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ABSTRACT 

 

 Atherosclerosis is an inflammatory disease of the arteries that develops preferentially in 

regions where shear stress, caused by blood flowing within the lumen of the vessel, is 

disturbed. Recent evidence demonstrates focal fibronectin (FN) expression in the sub-

endothelial layer in pre-atherosclerotic and advanced lesions. We have found that atheroprone 

shear stress promotes FN deposition and inflammatory signaling pathways in endothelial cells 

(ECs). Recently, our lab discovered that EC platelet endothelial cell adhesion molecule-1 

(PECAM), which is important for sensing biomechanical stresses, is necessary for the 

production, secretion, and assembly of the FN-rich matrix in atheroprone regions.  

 Similar to ECs, underlying vascular smooth muscle cells (SMCs) also display a pro-

inflammatory phenotype in regions of atherogenesis, which is a key feature involved in the 

development of atherosclerosis. Our lab has designed a novel in vitro system that applies 

human-derived shear stresses to ECs, which are co-cultured with underlying SMCs. This allows 

for molecular manipulation of individual cell types, while permitting the study of the inherent 

signaling cross-talk between ECs and SMCs. Such an approach is useful because, while 

atheroprone shear stress is known to regulate EC signaling and promote a pro-inflammatory 

environment, the influence of that signaling on SMC phenotype has yet to be investigated.  

 To assess the role of endothelial PECAM and FN signaling in promoting an 

inflammatory SMC phenotype, the co-culture model was exposed to atheroprone hemodynamic 

shear stress. siRNA knockdown of either PECAM or FN in ECs reduced SMC inflammatory 

genes, proteins, and transcription activity. The reduction in SMC inflammation also has the 

functional consequence of reducing monocyte adhesion. When EC FN is knocked down, the 
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inflammatory SMC phenotype was rescued through the addition of exogenous FN to the EC 

media. In addition to an increased inflammatory phenotype in response to atheroprone shear 

stress, SMCs are able to promote inflammation back to ECs. SMC FN was found to regulate 

EC inflammatory transcription activity and adhesion protein expression. 

 Next, the role of secreted proteins in signaling inflammation from ECs under 

atheroprone shear stress to SMCs was determined. Cell media collected from EC PECAM and 

FN knockdown experiments was able to differentially regulate SMC inflammation without the 

physical presence of ECs. A co-culture recovery experiment confirmed the ability for 

conditioned media from a control experiment to restore SMC inflammation despite EC FN 

knockdown. Media was then screened with a multiplexing approach for secreted cytokines 

differentially regulated by FN. Of the 19 cytokines measured, 12 were significantly inhibited 

by the knockdown of EC FN. In particular, GRO-  was found to increase SMC inflammation 

in a FN-dependent manner. This study supports the importance of cytokine signaling in 

promoting an atheroprone SMC phenotype downstream of the endothelial PECAM and FN 

pathway. 

 Finally, the atheroprotective role of Kruppel-like factor 4 (KLF4) in the endothelium 

was investigated. Anti-inflammatory and anti-thrombotic factors were previously shown to be 

under the regulation of the transcription factor KLF4. To study the role of KLF4 in establishing 

an atheroprotective phenotype, mono-cultured ECs were exposed to hemodynamic shear stress. 

KLF4 had increased expression under atheroprotective shear stress compared to atheroprone. 

Overexpression of KLF4 conferred an atheroprotective EC phenotype even when exposed to an 

atheroprone shear stress environment. In contrast, knockdown of EC KLF4 resulted in a pro-

inflammatory and pro-thrombotic gene program despite exposure to atheroprotective shear 
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stress. Therefore, the atheroprotective environment is not simply an absence of atheroprone 

stimulation, but actively promotes anti-atherogenic signaling pathways. 
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CHAPTER 1. SPECIFIC AIMS 

1.1 Specific Aim 1 

To determine the role of endothelial Platelet Endothelial Cell Adhesion Molecule-1 signaling in 

regulating smooth muscle cell atheroprone phenotype.  

 

 PECAM is a mechanosensory protein important for the initiation and progression of 

atherosclerosis. PECAM promotes inflammatory signaling pathways in ECs in response to 

atheroprone hemodynamic shear stress. Using a co-cultured EC/SMC system, our lab has 

shown that SMCs switch to an inflammatory phenotype when overlying ECs are exposed to 

atheroprone shear stress compared to atheroprotective. In order to determine the role of EC 

PECAM in signaling SMC inflammation, the co-culture model was exposed to either 

atheroprone or atheroprotective shear stress. PECAM protein was knocked down in ECs using 

an siRNA approach, and changes to the SMC phenotype were measured through gene 

expression, protein expression, and inflammatory NF- B activity. 

 

The hypothesis of this Aim is: 

Atheroprone flow-induced inflammatory phenotype in SMCs is dependent on the 

expression and signaling of endothelial cell PECAM. 
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1.2 Specific Aim 2 

To determine the regulatory role of the matrix protein fibronectin in promoting endothelial and 

smooth muscle cell atheroprone phenotypes. 

  

 The matrix protein FN has been implicated in the development of atherosclerosis. FN 

has increased deposition in atheroprone regions in vivo, and promotes inflammatory signaling 

pathways in vitro. In Aim 1, we discovered that FN expression is upregulated in both ECs and 

SMCs under atheroprone hemodynamics. To study the role of FN deposition in promoting EC 

and SMC inflammation, the co-culture model was exposed to atheroprone hemodynamic shear 

stress. FN protein was knocked down in ECs using siRNA, and changes to the SMC phenotype 

were measured through gene expression, protein expression, and NF- B activity. Functional 

changes to the SMC phenotype were measured by a monocyte adhesion assay. A rescue 

experiment with exogenous FN added to EC media was used to assess the ability for ECs to 

reincorporate FN into their matrix and resume inflammatory signaling. Finally, FN protein was 

knocked down in SMCs, and changes to the EC phenotype were measured to assess a potential 

positive-feedback signaling mechanism. EC protein markers and NF- B activity were used to 

assess the level of EC inflammation.   

 

The hypothesis of this Aim is: 

FN expression in both ECs and SMCs acts as a positive regulator of inflammation. 
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1.3 Specific Aim 3 

To determine the role of secreted proteins in promoting smooth muscle cell atheroprone 

phenotype. 

 

ECs and SMCs produce and respond to secreted proteins, making these short-range 

mediators a potential signaling mechanism between ECs and SMCs downstream of the 

PECAM/FN pathway. To study the proteins secreted in our co-culture system, cell media was 

collected from EC siPECAM and siFN atheroprone experiments. To determine whether 

differences in secreted proteins from control versus knockdown conditions would change the 

inflammatory response in SMCs, static SMCs were treated with conditioned media from these 

experiments. SMC NF- B activity was used as a measure of the SMC inflammatory response. 

Next, a recovery experiment was performed to study the effect of conditioned media in the co-

culture system in real-time. ECs treated with siFN to knockdown FN expression were exposed 

to factors secreted from a non-siRNA control experiment. SMC NF- B activity was then used 

to measure the restoration of the SMC inflammatory phenotype. To screen media for secreted 

cytokines differentially regulated by FN, a multiplexing approach was used. Of the cytokines 

measured, highly expressed cytokines were then tested individually for their ability to induce 

SMC NF- B activity.  

 

The hypothesis of this Aim is: 

Secreted proteins downstream of the PECAM/FN pathway modulate Atheroprone 

phenotypes. 
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1.4 Specific Aim 4 

To determine the role of endothelial Kruppel-like Factor 4 in establishing an atheroprotective 

endothelial phenotype. 

 

 KLF4 is a transcription factor with a suggested atheroprotective role in the endothelium. 

Overexpression of KLF4 in vitro induces anti-inflammatory and anti-thrombotic factors such as 

eNOS and thrombomodulin. The physiologic role of KLF4 in atherosclerosis has not been 

elucidated. To study the role of KLF4 in establishing an atheroprotective phenotype, mono-

cultured ECs were exposed to either atheroprotective or atheroprone hemodynamic shear stress 

that mimics human physiology. EC gene and protein expression was used to measure the 

resulting EC phenotype. Next, the role of KLF4 overexpression was assessed through 

adenovirus containing KLF4 or empty vectors. ECs overexpressing KLF4 were subjected to 

atheroprone hemodynamics to test whether KLF4 could promote an anti-inflammatory EC 

phenotype despite the shear stress environment. Finally, ECs with KLF4 inhibited through 

siRNA were subjected to atheroprotective hemodynamics. EC gene expression was then used 

to measure whether loss of KLF4 would lead to an inflammatory EC phenotype despite the 

protective shear stress environment.       

 

The hypothesis of this Aim is: 

Atheroprotective-induced KLF4 expression reduces EC inflammation, and high levels of 

KLF4 promote an atheroprotective phenotype in atheroprone flow conditions. 



 15 

CHAPTER 2. BACKGROUND AND SIGNIFICANCE 

2.1 Atherosclerosis 

 Atherosclerosis is a chronic inflammatory disease of the large and medium-sized 

arteries that represents a leading cause of death worldwide. It is characterized by the 

development of plaques in the blood vessel wall, leading to vessel thickening and potentially 

thrombosis (see reviews
1, 2

). The arterial wall contains three layers: the tunica intima at the 

luminal interface is lined by a monolayer of ECs, the underlying tunica media contains SMCs 

surrounded by extracellular matrix, and the outermost adventitia contains mast cells and 

microvessels.  

The earliest precursor of atherosclerosis is the “priming” of the endothelium towards an 

“activated” or pro-inflammatory state by regional shear stresses. “Priming” by region-specific 

blood flow patterns in combination with other factors including presence of modified 

lipoproteins, hypertension, and pro-inflammatory cytokines, can further “activate” the 

endothelium. “Activated” ECs express adhesion molecules that allow adherence of circulating 

leukocytes and secrete chemoattractant proteins that enhance the recruitment and migration of 

bound leukocytes into the intima. Together, these actions result in an accumulation of 

monocytes (the most prevalent inflammatory cell in plaques) in the intima where they 

differentiate into macrophages. The “activated” endothelium also has increased permeability to 

low-density lipoprotein (LDL). This is the first visible sign of atherosclerosis, termed the fatty 

streak. The progression of atherosclerosis from a fatty streak begins with the accumulation of 

LDL in the vessel wall, where if it is not removed, becomes biochemically modified/oxidized. 

Oxidized LDL further inflames the ECs and is endocytosed by resident macrophages. These 

lipid-laden macrophages (known as foam cells due to the appearance of their lipid vacuoles) 
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attempt to remove pro-inflammatory oxidized LDL, however, this mechanism can become 

overwhelmed leading to foam cell apoptosis. Inefficient clearance of these dead cells results in 

the formation of a lipid-rich necrotic core in the developing plaque. 

As the atherosclerotic lesion progresses, SMCs migrate from the media to the intima in 

an attempt to contain the growing lesion and necrotic core. In the intima, the SMCs proliferate 

in response to growth factors and secrete an extracellular matrix of collagen and elastin, 

forming a fibrous cap on the luminal side of the plaque. The composition of this cap is 

influenced by resident cells and is important in determining the vulnerability of the plaque to 

rupture. Inflammatory cells present in the lesion produce proteases that degrade the 

extracellular matrix and mediators that inhibit SMC matrix production. In contrast, calcification 

of the plaque by pericyte-like cells works to stabilize the lesion.  

If the plaque remains stable, arterial wall thickening can reduce blood flow leading to 

tissue ischemia or angina. If the plaque is not stabilized, the fibrous cap may rupture exposing 

the contents of the necrotic core to circulating blood, which triggers blood coagulation. The 

resulting thrombus may obstruct blood flow locally or creates an embolism distally leading to 

heart attack or stroke. Since the outcome of both stable and unstable advanced lesions results in 

clinical manifestations, understanding the mechanisms during the initial development of 

atherosclerosis may provide an opportunity to address this global health problem 

therapeutically.  

 

2.2 The Effects of Atheroprone Hemodynamics on Endothelial Function 

The endothelium is a highly active and heterogenic structure that forms the cellular 

lining of blood vessels. In addition to providing a barrier between blood and the surrounding 



 17 

vessel wall, it regulates vasomotor tone
3
, trafficking of nutrients and oxygen

4
, and infiltration 

of blood leukocytes, particularly inflammatory cells
5
. In order to balance these diverse 

functions, the activation state of the endothelium is determined by the integration of many 

different stimuli. The endothelium interacts with circulating blood and inflammatory cells, 

soluble factors, extracellular matrix proteins in the vessel wall, and surrounding SMCs while 

being subjected to pressure, stretch, and shear stress
6
. Perturbations to a variety of these stimuli 

can disturb the homeostasis of the endothelium leading to activation and downstream 

atherosclerosis. 

While atherosclerosis is associated with a variety of risk factors, including age, family 

history, obesity, and diet, this complex disease is found to develop preferentially in regions of 

disturbed hemodynamic shear stress
7-9

. Disturbed, or atheroprone, shear stress is found at 

vessel branch points and regions of high curvature characterized by low, oscillatory flow
10, 11

. 

In contrast, high non-reversing flow is atheroprotective. The inflammatory response is tightly 

regulated by individual frequency harmonics contained within the atheroprone shear stress 

waveform, emphasizing the importance of using human-derived waveforms for the study of 

human atherogenesis
12

. Understanding the differences in molecular signaling caused by these 

flow patterns is key to understanding the initiation of atherosclerosis, and to identifying early 

prevention targets. 

ECs are able to distinguish between atheroprotective and atheroprone shear stress 

signals. Atheroprotective shear stress induces EC alignment
7
 and activates anti-inflammatory 

and anti-thrombotic pathways through transcription of endothelial NOS (eNOS)
9
, Kruppel-like 

factor 2 (KLF2)
13, 14

, and NRF2-dependent anti-oxidative stress genes such as Hemooxygenase-

1 (HO-1)
15

 and manganese superoxide dismutase (MN-SOD)
16

.  Conversely, atheroprone shear 
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stress induces inflammatory transcription factors such as nuclear factor kappa B (NF- B)
7
, and 

T-cell specific transcription factor (TCF)
17

. ECs exposed to atheroprone shear stress express 

increased monocyte adhesion molecules such as E-selectin
18

, vascular cell adhesion molecule-1 

(VCAM)
19

, and intercellular adhesion molecule-1 (ICAM)
20

, and secrete inflammatory 

cytokines involved in monocyte trafficking such as interleukin 8 (IL-8), interleukin 6 (IL-6)
21

, 

growth-related oncogene  (GRO )
22

, monocyte chemoattractant protein-1 (MCP-1)
23

, vascular 

endothelial growth factor (VEGF)
24

, and bone morphogenic protein 4 (BMP-4)
25

. This results 

in a preferential accumulation of monocytes in atheroprone regions
26-28

.  

Other endothelial functions are also perturbed under atheroprone shear stress, leading to 

an inflammatory EC phenotype. ECs under atheroprone shear stress show increased 

proliferation and do not align in the direction of flow
29

. Vasomotor activity is shifted towards 

SMC contraction due to a decrease in eNOS and increase in endothelin-1 (ET-1) compared to 

steady atheroprotective flow
30, 31

. Disturbed shear stress induces inflammation by increasing 

NADPH oxidase production of reactive oxygen species
32

. Atheroprone flow leads to p21-

activated kinase (PAK) phosphorylation and recruitment to cell-cell junctions which elevates 

endothelial permeability in vitro
33

 and in mouse atheroprone regions in vivo
34

. The combination 

of these hemodynamic-induced changes results in an endothelium that is chronically inflamed 

and primed for disease development. 

 

2.3 PECAM in Shear Stress Mechanotransduction 

The endothelium responds to changes in fluid shear stress through the conversion of 

mechanical forces to biochemical signals (mechanotransduction)
35

. Mechanotransduction has 

been proposed to occur via integrins, the glycocalyx, G-proteins, caveolae, cytoskeletal and 
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junctional proteins (see review
36

). Of particular interest is a mechanosensory complex
37

 located 

at cell-cell junctions composed of platelet endothelial cell adhesion molecule-1 (PECAM), 

vascular endothelial-cadherin (VE-cadherin), and vascular endothelial growth factor receptor 2 

(VEGFR2), that activates downstream integrins
38

 and NF- B
39

. PECAM is thought to be the 

“mechano-sensor” of the complex since it is tyrosine phosphorylated by direct tension applied 

through magnetic antibody-coated beads
40

, and is activated within seconds of force 

application
41, 42

.  

PECAM is a transmembrane glycoprotein with six extracellular Ig folds and two 

intracellular immunoreceptor tyrosine inhibitory motifs (ITIM). When PECAM is 

phosphorylated by Src family kinases, its ITIM acts as a docking site for the Src homology 2 

domain of SHP-2
43, 44

. PECAM and SHP-2 activity are required for downstream extracellular 

signal-regulated kinase (ERK) activation under shear stress
45

, and are associated with the 

transactivation of VEGFR2
46

. Tyrosine phosphorylation of PECAM also modulates the shear 

stress-induced phosphorylation of Akt, eNOS, and downstream nitric oxide (NO) production
47

 

and is associated with increased NF- B activity in atheroprone regions
12, 48

. PECAM is 

required for Src activation and downstream phosphatidylinositol-3-OH kinase (PI3K) 

phosphorylation, which triggers integrin v 3 activity and NF- B activity
37

. PECAM-dependent 

PI3K activation also activates the small GTPase RhoA to facilitate cell alignment through 

cytoskeletal changes and growth of focal adhesions
49

. These results establish the role for the 

mechanosensory complex in activating integrins, NF- B activity, and NF- B-dependent 

inflammatory genes involved in the development of atherosclerosis (ICAM, VCAM).   

Mouse models of atherosclerosis have revealed PECAM’s role in atherosclerotic lesion 

formation. Indeed, translocation of the NF- B subunit, p65, is lost in atheroprone regions of 



 20 

PECAM
-/-

 mice compared to their wild type (C57B6) controls
37

 illustrating the importance of 

PECAM in early “priming” events of the endothelium. Wild type mice (C57B6) do not develop 

atherosclerosis, but knocking out apolipoprotein-E (ApoE
-/-

) impairs lipid metabolism leading 

to the development of lesions in areas of disturbed shear stress similar to humans
50

. ApoE
-/- 

PECAM
-/-

 mice have reduced VCAM and ICAM expression, macrophage infiltration into the 

vessel wall, and atherosclerotic lesion size compared to ApoE
-/- 

in the lesser curvature of the 

aortic arch (an atheroprone region)
51, 52

. In LDLR
-/-

 mice, PECAM
-/-

 had atheroprotective 

effects in the lesser curvature of the aortic arch, but atheroprone effects in the atheroprotective 

region of the descending aorta
53

. Therefore, the mechanical sensing of PECAM
 
has both pro- 

and anti-atherogenic roles, but the pro-atherogenic role dominates in atheroprone hemodynamic 

regions.  

 

2.4 Fibronectin and Atherogenesis 

FN is a multifunctional extracellular matrix glycoprotein, which is usually present as a 

dimer of two subunits linked by disulfide bonds at their C-termini. Human cellular FN has up 

to 20 different variants, caused by alternative splicing of the exons in a single FN pre-mRNA
54

. 

In addition to many FN-FN binding sites for fibrillogenesis, FN is a ligand for at least a dozen 

integrins, heparin, fibrin, and collagen (see review
55

). This diverse array of differentially 

regulated binding capabilities drives FN involvement in tissue formation, maintenance, and 

remodeling through the promotion of cell adhesion, motility, matrix formation, and cytoskeletal 

organization
56

. It is widely expressed and necessary for vertebrate development, with FN
-/-

 mice 

showing early embryonic lethality
57

. It is also important to vascular remodeling, where FN is an 

important regulator of carotid intima and media thickening and SMC phenotypic modulation
58

. 
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Vascular SMCs strongly adhere to FN-coated beads in an integrin-dependent manner, forming 

focal adhesions and generating myogenic forces, while collagen type I, laminin, and vitronectin 

matrix proteins fail to induce a response
59

. 

FN is of particular interest because recent evidence has shown preferential FN 

deposition in the sub-endothelial layer in pre-atherosclerotic and mature atherosclerotic lesions 

in humans
60-63

 and animals
64,65

. Pre-atherosclerotic FN is found in both atherosclerosis-resistant 

C57/B6 mice on a normal chow diet and in hypercholesterolemic ApoE
-/-

 mice on a high fat 

Western diet. In the SMC-containing neointima and media layers, a FN rich matrix is observed 

in atheroprone regions of ApoE
-/-

 mice, compared to atheroresistant regions
66

. Likewise, FN is 

present in the neointima and media of the lesser curvature and carotid bifurcation (atheroprone 

region) in aortas of C57/B6 mice, as opposed to the greater curvature and common carotid 

artery
66

.  

In addition to focal deposition in atheroprone regions, FN has also been linked to 

inflammatory pathways in vitro. Orr et al. found that ECs plated on FN are capable of 

regulating the pro-inflammatory transcription factor NF- B, while ECs plated on collagen or 

laminin are not
64

. This response is dependent on the activation of p21-activated kinase (PAK) 

in response to shear stress for ECs plated on FN, but not on collagen
33

. PAK also regulates 

endothelial permeability in a FN-dependent manner
67

. The focal deposition of FN was found to 

depend on the hemodynamic environment. FN deposition is induced by atheroprone flow but 

not atheroprotective flow in vitro. FN deposition promotes NF- B activation and creates a 

positive feedback loop that maintains inflammation
48

. This FN deposition by ECs is dependent 

on flow sensing by PECAM in vivo and in vitro
48

. Therefore, the mechanotransduction of 
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atheroprone shear stresses via PECAM promotes atherosclerosis in part by regulating focal 

deposition of FN and activation of NF- B. 

 

2.5 Smooth Muscle Cell Phenotype 

During the development of an atherosclerotic lesion, SMCs undergo vast phenotype 

changes. These changes have been classically reduced to a “phenotypic switch” from a normal, 

contractile phenotype to a proliferative, synthetic one. This switch is a response to changes in 

the SMC’s local environment such as mechanical forces, growth factors, and interactions with 

extracellular matrix and with other cells (see reviews
68, 69

). In their contractile, quiescent 

phenotype, vascular SMCs regulate blood vessel tone with low proliferation, expression of 

contractile proteins, calcium regulatory proteins, and ion channels required for force 

generation. The differentiated contractile phenotype is specifically marked by smooth muscle 

-actin (SM A), smooth muscle myosin heavy chain (SM MHC), and myocardin. In response 

to vascular injury, SMCs switch to a synthetic phenotype that is highly proliferative and 

migratory in order to aid in vascular repair. The synthetic phenotype may show increased 

proliferation markers (e.g. Cyclins), decreased SM A and SM MHC, rounding of the cell from 

its usual elongated morphology, and changes to its calcium handling. However, this two-state 

model is too binary to adequately explain the variety of phenotypes displayed by the SMC.  

In atherosclerosis, SMCs display an inflammatory phenotype rather than a simply 

contractile or synthetic phenotype. The inflammatory SMC phenotype is characterized by a 

decrease in markers of contractility, an increase in proliferation and migration, and expression 

of inflammatory genes
70

. Inflammatory NF- B activity in SMCs is observed in atherosclerotic 

lesions in vivo
71

, and VCAM is expressed in SMCs in both the intima and media of regions of 
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intimal thickening
72

. SMC expression of VCAM has also been associated with nuclear factor of 

activated T cells (NFAT) transcriptional activation
73

, which is known to induce proliferation 

and cell migration
74, 75

. JAK-STAT signaling may also be involved in the inflammatory SMC 

phenotype due to its increased expression after vascular injury
76

 and necessity during 

angiotensin II stimulated proliferation and migration
77, 78

. In response to pro-inflammatory 

cytokines found in atherosclerotic lesions, SMCs increase their own expression of MCP-1 

which promotes recruitment of monocytes to the growing plaque
79

. Also in response to 

atheroprone conditions, SMCs increase expression of matrix proteins, such as FN
80

 (which 

transiently activates NF- B activity
81

) and collagen I (which reduces SMC differentiation in its 

monomeric form
73, 82

). While this phenotype may be advantageous in advanced atherosclerotic 

lesions due to its promotion of stable fibrous caps, it works to further inflame the vessel wall 

during the early stages of atherosclerosis. The switch from a contractile to an inflammatory 

phenotype plays an important role in the initiation of atherosclerosis, and much remains 

unknown about the environmental cues that control it.  

Previous studies have investigated the communication between ECs and SMCs using 

co-culture models, either under static conditions or in parallel plate flow chambers that provide 

a constant shear stress. Chiu et al. demonstrated an anti-inflammatory effect of SMC on EC 

under shear stress. mRNA expression of ICAM, VCAM, and E-selectin in static ECs was 

increased when co-cultured with SMCs, but decreased when the co-culture was subjected to 

laminar shear stress
83

. The same group found a similar anti-inflammatory role for laminar shear 

stress in the co-culture system through the inhibition of NF- B activation
84

, and through the 

activation of PPAR-alpha/delta to induce a contractile SMC phenotype
85

. Truskey et al. have 

used EC/SMC co-culture in the area of tissue-engineering, and showed that cells in co-culture 
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express less thrombogenic tissue factor than in monoculture and that SMCs express more 

contractile calponin in co-culture
86

. ECs receive anti-inflammatory feedback when in direct 

contact with SMCs, with decreased adhesion molecules and increased KLF2 expression under 

flow or TNF-  treatment compared to monoculture
87

. This evidence points to the value of co-

culture studies in understanding both EC to SMC and SMC to EC signaling mechanisms. 

While valuable information has been obtained from these co-culture models, the 

difference between atheroprone and atheroprotective flow patterns may be more relevant to the 

development of atherosclerosis than that of static and steady flow patterns
7, 8

. In order to study 

the influence of EC signaling over SMC phenotype in atherosclerosis, our group developed a 

novel co-culture model
88

, which applies human-derived shear stress patterns to ECs that are 

cultured above a layer of SMCs (Figure 1). A porous membrane separates the two cell types, 

allowing for signaling cross-talk, as well as molecular manipulations to either cell type. 

Signaling between ECs and SMCs is difficult to study in intact arteries, making this model 

especially useful in determining how cross-talk modulates the SMC phenotype. Our model has 

successfully shown that shear stress applied only to the ECs alters SMC phenotype in 

agreement with phenotypes classically defined in atherosclerosis in human arteries
88

. Similar to 

in vivo vessel physiology, ECs align in the direction of flow, whereas SMCs align 

perpendicular to flow. Inflammatory VCAM expression (and other pro-inflammatory proteins) 

is increased in both ECs and SMCs in response to atheroprone flow.  Additionally, our model 

was used to demonstrate a role for the cytokine interleukin-8 to limit VCAM expression, 

thereby limiting further inflammation via EC SMC cross communication
72

.  
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Figure 1. Measurement and recapitulation of atheroprotective and atheroprone blood flow in human 

carotid arteries. (A) Blood flow was measured using MRI in the internal carotid sinus (ICS, red arrow) and 

the common carotid artery (CCA, white arrow). (B) Shear stress waveforms for atheroprotective and 

atheroprone flow over time, as applied to the EC surface. (C) Schematic of the cone and plate flow device. 

(D) Plating timeline and schematic of cone applying shear stress to co-culture plate.  

 

2.6 Secreted Protein Signaling 

 ECs and SMCs are able to produce and respond to secreted proteins (e.g., cytokines, 

chemokines, growth factors), making these short-range mediators a potential signaling 

mechanism between the two cell types. While ECs may influence inflammation in underlying 

SMCs through various mechanisms such as cadherins
89

, connexins
90

, gases
91

, microRNAs
92

 

and matrix proteins
93

, secreted proteins are of particular interest because a variety of pro-

inflammatory cytokines have been found in atherosclerotic plaques
94

. Cytokines can be 

grouped into several classes, including interleukins (IL), colony-stimulating factors (CSF), 

interferons (IFN), growth factors (GF), and chemokines. They affect a full range of biological 

     Time 0                2-48 hrs                48 hrs              72-96 hrs               96 hrs 

 SMC plated           Incubated            EC plated       Shear applied     Cells harvested 

A B C 

D 
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process spanning from embryonic development to immunology to cancer
21

, but are especially 

important in regulating inflammatory responses.  

Secreted proteins have been implicated in both the response to shear stress and the 

phenotype modulation of SMCs. Shear stress is known to differentially regulate EC secretion of 

IL-1, IL-6
95

, and IL-8
96, 97

. Low shear stress upregulates MCP-1, GRO-  and fractalkine in an 

in vivo mouse model
98

, and in in vitro flow models
22, 99

. Aortic SMCs treated with MCP-1 in 

vitro have a less differentiated phenotype with decreased SM A
100

. Shear stress also induces 

EC secretion of IL-1 and PDGF-BB to stimulate SMC migration in vitro via MAPK 

pathways
101

. The PDGF isoform AA stimulates arterial SMCs proliferation in vitro, through 

enhanced phosphorylation of ERK1/2 and Akt
102

. These results provide potential mechanisms 

for EC to SMC signaling in response to shear stress. 

 

2.7 Anti-atherogenic Role of Kruppel-like Factor 4 

In contrast to the inflammatory NF- B pathway through PECAM, anti-atherogenic 

signals can be initiated by atheroprotective shear stress in an effort to maintain vessel 

homeostasis. One factor of interest is the zinc-finger family transcription factor Kruppel-like 

factor 4 (KLF4). KLF4 is expressed in endothelial cells in vitro and in vivo
103

, and is induced 

by laminar shear stress
104

. It promotes quiescence in EC by inducing eNOS and 

thrombomodulin (TM), and by repressing the p65-mediated activation of NF- B and 

expression of downstream VCAM and plasminogen activator inhibitor (PAI-1). KLF4 also has 

the functional effect of decreasing monocyte adhesion to TNF -activated ECs
103

. When the 

anti-inflammatory KLF2 is inhibited in a KLF2
+/-

 ApoE
-/-

 mouse, KLF4 mRNA expression 

increases, potentially as a compensation mechanism to prevent inflammation
13

. These 
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observations suggest an atheroprotective role for KLF4, which we can test using our 

physiologic shear stress patterns. We hypothesize flow-induced KLF4 expression reduces EC 

inflammation, and that high levels of KLF4 promote an atheroprotective phenotype under 

atheroprone flow conditions. 

 

2.8 Central Hypotheses of the Dissertation 

 The activation of an inflammatory EC phenotype by hemodynamic shear stress is 

crucial to the development of atherosclerosis. While shear stress is known to regulate EC 

signaling, the influence of that signaling on the SMC phenotype is largely unknown. The 

overall goals of this dissertation are to 1) investigate the role of hemodynamic regulated EC 

signaling pathways in modulating the SMC inflammatory phenotype and to 2) test the ability of 

KLF4 to inhibit EC inflammation. The central hypotheses of this work are: 

1. We hypothesize that mechanical sensing by the PECAM/FN pathway in 

endothelial cells regulates the smooth muscle cell inflammatory phenotype. 

2. We hypothesize that KLF4 promotes an atheroprotective endothelial phenotype. 

 

These hypotheses will provide the following specific advancements to the field: 

• A new appreciation for the ability of shear stress to drive underlying SMC phenotype, 

and for that SMC phenotype to further advance inflammation in the atheroprone 

environment   

• Evidence that KLF4 is a potent inhibitor of shear stress driven inflammation in ECs
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CHAPTER 3. MATERIALS AND METHODS  

3.1 Cell Culture 

Primary human ECs were purchased from Lonza, Vec Technologies, Cell Applications 

Inc., or isolated from umbilical cord veins (HUVEC) and expanded as previously described
105

. 

Tissue procurement was approved by the Human Investigation Committee of the Martha 

Jefferson Hospital System (IRB Approval #0179). ECs were cultured and passaged in M199 

media supplemented with 10% fetal bovine serum (FBS; Hyclone), 2mM L-glutamine (Gibco), 

5 g/ml endothelial cell growth supplement (ECGS; Biomedical Technologies), 10 g/ml 

heparin (Sigma), and 100 U/ml penicillin-streptomycin (Invitrogen), and were used between 

passage 2 and 3.   

Human umbilical vein SMCs (Cell Applications, Inc) were grown and passaged in 

smooth muscle cell growth medium (Cell Applications, Inc). SMCs were plated onto a 1% 

gelatin-treated membrane of a 75-mm-diameter transwell co-culture dish (Corning), which was 

inverted, at a density of 40,000 cells/cm
2
 for 2 hours. The transwell was then placed back into 

its supporting dish with low serum media (M199 supplemented with 2% FBS, 2mM L-

glutamine, and 100 U/ml penicillin-streptomycin) for 48 hours. ECs were then plated on the top 

surface of the gelatin-treated transwell membrane at a density of 80,000 cells/cm
2
 in low serum 

media for 24 hours.      

The Blackman lab has validated that experiments with human umbilical vein ECs and 

SMCs produce similar results to those with human aortic EC and SMCs. Therefore due to high 

cost of purchasing aortic endothelial cells and our publication history using this model
72, 88, 106

, 
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we choose to continue to use EC and SMC from human umbilical veins as a valid and proven 

model. 

 

3.2 In Vitro Hemodynamic Flow Model 

Our lab developed a novel co-culture in vitro model where arterial flow patterns 

measured directly from the human circulation with high resolution MRI are applied to human 

ECs
88

. Flow profiles from the human common carotid artery (CCA) and internal carotid sinus 

(ICS) provide atheroprotective and atheroprone shear stress patterns, respectively (Figure 1). 

Regional shear stress patterns (either atheroprone or atheroprotective) are applied to the EC-

layer in a pulsatile manner with a flow device consisting of a cone-and-plate viscometer driven 

by a controllable motor (Figure 1C). The flow device provides continuous media exchange to 

both cell layers, maintains physiological temperatures (37°C), and controls humidity and CO2. 

Cell media for flow experiments has low serum (2% FBS) and 4% Dextran (Sigma) by weight 

to increase viscosity to a physiologic level of 4cP. In experiments with exogenous FN, EC flow 

media was supplemented with 10μg/mL FN for the last 8 hours of the experiment (Invitrogen). 

All experiments are conducted for 24 hours. 

For Aim 4, a similar monoculture in vitro model is used. The same shear stress patterns 

are applied to a confluent monolayer of ECs plated in a flat 10cm dish as previously 

described
105

. Media, temperature, humidity and CO2 are controlled as above. 

 

3.3 Western Blotting 

Protein samples were lysed directly on the membrane or culture dish in MAPK sample 

buffer with 50mM DTT. After gel electrophoresis, samples were transferred to a nitrocellulose 
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membrane using an iBlot system (Invitrogen). Western blotting is performed using the LiCor 

Odyssey system to measure relative FN (BD, 1:1000), VCAM (Santa Cruz, 1:500), SM A 

(Sigma, 1:1000) and PECAM (Santa Cruz, 1:750) protein normalized to -tubulin (Sigma, 

1:1000) to control for loading. 

 

3.4 RNA Isolation and Real-Time RT-PCR Analysis 

On completion of flow experiments, cells were immediately collected in cold DPBS. 

Total RNA was extracted using the PureLink Kit (Life Technologies) and reverse transcribed to 

cDNA using the iScript cDNA Synthesis kit (Bio-Rad). Primer sequences for genes studied are 

shown in Table 1. Genes were assayed in duplicate using real-time reverse transcriptase 

polymerase chain reaction (RT-PCR) with SYBR Green (Bio-Rad). Gene expression levels 

were normalized to the control gene -2-microglobulin (B2M).  

Gene Name Sense Primer Anti-sense Primer 

2-

microglobulin 

AGCATTCGGGCCGAGATGTCT CTGCTGGATGACGTGAGTAAACCT 

COX-2 CTGCTCAACACCGGAATTTT GAGAAGGCTTCCCAGCTTTT 

eNOS CTCCATTAAGAGGAGCGGCTC CTAAGCTGGTAGGTGCCTGTG 

E-Selectin AATCCCAGTTTGTGAAGCTTTCCA GCCAGAAGCACTAGGAAGACAATT 

Fibronectin AACGATCAGGACACAAGGAC CCTCTCACACTTCCACTCTC 

KLF2 CACCGACGACGACCTCAACA CGCACAGATGGCACTGGAAT 

KLF4 GGCCAGAATTGGACCCGGTGTAC GCTGCCTTTGCTGACGCTGATGA 

PAI-1 GAGGTGCCTCTCTCTGCCCTCACCAACATT AGCCTGAAACTGTCTGAACATGTCG 

SMaA CACTGTCAGGAATCCTGTGA CAAAGCCGGCCTTACAGA 

TM CCTCCATGCATCTCATAGCA CGGGTTGTGTGTCTGTTCAC 

VCAM GTTTGTCAGGCTAAGTTACATATTGATGA GGGCAACATTGACATAAAGTGTTT 

Table 1. Gene primer sequences. 
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3.5 siRNA Knockdown of PECAM, Fibronectin, and KLF4 

 For knockdown of PECAM, KLF4, and SMC FN, cells were plated at 60% confluence 

and transfected using 0.87pmol siRNA for scrambled oligonucleotides (D-001810, Thermo 

Scientific), human PECAM (L-017029-00, Thermo Scientific) or human KLF4 (L-005089-00) 

and 52uL of Oligofectamine (Invitrogen) in 6.9mL of OptiMEM-1 (Invitrogen) for 5 hours. For 

knockdown of FN in ECs, cells were plated at 60% confluence and transfected with 1.2pmol 

siRNA for scrambled oligonucleotides or human FN (L-009853-00, Thermo Scientific) and 

52uL of Oligofectamine (Invitrogen) in 6.9mL of OptiMEM-1 (Invitrogen) for 5 hours. Each 

siRNA is a SMARTpool consisting of 4 transcripts mixed together to increase efficiency and 

reduce off-target effects. After 5 hours, cells were flooded with 8mL of M199 growth media 

with 10% FBS. For cells used in co-culture experiments, transfection was performed 24 hours 

before re-plating cells onto the transwell as demonstrated below (Figure 2).  

 

 
Figure 2. Plating timeline for siRNA transfection with co-culture. For experiments with SMC siRNA, 

cells were plated and transfected 24 hours before Time 0. For separate experiments with EC siRNA, cells 

were plated and transfected 24 hours before re-plating into co-culture.  

 

24 hrs 

EC plated & transfected 

24 hrs 

SMC plated & transfected 
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3.6 Viral Infection of Adenovirus NF-kB Luciferase Reporter and KLF4 Overexpression Vector 

ECs and SMCs were infected with 50 MOI adenovirus containing NF- B-luciferase 

reporter (Vector Biolabs), 24 hours before exposure to shear stress. On completion of flow 

experiments, cells were immediately collected in cold DPBS, pelleted, and lysed with 100uL of 

Passive Lysis Buffer (Promega). Cells were passively lysed for 30 minutes at room temperature 

on a rotator, then assayed with Luciferase Assay Reagent (Promega). RLU’s were normalized 

to protein concentration using a Coomassie Plus (Thermo Scientific). 

For viral overexpression experiments, HUVEC were plated at 40,000 cells/cm
2
 and 

infected with 10 MOI adenovirus containing KLF4 or Empty vectors. After 24 hours of 

infection, the adenovirus medium was exchanged with fresh medium. Flow experiments were 

started 48 hours after infection.  

 

3.7 Monocyte Adhesion Assay 

 THP-1 monocyte cells were washed two times in DPBS and re-suspended in RPMI 

media (Gibco) at a concentration of 1E6 cells/mL. THP-1 cells were then labeled with 1ug/mL 

Calcein AM (Life Technologies) at 37°C for 20 minutes before the labeling reaction was 

stopped with additional RPMI. Next, THP-1 cells were washed and re-suspended in M199. On 

completion of flow experiment, media was removed and the transwell was inverted in its dish. 

2.2 million THP-1 cells in 2 mL M199 were then added on top of the SMC layer and incubated 

at 37°C for 20 minutes. After incubation, the transwell was re-inverted before washing two 

times in cold DPBS and fixing with 4% paraformaldehyde for 45 minutes. The transwell 

membrane was then washed four times in DPBS and mounted with DAPI mounting media 

(Life Technologies) between two coverslips. Membranes were imaged with a fluorescence 
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microscope and the number of adhered monocytes was quantified using the ImageJ Particle 

Analyzer (NIH). Number of adhered monocytes was the average count from 10 images taken at 

different locations on the membrane. 

 

3.8 Cytokine Assay 

 Flow experiment media was collected on completion of the flow experiment and stored 

at -80°C before analysis. Cytokines were quantified using a MILLIPEX MAP human cytokine 

magnetic bead panel (HCYTOMAG-60K, EMD Millipore) as described by the manufacturer 

on a MAGPIX system (Luminex). Amount of secreted cytokine was calculated by multiplying 

the measured concentration by the total volume of media collected. 

 

3.9 Receptor Inhibition 

 The selective inhibitor SB 225002 (Cayman Chemical) was used to inhibit the GRO-  

receptor CXCR2. Static SMCs were plated in media with 2% FBS for 24 hours, then serum-

starved during Ad-NF- B-luciferase treatment for 24 hours to reach quiescence. Then, SMCs 

were pre-treated with 50nM SB 225002 or DMSO vehicle control for 2 hours before treatment 

with control or pre-conditioned siControl atheroprone media containing the same concentration 

of SB 225002 or DMSO for 24 hours. On completion of pre-conditioned media treatment, cells 

were processed for NF- B activity as above in Chapter 3.6. 

 

3.10 Data Analysis and Statistics 

 For data normalized to a fold change of 1, statistical significance was determined 

through a 1 or 2-tailed one sample t-test, testing the null hypothesis of the mean ratio equal to 
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1. For non-normalized data, statistical significance was determined through a 1-tailed paired t-

test. All statistics are presented as means ± SE, with significance at P<0.05. 
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CHAPTER 4. ENDOTHELIAL PECAM REGULATES SMOOTH MUSCLE CELL 

PHENOTYPE 

4.1 Introduction 

 Our lab has established that the pathway downstream of EC PECAM is important for 

the initiation and progression of atherosclerosis. PECAM is a mechanosensory protein that 

contributes to lesion formation by regulating the inflammatory transcription factor NF- B. 

PECAM promotes atheroprone VCAM expression in vitro and in vivo, macrophage infiltration 

into the vessel wall, and increased atherosclerotic lesion size
51, 52

. It also promotes FN 

deposition by ECs, which further increases NF- B activity, leading to a sustained inflammatory 

phenotype
48

. Using a co-cultured EC/SMC model, our lab has shown that SMCs switch to an 

inflammatory phenotype when over lying ECs are exposed to atheroprone flow compared to 

atheroprotective. This inflammatory SMC phenotype is marked by increased VCAM and 

decreased SM A expression. Since SMC phenotype is dependent on the EC flow environment, 

and EC detect their flow environment by mechanotransduction through PECAM, we 

hypothesize that EC PECAM regulates SMC phenotype. 

The goal of the present study was to determine if the atheroprone flow-induced 

inflammatory phenotype in SMCs is dependent on the expression and signaling of endothelial 

PECAM. Using siRNA to knock down PECAM in ECs, co-cultured SMCs were tested for a 

decrease in their inflammatory phenotype in response to atheroprone flow. SMC inflammation 

was assessed with expression of VCAM, COX-2, FN, and NF- B activity. Understanding the 

mechanism by which the PECAM signaling axis affects SMC phenotype is important in the 
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regional development of atherosclerosis and may provide novel ways to therapeutically target 

the endothelium to control the underlying SMC behavior. 

 

4.2 Hemodynamic Shear Stress Regulates EC and SMC Inflammatory Phenotypes 

 We first sought to confirm that hemodynamic shear stress regulates both EC and SMC 

inflammatory phenotypes as in previous work
88

. Figure 3A shows pro-inflammatory EC 

phenotypes in response to atheroprone flow including decreased eNOS, KLF2, and KLF4. 

Atheroprone flow also increases EC inflammatory markers, such as E-Selectin and VCAM 

transcripts as well as FN deposition (Figure 3C), in agreement with mono-culture results
48

. As 

expected, this inflammatory phenotype is signaled to the underlying SMCs, which display 

increased VCAM and decreased SM A expression (Figure 3B), indicating an inflamed and 

less-contractile phenotype. Interestingly, FN (which has not been previously explored in any 

co-culture system) showed a significantly increased SMC expression in response to 

atheroprone flow compared to atheroprotective flow similar to ECs (Figure 3B). Most 

strikingly, SMC NF- B activity was significantly higher in atheroprone flow compared to 

atheroprotective (Figure 3D). 
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Figure 3. The hemodynamic environment regulates EC and SMC inflammatory phenotypes. (A) EC 

gene expression under atheroprone vs atheroprotective flow (n=6-10). (B) SMC gene expression under 

atheroprone vs atheroprotective flow (n=10). (C) EC and SMC FN protein expression under atheroprone vs 

atheroprotective flow (n=4). (D) SMC NF- B-reporter activity under atheroprone vs atheroprotective flow 

*P<0.05, one-sample t-test compared to atheroprotective flow. 

 

4.3 Atheroprone Shear Stress Regulates SMC Inflammatory Phenotype via EC 

Mechanotransduction by PECAM 

 Next, we tested whether the hemodynamic-induced SMC inflammatory phenotype was 

dependent on EC shear stress mechanotransduction through PECAM signaling. EC PECAM 

was knocked down with siRNA prior to re-plating onto the transwell co-culture plate (Figure 

2). The ability to knock down PECAM is essential to studying its role in signaling 
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inflammation to SMCs. EC PECAM was reduced to 20.9% of control after ECs were re-plated 

and exposed to 24 hours of flow (Figure 4A). In agreement with previous mono-culture 

experiments, PECAM-depleted ECs had reduced EC VCAM and FN gene expression (Figure 

4B), confirming its role in the inflammatory EC phenotype in response to atheroprone shear 

stress. 

 

 
Figure 4. Mechanotransduction by EC PECAM mediates EC inflammation.  (A) EC PECAM protein 

expression after 24 hours in the co-culture system (n=6). (B) EC gene expression of VCAM and FN after EC 

siPECAM treatment vs siControl (n=6). All under atheroprone flow for 24 hours. *P<0.05, one-sample t-test 

compared to siControl.   

 

  

Endothelial PECAM was also found to be a critical regulator of the underlying SMC 

inflammatory phenotype in the atheroprone environment. Elevated SMC NF- B activity due to 

atheroprone flow was greatly attenuated when co-cultured with siPECAM ECs compared to 

siControl (Figure 5A). Many pro-inflammatory, NF- B-dependent genes (VCAM and Cox-2, 

Figure 5B) and proteins (VCAM and FN, Figure 5C) were also decreased in SMCs due to loss 

of PECAM. SM A, a marker of SMC differentiation, increased at the protein level when EC 

PECAM was inhibited (Figure 5C). 
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Since FN matrix is important to the signaling of an inflammatory phenotype in ECs, and 

exhibited flow- and PECAM-dependence in SMCs, we tested potential regulation of FN splice 

variants. SMCs in our system had both EDA and EDB variants present, which had been 

previously shown to be associated with alternative integrin binding
107, 108

 and macrophage 

infiltration
109

 respectively. The IIICS variant, however, was not present (data not shown). The 

SMC EDA FN variant was significantly increased by EC PECAM knockdown under 

atheroprone flow (Figure 5D, E), indicating another measure of the altered SMC phenotype in 

response to EC siPECAM. In ECs, only the EDA variant was expressed, and was not dependent 

on PECAM (data not shown).  
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Figure 5. Atheroprone shear stress regulates SMC inflammatory phenotype via endothelial 

mechanotransduction by PECAM. (A) NF- B-reporter activity of SMCs co-cultured with EC siPECAM vs 

EC siControl (n=5). (B) SMC gene expression of VCAM and Cox-2 under co-cultured EC siPECAM (n=6). 

(C) SMC protein expression of VCAM, FN, and SM A (n=6-12). (D) Representative DNA gel of equally 

loaded SMC FN PCR products resulting from primers surrounding the EDA variant site. (E) SMC FN PCR 

products, quantified as %EDA+ FN gene compared to total FN (n=3). All under atheroprone flow for 24 

hours unless noted Protective. *P<0.05, one-sample t-test compared to siControl. 

 

4.4 Discussion 

 These data support the hypothesis that hemodynamic atheroprone and atheroprotective 

shear stresses indirectly regulate SMC inflammatory phenotype and that this is dependent on 

EC PECAM mechanotransduction. SMCs display an inflammatory cell phenotype that is 

marked by increased NF- B activity in response to atheroprone flow on co-cultured ECs. This 
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increase in NF- B activity is dependent on EC PECAM, as are flow-induced increases in 

VCAM and FN. The fact that SMCs are able to differentially respond to the type of shear stress 

applied to overlying ECs, without being in direct contact with that shear stress, indicates that 

ECs are actively signaling to SMCs. The current results support EC PECAM’s role as a critical 

sensor in EC to SMC signal transduction. 

 An important observation in our experiments is that atheroprone flow-induced FN 

expression is inhibited by siPECAM in both EC and SMC. While our group previously showed 

that EC FN deposition is pro-inflammatory and requires PECAM, less is known about the 

control of FN expression by SMCs. FN is able to promote SMC NF- B activation in a plating 

concentration-dependent manner in static, IL-1 treated conditions
81

, and is itself dependent on 

NF- B in other cell types
64

, creating a potential positive-feedback loop. Since we show that EC 

PECAM promotes both SMC FN and NF- B, this feedback loop may be sustaining 

inflammation in SMCs as it does in ECs. This will be investigated in Chapter 5.        

 The EC PECAM pathway has possible functional outcomes to the underlying SMC 

phenotype. SMC VCAM is PECAM-dependent, and has also been linked to activation of the 

transcription factor NFAT
73

. NFAT activity in SMCs induces proliferation and migration
74, 75

. 

Proliferation and migration are associated with an inflammatory phenotype as SMC migrate 

into the intima and contribute to intimal thickening. SMC VCAM also promotes survival of 

bound leukocytes
110

, and may be important to trapping leukocytes in early atherosclerotic 

lesions
111, 112

. PECAM-dependent NF- B activity in SMCs also drives an inflammatory 

phenotype. Inhibition of NF- B activity in SMCs by an I B super-repressor adenovirus results 

in increased SM A, SM MHC, and SM22  (all markers of a contractile, differentiated 
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phenotype)
113

. Therefore, the observed increase in NF- B activity decreases these 

differentiation markers and drives a de-differentiated phenotype in the SMCs. 

SMC COX-2 is PECAM-dependent, and is found at elevated levels during 

inflammation. COX-2 is an enzyme responsible for prostaglandin H2 synthase, which can be 

further converted into prostacyclin or thromboxane. Treatment with COX-2 inhibitors show 

conflicting results in vascular health, suggesting that the balance between eiscosanoids 

downstream of COX-2 is important to vascular homeostasis
114

. For example, selective 

inhibition of COX-2 in vivo reduced intimal medial thickening and increased the contractile 

marker SM-MHC in SMCs
115

, demonstrating that COX-2 expression promotes a non-

contractile and proliferative phenotype. Deletion of the thromboxane receptor delays 

atherogenesis in vivo by decreasing ICAM-1 and platelet activation
116

, suggesting that COX-2 

acting through thromboxane promotes atherosclerosis. In contrast, selective inhibition of COX-

2 also causes vasodilatation and SMC proliferation via prostacyclin, demonstrating that COX-2 

promotes a contractile and non-proliferative phenotype
114

. Deletion of the prostacyclin receptor 

in mice is associated with inflammation and atherosclerosis
117

, suggesting that COX-2 acting 

through prostacyclin is atheroprotective. Due to these conflicting functions, further work 

should consider the COX-2 products prostacyclin and thromboxane individually.  

 An interesting finding in these experiments is the shift in the proportion of the EDA+ 

FN variant. Under EC siPECAM conditions SMCs display increased EDA+ FN variant, 

suggesting that the SMC EDA+ FN is anti-inflammatory. Inclusion of the FN type III repeat 

EDA (also called EIIIA, located between FN repeats III11 and III12) results from the inclusion 

of that exon during mRNA splicing
55

. The “classic” FN receptor, integrin 5 1, binds at 

multiple sites near FN’s N-terminus and at the RGD sequence in FN repeat III10. However, 
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when the EDA+ variant is expressed, the EDGIHEL sequence located within it is able to bind 

4 1, 4 7, and 9 1 integrins
107, 108

 and toll-like receptor 4 (Tlr4)
118

. In fibroblasts, EDA+ 

binding through 4 7 promotes differentiation by increasing SM A expression and collagen 

deposition
108

. If SMCs also deposit more collagen when bound to EDA+ FN, this may be a 

mechanism for shifting from a pro-inflammatory matrix to an anti-inflammatory matrix. 

Indeed, EDA levels were higher in stable plaques in human patients, with stable plaques 

characterized with more smooth muscle cells, more collagen, and less fat
119

. Mouse strains 

devoid of EDA exon regulated splicing that are made to constitutively express EDA
+/+

 had 

decreased atherosclerotic lesion area compared to WT, however, constitutively expressing 

EDA
-/-

 mice had decreased lesion area as well
120

. This intriguing result points to the tight 

control of alternative FN splicing, and further research in this area may expose a specific role 

for FN splicing in the context of atherosclerosis. 

 PECAM is well established as a mechanically-sensitive protein, responsible for 

regulating endothelial activation under shear stress. Here, we begin to elucidate the role of EC 

PECAM signaling in promoting an atheroprone phenotype in SMCs. Through PECAM, ECs 

are able to convey an inflammatory phenotype to SMCs in response to atheroprone shear stress, 

despite the fact that the shear stress is only applied to ECs. The downstream SMC phenotype 

has increased NF- B, which further promotes an inflammatory state over time. Further 

investigation into the functional consequences of this SMC phenotype may reveal therapeutic 

targets for preventing this inflammation from becoming chronic and atherosclerotic.  
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CHAPTER 5. FIBRONECTIN PROMOTES ATHEROPRONE ENDOTHELIAL AND 

SMOOTH MUSCLE CELL PHENOTYPES 

5.1 Introduction 

 FN has been implicated in the development of atherosclerosis in vivo, with increased 

deposition in atheroprone segments of the abdominal aorta
64

. FN is visible both at the 

endothelium and the intimal extracellular matrix, which contains SMCs. Furthermore, this 

deposition correlates with focal increases in inflammatory VCAM staining. Focal FN 

deposition has been confirmed in the atheroprone lesser curvature region of the aorta, where it 

was seen beneath the endothelial layer
64

 and is dependent on PECAM
48

. 

 Previous data has shown that ECs subjected to shear stress in vitro display greater FN 

expression under atheroprone flow than those under atheroprotective flow
48

. ECs under 

atheroprone flow also have increased inflammatory NF- B activity when FN is present. 

Regulation of FN in the SMC layer, however, is not well understood. In Chapter 4, we learned 

that EC and SMC FN are dependent on atheroprone shear stress and EC PECAM. Since 

PECAM was a significant regulator of SMC phenotype, we hypothesized that EC FN may also 

regulate SMC phenotype. In this chapter, we sought to determine the regulatory role of FN in 

promoting endothelial and smooth muscle cell atheroprone phenotypes. We hypothesized that 

expression in either cell types acts as a positive regulator of inflammation. 

 To investigate the role of EC FN, we used siRNA to knock down FN in ECs prior to re-

plating into the co-culture system. After ECs were exposed to 24 hours of atheroprone shear 

stress, the SMC inflammation was measured. Knockdown of FN in mono-cultured ECs 

attenuates inflammation in response to atheroprone flow, as indicated by EC NF- B activity. 

NF- B is a key transcriptional factor implicated in inflammation, and contributes to SMCs’ 
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ability to proliferate
121

. Therefore, NF- B activity was an important measure of inflammation 

in SMCs. Another functional measure of inflammation in SMCs was monocyte adhesion. Our 

work in Chapter 4 showed that atheroprone flow induced expression of VCAM in SMCs 

relative to atheroprotective flow. VCAM is known to play a role in monocyte adhesion
122

, so 

monocyte adhesion assays were used to assess the functional consequences of VCAM 

expression. 

 To investigate the role of SMC FN, we performed additional experiments using siRNA 

to knock down FN in SMCs prior to re-plating into the co-culture system. Re-plating after 

transfection was important so that the SMCs could secrete a new matrix with knocked-down 

FN, rather than remaining on the matrix they deposited before the siRNA transfection. After 

SMCs were re-plated, ECs were plated in co-culture as described in Chapter 3.1, and 

atheroprone shear stress was applied to the ECs for 24 hours. Inflammation was then measured 

in both cell types by VCAM expression and NF- B activity.   

 

5.2 Endothelial FN Promotes SMC Inflammatory Phenotype 

 We first studied the role of EC FN in promoting an inflammatory SMC phenotype. Loss 

of EC FN (17.7% ± 1.8% of control, n=5) caused a significant decrease in SMC NF- B activity 

(Figure 6A). Interestingly, when exogenous FN was added to the media of siFN ECs for the 

final 8 hours of the experiment, the SMC NF- B response was completely rescued (Figure 

6A). Similar to the regulation by EC PECAM, loss of EC FN also significantly reduced the 

expression of the NF- B-dependent gene COX-2 and protein VCAM (Figure 6B, C). KLF4 

gene expression had a slight but significant increase with EC FN knockdown (Figure 6B). FN 

is a secreted protein that may pass through the permeable polycarbonate membrane (0.4μm 
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pore size) separating the cell types, but permeation does not appear to occur since knocking 

down FN in ECs had no effect on either SMC FN gene or protein (Figure 6B, C). This 

indicates that the regulation of SMC phenotype by EC FN is specific only to the EC FN and 

that, in contrast to EC PECAM regulation of SMC NF- B, phenotypic changes occur through 

signaling independent of SMC FN. 

 Previous work from our lab has shown that SMCs exhibit a 2-fold greater monocyte 

adhesion when co-cultured ECs were under atheroprone shear stress compared to 

atheroprotective
72

. To determine the ability of EC FN to modulate the functional adhesion of 

monocytes to the SMCs, adhesion assays were performed following exposure to atheroprone 

hemodynamics (Figure 6D-F). The average number of arrested monocytes per field of view 

decreased by 30.7% with EC siFN treatment (Figure 6F). These results demonstrate that 

atheroprone-mediated monocyte adherence to SMCs is dependent on EC FN. 
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Figure 6. Endothelial FN deposition promotes an inflammatory phenotype in SMCs. (A) NF- B-

reporter activity of SMCs co-cultured with EC siFN or siFN + exogenous FN media vs EC siControl (n=4-5). 

(B) SMC gene expression of FN, COX-2, and KLF4 under co-cultured EC siFN (n=3). (C) SMC protein 

expression of VCAM and FN (n=5). (D and E) Representative images of SMC monocyte adhesion assay 

under EC siControl or siFN conditions. (F) Arrested monocytes averaged across 10 images (n=3). All under 

atheroprone flow for 24 hours. *P<0.05, one-sample t-test compared to siControl, student’s t-test for siFN 

compared to siFN+FN, and paired t-test for monocyte adhesion assay. 

 

5.3 SMC FN Promotes Positive Feedback of EC Inflammatory Phenotype  

 Since we previously showed that SMC FN is regulated by atheroprone flow (Figure 

3B), we next performed experiments to determine the role of SMC FN in promoting 

inflammatory phenotypes. A 49% FN knockdown in SMC corresponded to a decrease in SMC 

VCAM, indicating the ability for FN to promote inflammation in SMCs (Figure 7A). This 

SMC FN knockdown caused a subsequent decrease in EC VCAM, suggesting that the 
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inflammatory matrix environment of SMCs provides positive feedback to further inflame the 

co-cultured ECs (Figure 7B). Similar to EC siFN experiments, SMC siFN experiments did not 

change EC FN expression (Figure 7B), so the change in EC inflammation is signaled through 

an EC FN-independent method. Finally, NF- B activity in both SMCs and ECs was 

significantly decreased under SMC siFN, pointing to the importance of SMC FN in promoting 

both SMC and EC inflammatory phenotypes (Figure 7C). 

 

 
Figure 7. Shear stress-induced SMC FN promotes inflammation in SMCs and ECs. (A) SMC protein 

expression of FN and VCAM after SMC siFN or siControl treatment (n=7-9). (B) EC protein expression of 

FN and VCAM after SMC siFN or siControl treatment (n=7-9). (C) NF- B-reporter activity of SMCs and 

ECs co-cultured with SMC siFN or siControl (n=3). All under atheroprone flow for 24 hours. P<0.05, one-

sample t-test compared to siControl. 

 

5.4 Discussion 

 FN deposition by ECs and SMCs is dependent on atheroprone shear stress. These data 

support the hypothesis that FN expression by both cell types acts as a positive regulator of 

inflammation. EC FN promotes SMC VCAM expression and monocyte adhesion, as well as 

COX-2 gene expression. EC FN also drives SMC inflammatory NF- B activity, whether from 

the ECs themselves or from addition of exogenous FN to the EC media. This inflammatory 

SMC phenotype occurs without changes to the SMC FN matrix. Similarly, SMC FN promotes 
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SMC and EC VCAM expression and NF- B activity. The resulting inflammatory EC 

phenotype occurs without changes to the EC FN matrix. These data suggest that FN is not 

deposited as a homogenous FN matrix that is shared between the cell types. Rather, the 

inflammatory phenotype of either cell can be influenced without its FN matrix changing, 

suggesting that the inflammatory signal is conveyed through another method.  

  Recovery of SMC NF- B activity with the addition of exogenous FN to EC media was 

especially exciting. This restoration of inflammation in ECs, and subsequent signaling to 

SMCs, alludes to ECs’ ability to incorporate the exogenous FN into their matrix. Shear stress is 

known to trigger conversion of integrins to their high affinity state prior to binding ECM
123

. 

Soluble FN selectively binds and interacts with integrin 5 1 but not other RGD-depedent 

integrins
124

. 5 1 is expressed on the apical surface of HUVEC
125

, and therefore able to bind 

exogenous FN. Once bound, it can induce integrin clustering into focal adhesions to promote 

fibrillar matrix formation or undergo integrin-mediate degradation by endocytosis with 

caveolin-1
126

. When integrins are bound to ECM under shear stress, they mediate cytoskeletal 

alignment and NF- B activity through the GTPase Rac1
127

. In this experiment, FN remained 

bound to integrins long enough to sufficiently recover the inflammatory EC signaling output, 

leading to SMC NF- B activity.  

 Another revelation gleaned from the experiments with exogenous FN in EC media is 

the lack of significance of splice variants in EC to SMC signaling. Exogenous FN added to EC 

siFN experiments completely recovered downstream SMC NF- B activity, indicating that the 

EC inflammatory pathways were restored by exogenous FN. Exogenous FN was originally 

purified from human plasma. Plasma FN is a more soluble form of FN than cellular FN, and 

lacks any of the splice variants potentially observed in cellular FN
55

. So while SMC FN 
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variants were a marker of its phenotypic modulation (Chapter 4), FN splice variants do not 

have a role in atheroprone EC-SMC inflammatory signaling.  

 This work is the first, to our knowledge, to study the role of FN in co-culture. Another 

co-culture model has shown that ECs exposed to either TNF  or laminar shear stress have 

lower inflammatory marker expression when co-cultured with SMCs compared to mono-

culture
87

. However, under atheroprone flow conditions SMCs provide inflammatory feedback 

to ECs, and that FN. Knockdown of SMC FN-mediated feedback had the expected result of 

decreasing SMC inflammation. SMC plating on FN matrix is well established to promote a 

synthetic phenotype with higher proliferation and reduced contractile markers
128-130

. It was not 

known, however, that the FN matrix regulates the SMC inflammatory signaling output. We 

show that SMC-FN interactions promote inflammation in ECs despite an unchanged EC 

matrix. This creates a positive-feedback loop in which shear stress-induced EC FN deposition 

promotes SMC inflammation, and SMC FN promotes EC inflammation in return (Figure 8). 

An EC-SMC feedback loop could produce sustained inflammation, leading to the chronic 

conditions associated with atherosclerosis. 
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Figure 8. Proposed EC-SMC FN inflammation feedback loop. 

  

Monocyte adhesion to SMCs is a relevant functional measure of EC FN-dependent 

inflammation. Monocyte adhesion to the endothelium and subsequent transmigration across the 

endothelium into the intima is a key early step in the development of atherosclerosis. Once 

recruited, monocytes in the vessel wall produces cytokines such as TNF  to further propagate 

the disease
9
. Due to VCAM’s known role in monocyte adhesion

122
, and its regulation by EC 

and SMC FN, monocyte adhesion was used to assess the functional consequences of VCAM 

expression. ECs are the traditional target for monocyte adhesion, because they are the first line 

of defense at the vessel wall. SMCs, however, may aid in the accumulation of transmigrated 

monocytes within the vasculature. SMC VCAM expression is detected in an atherosclerotic 

rabbit model several weeks after detection in the endothelium
131

. This fits with a model of early 
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monocyte adhesion by ECs, followed by later retention via SMCs. Our results confirm that 

monocyte adhesion to SMCs is dependent on the inflammatory cell phenotype, downstream of 

EC FN signaling. 

 A FN-rich matrix is ideal for tissue formation and vascular remodeling, but a lasting 

presence of this matrix leads to inflammation and disease. In this chapter, we show that FN 

promotes inflammation in the ECs and SMCs it supports. Not only does FN contribute to the 

atheroprone phenotype of the cells expressing it, but it also promotes paracrine inflammatory 

signaling mechanisms. FN deposition by ECs is PECAM dependent, and the SMC phenotype 

derived from EC siFN matches that of EC siPECAM, emphasizing that the pathway of EC 

PECAM signaling occurs through FN. Through this inflammatory pathway, atheroprone shear 

stress applied to ECs drives a positive feedback loop of FN deposition between ECs and SMCs, 

leading them to chronically inflamed states.  
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CHAPTER 6. SECRETED PROTEINS PROMOTE SMOOTH MUSCLE CELL 

INFLAMMATION 

6.1 Introduction 

 ECs and SMCs are able to produce and respond to secreted proteins (e.g., cytokines, 

growth factors), making these short-range mediators a potential signaling mechanism between 

cell types downstream of the PECAM/FN pathway. A variety of pro-inflammatory cytokines 

have been found in atherosclerotic plaques
121

. Pro-inflammatory cytokine expression is 

regulated by NF- B activity, which is highly regulated by atheroprone flow, PECAM, and 

FN
48

. In particular, shear stress is known to differentially regulate EC secretion of IL-1
101

, IL-

6
95

, and IL-8
96, 97

. In vivo models also show regulation of MCP-1, GRO- , and fractalkine by 

shear stress
98

. Since the impact of EC FN signaling found in Chapter 5 was likely not direct, we 

hypothesized that FN-dependent secreted factors act as the signaling mechanism promoting 

EC-SMC inflammation. In this aim, we collected cell media and screened for secreted proteins 

that regulate the atheroprone SMC phenotype. We hypothesized that the atheroprone phenotype 

is modulated by secreted proteins downstream of the PECAM/FN pathway.  

 First, we sought to determine whether there are differences in the media of ECs from 

siControl versus siPECAM or siFN conditions that would promote a pro-inflammatory 

response in SMCs. Static SMCs were treated with control or flow-conditioned media to study 

the effects of factors secreted into the media without any physical interaction with ECs. Next, 

to study the role of conditioned media in the co-culture system, we performed a recovery 

experiment. The out-flow media from an atheroprone EC siControl experiment was pumped 
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into an atheroprone EC siFN experiment. Thus, the ECs in co-culture had FN knocked down, 

but were supplemented with media with control ECs.   

 Finally, we used a multiplexing approach to measure secreted factors from the cell 

culture media to identify possible cytokines that were differentially regulated. Secreted 

concentrations of 19 cytokines were measured, and of those, EC FN knockdown regulated 12 

cytokines. GRO-  specifically had the ability to induce NF- B activity in SMCs, and may be 

an important mediator of the SMC inflammatory response under shear stress. 

 

6.2 Endothelial Secreted Factors Regulate SMC Inflammatory Phenotype 

 To determine whether secreted factors in the cell media were able to influence SMC 

inflammation without the physical presence of ECs, we first performed experiments with static 

SMCs. The static SMCs were plated in serum-starvation to reach quiescence, then cultured for 

24 hours with control media or conditioned media collected during the last 8 hours of 

atheroprone flow experiments. Treating with siControl media increased SMC NF- B activity, 

indicating that this media was able to signal the atheroprone condition to the static SMCs 

(Figure 9A). In contrast, the atheroprone phenotype in static SMCs was inhibited by culture 

with siPECAM of siFN conditioned media (Figure 9A, B). This is evidence that atheroprone 

shear stress induces differences in the composition of secreted proteins that regulate the 

inflammatory SMC phenotype. Further, these secreted proteins are dependent on signaling 

through EC PECAM and FN. 

 To test the influence of secreted factors during a real-time shear stress experiment, we 

created a new media pumping method. Rather than pumping fresh flow media into the EC 

siControl or siFN co-culture dishes, conditioned media from a parallel control atheroprone 
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experiment was pumped directly from the control dish into the experimental dish. This allowed 

us to re-create the inflammatory secreted milieu on top of FN knock-down ECs. In the EC siFN 

and EC siFN+ siControl media experiments, FN gene expression was knocked-down to 17.7% 

± 1.4% and 20.9% ± 4.0% of control, respectively. Despite the continued FN knock down, 

experiments with siFN+ siControl media completely rescued underlying SMC inflammatory 

NF- B activity (Figure 9C). Thus, secreted factors in the media are dependent on EC PECAM 

and FN, and are capable of conferring SMC inflammation regardless of the whether EC FN is 

present.   

 

 

 
Figure 9. Endothelial secreted factors regulate SMC phenotype. (A) NF- B-reporter activity of static 

SMCs treated with conditioned media for 24 hours. EC conditioned was media taken from last 8 hours of EC 

siControl or siPECAM atheroprone flow experiments (n=3). (B) NF- B-reporter activity of static SMCs 

treated with conditioned media for 24 hours. EC conditioned was media taken from last 8 hours of EC 

siControl or siFN atheroprone flow experiments (n=4). (C) NF- B-reporter activity of SMCs under 

atheroprone flow, co-cultured with EC siFN vs EC siControl, and with continuous addition of media pumped 

directly from a parallel control experiment (n=3-5). *P<0.05, one-sample t-test compared to siControl or 

vehicle, student’s t-test compared between media conditions. 
 



 56 

 

6.3 Endothelial Secreted Proteins are Modulated by FN 

 Our static SMC experiments confirmed that an EC secreted factor (or factors) regulates 

the SMC phenotype downstream of EC FN. To determine what this factor (or factors) may be, 

we used a multiplex screening approach to measure secreted factors. The Luminex MAGPIX 

system with a Milliplex cytokine assay kit allowed for the measurement of up to 41 analytes 

per sample in a single plate well. We chose to measure 19 analytes that are expressed by ECs. 

Of the 19 cytokines analyzed, we measured detectable levels of 13. Average secretion 

concentrations from siControl experiments are summarized in Table 2.  

 
Table 2. Measured cytokine secretion from siControl atheroprone flow experiments, measured by 

Luminex MAGPIX (n=10-12). ND: not detected. 
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 We discovered that 12 of the 13 cytokines measured under atheroprone flow were 

differentially regulated by EC siFN (Figure 10A). This overwhelming response showed that it 

was not a single cytokine responsible for signaling EC-SMC inflammation. Rather, EC FN is 

able to influence the secretion of many cytokines, leading to a complex pro-inflammatory 

milieu.  

 We also tested the ability for individual cytokines to induce static SMC NF- B activity. 

MCP-1, GRO- , and PDGF-AA are secreted at high concentrations (Table 2), and have well-

recognized receptors on SMCs. Of these three, only GRO-  was found to increase SMC NF- B 

activity with a dose-dependent response (Figure 10B). The upregulation of NF- B activity 

under GRO-  treatment requires plating on a pro-inflammatory FN matrix, with plating on 

gelatin failing to induce a response (Figure 10B). Therefore, we hypothesize that EC GRO-  is 

an important mediator of the atheroprone SMC phenotype, but is not alone sufficient. When 

pre-conditioned media from siControl atheroprone experiments was applied to static SMCs on 

gelatin, the cytokine mixture (which includes GRO- ) induces NF- B activity (Figure 10C). 

Therefore, one of the other secreted factors in pre-conditioned media is able to “prime” the 

SMCs for a response, as the plating on FN did. Finally, inhibiting the GRO-  receptor CXCR2 

in SMCs inhibits the increase in NF- B activity under pre-conditioned media (Figure 10C). 

This decrease in NF- B activity with only GRO-  receptor inhibition gives evidence for the 

importance of GRO-  signaling within the inflammatory cytokine environment. 
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Figure 10. FN-dependent endothelial secreted proteins regulate SMC phenotype. (A) Protein secreted 

into media during EC siFN vs siControl atheroprone flow experiments, measured by Luminex MAGPIX 

(n=4). (B) NF- B-reporter activity of static SMCs plated on gelatin or FN. SMCs were treated with human 

GRO-  cytokine 4 hours before experiment take-down (n=4). (C) NF- B-reporter activity of static SMCs 

plated on gelatin, pretreated with CXCR2 inhibitor SB 225002. EC conditioned was media taken from last 8 

hours of EC siControl atheroprone flow experiments and applied to static SMCs for 24 hours (n=5) *P<0.05, 

one-sample t-test compared to siControl, student’s t-test compared between cytokine treatment conditions. 
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6.4 Discussion 

 Our data provides evidence that the atheroprone phenotype is modulated by secreted 

proteins downstream of the EC PECAM/FN pathway. Factors secreted into the media during 

atheroprone flow experiments are sufficient to upregulate SMC NF- B activity without the 

physical presence of ECs. Furthermore, these secreted factors are dependent on EC PECAM 

and FN. During co-culture EC siFN flow experiments, the FN-dependent secreted factors could 

be rescued using a parallel co-culture experiment to restore SMC NF- B activity. When we 

screened secreted media, we found that FN regulates secretion of an entire cytokine milieu. Of 

these cytokines, GRO-  specifically could induce inflammation of SMCs plated on FN. 

CXCR2, the GRO-  receptor, is expressed throughout the SMC-containing intima and media 

in vivo
72

 making it physiological relevant signaling mechanism.   

 The ability for GRO-  to modulate the SMC phenotype was particularly interesting. 

GRO-  has no known affect on SMCs. However, it is expressed in atherosclerotic lesions, and 

recruits monocytes
132, 133

. In a vascular injury model, inhibiting GRO-  with a blocking 

antibody had the affect of impairing endothelial recovery, but SMCs were unaffected
134

. GRO-

 does have the ability to induce chemotaxis and proliferation in ECs in vitro
135

, so a similar 

mechanism may allow it to induce proliferation in SMCs.  

 GRO-  was unable to induce SMC NF- B activity on gelatin. However, conditioned 

media from flow experiments was able to induce NF- B activity. This suggests that at least one 

of two possible components are missing from the single GRO-  treatment to induce 

inflammation. First, additional cytokines may be required to induce FN expression before 

GRO-  can have an effect. This would explain why SMCs plated on FN had increased NF- B 
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activity with GRO-  treatment alone. The requirement for additional cytokines is also 

plausible, because many other cytokines were both secreted and differentially regulated. 

Second, the SMCs may require their own inflammatory “priming” before being induced by 

GRO- . In this case, FN was able to prime the SMCs. While gases such as NO are secreted by 

ECs and regulate SMC phenotype
91

, NO is vasodilatory. NO also has a half-life of about 7 

minutes when hemoglobin is not present
136

, so it and other gases are not likely to remain in the 

media for the time required to aliquot it or through the freeze-thaw process. Another possible 

source of SMC “priming” could be the release of miRNAs from ECs. MiR-221 and miR-222 

are able to increase SMC growth and proliferation in vitro
137

, and are highly expressed in 

ECs
138

. While shear stress-induced EC miR-143/145 promotes SMC differentiation
92

, there 

may be undiscovered shear stress-induced miRNAs that promote inflammatory “priming” of 

SMCs. 

 Previous work from our lab involving the cytokine IL-8 also stresses the importance of 

an entire array of secreted proteins in promoting SMC inflammation. In the co-culture system 

under atheroprone flow, IL-8 had increased secretion
72

. However, this IL-8 had the effect of 

increasing SM A and decreasing VCAM, which is opposite of the result we achieve with the 

entire mix of cytokines. Signaling from other cytokines may out-weigh that of the protective 

effects of IL-8. Or, because IL-8 and GRO-  may both bind the CXCR2 receptor, competition 

by GRO-  may inhibit the IL-8 binding kinetics.    

EC FN-dependent cytokines provide the missing link between EC and SMC 

atheroprone phenotypes. A summary of the proposed signaling pathway is shown in Figure 11. 

We have demonstrated that EC PECAM senses disturbed shear stress and upregulates FN 

deposition and VCAM expression. This inflammatory EC phenotype with increased FN was 
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previously shown to be regulated by EC NF- B in mono-culture
48

. EC VCAM expression 

allows monocyte adhesion, and cytokines secreted in our system have roles in firm adhesion 

(MCP-1 and IL-8)
139

, extravasation (MCP-1 and IL-8)
140

, and differentiation into macrophages 

(GM-CSF)
141

. Inflammation in ECs also drives SMC inflammation, and we now propose that 

this occurs through secreted factors such as cytokines (Figure 11-1). Cytokines secreted by 

activated ECs are regulated by FN, and are able to induce an SMC phenotype with increased 

NF- B activation despite the lack of physical EC presence (Figure 11-2). The SMC 

inflammatory phenotype also expresses VCAM and FN, which could be driven through NF- B 

activation or other transcription factors. SMCs convey an inflammatory signal back to ECs in a 

FN-dependent fashion (Figure 11-3). SMC FN regulates both SMC and EC NF- B activity.  

 

Figure 11. Proposed signaling pathway. Atheroprone shear stress on ECs is sensed by PECAM to increase 

FN, inflammatory NF- B activity, and VCAM expression. (1) EC-secreted GRO-  and other cytokines are 

differentially regulated by FN, potentially by the FN-dependent activity of EC NF- B. Cytokines increase 

SMC NF- B activity and aid in the adhesion and extravasation of monocytes. (2) Increased SMC NF- B 

activity promotes inflammation, through increased expression of FN and VCAM. (3) SMC FN further 

promotes NF- B activity in SMCs, and this inflammatory phenotype is signaled to ECs through regulation of 

NF- B. 



 62 

 

CHAPTER 7. KRUPPEL-LIKE FACTOR 4 ESTABLISHES AN 

ATHEROPROTECTIVE ENDOTHELIAL PHENOTYPE 

7.1 Introduction 

 Given that endothelial activation can result in vascular disease, identifying molecular 

pathways that mediate this response is of great therapeutic interest. Dr. Mukesh Jain’s lab at 

Case Western Reserve University has previously suggested the atheroprotective role of 

endothelial KLF4 using steady shear stress and cytokine stimulation
103

. KLF4 is expressed in 

human and mouse ECs in vitro and in vivo, and overexpression of KLF4 induces anti-

inflammatory and anti-thrombotic factors such as eNOS and thrombomodulin (TM). This anti-

inflammatory phenotype has the functional ability to inhibit TNF -induced monocyte 

adhesion. Knockdown of KLF4 increases TNF -induced VCAM and tissue factor (TF) 

expression, resulting in a pro-adhesive and pro-thrombotic inflammatory phenotype.  

KLF4 was originally described as an epithelial-specific transcription factor (termed gut-

enriched Kruppel-like factor)
142

, where mutations in the gene were linked to cancer due to 

KLF4’s regulation of cell-cycling and apoptosis
143

. KLF4
-/-

 mice die shortly after birth due to 

loss of skin barrier function, which results in dehydration
144

. KLF4 is transcription factor that 

contains 3 C2H2 type zinc fingers at its C-terminus. These zinc fingers bind target DNA at the 

consensus sequence 5’-CNCCC-3’ and the basic transcription element (BTE). In ECs, KLF4 

transactivates the TM promoter and inhibits the cytokine-stimulated transactivation of the TF 

promoter
103

. Both the zinc finger region and a putative protein-interaction domain are required 

for transactivation of the TM promoter and for transrepression of the NF- B pathway. 
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The physiologic role of KLF4 in atherosclerosis has not been elucidated. In 

collaboration with the Jain lab, we tested the hypothesis that KLF4 promotes an 

atheroprotective endothelial phenotype. It is hypothesized that KLF4 overexpression in the 

endothelium protects against shear stress driven inflammation in vitro and lesion development 

in vivo. 

 

7.2 Hemodynamic Shear Stress Regulates EC KLF4 

 The Jain lab previously showed that KLF4 is induced in HUVEC by laminar shear 

stress. To confirm this result in our model of hemodynamic shear stress, ECs were plated in 

monoculture as described in Chapter 3.2 and subjected to atheroprone, atheroprotective, or 

static conditions for 24 hours. As hypothesized, KLF4 mRNA expression is significantly higher 

in ECs exposed to atheroprotective flow versus atheroprone flow (Figure 12). Both flow types 

are significantly higher than static treatment, confirming the upregulation seen in laminar shear 

stresses as low as 2 dynes/cm
2
. This result also points to the physiologic importance of studying 

KLF4 regulation by biomechanical stimuli, in addition to biochemical stimuli that is typically 

applied in static conditions. 

 
Figure 12. Hemodynamic shear stress regulates EC KLF4 (n=3). *P<0.05. 
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7.3 Overexpression of KLF4 Maintains an Anti-Inflammatory Phenotype 

 Static in vitro studies have indicated a role for KLF4 in regulating endothelial tone and 

inflammation. Adenoviral overexpression of KLF4 induces TM and eNOS protein expression, 

and inhibits cytokine-induced PAI-1 and VCAM
103

. To test these responses under physiologic 

shear stress, ECs were plated and infected with control or KLF4 adenovirus. 24 hours after 

infection, ECs were exposed to atheroprone flow to test the ability of KLF4 to promote a 

protective phenotype.  

 Overexpression of KLF4 induced atheroprotective genes TM and eNOS and reduced 

pro-thrombotic and pro-adhesive genes PAI-1 and VCAM despite the presence of atheroprone 

flow (Figure 13A). Decreased VCAM protein confirmed the atheroprotective gene pattern 

(Figure 13B). The magnitude of the AdKLF4 results is intriguing given the normally robust 

inflammatory pathway demonstrated by our lab using this same monoculture atheroprone 

model.    

 In vivo mouse studies done by the Jain lab confirm the atheroprotective effects of 

overexpressing KLF4
145

. They generated transgenic mice expressing human KLF4 under 

control of the VE-cadherin promoter, on an ApoE
-/-

 background. After 16 weeks on a high-fat 

diet, KLF4 Tg mice had a significantly decreased lesion burden, as measured with Sudan IV 

staining (Figure 13C-D). 
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Figure 13. Overexpression of KLF4 maintains an anti-inflammatory phenotype. (A) Upregulation of 

vascular tone regulators (TM, eNOS) and downregulation of pro-thrombotic (PAI-1) and pro-adhesive 

(VCAM) genes under atheroprone flow (n=6). (B) VCAM protein decrease due to overexpression of KLF4 

(n=5). (C and D) EC-KLF4 Tg mice and nontransgenic WT controls on an ApoE
-/-

 background, using the 

human KLF4 coding sequence under control of the VE-cadherin promoter. (C) Sudan IV staining of the 

entire aorta. (D) Atherosclerotic lesion area. *P<0.05. Parts C-D published in Zhou et al., 2012. 
 

 

7.4 Loss of KLF4 Promotes an Inflammatory Phenotype 

 Knockdown of KLF4 by siRNA was previously shown to increase cytokine-induced 

PAI-1 and VCAM
103

. To test these responses under physiologic shear stress, ECs were plated 

and transfected with control or KLF4 siRNA 24 hours before exposure to flow. ECs were 

exposed to atheroprotective flow to test whether ECs could maintain an anti-inflammatory 

phenotype when KLF4 was depleted. Knockdown of KLF4 resulted in an atheroprone 

phenotype, despite EC exposure to atheroprotective shear stress (Figure 14A). Depletion of 
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KLF4 resulted in an inflammatory EC phenotype with increased PAI-1 and VCAM, and 

decreased TM and eNOS. Western blotting for VCAM was unsuccessful because of the 

extremely low levels of expression under atheroprotective flow (data not shown).  

Similarly, in vivo mouse studies done by the Jain lab confirm the necessity for KLF4 in 

maintaining atheroprotective effects of overexpressing KLF4
145

. Floxed KLF4xVE-cadherin-

driven Cre mice (KLF4
-/-

) on an ApoE
-/-

 background were given a high fat diet for 20 weeks. 

KLF4
-/-

 mice had a significantly increased atherosclerotic lesion burden compared to ApoE
-/- 

controls (Figure 14B-C). Sudan IV staining appears increased in both atheroprone (lesser 

curvature of the aortic arch) and atheroprotective (abdominal aorta) regions (Figure 14B). 
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Figure 14. Knockdown of KLF4 leads to inflammatory phenotype. (A) Downregulation of vascular tone 

regulators (TM, eNOS) and upregulation of pro-thrombotic (PAI-1) and pro-adhesive (VCAM) genes under 

atheroprotective flow (n=8). B and C) EC KLF4-/- mice and KLF4+/+ controls on an ApoE
-/-

 background. 

(B) Sudan IV staining of the entire aorta. (C) Atherosclerotic lesion area. *P<0.05. Parts B-C published in 

Zhou et al., 2012. 
  

7.5 Discussion 

The endothelium coordinates vascular homeostasis in health and disease. Since this 

vascular control is critically important, there is great interest in understanding regulators of EC 

gene expression. Previous work has pointed to the atheroprotective role of KLF4 in response to 

steady shear stress and cytokine treatment, and the current work brings that atheroprotective 

role into physiologic relevance. We show that KLF4 expression in ECs is upregulated in 
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response to atheroprotective flow compared to atheroprone. Overexpression of KLF4 inhibits 

inflammatory and thrombotic genes (VCAM and PAI-1) while upregulating anti-inflammatory 

and anti-thrombotic genes (eNOS and TM) in vitro, and this inhibition of inflammation is 

functionally important in decreasing atherosclerotic lesion size in vivo. The importance of anti-

inflammatory KLF4 signaling is reiterated under atheroprotective flow, where loss of KLF4 

leads to a loss of protective phenotype despite that hemodynamic environment. Results of both 

the overexpression and knockdown experiments agree in support of the hypothesis that KLF4 

establishes an atheroprotective phenotype in the endothelium.  

The observed KLF4-dependent changes to gene expression have a variety of potential 

functional consequences. In addition to its endogenous anticoagulant properties, TM protects 

against inflammation by interfering with cytokine-stimulated leukocyte adhesion to ECs
103

. 

ENOS mediates basal vasodilation, causing mice deficient in eNOS to be hypertensive
146

 and to 

have increased atherosclerotic lesion size
147

. VCAM expression is important in the recruitment 

of inflammatory cells during early stages of atherosclerosis, and is inhibited by overexpressing 

KLF4. PAI-1 may also be involved in early vascular inflammation due to its inhibition of 

fibrinolysis. Increased PAI-1 expression found in atherosclerotic lesions in humans promotes 

accumulation of fibrin and fibrinogen
148

. Overexpression of KLF4 in static cytokine-stimulated 

conditions inhibits the secretion of MCP-1
103

, which in turn could have the functional outcome 

of inhibiting monocyte recruitment to the vessel wall. Overexpression of KLF4 also promotes 

the secretion of tissue inhibitors of matrix metalloproteinases TIMP-1 and TIMP-2, which 

inhibit degradation of the extracellular matrix
103

. By inhibiting extracellular matrix remodeling, 

KLF4 may be a factor in maintaining a quiescent matrix of collagen or laminin and preventing 

the switch to an inflammatory FN matrix.  
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While the current work has focused on KLF4’s regulation in ECs, it is interesting to 

postulate a similar regulation in SMCs. SMC KLF4 gene expression is increased under EC 

siFN conditions (Figure 6B), when other inflammatory markers decreased, suggesting it may 

be associated with atheroprotection in SMCs as well as ECs. Other research concerning KLF4 

in SMCs shows conflicting results. KLF4 has increased expression in atherosclerotic lesions of 

ApoE
-/-

 mice
149

. It also mediates phenotypic switching by binding repressor elements to inhibit 

SMC marker genes and by inhibiting the expression of the co-activator myocardin
150

. 

Conditional knockout of KLF4 in mice delays the repression of SM A and SM22  that follows 

vascular injury
151

. While these results suggest an atheroprone action of KLF4, wherein KLF4 

inhibits SMC differentiation, the same knockout mice also displayed hyperproliferation and 

increased neointimal-thickening
151

. So, KLF4’s conflicting roles may be tightly regulated 

depending on the cell environment, and may have simultaneous inflammatory and anti-

inflammatory consequences. KLF4 could promote atherosclerosis by inhibiting a differentiated, 

anti-inflammatory phenotype, while also providing the later benefit of a fibrous cap thick with 

SMCs that is less likely to rupture.  
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CHAPTER 8. SUMMARY, FUTURE DIRECTIONS, AND CLOSING REMARKS 

8.1 Summary 

 This dissertation tested the hypotheses that (1) mechanical sensing by the PECAM/FN 

pathway in endothelial cells regulates the smooth muscle cell inflammatory phenotype and that 

(2) KLF4 promotes an atheroprotective endothelial cell phenotype. Testing these hypotheses 

revealed the following results: 

• Atheroprone hemodynamics applied to ECs increases FN deposition by ECs and co-

cultured SMCs compared to atheroprotective flow. This FN deposition is dependent on 

EC PECAM (Chapter 4). 

• Atheroprone hemodynamics applied to the co-culture model induce an EC-PECAM 

dependent inflammatory SMC phenotype, marked by increased NF- B activity, VCAM, 

COX-2, and decreased EDA+ FN variant (Chapter 4). 

• The inflammatory SMC phenotype downstream of atheroprone flow is also dependent 

on EC FN matrix, can be rescued with addition of exogenous FN to the EC media, and 

has increased SMC VCAM, COX-2, and monocyte adhesion without a change to SMC 

FN (Chapter 5). 

• SMC FN in return promotes inflammation in SMCs and ECs via NF- B activity, 

creating a positive feedback loop. Inhibition of SMC FN decreases the atheroprone EC 

phenotype without a change to EC FN (Chapter 5). 

• Factors secreted during atheroprone shear stress experiments are able to induce SMC 

NF- B activity in an EC PECAM and FN fashion without the physical presence of ECs 

(Chapter 6).  
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• A milieu of at least 12 cytokines is regulated by EC FN to induce the inflammatory 

SMC phenotype. GRO-  was found capable of increasing SMC NF- B activity in a 

dose-dependent manner on a FN matrix (Chapter 6). 

• KLF4 is upregulated by atheroprotective hemodynamics in vitro compared to 

atheroprone or static conditions (Chapter 7). 

• KLF4 overexpression rescues cells from atheroprone hemodynamics with an increase in 

protective genes eNOS and TM and a decrease in thrombotic and adhesive genes PAI-1 

and VCAM (Chapter 7). 

• Loss of KLF4 results in a loss of atheroprotection despite exposure to atheroprotective 

shear stress (Chapter 7).  

 

8.2 Future Directions 

 The identification of an EC PECAM/FN/cytokine pathway inducing SMC inflammation 

under atheroprone hemodynamics opens up many questions to be answered with future 

research. SMC siFN experiments brought up an interesting mechanism for SMC-EC 

inflammatory feedback. Could knockdown of FN in both EC and SMCs simultaneously further 

inhibit inflammation in the system? If FN in either cell type signals inflammation to the other, a 

double knockdown approach should cause even greater reduction in NF- B activity, confirming 

the importance of FN in promoting atherosclerosis. In an attempt to determine whether separate 

EC and SMC FN pools are formed in our system, we used (theoretically) specific bovine and 

human FN antibodies to immunostain co-cultured BAECs and HUVSMCs. The antibodies 

were not specific enough to determine if FN secreted by either cell type was incorporated into 

the matrix on the other side of the membrane. This is still a useful question to answer though, if 
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higher-specificity antibodies can be developed, because the FN matrix is likely more 

homogenous in vivo. If SMC FN is incorporated into the EC matrix, but the EC matrix remains 

constant during SMC siFN, the ECs may be downregulating the MMPs involved in a protective 

matrix turnover while still exhibiting an overall protective phenotype.  

 More information can also be discovered about FN’s signaling mechanism within our 

co-culture system. While we observe increases in SMC FN in coordination with increases in 

SMC NF- B activity, we do not know if NF- B activity is responsible for increased FN 

deposition. We hypothesize that NF- B activity drives an increase in FN deposition, which 

could be tested by transfecting SMCs with a non-degradable I B to inhibit NF- B. In this 

experiment, inhibition of NF- B activity is predicted to reduce the atheroprone flow-induce 

SMC FN deposition. Another possibility is that FN in SMCs is upregulated by another 

pathway, and in turn promotes NF- B activity. In this case, blocking NF- B activity would not 

affect the amount of FN deposition. NF- B activity could then be further promoted by the 

addition of exogenous FN to the SMC media during an atheroprone shear stress experiment.   

The role of FN during atherogenesis is also untested in vivo. While FN is observed to 

have increased expression in atheroprone regions of the vasculature, what is its role there? FN-

null mice die at embryonic day 8.5
57

, but mice with Cre-loxP conditional knockout of EC FN 

mice (driven by VE-Cadherin) on an ApoE
-/-

 background could be used to study the role of EC 

FN in atherogenesis. We hypothesize that EC FN plays an active role in inflammation and 

lesion development. A decrease in lesion size, SMC recruitment, and EC VCAM in 

atheroprone regions of the vasculature of EC FN knockout mice would support this hypothesis. 

Similarly, floxed FNxSM22-driven Cre mice could be used to study the role of SMC FN in 



 73 

providing further EC inflammation. In these mice, we would hypothesize a decrease in VCAM 

surrounding both SMCs and ECs in addition to decreased lesion size in atheroprone regions. 

 It is also interesting to postulate the role of PECAM-dependent SMC phenotype 

changes in vivo. PECAM mechanotransduction of shear stress occurs upstream of FN in our 

pathway, and exerts its influence over many proteins in addition to FN. While PECAM has a 

clear role in the development of atherosclerosis in ECs, its role in SMC phenotypic modulation 

has not been studied. The SMC phenotype mediator PDGF-DD is preferentially expressed in 

regions of atheroprone shear stress in vivo and in vitro, and inhibits markers of the SMC 

contractile phenotype
152

. Arterioles of PECAM knockout mice exposed to high shear stress 

have reduced dilation compared to WT, suggesting a potential role for PECAM’s modulation of 

SMC vasomotor tone via NO
153

. More related to atheroprone signaling, PECAM deficiency in 

a partial carotid artery ligation model had impaired vascular remodeling and reduced intima-

media thickening
154

. Their research quantified vascular cell proliferation across the vessel wall, 

but not in SMCs specifically. If in vivo models behave as predicted from our co-culture work, 

PECAM
-/-

 ApoE
-/-

 mice should have decreased VCAM and p65 NF- B staining surrounding 

cells characterized by SM A in atheroprone regions compared to WT. SMCs should also 

exhibit decreased proliferation in PECAM
-/-

 ApoE
-/-

 mice compared to WT.  

 Our cytokine screen has revealed novel hemodynamically regulated cytokines. Some 

have known roles in signaling other cell types to the developing atherosclerotic lesion, such as 

MCP-1 recruitment of macrophages
155

. Others are known to stimulate SMC phenotypic 

switching, such as PDGF-AA’s stimulation of proliferation
102

. What is the role of FN-regulated 

cytokines in promoting atherosclerosis? Additional experiments with cytokine treatment of 

SMCs could answer which cytokines are able to induce NF- B activity, either alone or in 
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permutations. Further work with GRO-  could provide details about its potential mechanism of 

action. Inhibition of CXCR2 (the GRO-  receptor, expressed on SMCs) during a co-culture 

experiment would determine whether GRO-  signaling alone induces a SMC phenotype 

change, or whether a more complex combination of cytokines is required. Another interesting 

question to investigate is how the EC cytokines are differentially regulated under flow. We 

hypothesize that these cytokines are under regulation by NF- B, as are many of the same 

cytokines expressed by SMCs in co-culture
84

. Inhibition of EC NF- B activity through 

transfection of a non-degradable I B could be used to test flow-induced cytokines for NF- B- 

dependence. Finally, SMC FN-mediated EC inflammation pathways present another area of 

study, and may be cytokine-dependent as well. Is SMC-EC inflammatory signaling regulated 

by secreted factors/cytokines, and are those factors dependent on NF- B activity?  

 Secreted cytokines provide a compelling EC-SMC signaling mechanism. However, 

other secreted factors in the media may further enhance SMC inflammation under atheroprone 

flow. Secreted FN could be another secreted signaling protein, due to its expression in our 

system and ability to promote inflammation. Is FN protein secreted into the cell media in 

addition to the matrix-incorporated FN protein that we measure under atheroprone shear stress? 

Testing media levels of FN with a FN ELISA kit would answer the question of whether FN 

secretion into the media is flow-dependent. MiR-221 and miR-222 have also been proposed as 

another signaling mechanism due to their expression by ECs
138

 and ability to increase SMC 

growth and proliferation
137

. MiR-143/145 is shear stress-induced in ECs
92

, but other miRNAs 

are potentially regulated by hemodynamics. MiRNA PCR arrays are now available, so 

screening for secreted (and flow-regulated) miRNA is possible and could present a 

 variety of EC-SMC signaling targets. 



 75 

8.3 Closing Remarks 

 The field of vascular biology encompasses a diverse range of functions, from blood and 

nutrient transport to tissue development and reorganization. Along with diverse functions, the 

involvement of multiple cell types creates a vascular environment that is continuously 

responding to the integration of an large number of signaling inputs. The vascular environment 

is not only influenced by molecular signaling pathways but also by biomechanics, 

inflammation, and lipid metabolism. Perturbations to vascular signaling pathways result in 

diseases such as diabetes, stroke, hypertension, and atherosclerosis. As such, vascular biology 

research presents a critical opportunity for integrative biomedical research.   

 Our in vitro co-culture model represents an attempt to parse out specific cellular and 

molecular interactions involved in the development of atherosclerosis. Applying atheroprone 

hemodynamic shear stress primes the model’s ECs and SMCs to adapt an activated, inflamed 

state. We discovered that the EC mechanosensor protein PECAM is required for the switch to 

an inflammatory SMC phenotype. PECAM-dependent FN matrix deposition further promotes 

inflammatory NF- B activity in both cell types. Most excitingly, our model allows us to study 

the method by which ECs signal an inflammatory phenotype to SMCs. We discovered that ECs 

secrete an intricate array of cytokines that are differentially regulated by their FN matrix. These 

cytokines are able to confer an inflammatory phenotype to SMCs without EC flow-regulated 

stimulation. 

 In contrast to atheroprone hemodynamics, atheroprotective hemodynamics impart an 

anti-inflammatory phenotype to ECs. The atheroprotective EC phenotype is measurably 

regulated by KLF4, which promotes transcription of an anti-inflammatory and anti-thrombotic 

genotype. Thus, the atheroprotective environment does not simply remove atheroprone 
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stimulation, but actively signals a distinct phenotype. In attempting to therapeutically treat 

atherosclerosis, stimulation of protective signaling pathways may be equally important to 

prohibiting atheroprone pathways.  

Thomas Jefferson, Founding Father and leader in the Enlightenment wrote, “ … he who 

knows most, knows best how little he knows.” Indeed, the deeper we delve into hemodynamic 

signaling mechanisms of atherosclerosis, the more questions we uncover. It is only by 

continuing to answer these questions that we will begin to understand the complexities within 

the vascular environment and be able to develop effective and specific therapeutic treatments.
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