibition and model region (two way ANOVA, P<0.05and P<0.01, respectively). MMP 

inhibition abolished the patterns of increased normalized adhesion in regions of WSSGs 

observed in control conditions (Bonferroni post-hoc test, P<0.05), Figure 6.  

3.5 Discussion 

It has been previously established that EC GCX degradation disrupts mechanotransduction in 

ECs exposed to steady, uniform WSS [7, 134]. The present study demonstrated that WSS 

patterns created by a 50% asymmetric stenosis caused regional disruption of the GCX which 

was dependent on MMP activity, resulting in an altered inflammatory response in ECs. 

Morphological Response to WSS 

Disturbed flow regions characterized by WSSGs can elicit an inflammatory phenotype including 

a morphological rounding of ECs [3] and inversely, cellular elongation is observed in response to 

uniform, steady WSS [45]. This study demonstrated an elongated EC morphology in the uniform 

inlet and outlet regions and rounding in the disturbed acceleration and deceleration regions, 

agreeing with previous findings [3]. 

Following HS degradation, there was no difference in SI in any region of the models, suggesting 

the cells did not morphologically respond to WSS, Figure 2. This result supports the hypothesis 

proposed by Thi et al that after eliminating a significant proportion of the HS, the GCX may not 

be able to transmit enough torque upon the actin cytoskeleton to initiate actin reorganization 
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[134]. In response to WSSGs proximal and distal to the stenosis, steady flow failed to elongate 

either control or HS-degraded ECs.  

Similar studies have looked at other HS dependant EC responses to WSS such as NO 

production[7], cell alignment[5] and NF-κB nuclear localization [131] but few studies have 

looked at morphological changes in shape. Ebong et al showed a significant decrease in EC 

elongation, through quantification of the cells’ aspect ratio, with respect to uniform steady WSS 

in HS-degraded samples when compared to controls [104]. These findings demonstrate that 

changes in EC morphology in response to flow are dependent on the integrity of the GCX. 

Firm adhesion of NB4 cells is mediated by mechanotransduction via HS  

With the GCX present, there was an increased occurrence of normalized adhesion of circulating 

NB4 cells in regions of WSSGs, Figure 3, agreeing with previous studies [3, 135]. However, 

following GCX disruption, there were no significant regional differences in normalized adhesion. 

This demonstrated that in ECs, WSS regulated pathways involving leukocyte adhesion are 

mitigated in part by HS.  

A static NB4 adhesion assay was performed demonstrating the same adhesive patterns as in 

the circulating adhesion assays with no regional differences between static and circulating 

assays, Figure 4. This suggests that phenotypical EC changes, not the hydrodynamic forces 

circulating the NB4 cells, are responsible for the observed adhesion patterns.  

The overall quantity of adhesion was found to significantly increase following HS degradation 

demonstrating that disruption of the GCX can increase adhesion, as previously shown [131]. 

This increase can be linked to a decrease in steric hindrance normally present due to the size of 



36 
 

the GCX [136].  Mulivor et al attributed increased adhesion in heparinase III treated ECs to a 

size limitation of adhesion molecules [120]. Molecules such as ICAM-1 extend approximately 20 

nm past the cell surface [137], which is significantly shorter than the GCX extension of 20-1000 

nm, in vitro [120, 138]. Constantinescu et al also found that in mouse cremaster venules, 

thickness of the GCX was inversely correlated to leukocyte adhesion in vivo [64]. Therefore, 

when the GCX is intact, it may cause steric hindrance between the EC surface ICAM-1 and 

binding sites on circulating leukocytes, limiting adhesion.  

MMP activity focally mediates degradation of HS  

Numerous studies have linked degradation and/ or shedding of HS with EC dysfunction [139, 

140]. The current study found that following 24hrs of flow, there was a decreased level of HS on 

the distal shoulder and downstream of the stenosis demonstrating the detrimental effect 

WSSGs have on EC GCX health, Figure 5. Similar in vivo findings have shown that HS and other 

GCX components are focally shed in regions of disturbed flow [63, 141, 142]. It is hypothesized 

that altered expression and activity of MMPs in response to the complex flow regimes in the 

stenosis model were responsible for the observed GCX disruption. Supporting this hypothesis, 

Magid et al found that oscillatory WSS significantly upregulated MMP-9 expression and also 

resulted in a 10-fold increase in activity compared to steady flow treated controls while not 

affecting expression of its regulatory inhibitor, TIMP-1 [65]. In a simulated bifurcation in vitro 

model, Wang et al observed upregulation and increased activity of MMP-2 and MMP-9 in 

regions of WSSGs [66]. Furthermore, studies have linked MMP expression with NF-κB activity 

[48] and NF-κB activity has previously been observed in areas of WSSGs [49, 50]. Although the 

mechanisms are not fully understood, a variety of MMPs have been linked to shedding of 



37 
 

different components of the GCX such as MMP-9 cleaving HS [68] and MMP-1 and MT1-MMP 

(MMP-14) cleaving the HS proteoglycan syndecan-1 [69, 70]. Furthermore, an in vivo link 

between MMP-2 expression and atherosclerosis has been established [72]. 

A general MMP inhibitor was used to test the hypothesis that MMPs played a key role in the 

observed regional shedding. GM6001 is a cell permeable inhibitor of collagenases that has been 

proven to inhibit a wide range of MMPs including: MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, 

MMP-9, MMP-12, MT-MMP-1 (MMP-14) and MMP-26 [133]. It has been previously used in 

experiments and has been shown to affect GCX shedding and leukocyte adhesion [143]. It was 

observed that inhibition with GM6001 significantly increased the quantity of HS in the 

deceleration and outlet regions of the model, helping to strengthen the hypothesis that MMP 

activity affects GCX degradation in regions of WSSGs.  

A disrupted GCX in the regions of WSSGs was an expected finding however it was interesting to 

see this trend continue into the outlet region of the model where uniform SS had redeveloped. 

It was hypothesized that a “wash down” effect explains this finding whereby the increased 

activity of MMPs in the regions surrounding the stenosis were carried downstream of these 

regions by the fluid flow, degrading HS in the outlet region. 

 MMP Activity Mediates Adhesion in Regions of WSSGs 

To further investigate the role MMPs play in the inflammatory cascade and progression of 

atherosclerosis, NB4 adhesion assays were run while inhibiting MMP activity. MMP inhibition 

abolished the regional patterns of adhesion in control cultures. In fact, following inhibition, 

presheared ECs showed the same adhesive patterns as statically cultured ECs.  
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MMP inhibition improved HS abundance while decreasing adhesion in the deceleration region, 

supporting the hypothesis that the GCX introduces a steric hindrance to adhesion. In control 

cells, disruption of the GCX by MMPs in regions of WSSGs resulted in a less dense GCX, allowing 

for easier access to binding sites on circulating NB4 cells. However, when MMP activity was 

inhibited, the GCX was left unimpeded in these regions, and therefore posed a physical barrier 

to firm adhesion. This was demonstrated in vivo by Mulivor et al as they found inhibition of 

MMPs with doxycycline resulted in less GCX shedding and leukocyte-endothelial adhesion 

[144]. Similarly, Lipowsky et al found that limiting GCX shedding in vivo resulted in decreased 

leukocyte adhesion in regions of WSSGs [143]. This exemplifies the complex interplay between 

MMPs and glycocalyx shedding and the further consequences on the inflammatory cascade in 

ECs.  

Model Limitations 

It should be noted that this in vitro model does not take into account cellular interactions which 

would be observed in vivo between the intima and adventitia of an artery. Further, perfusions 

were run under steady flow which is not representative of the pulsatile nature of blood flow. 

The current study demonstrated that HS plays a key role in the modulation of EC morphology 

and leukocyte adhesion patterns in response to WSSGs. By using a three-dimensional tissue 

culture model containing a 50% asymmetric stenosis, it was observed that elongation of 

HAAECs did not occur following degradation of HS in regions of steady WSS. Furthermore, 

regional leukocyte adhesion patterns near WSSGs in control HAAECs were also abolished 

following HS degradation.  
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This study found that HS was focally disrupted in regions of WSSGs which can be attributed to 

increased MMP activity. MMP activity was also linked to NB4 regional adhesion patterns, 

strengthening the hypothesis that the GCX sterically hinders firm adhesion to ECs. 

Together, these findings demonstrate the dynamic nature of the EC GCX’s health in different 

flow regimes and highlight its role in mechanotransduction in regions of WSSGs. 
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Chapter 4: Increased MMP activity in curved geometries disrupts the 

endothelial cell glycocalyx creating a proinflammatory environment 

4.1 Preface Article 

Building on the findings of the previous chapter, we next investigated GCX regulation and its 

role in mechanotransduction in a different physiological geometry. First, a 180o curved cell 

culture model was developed to match dimensionless parameters describing in vivo regions of 

curvature. It was observed that the inner wall of curvature exhibited an inflammatory 

phenotype marked by morphological rounding of HAAECs and loss of alignment with flow and a 

bias of increased leukocyte adhesion towards the inner wall. After enzymatic degradation, the 

leukocyte adhesion bias was attenuated demonstrating the role that the GCX plays in 

mechanotransduction of WSSGs. Further, in regions of curvature, decreased abundance of both 

HS and synd-1 was observed, suggesting GCX shedding in response to WSSGs. This shedding 

correlated with increased activity of MMPs in these regions as determined by both in situ and 

ex situ gel zymography. Specifically, MMP-9 and not MMP-2 demonstrated increased activities 

in these regions suggesting it could be responsible for the observed shedding. 

This manuscript is: Accepted with revisions in Annals of Biomedical Engineering 
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Increased MMP activity in curved geometries disrupts the endothelial cell glycocalyx creating a 

proinflammatory environment 

Cooper, S1., Emmott, A1,2, McDonald, K1., Campeau, M.A.1, Leask, R.L.1,2 
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Abstract and Key Terms 

Wall shear stress gradients (WSSGs) induce an inflammatory phenotype in endothelial cells 

(ECs) which is hypothesized to be mediated by mechanotransduction through the EC glycocalyx 

(GCX). We used a three-dimensional in vitro cell culture model with a 180o curved geometry to 

investigate if WSSGs created by curvature can cause EC inflammation and disruption of the 

GCX. The hydrodynamics of the model elicited a morphological response in ECs as well as a 

pattern of leukocyte adhesion towards the inner wall of curvature that was attenuated with 

enzymatic removal of GCX components. GCX degradation was also observed in regions of 

curvature which corresponded to increased activity of MMPs. Together, these results support 

the hypothesis that the EC GCX is involved in mechanotransduction of WSSGs and that 

components of the GCX are regulated by MMP activity in regions of curvature.  

 

Key Words: Atherosclerosis, Mechanotransduction, Inflammation 
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4.2 Introduction 

The localization of atherosclerosis to regions of disturbed flow is hypothesized to be caused by 

endothelial cell (EC) dysfunction in response to the wall shear stress (WSS) patterns in these 

areas [119]. ECs are sensitive to WSS and are known to exhibit an anti-inflammatory phenotype 

in response to steady, uniform WSS and a pro-inflammatory phenotype including cellular 

rounding and increased leukocyte adhesion when exposed to wall shear stress gradients 

(WSSGs) [45, 88, 122, 123, 145]. Curved arteries exhibit WSSGs which are prone to focal 

inflammation and atherosclerosis [146].  

The mechanotransduction of WSS is poorly understood in ECs, however, the apical glycocalyx 

(GCX) layer is commonly implicated [6, 7]. The GCX  extends 0.5-4.5μm into the vessel in vivo 

[31, 75, 124] and is comprised of a variety of components including glycosaminoglycans of 

which heparan sulfate (HS) is the most abundant [37]. It is a dynamic structure [30] whose 

disruption has been linked to atherosclerosis and diabetes [29, 125, 126]. Shedding of GCX 

components has been linked to matrix metalloproteinases (MMPs) expression and activity, 

which has been documented to increase in regions of complex flow both in vivo [127] and in 

vitro [66].  

We investigated how the hydrodynamics of a curved vessel related to the inflammatory 

response of ECs and the regulation of GCX health. Using a novel in vitro cell culture model, it 

was observed that cell morphology and leukocyte adhesion patterns were dependent on GCX 

integrity and that enzymatic degradation of GCX components resulted in a loss of these 

observed patterns. We hypothesized that the hydrodynamic forces created by a curved 

geometry were responsible for regional GCX degradation which was linked to MMP regulation. 
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Together these findings can explain the observed focal inflammation observed in regions of 

vessel curvature. 

4.3 Materials and Methods 

Three-Dimensional Cell Culture Models 

In vitro models were made of Sylgard®184 (Dow Corning), prepared similarly to previously 

described methods [128]. A polished metal rod was bent to match the radius of curvature then 

cast in a mold with Sylgard®184. Once the elastomer was fully cured, the metal rod was 

removed and connectors for perfusion tubing were added to the inlet and outlet of the model. 

Dimensionless analysis matched the model dynamics to regions of arterial curvature. The 

Dean’s Number (DN) is the most relevant of these parameters and is defined as: 

DN = ReN×[D/2RCurv] 
½ 

which takes into account the Reynolds Number (ReN) and the curvature ratio (D/2RCurv) of a 

curved cylindrical vessel [147]. The model had a vessel diameter (D) of 2 mm and a radius of 

curvature (RCurv) of 25.4 mm and the cell culture media had a viscosity and density of 9.75x10-4 

Pa∙s and 994.3 kg/m3, respectively. By controlling the media flow rate, a Dean’s Number of 104 

was achieved which falls in the physiological range (10-700 in vivo, [148]) and corresponds with 

a relevant inlet WSS of 10 dyne/cm2 and Reynolds Number of 543. Under these conditions, fluid 

momentum caused differential WSS profiles between the inner and outer wall of curvature, 

Figure 1A.  
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Figure 4-1: A) WSS plot normalized to inlet WSS of 10 dyne/cm2 with 3 defined regions of 
curvature, B) schematic drawing of 180o curve model with regions of curvature annotated and 
C) Cross-sectional velocity plots at different positions along the curve demonstrating secondary 

flows and fluid momentum shift (right: inner wall, left: outer wall). 

 

The WSS profile was used to segment the model into 3 distinct flow regions for analysis: the 

uniform WSS inlet region (inlet), a developing flow region (developing flow) and a fully 

developed Dean’s flow region (Dean’s flow), Figure 1B.  

Computational Fluid Dynamics 

CFD simulations were conducted in Comsol Multiphysics 5.0 (Comsol Inc. Burlington, MA) to 

determine the WSS profile in the cell culture model. Simulations were run at an inlet Reynolds 

number of 543 to achieve an inlet WSS of 10 dyne/cm2 and a Dean’s Number of 104. Wall 

effects from cells were assumed to be negligible due to their much smaller size compared to 

the channel diameter. WSS was calculated from the near wall velocity gradient using a mesh 
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independent laminar solver for steady, incompressible, Newtonian flow with a zero-pressure 

outlet condition.  

Tissue Culture 

Human abdominal aortic endothelial cells (HAAECs, Coriell, AG09799) were cultured and grown 

to confluence in 0.1% gelatin-coated T-175 flasks in incubators (37oC, 100% humidity and 5% 

CO2) over 48 hours. The HAAECs were grown in EC media (PromoCell, C-22010) with 10% fetal 

bovine serum (Invitrogen, 26140-079) and 1% penicillin-streptomycin (Invitrogen, 15140-122). 

The Sylgard®184 models were coated with 40 µg/mL fibronectin (Sigma Aldrich, F2006-5X5MG) 

for 24 hours prior to cell seeding. The cultured HAAECs were removed from the T-175 flasks 

using a trypsin solution (0.25% Trypsin/EDTA, Invitrogen) and seeded into the in vitro models at 

a density of 1x106 cells/mL. The HAAECs were cultured for 48 hours prior to each flow 

experiment, with a fresh media change after 24 hours, allowing them to establish a confluent 

monolayer on the models’ luminal surface. 

NB4 cells, a human promyelocytic cell line, were used to simulate leukocyte adhesion to the 

endothelium [3, 129]. NB4 cells were cultured in suspension in T-75 flasks with RPMI Media 

(Global Cell Solutions, 89140-464) containing 10% fetal bovine serum (Invitrogen, 26140-079) 

and 1% penicillin-streptomycin (Invitrogen, 15140-122). Prior to experimentation, NB4 cells 

were treated with RPMI media spiked with 10-6 M all-trans retinoic acid (ATRA) (Life Sciences, 

89158-732) for 48 hours to differentiate them into neutrophil-like cells exhibiting increased 

expression of β1 and β2 integrins, as previously described  [4]. Following ATRA stimulation, the 

NB4 cells were suspended in HAAEC media at a cell density of 1.67x106 cells/mL and then used 

in adhesion assays. 
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HS Degradation 

To impair the structure of the GCX, degradation of HS was performed by heparinase III (Sigma 

Aldrich, H8891-10UN) treatment [7, 149]. Briefly, serum free media (PromoCell, C-22010) was 

spiked with 180mU/mL heparinase III and incubated with ECs for 2 hours immediately prior to 

perfusion experiments. This resulted in a significant decrease in HS intensity of 33±4%, with no 

loss in cell viability, as previously shown [131]. At the start of experiments, standard EC media 

was reintroduced into the models. 

Perfusion Experiments 

Perfusion experiments were performed in an incubator at standard cell culture conditions 

(37oC, 100% humidity and 5% CO2) in a sterilized closed-loop as previously described [128]. The 

flow rate was maintained to achieve an inlet WSS of 10 dyne/cm2 in morphology and 

preshearing experiments and 1 dyne/cm2 in circulating adhesion assays. A flow diagram of 

perfusion protocol can be referred to in Figure 2. 

 

Figure 4-2: Flow diagram of experimental protocol. For all experiments, HAAECs were first 
grown to confluence for 48hr in the in vitro model. If HS degradation was included in an 

experiment, this was done immediately before experimentation. 24hr preshearing was then 
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performed in an incubator (TNF-α stimulation was done simultaneously for adhesion assays). 
Models were then either prepared for analysis or exposed to a suspension of NB4 cells which 

had previously been stimulated with ATRA for 48hr. Following the 1hr adhesion assay, models 
were prepared for analysis. 

 

EC Morphology 

The shape index (SI), which describes the ratio of a cell’s perimeter to its area [123], was 

determined by staining ECs with Crystal Violet and imaging the 3 defined sections of the in vitro 

model. The images were processed by a MatLab® protocol to determine the SI of the stained 

nuclei of at least 10 cells per image [128]. 

Immunofluoresence Quantification of Glycocalyx 

Immediately following the completion of an experiment, ECs were fixed with a 1% 

paraformaldehyde solution and subsequently probed with a monoclonal antibody specific to HS 

(Millipore, MAB2040) or syndecan-1 (Santa Cruz, SC-7099) and an Alexa Fluor® 488 secondary 

antibody (Invitrogen, A31570). Images were taken with a laser scanning confocal microscope 

(Zeiss Exciter) and an average intensity of at least 10 cells per image was used. 

NB4 Adhesion Assays  

Leukocyte adhesion to the endothelium was investigated using ATRA-stimulated NB4 cells. NB4 

cells exhibit similar binding sites to leukocytes following ATRA stimulation and have thus been 

used in similar adhesion studies [4, 129, 150]. Models were presheared for 24 hours at an inlet 

WSS of 10 dyne/cm2 and were simultaneously stimulated with 10 ug/mL of the cytokine TNF-α 

to increase total adhesion [17]. Following this treatment, a suspension of 1x106 NB4 cells/mL 

was either statically added to the models (non-circulated) or circulated at an inlet WSS of 1 

dyne/cm2 [132, 149]. Both the low WSS circulation and TNF-α stimulation were included in 
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adhesion assays to ensure measurable differences in cell adherence over the time scale 

accessible in vitro. Following a 1 hour exposure to the NB4 cell suspension, the models were 

fixed using a 1% paraformaldehyde solution and imaged.  

In Situ Gel Zymography 

HAAECs were fixed in 1% paraformaldehyde and rinsed with PBS. DQ gelatin (Molecular Probes, 

D12054) was diluted in Tris Zymo buffer (50mM Tris (pH 7.3), 15mM CaCl2) at a concentration 

of 1:40. Cells were incubated with the solution for 16hr then washed and mounted before 

imaging.  

Ex Situ Gel Zymography 

Following experiments, HAAECs were removed from the models with a 0.25% Trypsin solution 

(0.25% Trypsin/EDTA, Invitrogen) and were treated with RIPA lysis buffer. Samples were 

prepared and run on acrylamide gels as previously described [151]. 

Statistical Analysis 

All results were expressed as mean ± standard error of the mean and experiments were 

performed at least in triplicates. Analysis of results was completed using Graphpad Prism 5 

(Graphpad Software, La Jolla, CA) software. One-way and Two-way ANOVAs were used for 

comparisons when needed and were accompanied by multiple comparisons tests (Bonferroni 

post-hoc tests). Differences between means were considered significant at P<0.05. 

4.3 Results 

Characterization of Fluid Dynamics of the In Vitro Model Using CFD Analysis 

The WSS profile was obtained from CFD analysis using the experimental flow conditions, Figure 

1. This profile was used to section the model into 3 regions where distinct WSS patterns were 
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observed.  The inlet demonstrated a uniform parabolic velocity profile and was used as an 

internal control. The developing flow region was defined from 0 to approximately 70o around 

the curve where the velocity profile changed in the axial direction. WSS gradients were 

observed on the inner and outer wall of curvature in this region. The Dean’s flow region from 

70o to the curve outlet exhibited fully developed Dean’s flow with a lower WSS on the inner 

wall of curvature which was similar in magnitude to the inlet and no spatial gradients in the 

axial direction.  

Morphological Response of HAAECs to WSS  

Analysis following 24 hours of preshearing demonstrated a significant dependence of EC 

morphology (SI) to both the side of the curve (two-way ANOVA, P<0.01) and model region (two-

way ANOVA, P<0.05), Figure 3. There was also significant interaction between model region and 

side of the curve (two-way ANOVA, P<0.05). In the Dean’s flow region, the inner wall of 

curvature demonstrated significant rounding when compared to the inlet (Bonferroni post-hoc 

test, P<0.05). Further, the inner wall of the developing and Dean’s flow regions exhibited 

significant rounding when compared to their matched outer wall (Bonferroni post-hoc test, 

P<0.05 and P<0.05, respectively). 
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Figure 4-3: A) Analysis of shape index of HAAECs on the inner and outer walls of curvature 
following 24hr of preshearing at an inlet WSS of 10dyne/cm2 (n=3, mean SI ± SEM). The inlet 

wall in the Dean’s flow region had a significantly higher SI than the inlet inner wall (Bonferroni 
post-hoc test, P<0.05). The developing and Dean’s flow regions also exhibited a significantly 

higher SI on the inner wall compared to the outer wall in the same region (Bonferroni post-hoc 
test, P<0.05 and P<0.05, respectively). Representative images used for analysis from Developing 
Flow region, with direction of flow indicated, in the B) inner wall of curvature and C) outer wall 

of curvature. 

 

Angle of Orientation of HAAECs in Response to WSS  

Following 24 hours of preshearing, the angle of orientation, defined as the absolute value of the 

angle of the longitudinal cell axis relative to the axial flow through the channel (0o is perfectly 

along the axial direction and 90o is perfectly circumferential), was significantly affected by the 

model region as well as the side of the curve (two-way ANOVA, P<0.001 and P<0.05, 

respectively), Figure 4. Both the inner and outer walls of the inlet region in presheared models 

demonstrated HAAECs which were significantly more oriented along the longitudinal axis of the 

model than static controls (Bonferroni post-hoc test, P<0.01). However, ECs in the developing 

and Dean’s flow regions were less oriented along the longitudinal axis than static controls 
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(Bonferroni post-hoc test, both P<0.01). In both the inner and outer walls of presheared 

models, cells in the respective inlet were significantly more oriented along the longitudinal axis 

of the model than the developing and Dean’s flow regions (Bonferroni post-hoc test, P<0.01). 

 

 

Figure 4-4: A) Angle of orientation (absolute value) of HAAECs on the inner and outer walls of 
curvature following 24hr of preshearing at an inlet WSS of 10dyne/cm2 (n=3, mean angle ± 

SEM). Both the inner and outer walls of the inlet were significantly more oriented in the 
direction of axial flow when compared to static controls (Bonferroni post-hoc test, P<0.01), 

however, perfused HAAECs were significantly less oriented across the longitudinal axis in the 
developing flow region (Bonferroni post-hoc test, P<0.01). In both the inner and outer wall of 

the Developing and Dean’s flow regions, HAAECs were significantly less oriented along the 
vessel axis when compared to their respective inlet control (Bonferroni post-hoc test, P<0.01). B) 
Representative cartoon of the angle of orientation (θ) of the longitudinal cell axis with 0o being 

axial and 90o being circumferential to the channel. 

 

Distribution of Adhered NB4 Cells  

Circulated and non-circulated adhesion assays were performed on both statically cultured and 

presheared HAAECs, with and without GCX degradation. Adhesion assays on statically cultured 

HAAECs were included to determine if any bias was attributed to the hydrodynamics in the 

model. Since the HAAECs were not exposed to the shear fields created in the model, there 
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would be no phenotypical changes in the cells and hence any patterns of adhesion could be 

attributed to hydrodynamics alone.  

Static cultures demonstrated that the type of adhesion assay (circulated/ non-circulated) and 

model region both had a significant effect on adhesion (two-way ANOVA, P<0.05 and P<0.05), 

Figure 5A. In the developing flow region, there was a significant bias of adhesion towards the 

inner wall of curvature in circulated compared to non-circulated assays. There was no 

significant difference between adhesion distribution between control and degraded cultures. 

The adhesion assays were then repeated following 24 hours of preshearing. Both degradation 

and location had a significant effect on adhesion (two-way ANOVA, P<0.001 and P<0.001, 

respectively), Figure 5B. Following preshearing, adhesion was higher on the inner wall of 

curvature in the developing flow region when compared to statically cultured control 

(Bonferroni post-hoc test, P<0.01) and HS-degraded (Bonferroni post-hoc test, P<0.01) HAAECs. 

Preshearing following HS degradation resulted in no difference in adhesion pattern compared 

to both statically cultured control and HS-degraded HAAECs (data not shown).  
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Figure 4-5: Average position of adhered NB4s relative to the centreline of the with the inner wall 
in the negative direction and outer wall in the positive direction A) Both circulated (inlet WSS of 
1 dyne/cm2) and non-circulated (no WSS) adhesion assays for statically cultured control (CTL) 

and HS-degraded (DEG) HAAECs (n=3, mean average position ± SEM). The developing flow 
region of the circulated adhesion assay showed a significant bias towards the inner wall 

compared to static controls (Bonferroni post-hoc test, P<0.05). B) Mean average position of 
circulated (inlet WSS of 1 dyne/cm2) adhesion assays following 24hr preshearing (inlet WSS of 

10 dyne/cm2). Controls exhibited a significant bias in adhesion to the inner wall in the 
developing flow region relative to HS-degraded HAAECs (Bonferroni post-hoc test, P<0.01). 

Representative images used for analysis from the Dean’s Flow region with the inner wall on the 
bottom of C) presheared HAAECs demonstrating inner wall adhesion bias and D) statically 

cultured HAAECs demonstrating no adhesion bias, where the round cells are the adhered NB4 
cells. 

 

HS and Syndecan-1 Expression  

Following 24 hours of preshearing, the expression of HS was similar between the inner and 

outer wall, however there was significant variation in HS amongst the model regions (two-way 
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ANOVA, P<0.01), Figure 6A. A significant decrease in HS expression was observed in the Dean’s 

flow region when compared to the inlet (Bonferroni post-hoc test, P<0.05). 

Similarly, following 24 hours of preshearing, the side of the curve showed no effect on 

syndecan-1 expression, however expression varied significantly by model region (two-way 

ANOVA, P<0.01), Figure 6B. On the outer wall of curvature, there was a significant decrease in 

syndecan-1 expression in the Dean’s flow region when compared to the inlet (Bonferroni post-

hoc test, P<0.05). 

 

 

Figure 4-6: Following 24hr of preshearing (inlet WSS of 10 dyne/cm2), mean fluorescence 
intensity (n=3, mean intensity ± SEM). of A) of HS which showed a significant decrease in mean 
intensity in the Dean’s flow region relative to the inlet (Bonferroni post-hoc test, P<0.05) and B) 
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Syndecan-1 which also showed a significant decrease in mean intensity in the Dean’s flow region 
relative to the inlet (Bonferroni post-hoc test, P<0.05). 

 

MMP Activity  

Following 24 hours of preshearing, in situ gel zymography demonstrated that MMP activity was 

significantly affected by model region (two-way ANOVA, P<0.05) but did not show dependence 

on the side of curvature, Figure 7A.  

Ex situ gel zymography was performed and HAAECs were pooled from both the Developing 

Flow and Dean’s Flow regions and labelled “Curved region” to ensure adequate protein 

concentrations for analysis. Ex situ gel zymography demonstrated that MMP activity was 

dependent on model region (one-way ANOVA, P<0.05).  Significantly higher MMP-9 activity was 

observed in both the curve and the outlet when compared to the inlet of the model (Bonferroni 

post-hoc test, P<0.05), whereas no differences were observed for MMP-2, Figure 7B. 
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Figure 4-7: A) Regional MMP activity quantified by in situ gel zymography following treatment 
of HAAEC with DQ gelatin showing a trend for increased activity throughout the curve and B) 
Regional MMP activity quantified by ex situ gel zymography showing a significant increase in 

MMP-9 activity in the curve and outlet regions of the model when compared to the inlet 
(Bonferonni post-hoc test, P<0.05). (n=3, mean intensity ± SEM). 

 

4.5 Discussion  

In this study, we investigated the role of the EC GCX in cellular inflammation in regions of a 180o 

curved vessel. Results demonstrated that the hydrodynamics of this geometry regionally 

degraded the EC GCX which correlated with increased MMP activity and altered patterns of 

leukocyte adhesion, Figure 8.  
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Figure 4-8: Flow diagram demonstrating mechanism of increased leukocyte adhesion. Regions 
of WSSGs elicit an inflamed HAAEC phenotype which includes an increase in MMP activity, 

causing shedding of the GCX. This shedding decreases the steric hindrance of leukocytes from 
adhering to the EC surface, and in conjunction with other changes in EC phenotype, results in 

increased adhesion in these regions. 

 

CFD simulations suggested a spatially variable midline shear field with WSSGs along the model.  

The fluid dynamics of the model were found to significantly alter EC phenotype, with observed 

differences in morphology and orientation and leukocyte adhesion patterns in the different 

model regions. Degradation of HS and syndecan-1 was observed downstream of WSSGs, 

corresponding to regions of increased MMP activity, suggesting a link between GCX health and 

MMP regulation in curved vessels. 

HAAECs Exhibited a Differential Morphological Response to WSS in Regions of Curvature 

The model’s hydrodynamics lead to an elongated morphology on the outer wall of curvature, 

with the developing and Dean’s flow regions exhibiting significantly greater elongation than 

both the inlet and matched inner wall of the model, Figure 3. This can be correlated with a 

higher WSS on the outer wall due to momentum carrying the bulk flow to the outer curve. 
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Elongation of EC morphology is indicative of an "atheroprotective" phenotype [145], indicating 

the outer wall may be comparatively less prone to developing a pathological phenotype.  

Potter et al used an elongation index to show that ECs on the outer wall of curvature were 

elongated when compared to those found on the inner wall of porcine aortic endothelial cells in 

tissue culture models [152]. In contrast, Wang et al found increases in VCAM-1 and E-selectin, 

markers of EC inflammation, on the outer wall of curvature, but these results were confounded 

by having suspended red blood cells which they hypothesized “bombarded” the outer wall, 

causing more severe EC damage [153]. 

The angle of EC orientation demonstrated significantly less alignment with the direction of bulk 

flow on both sides of the flow channel when compared with static controls, Figure 4. Typically, 

WSS will result in alignment with the direction of bulk flow in regions of steady, uniform flow 

[145]. In contrast, complex fluid dynamics and WSSGs have been shown to cause a less 

organized orientation [145]. The lack of orientation along the vessel axis can also be attributed 

to the nature of Dean's flow. Dean's flow produces secondary flows in the circumferential 

direction which redistribute the increased momentum on the outer wall back towards the inner 

wall of curvature. Therefore, this flow will take a more circumferential than longitudinal path 

when compared to flow in a straight cylinder. The angle of orientation may have been offset 

from the longitudinal direction due to these secondary flows. Potter et al showed that in vivo, 

ECs in the aortic arch had increased variability in alignment when compared to static in vitro 

cultures [154]. Ghriallais et al found an increased alignment in the direction of flow compared 

to static controls in a curved model (without inner/ outer wall specificity) and noted less 

alignment in curved regions when compared to straight tube models [155]. Alloush et al 
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observed decreased alignment with flow in regions of curvature where complex fluid dynamics 

were present [156]. The observed changes in EC morphology contribute to the hypothesis that 

flow in curved arteries results in regional inflammation of the endothelium focused on the inner 

wall of curvature. 

Differential NB4 Adhesion to ECs was Observed in Regions of Curvature 

To determine the effect of the model’s hydrodynamics on adhesion patterns, ECs were 

statically cultured before being exposed to a suspension of either circulated or non-circulated 

NB4 cells for 1hr. The 1hr circulation at a relatively low WSS was assumed to not elicit a 

phenotypical response in ECs, therefore, any adhesion patterns which differed between the 

circulated and non-circulated assays were assumed to be the result of the hydrodynamics 

acting on the NB4 cells. These experiments demonstrated the hydrodynamics caused a bias in 

adhesion towards the inner wall of curvature in the developing flow region, Figure 5A. 

To determine the phenotypical response of ECs to curved vessel hydrodynamics, ECs were 

presheared for 24 hours prior to circulated adhesion assays. These assays demonstrated a 

significant bias of NB4 adhesion to the inner wall of curvature beyond the effect of the 

hydrodynamic forces acting on the circulated cells, Figure 5B. This bias can therefore be 

attributed to the WSS fields eliciting a phenotypical change in ECs in these regions. Suo et al 

demonstrated an increased expression of cellular adhesion molecules on the inner wall of 

curvature in mouse aortas which could help support this finding [157]. Similarly, increased 

adhesion has been linked to regions of WSSGs and lower WSS [158] and is indicative of EC 

inflammation. The observed adhesion patterns in this study are further supported by clinical 
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evidence of an increased prevalence of plaque development on the inner wall of curvature in 

arteries [159-161]. 

Disruption of the GCX Attenuates NB4 Adhesion Patterns in Regions of Curvature 

Mechanotransduction of fluid forces through the GCX was hypothesized to be responsible for 

the WSS mediated phenotypical changes which lead to the NB4 adhesion bias. Supporting this 

hypothesis, presheared HS-degraded ECs did not exhibit the amplified adhesion bias to the 

inner wall of curvature seen in control cultures, Figure 5B. Cooper et al demonstrated a similar 

effect in a 50% stenosis model, where non-uniform regional NB4 adhesion patterns were 

attenuated following GCX degradation [149]. HS degradation also resulted in an overall increase 

in total NB4 adhesion (data not shown), agreeing with previous work which has linked the GCX 

to sterically hindering firm adhesion [64, 120, 131, 149]. 

Disruption of HS and Syndecan-1 Occurs in Regions of Curvature 

In the Dean’s flow region, significant decreases were observed in both HS and Syndecan-1 

compared to the inlet, Figure 6, demonstrating that flow through regions of curvature 

negatively affected EC GCX health. Studies have found similar findings in vivo, reporting that 

GCX components, including HS, are focally shed in regions of disturbed flow [63, 141, 142]. The 

observed degradation was hypothesized to be the result of increased MMP activity in response 

to the complex of flow in the curved model. Studies utilizing oscillatory flow found upregulation 

of MMP-9 [65], bifurcation models increased activity of MMP-2 and MMP-9 in regions of 

WSSGs [66] and MMP expression has been linked to NF-κB activity which is regulated in 

response to WSSGs [49, 50, 154], all supporting this notion. A variety of MMPs have been linked 



61 
 

to GCX disruption, with MMP-9 cleaving HS [68] and MMP-1 and MMP-14 cleaving syndecan-1 

[69, 70].  

MMP Activity was Increased in Regions of Curvature 

MMP activity was quantified by in situ and ex situ gel zymography, both demonstrating a 

correlation with MMP activity and GCX degradation. Although increased activity of the 

gelatinases (MMP-2 and MMP-9) was not observed in any distinct region with in situ analysis, 

there was still a significant overall effect of region on MMP activity. Ex Situ zymography showed 

significant increases in MMP-9 activity were observed in the curve and outlet when compared 

to the inlet. This correlated with decreased HS and syndecan-1 expression and was in agreeance 

with previous findings [49]. These results support the proposed hypothesis that WSSGs increase 

MMP activity which then degrade the GCX, eliciting an inflammatory response in ECs. 

Although increased activity was expected in the curve where WSSGs were found, it was 

unexpected to see higher MMP-9 activity in the outlet region where uniform flow was re-

established. We hypothesize this to be from a “wash down” effect whereby MMP-9 activation 

in the curve is subsequently carried downstream of this region by the fluid flow. We have 

suggested a similar mechanism in a 50% stenosis model [149].  

Overall, this study demonstrated that a curved vessel geometry elicits a differential 

inflammatory response in ECs. Specifically, experiments showed changes in morphology and 

NB4 adhesion patterns were tied to GCX health. Regional degradation of GCX components also 

correlated with increased MMP activity, suggesting MMP regulation in areas of WSSGs can 

significantly affect GCX health and lead to an inflammatory EC response. 
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Chapter 5: Empagliflozin promotes glycocalyx health in vitro 

demonstrating a mechanism for the decreased risk of cardiovascular 

disease following treatment in type 2 diabetics 

5.1 Preface Article 

After determining the intimate link between GCX health and EC inflammation, a clinical 

application of this connection was investigated. Empagliflozin (EMPA) is a SGLT-2 inhibitor 

which has been successfully used for glycemic control in type 2 diabetes and has also 

demonstrated a pleiotropic effect, decreasing the risk of cardiovascular disease. We sought to 

determine if this effect was linked to an anti-inflammatory effect on ECs. This study 

demonstrated that EMPA promotes an anti-inflammatory phenotype which may be less prone 

to atherosclerosis. Specifically, EMPA treated HAAECs in static culture exhibited less cellular 

rounding than controls. Straight tube models were used to expose HAAECs to steady WSS to 

determine the baseline response before determining the cellular response to more complex 

models with WSSGs as was reported in chapters 3 and 4. Following exposure to steady WSS, 

EMPA treated HAAECs exhibited decreased leukocyte adhesion compared to controls. Also, 

expression of ICAM-1 and VCAM-1 was significantly reduced following exposure to steady WSS 

in EMPA treated HAAECs but not in controls. Interestingly, HS abundance was significantly 

increased in static cultures of EMPA treated HAAECs and after HS was enzymatically degraded, 

treating HAAECs for 24hr regained HS to control levels. This was also found to renew the 

morphological and leukocyte adhesion response which is typically attenuated by HS 

degradation. Together, these findings suggest that EMPA improves GCX health, promoting an 
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anti-inflammatory phenotype which could explain the decreased risk of cardiovascular disease 

in patients with type 2 diabetes taking this drug. 

This manuscript is: Currently being finalized for submission to Molecular and Cellular 

Biochemistry 

  



65 
 

 

Empagliflozin promotes glycocalyx health in vitro demonstrating a mechanism for the 

decreased risk of cardiovascular disease following treatment in type 2 diabetics 

Cooper, S1., Hwee, T.3, Quan, A.3,4, Verma, S.3,4, Leask, R.L.1,2 

1Department of Chemical Engineering, McGill University, Montreal, Quebec, Canada 

2Montreal Heart Institute, Montreal, Quebec, Canada 

3Keenan Research Centre for Biomedical Science, University of Toronto, Toronto, Ontario, 

Canada 

4St Michaels Hospital, Toronto, Ontario, Canada 

Abstract 

Hyperglycemia in type 2 diabetes can be controlled with the sodium-glucose cotransporter 

protein inhibitor, empagliflozin (EMPA). Pleiotropically, EMPA has been shown to decrease the 

risk of cardiovascular disease, however, the mechanism of this effect has yet to be established. 

Endothelial cells (ECs) which line the arteries respond to fluid forces and their inflammation can 

initiate atherosclerosis. They sense the shear stress imparted by fluid flow, a term called 

mechanotransduction, in part by the surface proteoglycan layer, the glycocalyx. Flow 

experiments demonstrated that EMPA establishes an anti-inflammatory EC phenotype, in vitro. 

EMPA treatment altered EC phenotype with significant changes in morphology and leukocyte 

adhesion. Further, EMPA treatment improved glycocalyx expression and was able to restore 

components of this structure following enzymatic degradation. This resulted in a renewed 
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mechanotransduction response in ECs and presents a mechanism by which EMPA can improve 

vascular health. 
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5.2 Introduction 

Type 2 diabetes (T2D) is characterized by impaired insulin secretion and action which leads to 

increased blood glucose levels in patients [162]. The disease can lead to both acute and chronic 

vascular complications on the microscale (such as retinopathy and nephropathy) and 

macroscale (such as heart attack and stroke) [108]. Sodium glucose cotransporters (SGLTs) are a 

class of molecules that mediate the reuptake of glucose from the kidneys to help control blood 

glucose levels in patients. SGLT-2 is a low affinity, high capacity glucose cotransporter which is 

responsible for the reabsorption of up to 90% of glucose filtered by the kidneys. Its inhibition 

has been shown to block the reabsorption of glucose in the kidney leading to glucose 

elimination through the urine reducing blood glucose levels [163]. This has lead to the 

development of C-glucoside SGLT-2 inhibitors, such as empagliflozin (EMPA), for the treatment 

of T2D. EMPA has demonstrated a high degree of selectivity for SGLT-2 over SGLT-1, 4, 5 and 6 

compared to other C-glucoside SGLT-2 inhibitors [164]. Further, in vitro studies have 

demonstrated the inhibitory potency of EMPA [164] and clinical trials have confirmed its 

efficacy in lowering blood glucose levels, blood pressure and body weight in T2D patients 

without increasing the risk of hypoglycemia [109-112].  

T2D results in up to a 5-fold increase in prevalence of heart failure and is responsible for an 

increased risk of developing cardiovascular disease [165]. Although it is postulated that 

increased glucose concentrations could lead to increased occurrence of cardiovascular disease, 

little proof supports that glycaemic control reduces this risk [114-116]. However, trials have 

shown that EMPA significantly reduces cardiovascular disease morbidity and related 

hospitalization by up to a third [113].  
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Endothelial cell (EC) inflammation is increased with T2D, notably resulting in degradation of the 

EC glycocalyx (GCX) [73, 166]. The GCX is a cell surface proteoglycan layer which has been 

linked to mechanotransduction of wall shear stress (WSS) and is implicated in the focal nature 

of atherosclerosis [73, 149]. Its structure is comprised of core proteins anchoring 

glycosaminoglycans of which heparan sulphate (HS) is the most abundant [37]. It is a dynamic 

structure which is constantly shed and regrown and compromising its integrity can 

detrimentally affect the vasculature. 

This study investigated the effect EMPA had on EC health, in vitro. Through flow studies, 

markers of EC inflammation were evaluated in the presence of EMPA to determine whether it 

promotes an atheroprotective cellular phenotype. Further, EMPA’s role in protecting and 

restoring the GCX was evaluated as a possible mechanism for observed changes in EC response 

and phenotype. 

5.3 Materials and Methods 

Cell Culture 

Human abdominal aortic endothelial cells (HAAECs, Coriell, AG09799) were cultured for 48hr in 

0.01% gelatin-coated T-175 flasks in incubators (37oC, 100% humidity and 5% CO2). The HAAECs 

were grown in EC media (PromoCell, C-22010) with 10% fetal bovine serum (Invitrogen, 26140-

079) and 1% penicillin-streptomycin (Invitrogen, 15140-122). 

In vitro experimentation was performed in straight tube, three-dimensional tissue culture 

models. The models were made of Sylgard®184 (Dow Corning), prepared as previously 

described [128]. Models were coated with 40 µg/mL fibronectin (Sigma Aldrich, F2006-5X5MG) 
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for 24 hours prior to a suspension of HAAECs being injected into the models at a density of 

1x106 cells/mL. The HAAECs were cultured for 48 hours, with a fresh media change after 24 

hours, allowing them to establish a confluent monolayer on the models’ luminal surface. 

NB4 cells were cultured in suspension in T-75 flasks with RPMI Media (Global Cell Solutions, 

89140-464) containing 10% fetal bovine serum (Invitrogen, 26140-079) and 1% penicillin-

streptomycin (Invitrogen, 15140-122). NB4 cells were treated with RPMI media spiked with 10-6 

M all-trans retinoic acid (ATRA) (Life Sciences, 89158-732) for 48hr prior to adhesion assays to 

promote differentiation into neutrophil-like cells characterized by increased expression of 

neutrophil specific integrins [130]. For adhesion assays, stimulated NB4 cells were suspended in 

EC media at a cell density of 1x106 cells/mL. 

Empagliflozin Stimulation 

Stock solutions of EMPA (MedChem Express, HY-15409) were prepared as a 100mM solution 

and stored at -80oC until use. During 24hr static culture or exposure to flow, EMPA was added 

to EC media to a final concentration of 50µM [107]. MTT assays identified no loss in cell viability 

from experimental EMPA concentration (data not shown).  

HS Degradation 

Heparan sulphate (HS) degradation was achieved by heparinase III (Sigma Aldrich, H8891-10UN) 

treatment as previously described [7, 149, 167]. Briefly, serum-free EC media was spiked with 

180mU/mL heparinase III then introduced into the in vitro models for 2hr resulting in a 

decrease in HS of 33±4%, with no loss in cell viability [167]. Degradation was performed prior to 
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experimentation after which standard EC media with or without EMPA was reintroduced into 

the models. 

Perfusion Experiments 

Perfusion experiments were performed in a sterilized closed-loop in an incubator (37oC, 100% 

humidity and 5% CO2) as previously described [128]. Flow was controlled to maintain a uniform, 

steady WSS of 10 dyne/cm2 in flow exposure experiments and 1 dyne/cm2 in circulating NB4 

adhesion assays. 

Quantification of Cellular Morphology 

Following perfusion experiments, ECs were stained with a 4% crystal violet (BD Biosciences) 

solution and imaged using an inverted light microscope (DC300, Leica Microsystems, Canada). A 

MatLab® protocol was used to analyze a minimum of 10 cells per image to determine the 

average shape index (𝑆𝐼 =
4𝜋∗𝐴𝑟𝑒𝑎

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2), previously defined by Nerem et al [123].  

NB4 Quantification  

Leukocyte adhesion was investigated by circulating a neutrophil-like cell line (ATRA stimulated 

NB4 cells) through the in vitro models [4]. ECs were exposed to flow for 24 hours at a WSS of 10 

dyne/cm2 accompanied by stimulation with 10 ug/mL of the cytokine TNF-α to increase the 

adhesiveness of ECs [17]. Immediately after, a suspension of 1x106 NB4 cells/mL was circulated 

through the models at a WSS of 1 dyne/cm2. Models were subsequently fixed using a 1% 

paraformaldehyde solution and imaged under an inverted light microscope (DC300, Leica 
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Microsystems, Canada) at 40x total magnification and adhered NB4 cells were manually 

counted. 

Immunofluorescence Quantification 

HAAECs were probed with a HS monoclonal antibody (Millipore, MAB2040), ICAM-1 

monoclonal antibody (Santa Cruz, SC-8439) or VCAM-1 monoclonal antibody (Santa Cruz, SC-

8304) and an alexflour® 488 secondary antibody (Invitrogen, A31570). Images were acquired 

with a laser scanning confocal microscope (Zeiss Exciter), and an average intensity of at least 10 

cells per image was reported. 

Statistical Analysis 

All data expressed as mean ± standard mean of triplicate experiments. Analysis of results was 

completed using Graphpad Prism 5 software (Graphpad Software, La Jolla, CA). One-way and 

Two-way ANOVAs were used for comparisons when needed and were accompanied by multiple 

comparisons tests (Bonferroni post-hoc tests). Differences between means were considered 

significant at P<0.05. 

5.4 Results 

Treatment with EMPA Results in Elongation of HAAECs 

The shape index (SI) of HAAECs treated with EMPA for 24hr in static culture or exposed to 

steady flow (WSS of 10dyne/cm2) demonstrated a significant dependence on flow condition 

(two-way ANOVA, P<0.001) but not on EMPA treatment, with a significant interaction between 
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them (two-way ANOVA, P<0.05), Figure 1. In static culture, EMPA treated HAAECs were 

significantly more elongated than controls (Bonferroni post-hoc test, P<0.05) 

 

Figure 5-1: Analysis of shape index of HAAECs following 24hr of perfusion at a WSS of 
10dyne/cm2 with and without EMPA treatment (n=3, mean SI ± SEM). EMPA significantly 

elongated cells under static conditions (Bonferroni post-hoc test, P<0.05).  

 

Treatment with EMPA Decreases NB4 Adhesion 

NB4 cell adhesion was quantified after circulation through the models for 1hr following 

treatment of HAAECs for 24hr with EMPA, in static culture or exposed to steady flow (WSS of 

10dyne/cm2). Both flow condition and EMPA treatment had a significant effect on adhesion 

(two-way ANOVA, P<0.001 and P<0.001, respectively), including a significant interaction 

between them (two-way ANOVA, P<0.05), Figure 2. Following both static culture and exposure 

to flow, significantly lower adhesion was observed with EMPA treatment compared to controls 

(Bonferroni post-hoc test, P<0.01 and P<0.001, respectively). 
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Figure 5-2: Total adhered NB4 cells after 24hr exposure to a WSS of 10dyne/cm2 or statically 
cultured (n=3, mean ± SEM). EMPA treated HAAECs exhibited decreased NB4 adhesion under 

both static and perfused conditions (Bonferroni post-hoc test, P<0.01 and P<0.001, respectively). 
Further, following 24hr exposure to shear, both control and EMPA treated HAAECs exhibited 
significant lower NB4 adhesion (Bonferroni post-hoc test, P<0.001 and P<0.05, respectively).  

 

CAM Expression 

Cell-surface cellular adhesion molecule (CAM) expression was quantified using 

immunofluorescent imaging following 24hr exposure to flow (WSS of 10dyne/cm2), with and 

without EMPA. For both VCAM-1 and ICAM-1, there was no significant difference between 

control and EMPA treated cells or an effect due to flow (two-way ANOVA). However, there was 

a significant decrease in both VCAM-1 and ICAM-1 in EMPA treated HAAECs following 24hr of 

exposure to flow compared to static culture (Bonferroni post-hoc test, both P<0.05), Figure 3a 

and 3b. 
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Figure 5-3: HAAEC surface A) VCAM-1 and B) ICAM-1 expression was quantified through 
imuunofluorescent imaging following 24hr of exposure to flow at a WSS of 10dyne/cm2 with and 

without EMPA treatment (n=3, mean SI ± SEM). For both VCAM-1 and ICAM-1, a significant 
decrease in IF intensity was observed following perfusion on EMPA treated HAAECs (Bonferroni 

post-hoc test, P<0.05 and P<0.05, respectively). 

 

Effects of HS Degradation Attenuated by EMPA 

GCX health was evaluated through immunofluorescence imaging of HS on HS-degraded and 

control HAAECs following 24hr with EMPA treatment following either static culture or exposure 

to flow (WSS of 10dyne/cm2). HS intensity was significantly affected by exposure to flow (two-

way ANOVA, P<0.05) and HS-degradation (two-way ANOVA, P<0.01), Figure 4. HS-degradation 

significantly decreased HS intensity compared to controls and EMPA treated cultures 

(Bonferroni post-hoc test, P<0.001 and P<0.05, respectively). Further, HS-degraded HAAECs 

treated with EMPA exhibited significantly higher HS-intensity than control cultures after 24hr 

(Bonferroni post-hoc test, P<0.01). 
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Figure 5-4: HS immunofluorescence intensity of HAAECs in either static culture or following 
exposure to 24hr of flow (WSS of 10dyne/cm2) (n=3, mean IF intensity ± SEM). Experiments were 
performed on HAAECs immediately following HS-degradation (DEG), immediately following HS-
degradation with EMPA treatment during flow conditioning/ static culture (DEG + EMPA) and 

controls (CTL) and EMPA treated (EMPA) cells. Both EMPA and EMPA+DEG HAAECs exhibited a 
significantly higher intensity than DEG in static culture (Bonferroni post-hoc test, P<0.05 and 

P<0.05, respectively) and following flow treatment (Bonferroni post-hoc test, P<0.05 and 0.001, 
respectively). After flow treatment, CTL HAAECs also exhibited a higher HS intensity than DEG 

(Bonferroni post-hoc test, P<0.001). 

  

Adhesion and Morphology with Degradation 

Following a 2hr enzymatic degradation of HS, HAAECs were exposed to 24hr of flow (WSS of 

10dyne/cm2) with and without EMPA treatment and analyzed for cell morphology and NB4 

adhesion. The shape index of HAAECs was significantly affected by degradation and EMPA 

treatment as well as exposure to flow (two-way ANOVA, P<0.001 and P<0.001, respectively) 

with a significant interaction between them (two-way ANOVA, P<0.01). In static culture, HS-

degraded and control HAAECs had a significantly higher shape index than HS-degraded cells 

that were also treated with EMPA (Bonferroni post-hoc test, P<0.001 and P<0.05, respectively), 

Figure 5a. Following 24hr exposure to flow, HS-degraded HAAECs were significantly more 
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rounded than both control and HS-degraded HAAECs that were also treated with EMPA 

(Bonferroni post-hoc test, P<0.001 and P<0.001, respectively).  

Adhesion assays were performed by circulating NB4 cells for 1hr (WSS of 1dyne/cm2) following 

24hr exposure to flow (WSS of 10dyne/cm2). HS-degraded HAAECs exhibited significantly higher 

NB4 adhesion compared to control and HS-degraded HAAECs that were also treated with EMPA 

(Bonferroni post-hoc test, P<0.001 and P<0.001, respectively), Figure 5b.  

 

Figure 5-5: Shape index (SI) and NB4 adhesion following 24hr of exposure to flow (WSS of 
10dyne/cm2) on HAAECs immediately following HS-degradation (DEG), immediately following 
HS-degradation with EMPA treatment during flow conditioning/ static culture (DEG + EMPA) 
and controls (CTL). A) In static cultures, DEG+EMPA HAAECs exhibited a significantly lower SI 
than both CTL (Bonferroni post-hoc test, P<0.05) and DEG cultures (Bonferroni post-hoc test, 

P<0.001) (n=3, mean SI ± SEM). Both CTL and DEG+EMPA cultures exhibited a significantly lower 
SI than DEG HAAECs (Bonferroni post-hoc test, P<0.001). B) NB4 cells were circulated for 1hr 

(WSS of 1dyne/cm2) following 24hr flow treatment CTL and DEG+EMPA HAAECs exhibited 
significantly lower adhesion than DEG cultures (Bonferroni post-hoc test, P<0.001) (n=3, total 

adhered NB4 ± SEM) 

 

5.5 Discussion 

The SGLT-2 inhibitor EMPA has been correlated with a decreased risk of cardiovascular disease 

in patients with T2D. This study demonstrated through in vitro flow experiments that EMPA 

improves glycocalyx health in HAAECs leading to an anti-inflammatory phenotype. Treatment of 
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HAAECs with EMPA showed increased HS abundance and following HS-degradation, EMPA 

treatment was shown to return HS levels within 24hr which also correlated with a regained 

mechanotransduction response. 

The increased prevalence of cardiovascular disease in patients with T2D has been linked to 

inflammation of the endothelium [168-170]. This study demonstrated 24hr of treatment with 

EMPA resulted in an anti-inflammatory phenotype in ECs. In static culture, EMPA treated 

HAAECs exhibited significant reductions in shape index indicating cytoskeletal remodelling. 

Also, in both static culture and following exposure to steady WSS, a significant decrease in NB4 

adhesion was observed in EMPA treated HAAECs. NB4 cells, a promyelocytic cell line, have been 

previously used as a surrogate for leukocyte adhesion [129] and numerous studies have shown 

EC inflammation is linked to increased adhesion [4, 17, 167, 171]. EMPA decreasing the quantity 

of adhesion therefore suggests that it promotes EC health by downregulating inflammatory 

phenotypes. It was observed that with flow, EMPA downregulated the quantity of the cellular 

adhesion molecules (CAM) VCAM-1 and ICAM-1. Exposure of ECs to moderate levels of steady 

WSS has previously been shown to affect CAM expression [172, 173] which correlates to 

decreased leukocyte adhesion [4]. However, levels of CAM expression were not significantly 

different between EMPA treated and control HAAECs so this does not explain the observed 

differences in adhesion. These findings agree with in vivo findings where 8 weeks of treatment 

with EMPA resulted in decreased serum levels of inflammatory markers such as TNF-α and IL-6 

in mice [174]. 

Disruption of the EC GCX has been shown to increase adhesion both in vitro [120, 149] and in 

vivo [64, 144] and is suggested to be the result of the GCX sterically hindering adhesion [120]. 
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Through immunofluorescent imaging, we observed a significant increase in HS abundance (a 

major GCX component) in static cultures of EMPA treated HAAECs. This was further confirmed 

by enzymatically degrading HS then demonstrating that 24hr of EMPA treatment returned the 

HS abundance to that of controls. This positive effect on GCX health could help explain the 

reduced prevalence of cardiovascular disease in T2D patients taking EMPA. 

Beyond an increased abundance in HS brought on by EMPA treatment, a regained 

mechanotransduction response was also observed. The GCX acts as a mechanotransducer, 

linking the applied WSS on HAAECs to a biochemical and phenotypical cellular response. 

Numerous studies have documented that following enzymatic degradation of GCX components, 

an impaired response to WSS such as NO production [7], cellular alignment [5] and elongation 

[104] and NF-Κb nuclear localization [167]. In the present study, degradation of HS from 

HAAECs was immediately followed by assays to assess the morphological and NB4 adhesion 

response to exposure to 24hr of steady WSS. HS degradation abolished the typical cellular 

elongation and decrease in NB4 adhesion following flow treatment, which agrees with previous 

findings that mechanotransduction pathways were impaired [149, 167]. However, when the HS-

degraded HAAECs were treated with EMPA during the flow exposure, they regained the 

mechanotransduction response and exhibited a similar morphology and quantity of adhesion as 

controls. This demonstrates that EMPA does not only promote glycocalyx health, but also can 

help improve the mechanotransduction properties in HAAECs. 

The mechanism by which EMPA could improve vascular and GCX health is still not understood. 

SGLT inhibitors have been linked to membrane polarity through K+ channels [117]. GCX 
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structure and extension is highly dependent on charge so EMPA may be affecting membrane 

charge, promoting GCX health.   

This study demonstrates that EMPA has a positive effect on HAAECs promoting an anti-

inflammatory phenotype. We hypothesize this is due to promoting EC GCX health which is 

commonly impaired in patients with T2D. 
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Chapter 6: Discussion 

The main objectives of this thesis were to: i) identify the role that the GCX plays in EC 

mechanotransduction, ii) determine how the GCX structure is regulated by biomolecules and 

mechanical forces and iii) identify the potential therapeutic benefits to the GCX from EMPA. 

Chapters 3 and 4 addressed the first and second objectives and Chapter 5 addressed the third. 

The glycocalyx is a dynamic structure that is linked to the mechanotransduction of WSS in ECs. 

Its impairment in regions of WSSGs is an important factor in inflammation of the endothelium 

and plays a crucial role in the initiation of atherosclerosis. In our laboratory, three-dimensional 

tissue culture models have been developed that simulate a confluent endothelium for in vitro 

flow studies. This thesis expanded on a previously studied 50% asymmetric stenosis model 

(Chapter 3) and developed a model with a 180o curvature (Chapter 4) to be able to examine 

GCX regulation in these physiological geometries. Flow-conditioning for 24hr with steady, 

uniform flow, corresponding to an inlet WSS of 10dyne/cm2, was used throughout this thesis. 

WSSGs have been linked to EC inflammation both in vivo and in vitro [2, 122]. Cell motility 

increases in response to WSSGs as ECs tend to migrate away from gradient affected areas, in 

vitro [175, 176]. Morphological analysis has shown that ECs tend to adopt a rounded shape in 

response to WSSGs [104, 149]. Further, cellular alignment with flow has been found to be 

impaired with WSSGs [177] and has been linked with a loss in actin fibre reorganization [178]. 

Recruitment of leukocytes has also been shown to be increased in the presence of WSSGs [4, 

135]. In vivo, high WSS and WSSGs have been linked to atherosclerotic plaque destabilization 
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and intracranial aneurism formation and rupture prominently in regions of arterial curvature 

and bifurcation [179]. 

The GCX has been implicated in the mechanotransduction of WSS and its components have 

been linked to various inflammatory responses. HS has been linked to EC responses such as NO 

production [5], cellular alignment [7] and elongation [104] and leukocyte attachment [64, 121, 

149]. Building on these studies, work in our lab by McDonald et al demonstrated that HS played 

a role in the regulation of NF-κB activity in response to flow [167]. Further, increased leukocyte 

adhesion was observed with degradation of HS which was hypothesized to be the result of a 

loss of steric hindrance to firm adhesion as well as a novel feedback loop involving NF-κB 

regulation and ICAM-1 expression. These studies were performed in regions of uniform WSS 

and this thesis aimed to continue this research to examine more complex flow regimes.  

The first objective was to determine the role the GCX played in mechanotransduction in regions 

of WSSGs. HS is a primary constituent of the GCX and was therefore chosen as a target for 

disruption when evaluating EC mechanotransduction. Numerous studies have identified HS as 

vital to the flow induced regulation of a variety of biomolecules and inflammatory pathways [5-

7, 38, 73, 96, 104, 118, 120, 134, 149, 180]. A protocol was developed to enzymatically degrade 

cell surface HS by approximately a third (as determined by immunofluorescence) using 

Heparinase III. Immediately prior to flow conditioning, this protocol was used to impair the 

GCX. It should be noted that HS was previously shown to not regrow within the timescale of 

experimentation [167]. ECs were then conditioned with flow and their response was compared 

to controls with an intact GCX. 
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Studies began on the 50% asymmetric stenosis model, Chapter 3. Rouleau et al previously 

identified inflammatory phenotypes in HAAECs in the acceleration and deceleration region of 

the stenosis, characterized by increased leukocyte adhesion and cellular rounding after 24hr of 

flow conditioning [3, 4]. When HS degradation was performed prior to flow conditioning, these 

response patterns were attenuated. The characteristic elongation of HAAECs in the model inlet 

(the internal control) were no longer observed and no increases in normalized leukocyte 

adhesion were observed in the acceleration and deceleration regions. This was indicative of a 

loss of the mechanotransduction capabilities of the ECs. HS has been implicated as a 

mechanotransducer of WSS, being linked to EC responses such as NO production [7], cell 

alignment [5] and elongation [104]. These studies were however only performed under steady 

WSS. Further, leukocyte adhesion patterns have been closely linked to GCX health both in vitro 

[120] and in vivo [64]. It is believed that it acts to provide steric hindrance, limiting the 

availability of adhesion molecules to circulating leukocytes [136]. Previously in our lab, 

McDonald et al proposed a mechanism where GCX impairment led to a deregulation of NF-κB 

nuclear localization which affected ICAM-1 expression and subsequently leukocyte adhesion 

[167].  

Similarly, in the 180o curve model, Chapter 4, experiments demonstrated an inflamed 

phenotype on the inner wall of curvature described by increased cellular rounding, decreased 

cellular alignment and a bias of leukocyte adhesion towards the inner wall of curvature. It was 

hypothesized that the WSSGs of the recirculating flow lead to this response. In vitro, 

inflammation has been documented with cellular rounding [154] and decreased cellular 

alignment [155] on the inner wall of curvature agreeing with these findings. In vivo, ECs in the 
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aortic arch have been found to have decreased alignment with flow [181] and this pattern has 

also been observed in other regions of curvature where complex hemodynamics exist [156]. 

Clinically, increased prevalence of plaque development on the inner wall of curvature has been 

well documented [157-159]. Leukocyte adhesion patterns have not been previously studied in 

regions of curvature however regions of low WSS and WSSGs have been linked to increased 

adhesion supporting the findings in this thesis [158]. Following enzymatic degradation of HS, 

the leukocyte adhesion bias was no longer observed, with patterns of HS-degraded models 

matching that of statically cultured controls. Both Chapters 3 and 4 therefore strengthened the 

hypothesis that: 1) the GCX plays a pivotal role in mechanotransduction of WSSGs. 

Next, the health of the GCX was investigated in regions of WSSGs. Previous in vivo studies have 

demonstrated that the GCX is impaired in regions of complex flow in the vasculature [63, 78, 

143, 182]. To determine if this focal damage is caused by WSSGs, following flow conditioning, 

immunofluorescent imaging of HS and synd-1 was performed on HAAECs in the stenosis and 

curved models, Chapter 3 and 4, respectively. There was a significant decrease in both HS and 

synd-1 abundance in the regions of WSSGs proximal to the stenosis and in the Deans flow 

region in the curved model. Chapters 3 and 4 therefore supported the hypothesis that: 2) the 

GCX is focally shed in regions of WSSGs, impairing EC health in these regions. 

This finding was further investigated by determining the mechanism of GCX shedding. MMPs 

have been implicated in the cleavage of HS with attention being paid to the gelatinases, MMP-2 

and -9 [68-70]. Increased expression and activity of gelatinases has also been found in regions 

of WSSGs [65, 66]. In Chapter 3, perfusion media containing a general MMP inhibitor, GM 6001, 

was included during flow conditioning. When HS expression was evaluated following 
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experimentation with GM 6001, the focal shedding was no longer observed, indicating that the 

inhibition of MMP activity attenuated this response. Moreover, when MMP activity was 

inhibited, leukocyte adhesion assays did not exhibit the same observed patterns as controls 

suggesting the improved GCX health resulted in decreases in adhesion in previously 

atheroprone regions. These findings agree with previous work by Lipowsky et al who observed 

attenuated GCX shedding and differences in leukocyte adhesion patterns following MMP 

inhibition, in vitro [143]. Mulivor et al observed similar affects in vivo [144]. In Chapter 4, 

gelatinase MMP activity was determined by in situ gel zymography, showing increased activity 

through the curve which correlated with HS shedding. Further, ex situ gel zymography 

demonstrated a significant increase in MMP-9 activity in the curve, again correlating with GCX 

shedding. Together, Chapters 3 and 4 strengthen the hypothesis: 2) the GCX is focally shed in 

regions of WSSGs and proposes a mechanism of focally increased MMP activity. 

Finally, a collaboration with clinicians investigating the SGLT-2 inhibitor, EMPA, demonstrated 

its ability to improve GCX health. EMPA is used for glycemic control in type 2 diabetics but has 

also been found to reduce the risk of cardiovascular disease. The mechanism of this pleiotropic 

effect was previously unknown, but the studies presented in Chapter 5 elucidated a possible 

explanation. Initial studies identified that treatment with EMPA resulted in an anti-

inflammatory phenotype which was demonstrated by a less round morphology in static culture 

as well as decreased leukocyte adhesion in both static culture and following flow conditioning. 

The decreased adhesion, which we have previously shown to correlate with a healthier GCX, 

prompted experiments to determine if EMPA increases HS expression through 

immunofluorescent imaging. Following 24hr treatment with EMPA, significantly more HS was 
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expressed on the surface of HAAECs in static culture. Also, in both static culture and following 

flow conditioning, HAAECs with an enzymatically degraded GCX were able to regenerate 

expression of HS to levels comparable to controls when treated with EMPA. Moreover, EMPA 

treatment of HS degraded HAAECs demonstrated a renewed mechanotransduction response as 

noted by ECs regaining their elongated morphology and decreased leukocyte adhesion in 

response to uniform, steady WSS. Chapter 5 therefore supports the hypothesis: 3) EMPA 

pleiotropically promotes an anti-inflammatory EC phenotype by improving GCX health. It also 

presents a clinical application where GCX health can be improved, helping decrease EC 

inflammation and subsequently the risk of cardiovascular disease in patients with type 2 

diabetes. 
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Chapter 7: Conclusions 

In conclusion, the work presented in this thesis demonstrated that disruption of the GCX 

resulted in an attenuated EC response to WSSGs, Chapter 3 and 4. It was also observed that 

regrowing this structure returned normal function to ECs as shown in Chapter 5. These findings 

support the hypothesis that the GCX plays a pivotal role in mechanotransduction of WSSGs. 

Further, the studies in Chapter 3 and 4 concluded that the GCX is focally shed in regions of 

WSSGs which mimicked the complex fluid dynamics in regions of the vasculature. The 

proinflammatory environment which is created in regions of disturbed flow is therefore 

intimately linked with GCX health, highlighting the importance of finding novel ways to protect 

this structure. This thesis demonstrated that EMPA, a drug designed for glycemic control in type 

2 diabetics, may be one such strategy, as EMPA pleiotropically promotes an anti-inflammatory 

EC phenotype by improving GCX health.  

Taken together, the work presented in this thesis highlights the role that the GCX plays in 

mechanotransduction and how regulation of this structure is vital to vascular health. 

Investigating new strategies to improve GCX health, such as drugs like EMPA, will provide 

researchers and clinicians effective tools to help prevent and treat cardiovascular disease.  
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Chapter 8: Future Work 

The findings in this thesis provide a better understanding of the link between WSSGs and EC 

inflammation, however, they don’t fully describe the fundamentals of this phenomenon. 

Although the WSSGs in this thesis are physiologically relevant, the “dose” response of specific 

WSSG magnitudes on EC response could provide a more in-depth description. Models should be 

developed capable of creating larger regions of specified WSSGs which can be varied based on 

simple flow rate or design changes. Not only could phenotypical changes such as morphology, 

GCX abundance and adhesion be quantified, but this could provide a larger pool of HAAECs 

under a specific flow condition so more compete analysis such as RNA and protein expression 

could be collected. This more specified approach should be done in conjunction with studies 

determining the pathways involved in GCX shedding. Including targeted inhibitors or gene 

silencing could provide a more detailed description of the role MMPs play and specify the 

molecules that are responsible for the disruption of different GCX components. Further, the 

“washdown effect” that was observed downstream of WSSGs in the stenosis and curved 

models could be better defined with these experiments. 

The determination of GCX disruption and shedding is pivotal to this research so a more accurate 

way to measure this could increase the impact of findings. On the cell-surface level, a better 

way of imaging HS such as TEM using the RF/FS technique developed by Ebong et al [36] could 

prove to be more accurate than using immunofluorescence. LCMS quantification of HS has also 

been implemented which shows promise for future development [183]. Determining levels of 

HS in the media could also allow for a better description of the observed GCX shedding. Several 
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methods exist which could be implemented such as the use of enzyme-linked immunosorbent 

assays (ELISAs) as well as commercially developed mix-and-read assays specific to HS [184-187].  

Work with EMPA is still in the early stages and needs to be advanced to elucidate how it 

improves cardiovascular outcomes. Although this thesis has strong evidence that EMPA helps 

promote GCX health, it is still unclear the mechanism that is responsible for this. Studies to 

investigate the ability of SGLT-2 inhibitors to alter the cell membrane and extracellular matrix 

should be a focus moving forward. 

The evidence in this thesis that the GCX is intimately involved in the progression and initiation 

of atherosclerosis highlights the importance of better understanding this dynamic structure. As 

medical technologies advance, treatment strategies can be refined to hopefully slow or even 

prevent the development of atherosclerosis, helping to save millions of lives.  
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