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SUMMARY 

The onset and progression of atherosclerosis is due to the combination of several different 

factors.  Plaque development at its nascent stage begins at the endothelial monolayer lining the 

inner arterial surface.  Disturbed flow is well-known to induce endothelial dysfunction and 

combined with plasma dyslipidemia facilitate atherosclerotic plaque formation.  Specifically, it 

has been shown that atherosclerosis develops in the vascular regions exposed to recirculating 

disturbed flow patterns and patients with cardiovascular disease have increased plasma levels 

of pro-atherogenic low density lipoprotein and its oxidized form.  Little research, though, has 

focused on the combined impact of disturbed flow and dyslipidemia on endothelial 

biomechanical properties.  In this dissertation, the overall goal was to determine the impact of 

disturbed flow on endothelial stiffness and the role of oxidized LDL/dyslipidemia in this process.  

We provide evidence that oxLDL uptake into endothelial cells is enhanced under disturbed flow, 

a process that is mediated by oxLDL receptor CD36, but not Lox1, and endocytotic caveolae.  

Furthermore, this increase in oxLDL uptake resulted in cellular stiffening in vitro and ex vivo 

measurements show enhanced stiffness in the pro-atherogenic disturbed flow regions of the 

aortic arch in WT mice, an effect that is abolished in mice globally deficient in CD36 and 

caveolin1 protein.  This observation persisted even when challenged with a high fat diet.   

In summary, the results provided in this dissertation provide substantial evidence that plasma 

dyslipidemia results in endothelial stiffening at the pro-atherogenic region of the aortic arch, and 

demonstrate that this effect is mediated by oxLDL uptake, the oxLDL receptor CD36 and 

endocytotic caveolae.  We propose, therefore, that increased uptake of oxLDL and endothelial 

stiffening in the athero-prone regions of the aorta are important factors in the local disruption of 

the endothelial permeability barrier and the onset of the inflammatory response. 
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CHAPTER 1: Introduction 

1.1 Atherosclerosis:  

Cardiovascular disease is a class of diseases involving the heart and blood vessels, such as 

hypertension, aortic aneurisms, heart attacks and stroke.  Cardiovascular disease is the leading 

cause of mortality and morbidity in the United States and other western societies.  

Hypercholesterolemia is a condition characterized by pathologically high levels of cholesterol in 

the blood plasma which is a key risk factor for cardiovascular disease.  Low density lipoprotein 

(LDL), the main cholesterol carrier in plasma, is primarily comprised of cholesterol ester, 

phospholipids and free cholesterol [reviewed by (Levitan et al., 2010)].  A healthy level of LDL in 

an individual is typically less than 100 mg/dL, whereas pathological levels of LDL are 

considered by to be above 150 mg/dL [reviewed by (Youngblom et al., 1993)].    Although 

cholesterol is a necessary component of healthy cellular structure (Ikonen, 2008), lowering the 

levels of plasma LDL is one of the main courses in the treatment and management of 

cardiovascular disease.    

Atherosclerotic plaque formation is a characteristic of cardiovascular disease and is defined as 

the accumulation of lipids and inflammatory cells in the inner lining of the arteries, hyper-

proliferation of smooth muscle cells, increased deposition of calcium deposits, cell death, and 

the development of lipid-laden foam cells.  The core of the plaque is typically comprised of foam 

cells with a fibrotic cap.  Although plaque composition is heterogeneous, there are three main 

cellular components: (1) hypocellular fibrosis area, defined as an area of decreased cellular 

composition and increased scarring of connective tissue; (2) hypercellular fibrosis area, defined 

as an area of fibrosis comprised of smooth muscle cell (SMC) migrated from the inner medial 

layer; and a (3) lipid rich area, defined as either macrophage derived foam cell-rich region or an 

extracellular lipid-rich region (Tracqui et al., 2011).   
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Plaque development at its nascent stage begins at the endothelial monolayer lining the inner 

arterial surface, which provides the main barrier between the flowing blood and the surrounding 

vascular tissue.  Atherogenesis is characterized by increased adhesion and chemotactic 

molecule expression which facilities the capture and internalization of pro-inflammatory 

leukocytes (including monocytes) into the intimal and medial layers directly underneath the 

endothelial cells [reviewed by (Libby et al., 2011)].  The endothelial barrier becomes 

compromised which also allows the entry of LDL into the arterial wall.  As shown in Figure 1.1, 

the LDL particles become trapped in the sub-endothelial extracellular matrix (SEM) through its 

binding to proteoglycans [reviewed by (Maiolino et al., 2013)].  The monocytes in the arterial 

wall differentiate into macrophages which stimulate pro-inflammatory reactive oxygen species 

(ROS) generation and the oxidation of LDL.  These macrophages recognize, bind to and engulf 

both the native and oxidized LDL particles through species specific receptors and through this 

process become lipid-laden foam cells.  SMCs from the medial layer are recruited to the SEM 

due to the foam cells’ production of platelet derived growth factors.  The extracellular matrix 

molecules (collagen and elastin) produced by the SMCs combine with the apoptotic foam cells 

to become atherosclerotic lipid-laden plaques with a fibrous cap.  Excess LDL in the blood 

plasma, or hyperlipidemia, exacerbates and often accelerates this process [reviewed by (Libby 

et al., 2011; Maiolino et al., 2013)].   
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Figure 1.1: Atherosclerotic disease progression on the endothelial and sub-endothelial 
extracellular matrix.  
This schematic view describes the binding of monocytes and entry of LDL to the endothelium.  In 
the sub-endothelial layer, macrophages engulf oxLDL and smooth muscles proliferate, which 
combine and form a lipid laden plaque with a fibrous cap.  
Reprinted with permission (Maiolino et al., 2013).   
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1.2 OxLDL: 

OxLDL, the oxidized form of LDL, is also a major factor in atherosclerosis.  There are two main 

categories of oxLDL: minimally modified oxLDL and fully or extensively oxidized LDL.  Minimally 

modified LDL is comprised mainly of oxidized phosphatidylcholines (oxPCs) and is recognized 

by the cellular LDL receptor [reviewed by (Goldstein and Brown, 2009)].  Fully oxidized LDL is 

primarily comprised of oxysterols and becomes bound to a different set of receptors known as 

scavenger receptors, such as LOX1, CD36 and SRA [reviewed by (Levitan et al., 2010)].  

Several studies have shown that mouse models of genetic knockout of LDL and scavenger 

receptors confer protection against atherosclerotic lesion formation [reviewed by (Goyal et al., 

2012; Park, 2014; Pirillo et al., 2013)].  Elevated levels of oxLDL have been found in plaques in 

both animal and human models of atherosclerosis (Ehara et al., 2001; Yla-Herttuala et al., 

1989).   Additionally, an increased level of oxLDL in the plasma has been shown in patients with 

hypercholesterolemia (van Tits et al., 2003), acute myocardial infarction (Ehara et al., 2001) and 

coronary heart disease [reviewed by (Itabe et al., 2011)].  Several mechanisms have been 

proposed for the oxidation modification of LDL in vivo, including the enzymes 12/15-

lipoxygenase and myeloperoxidase, which is secreted by monocytes/macrophages, and several 

ROS including peroxides and superoxide anions [reviewed by (Maiolino et al., 2013)].   

Much research shows that oxLDL has many pro-inflammatory properties, including the 

impairment of the essential vasodilator nitric oxide (NO), increased ROS, monocyte adhesion 

molecule expression, activating the NF-B inflammatory signaling pathway, cytokine production 

and cytotoxicity to endothelial cells inducing EC apoptosis [reviewed by (Levitan et al., 2010; 

Lubrano and Balzan, 2014; Maiolino et al., 2013)], though some studies suggest that certain 

bioactive components of oxLDL have anti-inflammatory properties [reviewed by (Birukov, 

2006)].  It has also been shown that oxLDL increases endothelial cell (EC) injury and barrier 

permeability in vitro (May and Qu, 2010) and in vivo (Rangaswamy et al., 1997).  The disruption 
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of the EC barrier has been attributed to oxLDL’s ability to activate the Rho/RhoA Kinase 

(ROCK) pathway and inhibit myosin light chain phosphatase (MLCP) (Essler et al., 1999).  

Activating this pathway enhances transendothelial migration of leukocytes [commentary by 

(Schaefer and Hordijk, 2015)] leading to foam cell formation and eventually plaque 

development.  



6 

 

1.3 Hemodynamics: 

Although pro-inflammatory LDL and oxLDL are major factors in the development of 

atherosclerosis, another main component is the hemodynamic environment the endothelial 

monolayer experiences.  Atherosclerotic plaques characteristically form at vascular bifurcations, 

stenosis and curvatures where blood flow patterns change (VanderLaan et al., 2004).  These 

hemodynamic changes are the result of various factors including arterial geometry, compliance 

and shear stress value.  Shear stress is the frictional fluid force onto a solid surface, such as the 

EC monolayer.  High shear stress unidirectional laminar blood flow (LF) is athero-protective and 

is found in straight blood vessels with uniform circumference such as the descending and 

abdominal aortas.  Low shear stress bi-directional or recirculating disturbed flow (DF) is pro-

atherogenic and is found at bifurcations, stenosis and curvatures, such as the aortic arch, 

carotid sinus, and femoral veins [reviewed by (Chiu and Chien, 2011)].  It is well-known that LF 

promotes wound repair and vasodilation and reduces ROS production, adhesion molecule 

expression and platelet aggregation.  DF increases adhesion molecule expression, 

inflammatory and chemokine genes and promotes an environment of sustained oxidative stress.  

Additionally, DF decreases nitric oxide production, the expression of antioxidant genes and 

reduces EC regeneration [reviewed by (Chiu and Chien, 2011)].  

Mechanotransduction is the term used to explain how cells respond and adapt to their constant 

environmental mechanical stimuli.  ECs respond to mechanical stimuli such as shear stress 

through a variety of means, for example the PECAM1/VE-Cadherin/VEGRF complex (Tzima et 

al., 2005), glycocalyx (Tarbell and Pahakis, 2006), caveolin1 protein (Rizzo et al., 2003), 

integrins (Katsumi et al., 2004) and endothelial ion channels (Olesen et al., 1988) to name a 

few.  These putative ‘shear stress sensors’ transduce mechanical fluid force through signaling 

pathways, including the RhoA/ROCK/myosin pathway which inhibits actin polymerization and 

inactivates MLCP.  This inactivation leads to enhanced acto-myosin contraction which impairs 
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EC barrier functioning leading to leukocyte transendothelial migration [commentary by (Schaefer 

and Hordijk, 2015)].   

Although it is well-known that while disturbed flow by itself causes EC dysfunction and pre-

disposes a local region to plaque formation, it is the combination of disturbed flow and 

hyperlipidemia that leads to the development of atherosclerotic plaques.  Only a scarce amount 

of research, though, has been devoted to the mechanisms of the synergetic effects of DF and 

hyperlipidemia on endothelial properties.  This research shows how oxLDL and hyperlipidemia 

in combination with DF in vitro and in vivo contributes to an increase in endothelial stiffening. 
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1.4 Role of cellular biomechanical properties in EC functioning: 

Endothelial dysfunction has been shown in patients with atherosclerosis, coronary arterial 

disease, heart failure and peripheral arterial occlusive disease (Daiber et al., 2016) and is 

recognized to be a key factor in the initiation of atherosclerosis.  Cellular biomechanics 

describes the changing physical properties in cells, such as stiffness, contractility and cell 

membrane fluidity.  It is becoming more widely recognized that biomechanics is a driving force 

in cell development, phenotype and organogenesis: spring forces modify the uncoiling of 

cytoskeletal actin; osmotic pressure regulates ion channels; tensional forces are required for cell 

stability; and hemodynamic shear stress is a fluid force on the endothelial monolayer [reviewed 

by (Mammoto and Ingber, 2010)].     

Quantification of the cellular biomechanical property of stiffness can be measured on a micro- or 

nano-scale using various techniques such as permanent ceramic magnet, pulsatile magnetic 

tweezers (Collins et al., 2014), micropipette aspiration and atomic force microscopy (Oh et al., 

2016).  It has been previously shown in our lab that oxLDL induces endothelial stiffness and 

contractility and that this stiffness can be reversed by the addition of excess cholesterol (Byfield 

et al., 2006).  Although it is a well-known that atherosclerosis is characterized by macroscale 

stiffness of whole vessels, the stiffness of the endothelial cell monolayer is less defined.   

Several factors have been shown to modify endothelial stiffness in vitro: cell growth on stiffer 2D 

substrates or within 3D gels (Byfield et al., 2009), magnetic force applied to a bead coated cell 

surface (Collins et al., 2012; Collins et al., 2014) and uni-directional laminar flow compared to a 

static control environment (Sato and Ohashi, 2005).  Our previous studies show that the lipid 

composition of the cell membrane affects endothelial biomechanical properties.  Specifically, 

cells stiffen with exposure to oxLDL and certain oxysterols, such as 7-ketocholesterol (7KC) and 

7-hydroxycholesterol, and by cholesterol depletion (Byfield et al., 2004; Shentu et al., 2012), 

and is correlated with a decrease in the ordering of lipid membrane domains (Shentu et al., 



9 

 

2010).   Additionally, we have shown that oxLDL exposure in ECs enhanced stress-fiber 

formation (Kowalsky et al., 2008), which is presumed to increase EC stiffness (Sato and Ohashi, 

2005).  A recent study from our group has shown that oxLDL exposure also activates this 

RhoA/ROCK/MLCP pathway leading to increased endothelial stiffening and contractile forces 

(Oh et al., 2016).    

Little is known, though, on the effect of laminar versus disturbed flow on EC biomechanical 

properties, especially ECs in intact vessels.  One recent study showed enhanced endothelial 

cell responsiveness to pulsatile magnetic tweezers in the DF region of the aortic arch as 

compared to the LF region of the descending aorta in WT mice (Collins et al., 2014), an effect 

that was attributed to the increased fibronectin accumulation in the SEM of the arch.  Another 

study showed that the endothelial cells from intact rabbit vessels are stiffer in the pro-

atherogenic region of the medial common iliac artery (CIA) as compared to the athero-protective 

region of the lateral CIA (Miyazaki and Hayashi, 1999).  In this study, we show that disturbed 

flow facilitates endothelial CD36/Cav1-dependent uptake of oxidized lipids causing a local 

increase in EC stiffness in the athero-prone regions of the aorta, an effect which is exacerbated 

by a high fat diet.   
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CHAPTER 2: Materials and Methods 

2.1 Cellular models: 

HAECs (human aortic endothelial cells, Lonza, Allendale, NJ) and HMVECs (human 

microvascular endothelial cells, Lonza) were grown using Endothelial Cell Growth Medium 

(EGM-2, Lonza) supplemented with the EGMTM-2 BulletKitTM (Lonza) plus 10 g/mL 

penicillin/streptomycin (Gibco; Grand Island, NY) and 2% FBS (fetal bovine serum, Invitrogen).  

Both human cell types were used between passages 4-12.  WT (wild type), Cav1 KO, 

eNOS/Cav1 DKO (double knockout)-Cav1-YFP (Cav1 tagged with yellow fluorescent protein) 

MMVECs (mouse microvascular endothelial cells) and BAECs (bovine aortic endothelial cells) 

were grown in DMEM (Deballco’s modified endothelial cell medium, Gibco) with 4.5 g/L D-

glucose, L-glutamine and 100mg/L sodium pyruvate (Gibco), 1% pen/strep, 0.1 mmol/L non-

essential amino acids (Gibco) and 10% FBS.  MMVECs were used in experiments between 

passages 10-20.  All cells were fed every 2-3 days, split every 3-7 days, and maintained in a 

humidified incubator at 37
o
C with 5% CO2.  All experiments adhered to protocols approved by 

the Institutional Biosafety Committee (Protocols 09-038, 12-032, 15-024). 

2.2 Mouse models: 

WT (C57BL/6) male mice were purchased from Charles River and Jackson Laboratory.  CD36 

KO (B6.129S1-Cd36tm1Mfe), Cav1 KO (B6.Cg-Cav1 tm1/nls), ApoE KO (B6.129P2-Apoetm1Unc) 

breeding pairs were purchased from Jackson Laboratory and bred in-house.  All mice were 

housed in pathogen-free conditions under a 12 hour light/dark schedule and fed a regular chow 

diet unless otherwise stated.  All animal protocols adhered to the established guidelines by 

UIC’s Institutional Animal Care and Use Committee (Protocols 10-218, 13-209, 16-183).  All 

mice were euthanized by CO2 followed by cervical dislocation, except for the experiments 

involving blood collection.   In the later experiments, the mice were sedated using isoflurane, 
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decapitated and exsanguinated.  The blood was chilled on ice for approximately a half hour 

followed by centrifugation at 4
o
C for ten minutes at 1500 rpm.  The plasma’s top layer was 

collected for further analysis.   

Diet-induced hyperlipidemia 

We used two different diet-induced hyperlipidemic models.  The first diet was used because it is 

a well-established diet-induced model of endothelial dysfunction and dyslipidemia in WT mice 

[reviewed by (Collins et al., 2004)].  Eight to ten week old WT, CD36 KO and Cav1 KO male 

mice were fed a short-term high fat, high cholesterol diet (Harlan, TD.88137) for one month.  

This diet consisted of 0.2% total cholesterol and 21% total fat of which more than 60% are 

saturated (425 kcal from fat).  Control and HFD fed mice were weighed at the start and end of 

the diet period.  The second high fat, high cholesterol diet (MP Biomedicals, 960404) was used 

as it was shown to induce atherosclerotic lesion formation in mice (Paigen et al., 1985).  This 

diet was administered to two month old ApoE KO male mice until 5-6 months of age.  This diet 

consisted of 1.25% total cholesterol and 15% total fat. 

Measuring LDL and oxLDL in mouse blood plasma 

The quantification of total LDL and cholesterol in the mouse plasma was determined by a 

standard lipid profile analysis performed by IDEXX.  OxLDL quantification was performed in-

house using a sandwich ELISA (Elabscience Biotech) following the manufacturer’s protocol.  

Mouse vessel extraction 

Following euthanasia, the mouse descending aorta and the aortic arch were extracted, cut 

longitudinally to expose the endothelial monolayer and gently washed to remove excess blood 

particles.  The live tissue samples adhered to the glass coverslip, endothelial side up, using 

double sided tape and maintained in Hank’s buffering solution (ThermoFisher).  The endothelial 

cell surface was then measured for elastic modulus values using atomic force microscopy 
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(AFM).  In select experiments, the samples were fixed, washed and stained for endothelial 

junctional marker, PECAM1.   

Removal of the endothelial monolayer (denuding) 

To test the elastic modulus of the sub-endothelial layer, we used a denuding technique as 

previously described (Peloquin et al., 2011).  In brief, cotton tipped applicator was wetted with 

Hank’s buffering solution and gently rubbed over the endothelial monolayer ~10 times, then 

gently washed with Hank’s solution to remove any excess debris.  In select experiments, the 

sub-endothelial layer was fixed, washed and stained for PECAM1 to ensure the ECs were 

removed.     

Bone marrow transfer 

Two to three month old recipient WT and CD36 KO male mice were exposed to 10 Gy radiation 

followed by bone marrow transfer of macrophages from WT donor mice with a Ly5.1 marker 4-6 

hours later.  Mice were monitored either every day or twice per week following the standard 

post-bone marrow transfer (BMT) protocol.  One month post-BMT, blood from each mouse was 

collected and used to determine the degree of donor macrophage incorporation into each 

recipient mouse, using flow cytometry.  Stiffness measurements were performed on the 

recipient mice two months post-BMT, using atomic force microscopy. 

Mass Spectrometric Analysis 

Mass spectrometric results were provided by Evgeny Berdyshev, PhD at the National Jewish 

Health Hospital in Denver Colorado as previously described (Oh et al., 2016).  In brief, sterols 

and oxysterols were quantified using an EST-LC-MS/MS approach using AB Sciex 6500 

QTRAP mass spectrometer.  Internal deuterated cholesterol and oxysterol standards were 

used.  Cholesterol and oxysterols compositions were quantified using an isotope dilution 

approach.  
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2.3 Isolation and oxidation of LDL: 

Isolation of LDL and its oxidation were performed as previously described (Oh et al., 2016).  In 

brief, human blood plasma from healthy volunteers was purchased from Life Source (Chicago, 

IL).  Isolation of LDL from the plasma was made possible by repeated centrifugations at 4
o
C 

using KBr (1.019 - 1.063 g/mL).  The KBr was removed from LDL through three rounds of 

dialysis in a 10 mmol/L Tris/HCl buffer (4
o
C).  LDL was oxidized by 25 mol/L copper sulfate for 

16 hours.  EDTA (1 mmol/L) was added to stop the oxidation process and a TBARs 

(thiobarbituric acid-reactive substance) assay (ZeptoMetrix, Buffalo, NY) was performed to 

measure the degree of oxidation.  A TBARs value of 12-25 was used in all experiments 

performed.    

2.4 Flow apparatus: 

Parallel plate flow machine 

The parallel plate flow apparatus (Ibidi, Integrated Biodiagnostic, Munchen, Germany) consists 

of an air pressure pump, syringes containing the flow medium and tubing to connect the 

microfluidic chambers (Ibidi) which contain a seeded monolayer of cells.  The apparatus’ 

switching mechanism creates uninterrupted unidirectional laminar flow and bi-directional 

oscillatory flow (direction of flow switching every half second).  The pressure pump can create 

pressures between 5 kPa and 95 kPa, which correspond with physiological shear stress values 

found in humans (Chiu and Chien, 2011).  In this machine, the bidirectional oscillatory flow must 

be the same shear stress rate as the laminar flow (10 dynes/cm2).   For each flow experiment, 

the system is maintained in an incubator with 5% CO2 and 37
o
C.  The parallel flow apparatus 

was used for the experiments involving the comparison of laminar versus oscillatory flow 

changes in endothelial cells and laminar versus disturbed flow created by the microfluidic step 

barrier chamber.   
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Flow chamber with step barrier 

A microfluidic flow chamber with a step barrier was used to mimic the recirculating disturbed 

flow that occurs in vivo (DePaola et al., 1992). 

Computational modeling 

Computational fluid dynamic simulations were employed to modify the earlier design in order to 

maximize the region of low shear stress recirculating disturbed flow based on the height of the 

step barrier.  Computational distributions of the fluid’s shear stress patterns were obtained using 

the microfluidic module of Comsol Multiphysics 5.1 (Comsol Inc, Burlington, MA) for a normal 

grid mesh and an inlet pressure of 3400 Pa.  The flow medium has a density and viscosity 

negligibly higher than water.  The Reynolds number (Re) based on the cross section of the step 

is predicted to be: 

 

Where u  is the average velocity of the flow, Dh is the hydraulic diameter of the channel (which 

is proportional to the channel’s cross section divided by the perimeter), and  is the dynamic 

velocity.  This relatively low Reynold’s number, which is consistent with studies of the carotid 

arteries in normal volunteers (Holdsworth et al., 1999), dictates that there will be laminar flow 

throughout the chamber, but unstable fluid flow after the step where recirculation occurs.  The 

computer aided design (CAD) image of the chamber was generated using AutoCAD software 

(Autodesk Inc, San Rafael, CA). 

Microfabrication 

The flow chamber with the step barrier was fabricated at UIC’s Microfabrication Foundry (PI: 

David Eddington, PhD) using polydimethysiloxane (PDMS, Ellsworth Adhesives, Germantown, 

WI) using photolithography, a well-established material and method for engineering patterned 

microfluidic devices for use in biological applications.  The photomasks used to fabricate the 
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molds for the photolithographic process were made to order from Fineline Imaging (Colorado 

Springs, CO).   

  A subsequent design has a coverslip #1 bottom instead of PDMS in order to permit imaging 

with a confocal microscope.  In this design, the PDMS step barrier and coverglass were plasma 

treated to bond the step and top chamber to the coverglass.  In both designs, the endothelial 

cells were exposed to physiological flow patterns for 48 hours: 10 – 20 dynes/cm2 in the laminar 

regions and low (0 – 5 dynes/cm2) recirculating flow in the disturbed flow regions immediately 

following the step barrier. 

Cone and plate device 

We also used a cone and plate apparatus that generates physiologically relevant pulsatile flow 

patterns (Dai et al., 2004; Wu et al., 2015).  Athero-protective laminar flow (A-P) waveforms 

mimicking the shear stress patterns in the human distal internal carotid artery and pro-

atherogenic disturbed flow (P-A) waveforms modeling the flow in the carotid sinus were 

simulated using a dynamic in vitro flow system developed by Dai et al (Dai et al., 2004).  In brief, 

the flow device consists of a computerized stepper motor UMD-17 (Arcus Technology, 

Livermore, CA) and a stainless steel cone (tapered at 1
o
).  The flow devices were kept in a 

humidified incubator (37
o
 C) with 5% CO2.  HAECs were grown to 100% confluence in 6-well 

plates and subjected to the experimentally prescribed 24 or 48 hours of A-P or P-A flow.  During 

flow, cells are maintained in EGM-2 media containing 4% high molecular weight dextran 

(Sigma). 

2.5 Atomic force microscopy microindentation: 

Cell stiffness was assessed by measuring Young’s elastic modulus using atomic force 

microscopy, AFM (Novascan Technologies, Ames, IA; Asylum MFP-3D-Bio, Santa Barbara, 

CA), as previously described (Shentu et al., 2012; Shentu et al., 2010).  The AFM measures the 

tension of the cortex of the cell by deforming the cell’s surface (0.5-1 m indentation depth 
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which corresponds to ~10-15% of the cell’s total height). This deformation is measured as the 

laser’s deflection on the cantilever tip (cantilever descent velocity of 2 m/s till the trigger force 

is 3 nN) in order to produce quantifiable force-distance curves.  These curves were obtained 

and analyzed using the Hertz model: 

 

Where F is the loading force, E is the local Young’s elastic modulus, ν is the cellular Poisson’s 

ratio (assumed to be 0.5), δ is the indentation depth and R is the radius of the spherical indenter 

(5 µm, Novascan AFM).  The Asylum brand of AFM (Asylum Research, Goleta, CA) used a 

silicon nitride cantilever with a 35O cone tip with a spring constant of 0.08-0.24 N/m.  A bi-

domain polynomial model was used to fit the experimental force-distance curve using a least-

square minimization algorithm.   

AFM measurements on cultured ECs  

Cellular stiffness measurements were taken between the cell’s edge and nucleus in order to 

avoid the peri-nuclear space.  ECs were either seeded on untreated glass coverslips (semi-

confluent) for static experiments or into the 0.2% gelatin (Sigma, 2 g/mL) treated microfluidic 

PDMS chamber [except those comparing ECs on a collagen (Corning, 40 g/mL) versus 

fibronectin (10 g/mL) coating, as previously described (Collins et al., 2014)] until confluency 

prior to flow treatment.  To access the flow treated ECs, the upper panel of the chamber was 

removed following flow cessation to allow the AFM tip access to the cell surface.  Regions 

treated with laminar versus disturbed flow were identified by their proximity to the step barrier: 

cells within two fields of view from the barrier (< 2 mm) were exposed to disturbed flow while 

those cells 10-20 mm from the step barrier were exposed to laminar flow.  Two to four force-

distance curves were obtained for each cell and 15-20 cells were taken per condition, per 

experiment. 
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AFM measurements of intact aortic endothelial and sub-endothelial denuded monolayers 

Cellular stiffness measurements were taken at 6-10 distinct tissue sites on each mouse vessel 

with 3-9 indentations per site providing a total of 20-90 force-distance curves per condition per 

experiment.  Measurements comparing intact endothelial and denuded sub-endothelial layers 

were measured on the same day and from the same portion of the descending aorta and aortic 

arch.  Data is presented as a histogram of the elastic modulus value range for each 

experimental condition.   

2.6 Microscopy and immunohistochemistry: 

OxLDL uptake 

Uptake of oxLDL was quantified by measuring the average cellular fluorescence from the 

internalized rhodamine tagged oxLDL particles (DiI-oxLDL, Alfa Aesar, Ward Hill, MA).  DiI-

oxLDL (1 g/mL) was added to the flow media for the duration of the 48 hour experiment.  In all 

experiments, the media contains lipoprotein deficient serum (LDS, Sigma-Aldrich) instead of 

FBS.  After flow cessation, cells are fixed and washed within the flow chamber.  In between the 

washes with PBS, cells are also washed with an acid wash treatment (0.5 M NaCl, 0.2 M acedic 

acid, pH 2.5) to remove any DiI-oxLDL particles attached to the cell membrane’s surface.  Cells 

exposed to flow in the PDMS microfluidic chamber were imaged with a Ziess Axiovert 

Fluorescent Microscope with a long-distance 40X lens.  In the experiments using glass 

bottomed microfluidic devices, the cells were imaged with a Ziess Confocal Microscope.  

Average cellular fluorescence was assessed by outlining 2-7 cells per image, 6-12 images per 

condition per experiment (ImageJ).  

Albumin uptake 

Similar to oxLDL uptake, albumin uptake was measured by average fluorescent intensity using 

a fluorescently tagged particle.  Green fluorescent protein-tagged albumin (1 g/mL, Invitrogen, 
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Waltham, MA) was added to the flow media (containing LDS instead of FBS) for the duration of 

the 48 hour experiment.  Following flow cessation, cells were fixed, washed (including acid 

wash), imaged and quantified as previously described for oxLDL uptake. 

CD36 Internalization 

For this set of experiments, a confluent monolayer of HAECs was treated to the live cells with a 

rhodamine-tagged plasma membrane marker (Beckmam) overnight, per the manufacturer’s 

protocol.  Following several washes with PBS, the cells were serum starved for 3 hours.  To 

achieve staining of the cells for surface expression of CD36, the HAECs were put on ice and 

washed with 5% bovine serum albumin (BSA, Sigma) blocking solution for 10 minutes.  Chilled 

primary anti-CD36 antibody was applied to the cells for 20 minutes in the cold, followed by 

washing and the application of FITC-labeled secondary antibody (Invitrogen) for 10 minutes.  

When cell surface staining of CD36 was desired, the cells were washed and fixed with 0.2% 

formaldehyde (FA) in the cold for 25 minutes.  When CD36 endocytosis was desired, the cells 

were washed and placed in a 37
o
C incubator without CO2 for 30 minutes and then fixed at room 

temperature with 0.2% formaldehyde for 15 minutes.  Cell surface staining and internalization of 

CD36 was visualized with 0.2 micron z-stack slices using a confocal microscope. 

TIRF (total internal reflection fluorescence) microscopy 

TIRF microscopy experiments were performed with a motorized Ziess Laser TIRF imaging 

system with a high-speed EMCCD camera (Quantem 512SC; Photometrics).  Images were 

acquired with a 63x/1.46 NA alpha Plan-Apochromat objective and FITC and rhodamine 

channels (excitation 488 and 561 nm, respectively).  Acquisition time, EMCCD gain and laser 

intensity was kept constant.    
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Co-localization 

Cav1 and CD36 

In the experiments examining CD36/Cav1 co-localization, the flow media contained 1 g/mL 

unlabeled oxLDL.  Following flow cessation and fixation, HAECs were stained for extracellular 

CD36 (rhodamine) and Cav1 (green) using immunohistochemistry techniques.  Cells were 

imaged using TIRF and confocal microscopy.  In all co-localization experiments, ECs were 

analyzed using ImageJ software for the degree of co-localization using Mander’s correlation.   

OxLDL and Cav1 

Prior to flow initiation, HAECs were transfected with GFP-Cav1 using Nuclear Factor II/2B kit 

(Lonza) following the standard protocol.  As previously described, GFP-Cav1 HAECs were 

exposed to 48 hours of laminar and disturbed shear in the glass bottomed microfluidic chamber 

with a rhodamine tagged oxLDL in the medium.  Following flow cessation, cells were fixed and 

washed, and imaged (x63) in the areas of interest with a Zeiss LSM 710 confocal microscope. 

Immunohistochemistry  

For all immunohistochemistry, excluding the CD36 internalization experiments, cells were fixed 

in 3.8% formaldehyde (Fisher) after their experimental treatments, permeabilized (all except 

those probing for CD36), washed with PBS (Gibco) and blocked with 5% BSA for two hours at 

room temperature.  Cells were then washed and primary antibody (anti-CD36, mouse 

monoclonal) applied overnight on a slow rocker in 4
o
C.  Following repeated washes, the 

appropriate secondary antibody (AF-488, donkey anti-mouse, AF-555, donkey anti-mouse, 

Thermofisher) was added for 1 hour at room temperature on a shaker.  Cells were then washed 

and imaged.  All experiments had an IgG control and secondary only control condition.  

Quantification of average cellular expression was determined using ImageJ software. 
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Endothelial alignment  

EC alignment was measured by analyzing the brightfield images acquired from the Ziess 

Fluorescent Microscope.  Using ImageJ software, the angle of the long axis of the cell was 

measured, with 0
o
 being the direction of flow.  Cell alignment was determined for 3-5 cells per 

image and 4-5 images per condition for each of the 3-4 analyzed independent experiments. 

En face 

Following euthanasia, mouse vessels were opened up longitudinally, EC monolayer side up, 

and affixed to coverslips with double-sided tape, as previously described. Vessels were then 

fixed in 3.8% formaldehyde for 1-2 hours, washed in PBS several times and non-specific 

binding was blocked with 5% BSA for 1-2 hours.  Primary antibody (anti-CD36, anti-CD31, BD 

Pharmingen) was applied to the samples overnight on a rocker at 4
o
C and then washed several 

times.  Secondary antibody was applied for 1 hour at room temperature.  Following several final 

washes, the samples were mounted for immediate imaging with either a fluorescent or confocal 

microscope. 

2.7 Laurdan multi-photon microscopy: 

The physical properties of disordered and ordered cell membrane domains were analyzed using 

Laurdan dye and a multi-photon (MP) microscope, as described earlier (Gaus et al., 2003; 

Shentu et al., 2010).  In brief, sub-confluent, live bovine aortic endothelial cells were seeded on 

coverslips and left to adhere overnight.  In successive 30 minute intervals, cells were serum 

starved, treated with (10 M) POVPC or PGPC (Avanti Lipids), loaded with Laurdan fluorescent 

dye in DMSO (5M, Molecular Probes, Carlsbad, CA) and then washed.  Cellular Laurdan 

fluorescence was excited with a (800 nm) multi-photon laser and imaged with a BioRad MP 

microscope (63X oil objective).  The emitted light was then collected in two distinct wavelength 
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ranges, 410-490 and 503-553 nm.  The general polarization (GP) value is a measure of the 

relative degree of cell membrane fluidity and was calculated using the following equation:    

                    

General polarization was corrected using the G-factor (G): 

                    

The G-factor (G) value was calculated using the known GP value for Laurden dye in DMSO at 

room temperature, GPtheo, and from the calculated GP value of our stock solution (500 mM) 

GPexp, stored at room temperature The G-factor was then calculated by: 

                    

The results of these analyses are pseudo-colored GP images (512 x 512, 32 bits) (ImageJ).  

Pixel threshold was set to 80-90% of the maximum values calculated from the combined image 

(I(410-490 nm) + I(503-553 nm)). Background pixel values were set to zero. The GP distribution of 

disordered and ordered domains was calculated for each cell (12-25 cells per condition per 

experiment, 3 independent experiments) by fitting the experimental data into two Gaussian 

curves using a nonlinear fitting algorithm, as previously described (Shentu et al., 2010). 

2.8 Real-time PCR, western blot and siRNA: 

Real-time PCR  

Total RNA was isolated using the mirVana mRNA isolation kit (Life Technologies) or the Direct-

zol RNA MiniPrep (Zymo Research, Irvine, CA).  Total RNA was reverse transcribed into cDNA 

using the High Capacity cDNA Reverse Transcription kit (Life Technologies) or the SuperScript 

III kit (Life Technologies) following the manufacturer’s instructions.  Absolute quantitative PCR 

was performed on LightCycler 480 II using the SYBR Green I Master kit from Roche Diagnostics 

Corporation (Indianapolis, IN).  The absolute quantification of CD36 and LOX1 gene expression 
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was normalized to the geometric mean of the housekeeping genes, GAPDH, B-actin and 

ubiquitin.  The PCR primers are as follows: 

CD36 forward, 5'-GCAGCAACATTCAAGTTAAGCA-3';  
CD36 reverse, GCTGCAGGAAAGAGACTGTGT-3'; 
LOX1 forward, 5'-AAGTGGGGAGCCCAAGAAAG-3';  
LOX1 reverse, 5'-GGGCCACACATCCCATGATT-3';  
GAPDH forward, 5'-TGCACCACCAACTGCTTAGC-3';  
GAPDH reverse, 5'-GCATGGACTGTGGTCATGAG-3';  

-actin forward, 5'- TCCCTGGAGAAGAGCTACGA-3';  

-actin reverse, 5'- AGGAAGGAAGGCTGGAAGAG-3';  
Ubiquitin forward, 5'-ATTTAGGGGCGGTTGGCTTT-3';  
Ubiquitin reverse, 5'-TGCATTTTGACCTGTTAGCGG-3'. 

Western Blot 

Cells were washed with cold PBS and lysed with a lysis buffer with protease inhibitor cocktail.  

Cells were briefly sonicated and spun for ten minutes at 14,000 x g at 4
o
C.  The supernatant’s 

protein concentration was measured using a Bio-Rad protein assay reagent.  Total protein (30 

g per sample) was separated by 10% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis) and then transferred to PVDF (polyvinylidene difluoride) membranes.  The 

membranes were blocked with a Tris-buffered saline solution with 0.1% Tween 20 (TBST) 

containing 5% BSA and probed with anti-CD36 (Proteintech) or anti-LOX1 (Abcam) antibodies 

overnight at 4
o
C.  After application of appropriate secondary antibodies, membranes were 

washed with TBST and developed with enhanced chemiluminescence (Thermo Scientific).  

Protein quantitative analysis was performed with ImageJ software. 

siRNA knockdown of CD36 and Lox1 

Cells were seeded and grown to 95 – 100% confluency.  Cells were transfected with the 

FlexiTube Gene Solution for CD36 or ORL1 (LOX1), with All Star Negative siRNA from Quiagen 

(Hilden, Germany).  siRNAs were prepared per the manufacturer’s protocol.  In brief, a mixture 

of Lipofectamine RNA mix, RNA max (Invitrogen), OptiMEM and siRNA were mixed together 

and incubated for 30 minutes at room temperature.  The mixture was then added to the cells 
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(final concentration 50 nmol/L) for 48 hours prior to experimental use.  Initially, four siRNAs for 

CD36 and four siRNAs for LOX1 were tested for maximal reduction in mRNA expression in the 

cell type to be examined (HAECs).  The two siRNAs for each gene with the greatest reduction in 

mRNA expression (at least 80% reduction) versus scrambled control siRNA was selected for 

subsequent western blot analysis of protein knockdown. 

2.9 Statistical analysis: 

One-way ANOVA, analysis of variance, ( = 0.05) was performed to detect the differences 

between the mouse weights and plasma measurements for total cholesterol, LDL and oxLDL.  

All other statistical analysis was performed with a two-way ANOVA with replication ( = 0.05) 

using Excel (Microsoft) to determine statistical significance.  Subsequent statistical analysis was 

done using a standard student’s t-test assuming two-tailed distribution with unequal variances.  

A p-value less than 0.5 was considered statistically significant. 
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CHAPTER 3: Effect of different shear stress patterns on oxLDL uptake into endothelial 

cells: Role of CD36, Lox1, Caveolin-1 and eNOS 

3.1 Introduction: 

Oxidized LDL has been shown to be a major factor in endothelial dysfunction which is an 

initiating factor in the onset of atherosclerosis.  Bi-directional disturbed shear stress patterns 

found at arterial bifurcations and curvatures are also known to have a causal role in 

atherosclerotic plaque formation.  To better understand the shear stress components 

responsible for oxLDL uptake, we tested several different flow patterns based on their shear 

stress value: low (0 – 3 dynes/cm2) versus high (10 – 20 dynes/cm2), directionality: uni-

directional versus bi-directional and pulsatile versus non-pulsatile flow.  Here we show that 

oxLDL uptake into human aortic ECs (HAECs), human microvascular ECs (HMVECs) and 

mouse microvascular ECs (MMVECs) increased under low shear stress bi-directional (herein 

called ‘disturbed flow,’ DF) conditions and in pulsatile low shear stress bi-directional (herein 

called ‘pro-atherogenic,’ P-A) flow as compared to high shear stress athero-protective (A-P) 

unidirectional laminar flow (LF), but that high shear stress bi-directional (herein called 

‘oscillatory flow,’ OF) in ECs has reduced oxLDL uptake compared to laminar flow conditions.   

Next, we wanted to understand the mechanisms of this increased oxLDL uptake under 

disturbed flow.  In endothelial cells, extracellular oxLDL binds to and internalizes via two 

scavenger receptors, CD36 and LOX1, as evidenced by cellular uptake inhibition by using 

endothelial CD36- and LOX1-blocking antibodies [reviewed by (Febbraio et al., 2001; Lubrano 

and Balzan, 2014)].  LOX1, or lectin-like oxidized LDL receptor 1, is a scavenger receptor that is 

found in hematopoietic cells, vascular SMCs, platelets, differentiated macrophages, and ECs 

and is known to bind with oxLDL, bacteria, leckocytes, fibronectin, and others [reviewed by 

(Yoshimoto et al., 2011)].  LOX1 has been shown to play a significant role in oxLDL-induced 

inflammatory processes in vitro.  Specifically, activation of LOX1 with oxLDL has been shown to 
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promote EC and vascular SMC hyper-proliferation and induce cell injury and apoptosis in 

coronary artery ECs [reviewed by (Yoshimoto et al., 2011)].  Cominacini et al showed a LOX1-

dependent decrease in NO and an increase in ROS formation in bovine aortic ECs due to 

oxLDL in a dose-dependent manner (Cominacini et al., 2001).  Lox1 is believed to be a major 

receptor  in endothelial cells (Lubrano and Balzan, 2014; Pirillo et al., 2013) whereas less is 

known about the CD36 scavenger receptor in ECs (Silverstein and Febbraio, 2009). 

CD36 (cluster of differentiation 36) is a multiple ligand receptor that binds to oxLDL, 

thrombospondin, long chain fatty acids and collagen. This transmembrane protein is expressed 

in macrophages, monocytes, adipocytes, smooth muscle cells, microvascular ECs [reviewed by 

(Kuliczkowska-Plaksej et al., 2006; Park, 2014)] and recently shown to be important in 

macrovascular EC biomechanics (Oh et al., 2016).  CD36 induces inflammatory pathways due 

to its interaction with oxLDL, which has been shown to enhance cytokine production and recruit 

immune cells to infiltrate the vascular intima [reviewed by (Park, 2014)].  Uittenbogaard et al 

demonstrated that CD36 is responsible for oxLDL-induced caveolae cholesterol depletion and a 

reduction in eNOS activation (Uittenbogaard et al., 2000) and that it has anti-angiogenic effects 

(Dawson et al., 1997).  In my study, I show that CD36 was enhanced by and required for 

disturbed flow induced oxLDL uptake into ECs, but LOX1 had no detectable role.   

There are several possible mechanisms of macromolecular uptake in ECs: caveolae and 

clathrin-mediated endocytosis, phagocytosis and macropinocytosis [reviewed by (Khalil et al., 

2006)].  As shown in Figure 3.1 (Parton, 2007), caveolae are small (50-100 nm in diameter) 

omega-shaped invaginations on the plasma membrane, which are important in cell signaling, 

lipid metabolism, and macromolecular transport via endocytosis.  Caveolae can be found in 

ECs, SMCs and adipocytes [reviewed by (Kiss, 2012)].  Caveolae form from a lipid raft on the 

plasma membrane which is comprised of oligermerized caveolin1 protein, phospholipids, 

sphingolipids, cholesterol, cellular receptors and membrane-bound signaling proteins such as 
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Figure 3.1: Caveolae formation at the plasma membrane. 
Budding caveolae at the plasma membrane surface (A) and small caveolar clusters as 
well as pinched off endocytosed caveolae (B) are visualized by an electron microscope.   
Reprinted by permission from Macmillan Publishers Ltd: Nature. (Parton, 2007) 

src-family tyrosine kinases and eNOS [reviewed by (Kiss, 2012; Pavlides et al., 2012)].  Studies 

from our lab showed that caveolae mediated endocytosis/transcytosis of macromolecules 

requires an interdependence of many signaling events, including src kinase to regulate Cav1-

oligomer stability, nitrosylation of cysteine 156 (Bakhshi et al., 2013), increased filamin A 

associating with Cav1 (Sverdlov et al., 2009) and phosphorylation of Cav1 on tyrosine 14 

(Sverdlov et al., 2007).  Several studies have  shown that oxLDL internalization into static 

cultured ECs is caveolae mediated (Kumano-Kuramochi et al., 2013; Lisanti et al., 1994; Sun et 

al., 2010) yet others show that uptake into other cells types goes through a caveolae-

independent mechanism (Collins et al., 2009; Sun et al., 2007; Zeng et al., 2003).  This study 

shows that oxLDL internalization into ECs increases under low shear stress bi-directional 

(‘disturbed’) flow and pro-atherogenic waveform conditions, which is found to be dependent 

upon CD36, eNOS and caveolin1, but not on LOX1.   
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3.2 Results: 

Design of the microfluidic chamber with step barrier to mimic disturbed flow 

Arterial sites subject to low shear stress, bi-directional disturbed flow are known to be pro-

atherogenic.  A microfluidic chamber with a step barrier has been shown to mimic DF in vitro as 

well as high shear stress uni-directional laminar flow farther from the step barrier (DePaola et 

al., 1999).  Using computation fluid dynamics (CFD) software (COMSOL Multiphysics), we 

modified this design in order to create the largest region of recirculating flow following the 

barrier.  Figure 3.2 A [a] shows a sideview of the CFD simulation which depicts the low shear 

stress region after the step.  The step is towards the middle of the chamber ([b] schematic of the 

design, length 50 mm, width 5 mm, height 0.6 mm) which creates a recirculating region after the 

step barrier ([c]) with varying directions and speeds ([d] red velocity vectors after the step).  

Fluorescent microbeads under flow show the recirculation that occurs after the step ([e], left) 

and the laminar flow 1-2 cm after the step ([e], right).  The optimal height of the step was 

determined through a series of CFD simulations that tested which step height would produce 

the largest area of recirculation after the step (B): a height of 0.33 mm (55% of the total 

chamber height) created a recirculating disturbed flow region that extended 2.25 mm following 

the step.  
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Figure 3.2: Design and validation of a step barrier flow chamber mimicking physiological flow 
environments.  A:  [a] Computational fluid dynamics (CFD) simulation of the step barrier microfluidic 
chamber describing the shear stress values.  [b] CAD (computer aided design) schematic of the 
chamber’s design. [c] CFD simulation depicting the fluid’s streamlines of the recirculating disturbed 
flow (DF) region immediately following the step barrier and unidirectional laminar flow (LF) before and 
after the step. [d] Streamlines (green) and velocity vectors (red) describing the DF after the barrier.   
[e] Fluorescent beads under flow: recirculating DF immediately following the step (left) compared to the 
LF region 1-2 cm from the step (right).  B: Fluid’s recirculation length after the barrier as a function of 

the step’s height.  
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To determine the validity of the chamber, we assessed the alignment of three different 

endothelial types, human aortic, human microvascular and mouse microvascular ECs, in 

laminar flow as compared to disturbed flow.  Endothelial cells are known to align in the direction 

of flow and elongate under laminar flow, whereas they exhibit a cobblestone appearance under 

oscillatory or recirculating disturbed flow (DePaola et al., 1999).  Following 48 hours of flow, 

ECs were fixed and imaged with a Ziess Axiovert Microscope with a 10X lens.  Using ImageJ, 

cells were outlined on brightfield images and angular measurements to the direction of flow 

were calculated.  As shown in Figure 3.3, representative images show EC alignment in the 

direction of flow under laminar conditions and not under disturbed flow conditions.  The bell 

shaped curve in the histograms of the laminar flow conditions (left column) quantitatively 

indicates alignment to flow, whereas a more plateau-type shape in the histograms of the DF 

condition (right column) indicate no obvious alignment. 
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Figure 3.3: Verification of cell alignment under laminar and disturbed flow for three 
endothelial subtypes.  Endothelial cell alignment under laminar flow (left column) and disturbed flow 
(right column) conditions for human aortic ECs (top row), human microvascular ECs (middle row) and 
mouse microvascular ECs (bottom row) (20-40 cells per condition per experiment, four independent 
experiments).  The brightfield image insets are representative images of the endothelial subtype 
under LF (left) and DF (right). 
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A. 

No oxLDL OxLDL 

Increased oxLDL uptake in low shear stress bi-directional DF environments  

Prior to testing the effect of flow on oxLDL uptake, we assessed the specificity of the rhodamine 

fluorescently labeled DiI-oxLDL particle.  We imaged the average cellular fluorescent intensity in 

ECs with and without DiI-oxLDL exposure.  There was no observable fluorescence in the 

absence of the DiI-oxLDL particle (Figure 3.4 A, left).  More importantly, we did a competition 

assay which showed that the rhodamine fluorescence of the DiI-oxLDL particle was quenched 

by the addition of increasing the quantity of non-fluorescent native oxLDL, confirming the 

specificity of the DiI-oxLDL fluorescent signal (B). 

 

 

Figure 3.4: Verification of the specificity of rhodamine-tagged DiI-oxLDL.  A. Representative 
fluorescent images of endothelial cells not exposed to rhodamine DiI-oxLDL (left) and ECs with exposure 
(right).  B. Relative oxLDL rhodamine fluorescence as a function of increasing amounts of unlabeled 

oxLDL. n = 3. * p < 0.05. 
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Since atherosclerosis develops in large arteries, we first measured oxLDL uptake into human 

aortic endothelial cells in regions of disturbed versus laminar flow.  OxLDL uptake was 

quantified in HAECs exposed to physiological shear stress values of 10-12 dynes/cm2 of laminar 

or < 3 dynes/cm2 disturbed flow (Ku et al., 1985) [reviewed by (Chiu and Chien, 2011)] for 48 

hours with DiI-oxLDL (1 g/mL) in the cell medium.  OxLDL uptake was measured by 

quantifying oxLDL specific fluorescence immediately after flow cessation. As shown in Figure 

3.5, our data shows that there is increased oxLDL uptake in the disturbed flow region, up to 2 

mm following the step, as compared to the laminar regions, 1 – 2 cm before and after the step, 

in the same microfluidic chamber in the same experiment (A, representative confocal images; B, 

average oxLDL specific fluorescence).   

Then, we checked to see if this increase in DF regions is also observed in other endothelial cell 

types.  We did in fact find that this is a general phenomenon.  There is increased oxLDL uptake 

in HMVECs and MMVECs as well (Figure 3.5 C).  Interestingly, our data suggests that there is 

over two times more oxLDL internalization in human large aortic vessels as compared to 

microvessels, which may provide some insight into the enhanced oxLDL-induced endothelial 

dysfunction seen in large vessels as compared to microvessels.   

The disturbed flow created by the step barrier in the microfluidic device has two major 

components: (low, > 3 dynes/cm2) shear stress and (bi-) directionality.  To further analyze these 

components regarding oxLDL uptake into ECs, we measured uptake under high shear stress, 

bi-directional ‘oscillatory’ flow (OF) as compared to uni-directional laminar flow control.   
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Figure 3.5: Increased oxLDL uptake into ECs under disturbed flow conditions as compared to 
laminar flow.  A. Representative confocal images of oxLDL uptake into HAECs in LF and DF 
regions.  B. OxLDL uptake into HAECs in the region immediately following the step barrier (DF) 
compared to the laminar regions 1-2 cm before and after the step.  A graphical sideview of the step 
chamber with breaklines is shown below.  C. Comparative analysis of oxLDL uptake under laminar 
and disturbed flow conditions in HAECs, HMVECs and MMVECs.  * p < 0.05. 
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Opposite effect in oxLDL uptake in high shear stress bi-directional OF environments  

To mimic the high SS bi-directional oscillatory flow environment compared to uni-directional 

laminar flow, we used microfluidic chambers without any step barrier.  Fluorescent beads under 

flow in Figure 3.6 A. show that in both high shear stress uni-directional LF and high shear stress 

bi-directional OF, the fluid streamlines are similar, indicating a similar shear stress value of 10 - 

12 dynes/cm2.  In OF conditions, though, the direction of flow changes every half second and 

there is no lower shear stress recirculation or eddying in the fluid.  Endothelial cells (150k) were 

seeded into Ibidi flow slide (length 50 mm, width 5 mm, height 0.6 mm) and grown to 

confluency.   The bottom of the flow slide is transparent and has a refractive index similar to 

glass to allow for imaging with a fluorescent or confocal microscope.  The ECs are exposed to 

shear stress, either laminar or oscillatory, for 48 hours with a media that has 1 g/mL DiI-oxLDL.  

Following flow, the cells were fixed, washed and imaged with a fluorescent or confocal 

microscope for uptake of oxLDL. 

As shown in Figure 3.6, MMVECs align in the direction of LF as indicated by the bell shaped 

curve (B, left), but have less alignment in bi-directional OF conditions (B, right).  Endothelial 

endocytosis of oxLDL was determined by average cellular fluorescence.  In contrast to disturbed 

flow, there was decreased uptake in cells exposed to OF as compared to LF (C, representative 

fluorescent images; D, average oxLDL specific fluorescence) suggesting that the low shear 

stress component is the major factor in the DF-induced increase in oxLDL uptake into 

endothelial cells. 
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Figure 3.6: Flow induced uptake of oxLDL decreases in high shear stress bi-directional 
oscillatory flow conditions as compared to laminar flow.  A. The trajectories of fluorescent 
microbeads showing the streamlines created by unidirectional laminar flow (LF, left) and oscillatory 
flow (OF, right).  B.  Cell alignment to the direction of flow in MMVECs following 48 hours of laminar 
flow (left) and oscillatory flow (right).  15-30 cells per condition for each experiment, n = 4.  
Representative brightfield images are shown as insets.  C. Representative fluorescent images of 
oxLDL uptake in MMVECs following 48 hours of laminar and oscillatory flow.  D. Average cellular 
oxLDL uptake following 48 hours of laminar and oscillatory flow in ECs.  25-40 cells per condition for 
each experiment, n = 6.  * p < 0.05. 
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Pulsatile pro-atherogenic waveform increased endothelial oxLDL uptake 

Furthermore, we also tested high shear stress uni-directional athero-protective (A-P) laminar 

and low shear stress bi-directional pro-atherogenic (P-A) disturbed flow waveforms (Figure 3.7 

A) to simulate the pulsatile nature of blood flow using a cone and plate device, as previously 

described (Wu et al., 2015).  As shown by the representative images in Figure 3.7 B (top), cells 

had a visible alignment in A-P laminar flow (left) but not in P-A disturbed flow (right).  

Internalization of oxLDL uptake was quantified as in previous experiments.  Shear stress was 

applied to a confluent monolayer of HAECs with a medium containing DiI-oxLDL (1 g/mL).  

Cells were fixed immediately after flow cessation, imaged with a fluorescent microscope and 

average cellular fluorescence was determined using ImageJ software.  As shown in Figure 3.7, 

there is greater oxLDL uptake into cells under pro-atherogenic flow conditions as compared to 

ECs exposed to the athero-protective waveform (B, bottom; C).  Our data shows a general 

phenomenon of increased oxLDL uptake under lower shear stress pro-atherogenic DF as 

compared to athero-protective LF.   To better understand the mechanism of this phenomenon, 

we first investigated the role of two oxLDL scavenger receptors, LOX1 and CD36. 
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Figure 3.7:  Increased oxLDL uptake in ECs exposed to a pro-atherogenic waveform as 
compared to an athero-protective waveform.  A. Fluctuating shear stress values as a function 
of time to create athero-protective (A-P) laminar and pro-atherogenic (P-A) disturbed flow 
waveforms.  B. Representative brightfield (top) and rhodamine (bottom) fluorescent images of 
HAECs exposed to A-P (left) and P-A (right) waveforms.  C.  Average oxLDL uptake into HAECs 
exposed to athero-protective and pro-atherogenic waveforms. n = 4.  * p < 0.05. 
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Pro-atherogenic disturbed flow increased CD36 expression  

We began testing the mRNA expression of LOX-1 and CD36 in HAECs exposed to athero-

protective and pro-atherogenic flows for 24 hours.  Our results show that under these 

waveforms there is two-fold increase in CD36 mRNA expression (right) as compared to LOX1 

(left) (Figure 3.8 A).  Additionally, there is significantly greater mRNA expression under P-A flow 

as compared to A-P flow for CD36.  Since this data shows that CD36 may be the more 

dominant receptor under these flow waveforms as evidenced by greater relative mRNA 

expression, we wanted to verify if there was also an increase in protein expression of CD36 

under flow.  To achieve this aim, we treated HAECs to the LF and DF environments for 48 hours 

in the microfluidic step barrier chamber in the presence of oxLDL, fixed the cells and performed 

immunohistochemistry techniques to test for CD36 expression.  To test the specificity of the 

CD36 fluorescence, we tested the relative mRNA and protein knockdown of two CD36-

targetting siRNAs compared to control (scrambled siRNA) treated HAECs using PCR and 

Western Blotting techniques.  These candidate siRNAs (siRNA CD36 A and B) were selected 

based on the PCR results depicting maximal knockdown from an original pool of four CD36-

targetting siRNAs.  For all experiments, the cells were treated with siRNAs for 48 hours prior to 

initiating the experiment.  There was over 90% reduction in CD36 mRNA expression and ~60% 

reduction in CD36 protein expression in CD36-targetting siRNA treated ECs as compared to 

control ECs (Figure 3.8 B).  It was important to test two different siRNAs for each scavenger 

receptor to ensure the knockdown of the receptors would not cause any off-target effects that 

would skew our results.  Now we could determine the CD36 expression in control and CD36-

targetting siRNA treated HAECs exposed to 1 g/mL DiI-oxLDL and 48 hours of LF versus DF 

in the step barrier chamber using immunohistochemistry techniques.  Our data shows that there 

was greater CD36 expression in HAECs from the disturbed flow regions compared to LF in 

control HAECs (Figure 3.8: C top row, representative fluorescent images; D, average CD36 
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specific fluorescence).  As expected, there was significantly less CD36 specific fluorescence in 

the CD36-targeting siRNA treated HAECs (Figure 3.8 C bottom row, D).  Additionally, these 

cells showed no observable difference in CD36 fluorescence under LF versus DF conditions. 

The increased expression of CD36 under DF in HAECs supports the mRNA expression data as 

evidence that the scavenger receptor CD36 is significantly up-regulated in ECs from areas of 

pro-atherogenic disturbed flow as compared to athero-protective laminar flow. 
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Figure 3.8:  Increased CD36 expression under pro-atherogenic disturbed flow compared to 
athero-protective laminar flow.  A. Differential CD36 and LOX1 mRNA expression in HAECs due to 
athero-protective versus pro-atherogenic waveforms (n = 4-6).  B. CD36 mRNA (left, n = 3) and protein 
expression (right, n = 5) of HAECs treated with scrambled control and two different CD36-targetting 
siRNAs.  C. Typical images of CD36 specific fluorescence in control (top) and CD36-targeting siRNA 
(bottom) HAECs from regions of LF (left) versus DF (right).  D. The average CD36 specific fluorescence 
from control and two CD36-targeting siRNA treated HAECs from regions of laminar and disturbed flow 
in the presence of oxLDL (30-50 cells per condition per experiment, n = 3-5).  * p < 0.05. 
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Figure 3.9:  OxLDL uptake depends on CD36 scavenger receptor.  A. Representative fluorescent images 
of oxLDL uptake into scrambled control (top) and CD36-targetting siRNA (bottom) treated HAECs under 
laminar (left) and disturbed (right) flow.  B. Average oxLDL specific fluorescence in HAECs treated with either 
scrambled control or CD36-targetting siRNAs under LF and DF (20-40 cells per condition per experiment, 4 
independent experiments). * p < 0.05. 
 

0.0

0.5

1.0

1.5

2.0

2.5

Scrambled siRNA CD36A siRNA CD36B

o
x
L

D
L
 S

p
e

c
if
ic

 F
lu

o
re

s
c
e

n
c
e

LF

DF

* ****B. 
A. 

Scrambled 
control 

LF DF 

siRNA 
CD36 A 

DF-induced increase in oxLDL uptake is mediated by CD36  

This led us to hypothesize that CD36 may have a role in shear induced oxLDL uptake in 

endothelial cells.  Therefore, we ran shear stress experiments using the step barrier microfluidic 

chamber to test the role of CD36 in oxLDL uptake.  As in the other flow experiments, a medium 

containing DiI-oxLDL (1g /mL) was sheared over a confluent monolayer of siRNA treated 

HAECs for 48 hours.  Cells were then fixed and imaged for oxLDL uptake.  As expected, oxLDL 

uptake into control HAECs was greater under DF conditions as compared to LF.  HAECs 

treated with CD36-targetting siRNAs, though, had reduced oxLDL uptake as compared to 

controls (Figure 3.9: A, representative fluorescent images; B, their average cellular oxLDL 

uptake).  Additionally, there was no difference in uptake between laminar and disturbed flow 

conditions in the CD36-targetting siRNA treated ECs.  Taken together, the CD36 expression 

data and these results suggest that CD36 is both highly responsive to pro-atherogenic disturbed 

flow and critically important in endothelial oxLDL uptake. 
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DF-induced increase in the uptake of oxLDL is not dependent on LOX1 

Since LOX1 has been shown to be a major receptor in macrovascular endothelial cells (Lubrano 

and Balzan, 2014; Pirillo et al., 2013), we wanted to test its role in disturbed flow induced 

endothelial oxLDL uptake.  LOX1 was downregulated using two LOX1-targetting siRNAs 

compared to control HAECs, which were treated with scrambled siRNA, and were tested using 

PCR and Western Blotting techniques.  These candidate siRNAs (siRNA LOX1 A and B) were 

selected based on the PCR results showing maximal knockdown from an original pool of four 

LOX1-targetting siRNAs.  There was over 70% reduction in LOX1 mRNA expression and ~70% 

reduction in LOX1 protein expression in LOX1-targetting siRNA treated ECs as compared to 

controls (Figure 3.10 A).     

Next, we tested the role of LOX1 in DF-induced increased oxLDL uptake in ECs.  Our control 

HAECs showed that there was greater oxLDL uptake under DF as compared to LF conditions 

as we expected (B, representative fluorescent images; D, average cellular oxLDL uptake).  

Notably, the LOX1-targetting siRNA treated ECs had the same degree of oxLDL uptake as 

control ECs and there was increased uptake in cells from the DF regions compared to LF in all 

siRNA conditions.  This indicates that the scavenger receptor CD36, and not LOX1, is required 

for oxLDL uptake into ECs under flow conditions.   
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Figure 3.10:  OxLDL uptake does not depend on the Lox1 receptor. A. Lox1 mRNA (left, n = 4) and 
protein expression (right, n = 4) of HAECs treated with scrambled control and two LOX1-targetting siRNAs.     
B.  Representative fluorescent images of oxLDL internalization into HAECs treated with either control or 
two LOX1-targetting siRNAs under laminar and disturbed flow.  C. Average oxLDL uptake into scrambled 
control and LOX1-targetting siRNA treated ECs under LF and DF (20-40 cells per condition for each 
experiment, 4 independent experiments).  * p < 0.05. 
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Disturbed flow induced increase in oxLDL uptake is dependent on caveolae 

Caveolae are a main mechanism for oxLDL uptake into static cultured endothelial cells (Sun et 

al., 2010), but the role of caveolae in laminar versus disturbed flow induced oxLDL uptake has 

not been studied.  To this end, we tested the oxLDL uptake following 48 hours of laminar and 

disturbed flow into WT and Cav1 KO MMVECs.  As shown in previous experiments (Figure 3.5 

C), there is increased oxLDL uptake under DF conditions as compared to LF in WT ECs (Figure 

3.11 A top, representative confocal images; B, average oxLDL specific fluorescence).  In cells 

lacking Cav1, though, oxLDL uptake decreased significantly (~50% reduction) and no difference 

in uptake is seen in Cav1 KO ECs from the laminar versus disturbed flow regions (A, bottom; B).   

Additionally, differential uptake in WT versus Cav1 KO ECs was also tested in laminar versus 

oscillatory flow conditions.  As previously shown (Figure 3.6 C, D), there is decreased uptake in 

WT ECs from the oscillatory flow regions as compared to those from the laminar flow regions 

(Figure 3.11 C, top; D).   Cav1 KO ECs, though, had a dramatic decrease (~70% reduction) in 

cellular oxLDL uptake as compared to WT controls.  Also, there is no observable difference in 

oxLDL uptake in KO ECs under laminar versus oscillatory flow (Figure 3.11 C, bottom; D).  

These cells were quantified for alignment to flow.  As shown in Figure 3.11 E, there is no 

discernible alignment to the direction of flow in Cav1 KO cells from either the laminar or the 

oscillatory flow regions. The results presented here suggest that caveolae is a main endocytotic 

mechanism for oxLDL internalization into endothelial cells under any shear condition tested, 

laminar, disturbed and oscillatory flow.  



45 

 

 

Figure 3.11:  OxLDL uptake into ECs depends upon intact caveolae machinery.               
A. Representative confocal images of oxLDL uptake into WT MMVECs (top) and Cav1 KO ECs 
(bottom) from laminar flow (left) and disturbed flow (right) regions of the step barrier microfluidic 
chamber.  B. Average cellular oxLDL uptake into WT and Cav1 KO MMVECs in LF versus DF 
conditions (30-50 cells per condition per experiment, n = 6).  C. Representative fluorescent 
images of oxLDL uptake into WT (top) and Cav1 KO MMVECs (bottom) from laminar (left) and 
oscillatory (right) flow regions.  D. Average cellular oxLDL uptake into WT and Cav1 KO 
MMVECs in laminar and oscillatory flow conditions (25-40 cells per condition per experiment, 6 
independent experiments).  E. Cell alignment to the direction of flow in Cav1 KO MMVECs 
following 48 hours of laminar flow (left) and oscillatory flow (right).  15-30 cells per condition for 
each experiment, n = 4.  The brightfield image insets are representative images of Cav1 KO 
MMVECs under LF (left) and OF (right). * p < 0.05.   
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CD36 and Cav1 cell membrane expression and co-localization  

Since we previously showed that shear induced oxLDL uptake is dependent on both the oxLDL 

receptor CD36 and caveolae comprised of Cav1 protein, we wanted to determine if CD36 and 

Cav1 are linked events in oxLDL uptake or function independently.  One preliminary step is 

determining if endothelial CD36 and Cav1 co-localize.  In this experiment, we examined co-

localization at the basal membrane from images obtained from TIRF (total internal reflection 

fluorescence) imaging.  HAECs were subjected to laminar and disturbed flow conditions in the 

step barrier microfluidic channel for 48 hours with a medium containing unlabeled oxLDL (1 

g/ml) and were fixed, washed and immunohistochemistry techniques were used to detect 

membrane and intracellular Cav1 and CD36 expression.  TIRF imaging allows the visualization 

of fluorophores from a very thin section (~100 nm) of a specimen (as compared to ~500-1000 

nm of confocal or fluorescent microscopy) by using an angled, induced evanescent wave and 

the property of different refractive indices of the glass slide, specimen, and aqueous solution.  

Two types of images are shown: TIRF fluorescent (left column) images of the basal membrane 

and epifluorescent (right column) images of whole cell Cav1 and CD36 expression.  As shown 

in Figure 3.1 A and B, both Cav1 (rhodamine, top row) and CD36 (green, middle row) are 

expressed on the membrane (TIRF, left column).  A highly expressed Cav1 (top row) and CD36 

(middle row) total cellular fluorescent expression (epifluorescence, right column) visually 

indicated the internalization of both Cav1 and CD36 in ECs exposed to laminar (A) and 

disturbed (B) flow environments.  Co-localization of Cav1 and CD36 at the basal membrane in 

HAECs was assessed to determine if a difference existed in the co-localization between regions 

of differential flow, using ImageJ.  Our results show that there was no difference between 

CD36/Cav1 co-localization between the LF versus DF regions in HAECs (Figure 3.13 C), with 

the co-localization of CD36/Cav1 at the basal membrane around twenty to twenty-five percent.     
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Figure 3.12:  Co-localization of Cav1 and CD36 at the cell membrane of sheared HAECs as 
visualized by TIRF.  A and B. Representative TIRF images (left column) and their corresponding 
epifluorescent confocal images (right column) for Cav1 (rhodamine, top row), CD36 (green, middle row) 
and the merged (bottom row) images for HAECs exposed to laminar flow (A) and disturbed flow (B) 
environments.  C. Venn diagrams depicting the co-localization of Cav1 and CD36 from LF and DF 
regions in the basal membrane obtained from the TIRF images.  15-25 cells measured in three 
experiments.  
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OxLDL is highly co-localized with Cav1 in sheared ECs   

Furthermore, we wanted to quantify the extent of intracellular oxLDL co-localization with 

caveolae and if differences existed between the laminar and disturbed flow conditions.  Using a 

Nucleofector kit for NucleofectorTM II/2B, HAECs were transfected with a green fluorescent 

protein-Cav1 tag overexpressing Cav1, seeded into the microfluidic chamber and grown to 

confluency.  Following 48 hours of flow with a medium containing the rhodamine tagged DiI-

oxLDL particle, cells were fixed and imaged using a Zeiss LSM 710 confocal microscope with a 

63x lens.  As expected, there was a high degree of co-localization (> 80%) between oxLDL and 

Cav-1 under all experimental shear conditions (Figure 3.13).  Both oxLDL and caveolin1 appear 

in rather large punctate aggregations, which we attribute to the possible presence of oxLDL in 

small caveolar clusters (as shown in Figure 3.1, double arrow) rather than individual caveolae 

vesicles.  Interestingly, the degree of oxLDL/Cav1 co-localization was greater in cells exposed 

to recirculating DF as compared to LF, as calculated by ImageJ software.   
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Figure 3.13:  Co-localization of oxLDL with Cav1 under different shear conditions.   
A.  Representative confocal images of oxLDL (rhodamine) co-localizing with GFP-tagged 
Cav1 from laminar flow (top) and disturbed flow (bottom) regions.  B. Venn diagrams 
depicting the degree of overlap between oxLDL and Cav1 in LF and DF regions.  There 
was statistical significance of p < 0.05 in these two flow conditions.  20-30 cells measured 
in three experiments. 
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Endocytosis of CD36 in HAECs  

To further address the question of whether Cav1 and CD36 are independent or linked events in 

endocytosis, we examined CD36 endocytosis in control and Cav1 depleted cells.  Through a 

protocol of accelerated immunohistochemistry labeling of CD36 on live cells at 4o C, we 

visualized CD36 surface staining and endocytosis.  The protocol was conducted in the cold to 

inhibit cellular endocytosis and permit the visualization of endocytotic proteins at the cellular 

surface.  A rhodamine tagged surface staining marker for the plasma membrane was applied to 

the live cells prior to FITC-CD36 labeling.  Their observed co-localization ensured the CD36 is 

expressed on the cell’s membrane (Figure 3.14 A).  After CD36 labeling, HAECs were fixed at 

4o C for the visualization of CD36 at the membrane (Figure 3.14 B, left) or were warmed in an 

incubator to permit CD36 endocytosis (Figure 3.14 B, right) prior to their fixation.  Confocal z-

stack imaging shows the endothelial surface staining and endocytosis of CD36 in the top and 

right panels of each image. 

Furthermore, to determine the impact of Cav1 on CD36 endocytosis, HAECs were treated with 

either scrambled control siRNA or Cav1-targetting siRNA.  Western blot analysis showed that 

there was a ~70% reduction in Cav1 expression in Cav1-targetting siRNA treated ECs as 

compared to controls.  As shown in Figure 3.14 C, control cells visually showed a greater 

expression of CD36 and enhanced CD36 internalization (top) as compared to Cav1 depleted 

ECs (bottom).  These results indicate that CD36 enters cells through a caveolae-dependent 

mechanism.   
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Figure 3.14:  Plasma membrane surface expression and endocytosis of CD36 in scrambled 
control and Cav1 depleted cells.  A. Representative confocal image of CD36 expression on the 
plasma membrane (PM).  B.  CD36 surface expression (left) and endocytosis (right) in HAECs.  C. 
CD36 surface expression (left) and endocytosis (right) in control (top) and Cav1 depleted ECs (bottom).  
10-20 cells were imaged per experiment, four independent experiments. 
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The effect of eNOS on oxLDL uptake under laminar and disturbed flow conditions 

It is well-known that laminar flow stimulates the production of NO [reviewed by (Chiu and Chien, 

2011)], whereas disturbed flow leads to eNOS uncoupling and pro-inflammatory ROS 

generation (Li et al., 2011).  Therefore explore the mechanism of caveolae-mediated oxLDL 

uptake, we compared the uptake in WT ECs compared to those lacking eNOS.  Our preliminary 

data indicates that eNOS is required for the flow induced increase in oxLDL uptake (Figure 3.15 

A).  Additionally, cells lacking eNOS have a small but statistically significant decrease (> 30%) 

in oxLDL uptake compared to WT ECs. 

To further study the role of eNOS, we looked at eNOS phosphorylation on Serine 1177 in WT 

ECs.  eNOS phosphorylation (Ser-1177) activates eNOS (Dimmeler et al., 1999) leading to an 

increase in NO and ROS generation (Chen et al., 2008).  Studies from our lab show that an 

increase in phospho-eNOS are indicative of eNOS hyperactivation and endothelial dysfunction 

(Bakhshi et al., 2013), but its role in DF induced macromolecular uptake is unknown.  We found 

that that there is, in fact, an increase in eNOS phosphorylation under disturbed flow conditions 

in the presence of oxLDL (Figure 3.15 B) supporting our data that both eNOS and caveolae are 

required for the flow induced increase in oxLDL uptake. 
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Figure 3.15:  OxLDL uptake is dependent upon endothelial nitric oxide synthase (eNOS).  A. 
oxLDL uptake into WT and eNOS deficient (eNOS/Cav1 double knockout-Cav1 YFP) MMVECs under 
laminar and disturbed flow conditions (20-40 cells per condition per experiment, n=4).  B. Phospho-
serine 1177 eNOS activation in MMVEC from LF and DF regions of the step barrier chamber.  * p < 0.05. 
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Disturbed flow has no effect on albumin uptake  

Next, we addressed whether DF enhances the caveolae machinery to increase oxLDL 

internalization, independent of CD36 expression.  Studies from our lab and others have shown 

that caveolae is required for the transport of the major macromolecule, albumin (Shajahan et al., 

2004; Vandoorne et al., 2010).  Since albumin binds to the gp60 receptor (Ghitescu et al., 1986) 

and not CD36, we performed experiments with a GFP-labeled albumin (1 g/mL) containing 

medium which was sheared over ECs in the step barrier chamber for 48 hours.  Following flow 

cessation, cells were fixed, washed, fluorescently imaged for albumin uptake and average 

cellular uptake was quantified using ImageJ.  Our data shows no difference in albumin uptake 

into HAECs from laminar or disturbed flow regions (Figure 3.17).  This was also found to be the 

case in human microvascular ECs as well.  Therefore, although caveolae plays an important 

part in oxLDL uptake, these data suggest that disturbed flow does not enhance caveolae 

machinery in cells.  Taken together with our data of enhanced mRNA expression (Figure 3.8 A) 

and protein expression of CD36 (Figure 3.8 C) under disturbed flow, we suggest that the DF-

induced increase in the cellular uptake of oxLDL is mediated by increased expression of the 

oxLDL receptor and not by enhancing the endocytotic activity of caveolae.     
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Figure 3.16:  Albumin uptake into HAECs and HMVECs is the same under both laminar and 
disturbed flow conditions.  A. Representative brightfield (left) and fluorescent images (right) of 
albumin uptake into HAECs from laminar (top) and disturbed (bottom) flow regions.  B. Relative 
albumin specific fluorescence in HAECs and HMVECs exposed to 48 hours of LF versus DF 
conditions (20-40 cells per condition per experiment, n > 4).  
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3.3 Discussion: 

We reproduced physiologically relevant athero-protective and pro-atherogenic flow 

environments using three different flow systems: a parallel-plate flow apparatus with either (1) 

unidirectional laminar flow versus high shear stress bi-directional oscillatory flow or (2) a 

microfluidic flow chamber with a step barrier (DePaola et al., 1999; DePaola et al., 1992) 

creating LF and lower shear stress recirculating DF within the same chamber, and (3) a cone 

and plate rheometer which creates shear stress waveforms corresponding to flow profiles based 

on human arterial geometries previously described (Dai et al., 2004; Wu et al., 2015).  These 

approaches have been used to determine the impact of DF on EC properties, including the 

activation of several pro-inflammatory pathways, increased EC turnover and enhanced 

monocyte adhesion (Hahn and Schwartz, 2009; Jiang et al., 2015; Marin et al., 2013; Tarbell et 

al., 2014).  In these studies, we used a fluorescently labeled oxLDL particle.  Endothelial cell 

exposure to oxLDL has been shown to induce cell apoptosis, increase surface adhesion 

molecule expression which mediates the adhesion of monocytes, stimulate an inflammatory 

response and disrupt the functioning of the endothelial permeability barrier [reviewed by 

(Levitan et al., 2010; Pirillo et al., 2013)].   

The overall goal of this project was to determine the impact of the synergistic effect of 

physiological hemodynamic environments and dyslipidemia on endothelial biomechanics.  

Enhanced aortic stiffness is well known to be associated with the onset and progression of 

cardiovascular disease [reviewed by (Kohn et al., 2015; Palombo and Kozakova, 2016)].  To 

address our goal, we first we compared uptake of pro-inflammatory oxLDL in cells exposed to 

either LF and OF or LF and DF environments, as studies from our lab have shown that oxLDL 

exposure enhances endothelial stiffness (Oh et al., 2016; Shentu et al., 2012; Shentu et al., 

2010).  Our data showed that although there is reduced oxLDL uptake into cells from OF 
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regions compared to LF, there was enhanced uptake into ECs exposed to DF versus LF.  We 

attribute these somewhat contradictory results to the differences between the oscillatory and 

disturbed flow patterns themselves.  Our interpretation of this data is that the lower shear stress 

values seen in the disturbed flow region after the step barrier facilitate oxLDL uptake.  

Furthermore, we suggest that since bidirectional flow is a characteristic of both OF and DF, the 

enhanced oxLDL endocytosis into ECs is primarily attributed to the lower shear stress values 

rather than bidirectional flow itself.  Overall, these sets of experiments showed that the uptake of 

oxLDL was enhanced in pro-atherogenic disturbed flow as compared to athero-protective 

laminar flow.  At the same time, a similar study recently showed that oxLDL uptake into 

coronary ECs grown in bifurcated tube sections was greater in the sections exposed to 

recirculating and laminar flow, as compared to the sections of laminar flow only and the static 

control sections (Martorell et al., 2014).  ECs seeded into whole tubed sections is a more 

realistic method geometrically, though their approach did not have the advantage of studying 

defined regions wholly dedicated to disturbed flow versus laminar flow.  Atherosclerotic plaques 

preferentially develop in the inner curvatures of the aortic arch and carotid bifurcation, which is 

subject to low shear stress bi-directional flow and tend to be absence in the high shear stress bi-

directional flow regions of the outer curvature of the arch and bifurcation [reviewed by (Chiu and 

Chien, 2011)].  Here we show a distinct difference in the responses of cellular oxLDL uptake 

based on the shear stress value in bi-directional flow: low (+/- 3 dynes/cm2) shear stress bi-

directional flow results in increased oxLDL uptake whereas high (10 – 20 dynes/cm2) shear 

results in decreased oxLDL uptake, as compared to laminar flow control.   

Atherosclerosis is a disease of the large arteries and not typically found in the microvasculature.  

Many of the same inflammatory pathways, though, are activated in both macro- and 

microvascular ECs, such as localized increase in reactive oxygen species production and 

enhanced leukocyte recruitment to the endothelial surface (Vitiello et al., 2014).  We therefore 
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wondered if differences in oxLDL uptake would exist between HAECs as compared to HMVECs 

under laminar and disturbed flow conditions.  This was also important to test because one of our 

mouse models testing the role of caveolae uses microvascular ECs from Cav1 KO mice.  

Although we did observe a significant increase in oxLDL uptake in the DF regions in HMVECs 

compared to LF regions, there was significantly less uptake in HMVECs overall (~40% less) as 

compared to HAECs.  These results may contribute to our hypothesis that enhanced oxLDL 

uptake found in DF regions is a contributing factor in the onset of atherosclerosis.  

We further determined that the shear stress induced uptake of oxLDL is mediated by the 

eNOS/Cav1 endocytotic machinery which has been shown to be a major pathway of 

macromolecular albumin uptake into endothelial cells (John et al., 2003; Sverdlov et al., 2009).  

Previous work has shown that oxLDL uptake into static cultured human umbilical vein ECs is 

caveolae mediated.  Our research is consistent with these studies and extended them to include 

cellular affects due to eNOS and Cav1 in physiologically relevant flow environments. Previous 

work has shown that Cav1 is a putative mechanosensor in endothelial cells as evidenced by the 

acute changes in mechanosignalling events upon flow initiation (Rizzo et al., 2003; Yang and 

Rizzo, 2013). One of these caveolae signaling events is laminar flow induced activation of 

eNOS leading to the increased production of the essential vasodilator nitric oxide [reviewed by 

(Chiu and Chien, 2011)].  Our data also shows that Cav1 plays a major role in the differential 

uptake of oxLDL under flow conditions. The most straightforward interpretation of why Cav1 and 

eNOS are essential for endothelial oxLDL uptake is that intact eNOS/Cav1 machinery is 

required for oxLDL endocytosis.  However, our results show no difference in albumin uptake 

under laminar versus disturbed flow.  This suggests that although caveolae are required for 

oxLDL internalization under flow conditions, another molecular system is required to create the 

phenomena of enhanced oxLDL uptake under disturbed flow conditions.   
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As far as the mechanism of DF-induced increase in oxLDL uptake into HAECs, our results show 

that increased uptake is due to increased expression of the CD36 endothelial scavenger 

receptor whereas another major receptor, LOX1, seems to have no noticeable role. These 

results were surprising since most studies focus on LOX1 as the primary endothelial oxLDL 

receptor (Lubrano and Balzan, 2014; Pirillo et al., 2013) whereas CD36 has been primarily 

studied in monocytes, macrophages and platelets (Silverstein and Febbraio, 2009) with only a 

couple of research studies showing significant CD36 involvement in endothelial functioning. 

Specifically, CD36 was shown to have a role in oxLDL-induced EC redistribution of eNOS 

(Uittenbogaard et al., 2000) and that endothelial CD36 has anti-angiogenic properties (Dawson 

et al., 1997).  Additionally, a recent study from our lab shows that CD36 is required for oxLDL-

induced endothelial stiffening (Oh et al., 2016).  Here, we show that CD36 expression is 

significantly higher in HAECs exposed to athero-protective and pro-atherogenic flow conditions 

than the expression of LOX1, which is suspected to be the reason why the knockdown of LOX1 

did not have any effect on oxLDL uptake under flow whereas CD36 significantly reduced flow 

induced uptake of oxLDL.  

Furthermore, our data provide evidence that caveolae endocytosis is a main mechanism in the 

internalization of oxLDL into endothelial cells and that the DF-induced increase in oxLDL uptake 

is dependent on the oxLDL receptor CD36.  We showed that there is enhanced mRNA and 

protein expression of CD36 under disturbed flow compared to LF.  Additionally, the uptake of 

albumin, a macromolecule internalized by caveolae, was the same under LF and DF conditions, 

in both HAECs and HMVECs.  Taken together, this data suggests that the DF-induced increase 

in the cellular uptake of oxLDL is mediated by increased expression of the oxLDL receptor and 

not by enhancing the endocytotic activity of caveolae.     
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CHAPTER 4: Role of oxidized lipids in endothelial and sub-endothelial stiffness               

in vitro and in vivo 

4.1 Introduction:  

Increased vascular stiffness in large arteries has been repeatedly shown to be associated with 

the onset and progression of cardiovascular disease [reviewed by (Kohn et al., 2015; Palombo 

and Kozakova, 2016)].  Studies show that aortic stiffness has been shown to increase blood 

pulse wave velocity and aortic pulse pressure which is an important determinant of increased 

cardiovascular disease events and mortality (Cecelja and Chowienczyk, 2012).  However, it is 

important to note the difference between whole artery stiffness and the stiffness of the 

endothelial cell monolayer, which on its own can be a major factor in the functioning of the 

endothelium.  For example, research has shown that EC stiffness by itself has a role in 

increased adhesion, spreading and transendothelial migration of pro-inflammatory leukocytes 

(Martinelli et al., 2014; Schaefer et al., 2014) which have been shown to be a key initiating factor 

in the onset of atherosclerosis.  A review by Schaefer et al. discusses how leukocyte 

transendothelial migration is activated by increased EC stiffness via enhanced substrate 

stiffness though the RhoA/ROCK/Myosin light chain (MLC) phosphatase pathway and increased 

acto-myosin activity [reviewed by (Schaefer and Hordijk, 2015)].  Our group has shown that 

exposure to oxLDL and certain oxysterols in vitro leads to increased endothelial stiffening 

(Byfield et al., 2006; Shentu et al., 2012), which is abrogated by the loss of CD36 (Oh et al., 

2016).  The impact of differing shear stress patterns on endothelial stiffening in vitro, though, is 

less clear.  Furthermore, very few ex vivo biomechanical studies have been conducted on the 

intact endothelial monolayer of vessels.  

Several pro-atherosclerotic and athero-resistant mouse models exist.  Much research has 

shown that the genetic deletion of scavenger receptor CD36 confers protection against the 



61 

 

formation of atherosclerotic lesions (Brown et al., 2015; Febbraio et al., 2000; Guy et al., 2007) 

though some research indicates increased mean lesion area in the aortic sinus in these mice 

(Moore et al., 2005).  Additionally, studies show that knockout of caveolin1, the main protein in 

macromolecular transporter caveolae, in mice has an athero-protective effect, even on a pro-

atherogenic ApoE KO background (Frank et al., 2004).  It is not known, though, whether there 

are changes in endothelial cell and sub-endothelial matrix stiffening from the intact vessels of 

these knockout models as compared to wild type.  Here we show that stiffness of the endothelial 

cell monolayer is greater in the aortic arch compared to the descending aorta, an effect that is 

attributed to the presence of the oxLDL receptor CD36 and the intact caveolae endocytotic 

machinery.   



62 

 

4.2 Results:  

OxLDL-induced stiffness as a function of concentration in HAECs  

We conducted two sets of experiments to test oxLDL-induced endothelial stiffening as a function 

of increasing concentrations.  In the first set of experiments, HAECs were seeded onto glass 

coverslips, grown to semi-confluency and exposed to a physiological range of concentrations (0, 

10, 100 and 10,000 ng/mL) of oxLDL for 48 hours followed by elastic modulus measurements 

using AFM.  As shown in Figure 4.1 A and B, our results show that there is a clear increase in 

endothelial stiffening starting at 100 ng/mL as compared to the 0 and 10 ng/mL oxLDL groups.    

No further stiffening is observed at 10,000 ng/mL (10 g/ml) oxLDL.   

Since previous studies from our lab show that aortic ECs stiffen in response to 10 g/mL of 

oxLDL compared to control cells (Shentu et al., 2012; Shentu et al., 2010) and that a typical 

range of oxLDL used in in vitro experiments can be higher (Zhang et al., 2014), in this second 

set of experiments we tested endothelial stiffening in HAECs exposed to 0, 10, 50, 100 g/mL 

oxLDL for one hour.  As shown by the rightward shift in the histogram, our results show 

increased stiffening in HAECs exposed to 50 g/mL oxLDL compared to 10 g/mL or no oxLDL 

control ECs (Figured 4.1 C D).  Increasing the oxLDL concentration to 100 g/mL did not further 

stiffen the cells.   
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Figure 4.1:  Concentration dependence of oxLDL-induced stiffening in HAECs.  A. Histograms 
showing the elastic modulus values of HAECs exposed to varying concentrations of oxLDL for 48 hours.  B. 
Average elastic modulus of HAECs treated with 0, 10, 100 or 10,000 ng/mL oxLDL.   C. Histograms 

depicting the elastic moduli of HAECs exposed to different concentrations (g/mL) of oxLDL for one hour.  
D.  Average cellular elastic modulus of HAECs treated with 0, 10, 50 or 100 ug/mL oxLDL. 15-25             
cells per condition for each experiment, n = 3. * p < 0.05.  Research from C. and D. was originally published 
in the Journal of Lipid Research.  Oh et al 2016. Journal of Lipid Research, 57(5), 791-808.  
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OxLDL-induced cell stiffness is dependent on Rho kinase  

Our lab has previously shown that cellular exposure to oxLDL leads to increased stress fiber 

formation (Kowalsky et al., 2008), but the mechanism of oxLDL induced stiffening is not well 

understood.  RhoA, a small GTPase, is known to regulate cytoskeleton organization, including 

acto-myosin contractility, cell adhesion, microtubule dynamics and actin stress fiber formation.  

A recent study from our group has shown that oxLDL-induced stiffening is RhoA dependent (Oh 

et al., 2016).  Since a major downstream target of RhoA is Rho Kinase (ROCK) (Hall, 2012), we 

further tested RhoA pathway’s involvement in oxLDL-induced cell stiffening by blocking ROCK 

activity through the application of a known ROCK inhibitor, Y27632.  HMVECs were pretreated 

with 1 g/mL Y27632 for one hour prior to the addition of oxLDL (50 g/mL, 1 hour).  As shown 

in Figure 4.2, application of oxLDL stiffened the cells as compared to control cells.  Pre-

treatment with Y27632 before adding oxLDL did not result in a rightward shift in the elastic 

modulus histogram, indicating that this treatment abrogated the stiffening affect.  Treatment with 

the ROCK inhibitor alone did not significantly alter endothelial stiffening compared to control or 

pretreated cells.  These results show that oxLDL-induced endothelial stiffening depends on Rho 

kinase (Oh et al., 2016). 



65 

 

 

Figure 4.2: OxLDL-induced cell stiffness is through the RhoA kinase (ROCK) pathway.  A. 
Histograms depicting the elastic modulus of ECs exposed to the ROCK inhibitor, Y27632, either with or 
without oxLDL, or control conditions.  B.  Average cellular elastic modulus of HMVECs.  15-20 cells 
were examined per condition for each experiment, three independent experiments. * p < 0.05.  This 
research was originally published in the Journal of Lipid Research.  Oh et al 2016. Journal of Lipid 
Research, 57(5), 791-808.  
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7-ketocholesterol induces stiffness in HMVECs  

Previous studies (Oh et al., 2016; Shentu et al., 2012; Shentu et al., 2010)  have shown that 7-

ketocholesterol (7KC), a major component of oxLDL, enhances cell stiffening in macrovascular 

aortic ECs and that 7KC activates the RhoA signaling pathway.  We therefore tested if 7KC-

induced endothelial stiffening is dependent on the ctivation of the downstream effector Rho 

kinase.  Similar to the previously described experiment, HMVECs were pretreated with the 

ROCK inhibitor, Y27632 (1 g/mL, 1 hour), prior to the addition of 7KC (10 g/mL, 1 hour) and 

subsequent endothelial stiffening tested using AFM.  Similar to what was shown in 

macrovascular ECs, human microvascular ECs also stiffened in response to 7KC compared to 

control ECs, as shown by the rightward shift in the elastic modulus histogram (Figure 4.3 A).  

Pre-treatment with the ROCK inhibitor, though, abrogated this stiffening effect (Figure 4.3 B), 

indicating that 7KC-induced endothelial stiffening depends upon an intact RhoA/ROCK pathway. 

 

 



67 

 

 

Figure 4.3: 7-Ketocholesterol induced stiffness is abrogated by blocking the ROCK 

pathway.  A. Histograms of the elastic modulus values of HMVECs treated with 7-ketocholesterol, 

either with or without the ROCK inhibitor Y27632, and control ECs.  B.  Average cellular elastic 

modulus of HMVECs for the above mentioned conditions (20-25 ECs were tested per condition for 

each experiment, n = 3). * p < 0.05.  This research was originally published in the Journal of Lipid 

Research.  Oh et al 2016. Journal of Lipid Research, 57(5), 791-808.  
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OxLDL induced stiffness in HAECs is MLC2 dependent 

Myosin light chain phosphatase, MLCP, is a known downstream target of RhoA/ROCK and 

functions as an acto-myosin relaxant (Kimura et al., 1996).  MLCP is an enzyme that 

dephosphorylates myosin light chain kinase 2 (MLC2).  The action of this de-phosphorylation 

relaxes the contractile state of actin-myosin brought upon by MLC2 (Kimura et al., 1996) 

ultimately leading to enhanced transendothelial migration of pro-inflammatory leukocytes 

(Schaefer and Hordijk, 2015).   We recently showed that addition of oxLDL to HAECs causes 

inhibition of MLCP (Oh et al., 2016), which we hypothesize would contribute to endothelial 

stiffening.  To check this hypothesis, we tested if oxLDL-induced endothelial stiffening would be 

abrogated by the MLCP inhibitor, blebbistatin.  As shown in previous experiments, oxLDL 

exposure (50 g/mL, 1 hour) caused cell stiffening versus control cells (Figure 4.4 A left and 

middle, B).  Pretreating HAECs with blebbistatin (50 M, 1 hour) prior to addition of oxLDL 

abrogated this stiffening effect (Figure 4.4 A right, B).  Blebbistatin treatment alone did not 

significantly alter cell stiffness.  Taken together, these data show that oxLDL-induced 

endothelial stiffening is dependent on an intact RhoA/ROCK/MLCP/MLC2 pathway. 
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Figure 4.4: Ox-LDL-induced cell stiffness is myosin light chain kinase 2 (MLC2) dependent. 

A. Elastic modulus histograms for oxLDL treated HAECs, with or without blebbistatin (MLCP 

inhibitor), and control conditions.  B.  Average cellular elastic modulus for these HAECs (20-25 

cells per condition for each experiment, n = 3). * p < 0.05.  This research was originally published 

in the Journal of Lipid Research.  Oh et al 2016. Journal of Lipid Research, 57(5), 791-808.  
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Endothelial membrane changes in lipid ordering due to the incorporation of oxidized 

phospholipid bi-products, POVPC and PGPC  

Oxidized LDL can be separated into several groups of lipids, including phosphatidylcholine 

(PC), which has been shown to correspond to enhanced cellular stiffness (Shentu et al., 2012).  

PC is a biologically active compound that can be oxidized.  Two components of oxPC, 1-

palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC) and 1-palmitoyl-2-glutaroyl-

sn-glycero-3-phosphocholine (PGPC), have been shown to enhanced endothelial barrier 

permeability (Birukova et al., 2013), increase monocyte binding to ECs (Huber et al., 2002) and 

are increased in the atherosclerotic lesions in rabbits fed a high fat versus regular chow diet 

(Watson et al., 1997).  Our previous studies show that the lipid composition of the cell 

membrane affects endothelial biomechanical properties (Shentu et al., 2010).   We therefore 

tested if the relative quantity of “ordered” (cholesterol-rich) and “disordered” (cholesterol-poor) 

membrane domains would change due to the exposure of these two compounds.  As described 

in the methods section, the relative ordering of the domains can be visualized due to the laser’s 

excitation of the degree of cellular incorporation of Laurden dye, which in turn emits light in two 

distinct wavelengths, producing two images.  As described earlier (Gaus et al., 2003; Shentu et 

al., 2010), changes in membrane fluidity are estimated by calculating the general polarization 

ratio from these two images, resulting in a single pseudo-colored image.  As shown in the 

representative images in Figure 4.5 A, lower values (blue and green) correspond to more 

ordered domains whereas higher values (red and yellow) represent disordered domains.  This 

pseudo-coloring was quantified as described previously (Gaus et al., 2003).  In brief, the 

images’ pixels (blue) each has a general polarization value which can then be separated into 2-

Gaussian curves (Figure 4.5 B): a disordered domain (aqua) and an ordered domain (yellow).   

The generalized polarization values for each cell are determined by the vertex of the Gaussian 

curves.  As shown in Figure 4.5 C, our data showed a statistically significant decrease in both 
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the ordered and disordered domains in ECs treated with POVPC and PGPC as compared to 

control ECs (Ayee et al., 2017).  Furthermore, we showed that exposure to these biologically 

active compounds of oxLDL, POVPC and PGPC (10 g/mL, 30 minutes), increases the elastic 

modulus values in ECs as compared to non-treated ECs (Ayee et al., 2017).     
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Figure 4.5: Decrease in the lipid membrane order due to incorporation of the biologically active 

phospholipids POVPC and PGPC.  A. Representative pseudo-colored images depicting the relative 

phospholipid ordering in ECs treated with POVPC and PGPC as compared to control conditions.  B. 

Gaussian distribution curves indicating the averaged relative shift in membrane phospholipid ordering in 

POVPC and PGPG conditions as compared to non-treated control conditions (12-25 cells per experiment, 

three independent experiments).  C. Averaged GP values from control, POVPC and PGPC-treated ECs.  

This research was originally published in Biophysical Journal.  Ayee et al 2017. Biophysical Journal, 

112(2), 325-338.  
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Differential effects of laminar and disturbed flow on oxLDL-induced endothelial stiffness 

Since atherosclerotic plaques preferentially form at disturbed flow regions of the vasculature, it 

is crucial to study cell stiffness in the presence of athero-protective and pro-atherogenic flow 

conditions in the absence and presence of oxLDL.  Since previous studies showed that oxLDL 

increases cell stiffness (Byfield et al., 2006; Oh et al., 2016; Shentu et al., 2010) and this 

present study shows that there is increased uptake of oxLDL into cells exposed to DF as 

compared to LF, we hypothesized that HAECs exposed to DF would have increased cell 

stiffness compared to those from LF regions.  To test this hypothesis, we first measured the 

elastic modulus of HAECs exposed to 48 hours of laminar and disturbed flow in the microfluidic 

step barrier chamber in the presence and absence of oxLDL (10 g/mL) in the flow medium.  

Following flow cessation, the stiffness of the cells within the step barrier was tested with AFM.  

To access these cells, the chamber’s upper panel was removed so that the AFM tip could probe 

the cell’s surface.  Our data shows that in the absence of oxLDL, there is no difference in cell 

stiffness between HAECs from the laminar and disturbed flow regions (Figure 4.6 A, top row).  

The addition of oxLDL to the media, however, increased the elastic moduli of these cells 

compared to the no oxLDL condition, as shown by the rightward shift in the elastic moduli 

values in the histograms (Figure 4.6 A, bottom row).  Most importantly, HAECs exposed to 

oxLDL and DF conditions were markedly stiffer than those from LF regions (Figure 4.6 A, 

bottom row, B), an effect that is attributed to the increased oxLDL uptake into ECs from 

disturbed flow regions. 
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Figure 4.6:  Differential effects of laminar and disturbed flow on oxidized LDL-induced 
stiffness in HAECs.  A. Histograms depicting the elastic modulus of ECs from the laminar and 
disturbed flow regions either in the absence or the presence of oxLDL (30-60 cells per condition, 
n = 3). B: Average elastic modulus of HAECs in the two different flow regions with or without 
oxLDL in the flow medium. * p < 0.05. 
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We also performed a comparative analysis of oxLDL-induced endothelial stiffening between 

human macrovascular and microvascular ECs.  We continue to see this phenomenon of 

increased cell stiffening under LF and DF conditions in the presence of oxLDL in HMVECs, but 

no change in the elastic modulus under LF versus DF in the absence of oxLDL, as we saw in 

HAECs.    In contrast to HAECs, though, there is no differential stiffening affect in response to 

different flow patterns in the presence of oxLDL.  This may be in part due to our previous 

observation (Figure 3.5) that HAECs had ~50-60% increase in oxLDL uptake under DF versus 

LF conditions, whereas HMVECs had ~30% increase.  Also, the relative oxLDL uptake (Figure 

3.5 C) and elastic modulus values (Figure 4.7) in HMVECs are significantly lower than those 

found in HAECs (Figure 4.6 C).   

Figure 4.7:  Oxidized LDL-induced stiffness in HMVECs under flow.  A. Histograms  
depicting the elastic modulus of HMVECs from the laminar and disturbed flow regions either in 
the absence or the presence of oxLDL (30-60 cells per condition, n = 3). B: Average elastic 
modulus of HMVECs in the two different flow regions with or without oxLDL in the flow medium.   
* p < 0.05. 
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Endothelial stiffness under LF versus DF is not affected by the substrate coating in the 

absence of oxLDL 

Growing evidence has shown that substrate stiffness affects cell morphology and cell-cell 

junctional integrity (Kohn et al., 2015). Research showed that increased sub-endothelial matrix 

stiffness is correlated with increased age (Huynh et al., 2011) and macro-scale arterial stiffness 

(Kohn et al., 2016).  Additionally, it was shown that large depositions of collagen reside within 

the mouse descending aorta and that the aortic arch is rich in fibronectin, presumably due to the 

pro-inflammatory disturbed flow environment (Orr et al., 2005).  Recently, evidence suggests 

that there is increased responsiveness in the endothelial cells in the aortic arch from WT mice, 

which was attributed to this large fibronectin deposition (Collins et al., 2014).  

Since our data shows that there is no change in stiffness in vitro in HAECs and HMVECs as the 

result of laminar versus disturbed flow (Figures 4.6 B and 4.7 B) in the absence of oxLDL in the 

flow media, we wanted to test whether these results could be due to the gelatin coating on the 

PDMS microfluidic device.  Therefore, we tested cell stiffening of HAECs seeded in the PDMS 

step barrier device coated with either collagen or fibronectin following 48 hours of flow in the 

absence of oxLDL.  As shown in Figure 4.8, our data shows that although there is increased 

stiffening in cells with collagen as compared to a fibronectin substrate, there is no significant 

difference between the laminar versus disturbed flow environment in ECs with the same 

substrate.   
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Figure 4.8:  Comparative analysis of endothelial stiffness under LF versus DF in ECs seeded 
on different substrates.  A. Histograms depicting the elastic modulus of HAECs grown on 
fibronectin- (top) and collagen-coated (bottom) PDMS microfluidic devices from the LF (left) and DF 
regions (right) following 48 hours of flow (20-30 cells per condition, 4 independent experiments). B: 
Average elastic modulus of ECs from the above described conditions. * p < 0.05. 
 

 

A. 

Collagen 

LF DF 

LF DF 

Fibronectin 

FN 
CL 
LF 
DF 

+ 
- 
+ 
- 

+ 
- 
- 
+ 

- 
+ 
+ 
- 

- 
+ 
- 
+ 

B. 

* 
* 



78 

 

The ECs from the DF region of the aortic arch are stiffer than those from the LF region of 

the descending aorta  

The next step in our research was to determine if the oxLDL-induced endothelial stiffening 

under DF conditions in vitro would also correspond to enhanced stiffening in the endothelial 

monolayer of the athero-prone DF region of the aortic arch as compared to the athero-protected 

LF region of the descending aorta.  To accomplish this task, we used 5-6 month old male WT 

mice which were maintained on a normal chow diet.  The mice were euthanized by CO2 

followed by cervical dislocation.  All protocols adhered to the guidelines established by UIC’s 

Institutional Animal Care and Use Committee.  Tissue samples were prepared by isolating and 

gently washing the vessels with PBS.  The vessels were opened up longitudinally to permit the 

AFM tip access to the endothelial monolayer.  The samples adhered to the glass coverslip using 

double sided tape.  All samples were measured at multiple (6-10) distinct sites, with several 

force-distance curves (4 - 8) taken at each site.  To ensure the integrity of the endothelium, we 

first did en face staining with the EC junctional marker Pecam1.  As expected, the staining 

showed an intact endothelial monolayer with characteristic EC morphology, elongated cells in 

the LF region of the DA and a more cobblestone-like cell shape in the DF region of the aortic 

arch (Figure 4.9 A).  Our data shows that there is enhanced cell stiffening in the endothelium 

from the athero-prone region of the aortic arch (~ 3.9 kPa) as compared the athero-protective 

region of the descending aorta (~ 2.3 kPa) as shown by the rightward shift in the elastic moduli 

values in the histogram (Figure 4.9 B, C).  These data for the first time provide values of the 

elastic moduli, a major determinant of cellular biomechanics, of the inner lining of the aortic arch 

and descending aorta.  
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Figure 4.9:  ECs from intact aortic arches are stiffer than those from the descending aorta.  
A. Pecam-1 (endothelial cell junctional marker) staining in intact descending aorta (left) and aortic 
arch (right). B. Histograms depicting the elastic modulus of ECs from intact descending aorta 
(left) and the aortic arch (right) regions (6-10 sites per region per condition, 6-9 force-distance 
curves per site, n = 5 mice). C: Average elastic modulus of ECs from the DA and AA from WT 
mice. * p < 0.05. 
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Figure 4.10: The aortic arch has a greater oxidized-PC and cholesterol ester composition than the 
descending aorta as determined by mass spectrometry.  Aortic composition changes in  
cholesterol (left, n=8 mice, p=0.25), oxidized phosphatidycholines (middle, n=4 mice), POVPC (grey stars) 
and PGPC (black diamonds) and five cholesterol ester types (right, n=4 mice) from the descending aorta 
and aortic arch of WT mice.  * p < 0.05 
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Increased oxysterol composition in the aortic arch as compared with the descending 

aorta  

To investigate the differences between the descending aorta and the aortic arch, we isolated 

whole vessels from WT male mice and had their sterol and oxysterols compositions analyzed 

using mass spectrometry.   Although there was not a statistical significance in the cholesterol 

composition between the DA and AA, there may be an emerging trend (p=0.25) of increased 

cholesterol in the aortic arch (Figure 4.10, left).  Further testing would be required to confirm the 

significance of this trend.  Two oxPC components, POVPC and PGPC, have been shown to 

enhanced endothelial barrier permeability (Birukova et al., 2013) and increase monocyte-

endothelial binding (Huber et al., 2002).  Our data shows that oxPCs (middle) were elevated in 

the aortic arch as compared to the DA.  Cholesterol esters are known to be associated with 

foam cell formation, the first step in atherosclerosis (Sorci-Thomas and Thomas, 2016).  Five 

cholesterol ester types (right, 14:0, 16:0, 18:1, 18:0 and 20:0) were analyzed from whole 

vessels.  As a group, the composition of cholesterol esters was greater in the aortic arch as 

compared to the descending aorta in WT mice.  
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OxLDL-induced endothelial stiffening under disturbed flow is mediated by CD36 

To determine the mechanism of increased oxLDL-induced stiffening under disturbed flow 

conditions, we first tested the oxLDL receptor, CD36, since we found this to be the primary 

receptor responsible for oxLDL uptake into ECs under flow conditions.  Additionally, a recent 

study from our lab showed that oxLDL-induced stiffening in static cultured cells is mediated by 

the oxLDL receptor, CD36 (Oh et al., 2016), but the impact of laminar and disturbed flow is 

unknown.  Our data thus far has shown increased stiffness in both HAECs and HMVECs 

(Figure 4.6 B, 4.7 B) corresponding to increased oxLDL uptake (Figure 3.5 C).  Since our data 

showed that there was reduced oxLDL uptake in CD36-targetting siRNA treated EC versus 

scrambled control ECs (Figure 3.9), we therefore tested if there would be a corresponding 

reduction in stiffening in siRNA treated ECs versus control under shear conditions in the 

presence of oxLDL.  As shown in Figure 4.11, there is a 50% increase in stiffness in control ECs 

in DF conditions compared to those in LF (2.1 kPa versus 1.45 kPa). In the endothelial cell 

treatments using two different CD36-targetting siRNAs, there is significantly reduced stiffness 

(~1.0 kPa) under both laminar and disturbed flow compared to scrambled control ECs.  This 

suggests that CD36 is responsible for the enhanced oxLDL-induced endothelial stiffening under 

DF conditions.   

To ensure that this reduction in stiffness found in CD36-targetting siRNA treated ECs was due 

to reduced oxLDL uptake and not due to the siRNA treatment itself, we repeated these 

experiments under control (no oxLDL) conditions. As expected, in the absence of oxLDL, 

endothelial stiffness in scrambled control cells were significantly less than in the oxLDL exposed 

scrambled ECs. In fact, our data show that in the absence of oxLDL there is the same low level 

of stiffness (~ 1.0 kPa) under both laminar and disturbed flow conditions in both scrambled 

control and CD36-targetting siRNA treated ECs (Figure 4.11).  This shows that the loss of the 

CD36 receptor itself did not reduce cell stiffening. 
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Figure 4.11:  OxLDL-induced EC stiffness under LF and DF is CD36 dependent.  A. 
Representative histograms showing the elastic modulus of scrambled control HAECs (top) and 
CD36-targetting siRNA treated HAECs (bottom) in the presence of oxLDL under laminar (left) or 
disturbed flow (right) (15-20 cells per condition per experiment, n = 3).  B. Average elastic 
modulus of two different CD36-targetted siRNA treated and scrambled control HAECs under 
laminar or disturbed flow conditions either with or without oxLDL in the flow medium.  * p < 0.05. 
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OxLDL uptake and endothelial stiffness is mediated by caveolae 

To further determine the signaling pathway of oxLDL internalization under flow, we investigated 

caveolae-mediated endocytosis, since this is a major pathway for macromolecular 

internalization into ECs (John et al., 2003; Sverdlov et al., 2009).  Mouse microvascular ECs 

(MMVECs) were isolated from the lungs of WT and Cav1 knockout (Cav1 KO) mice, which have 

been shown to lack caveolae (Fridolfsson et al., 2014).  Since our previous data show that there 

was reduced oxLDL uptake into Cav1 KO ECs compared to WT ECs, we hypothesized that the 

reduced oxLDL uptake would correspond to a reduction in stiffening response.  To test this 

hypothesis, we first seeded MMVECs into the step barrier chamber and let them grow to 

confluency.  Like the other shear experiments, the cells were exposed to flow (48 hours) both in 

the presence and absence of oxLDL (10 g/mL), followed by elastic modulus quantification 

using AFM.  Similar to HAECs and HMVECs, MMVECs also had enhanced cell stiffening under 

DF conditions in the presence of oxLDL (Figure 4.12 C, top row, D), but not in its absence 

(Figure 4.12 A, top row, B).  Furthermore, Cav1 KO ECs did not have a stiffening effect either in 

response to oxLDL exposure or to disturbed flow (A and C, bottom row; B and D).  Cav1 KO 

ECs maintained the same elastic modulus value range both in the presence and absence of 

oxLDL. 
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Figure 4.12:  OxLDL-induced EC stiffness is mediated by caveolae. A. and C. Histograms 
showing the elastic modulus of endothelial stiffening in WT MMVEC (top) and Cav1 KO MMVEC 
(bottom) under laminar (left) and disturbed (right) flow conditions in the absence (A.) and 
presence (C.) of oxLDL (15-20 ECs per condition per experiment, n = 3).  B and D. Average 
elastic modulus of same cell population without (B.) and with oxLDL (D.). * p < 0.05. 
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Endothelial stiffness in the aortic arch critically depends on CD36 and Cav1 expression  

In this next portion of our research, we applied the mechanistic insights found from the in vitro 

data showing enhanced oxLDL-induced EC stiffening under DF to determine the mechanism of 

increased EC stiffening in the athero-prone regions of the aortic arch in vivo.  This was 

addressed by using mice globally deficient in CD36 (CD36 KO).  As previously described, 

aortas were harvested from 5-6 month old male WT and CD36 KO mice.  Consistent with our 

previous results, there was enhanced EC stiffening in the aortic arch of the WT mice compared 

to the descending aorta, as indicated by the rightward shift in the elastic modulus values in the 

histogram (Figure 4.13 A, top row, B).  In contrast, there was no significant difference in the 

endothelial stiffening from the AA compared to the DA regions in CD36 KO mice (Figure 4.13 A, 

middle row, B).  As compared to WT, the ECs from the AA in the CD36KO had a significantly 

lower elastic modulus.   

Since our previous results show that Cav1 is a main endocytotic pathway for oxLDL uptake in 

vitro, we therefore tested if Cav1 is necessary for the oxLDL-induced endothelial stiffening effect 

in vivo. To address this question, we used a mouse model deficient in caveolin1 protein (Cav1 

KO mice).  Using age and gender-matched mice, we found no differences in the endothelial 

cells’ elastic modulus values from the disturbed flow region of the arch versus the LF region of 

the DA (Figure 4.13 A, bottom row, B).  There was, though, a significant decrease in the 

stiffness of the ECs from the AA in the Cav1 KO mice as compared to the comparable cell 

regions from the WT mice, as indicated by a leftward shift in the elastic modulus values.  Taken 

together, this indicates that the enhanced stiffening effect observed in the aortic arch as 

compared to the descending aorta critically depends on the expression of CD36 and Cav1. 
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Figure 4.13:  EC stiffness in the arch depends upon CD36 and Cav1.  A. Histograms of the 
elastic modulus from endothelial monolayer from the DA (left) and AA (right) regions of WT male 
mice (top), CD36 KO mice (middle) and Cav1 KO mice (bottom).  Measurements were taken at 6-10 
sites per sample per experiment, 2-8 force-distance curves per site. n = 5.  B. Average elastic 
modulus for the DA and AA from WT, CD36 KO and Cav1 KO mice. * p < 0.05.     
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Endothelial CD36 is required for stiffness in the aortic arch. 

Most studies focus on LOX1 as the primary endothelial oxLDL receptor (Lubrano and Balzan, 

2014; Pirillo et al., 2013) with only a couple of research studies showing significant CD36 

involvement in endothelial functioning (Dawson et al., 1997; Oh et al., 2016; Uittenbogaard et 

al., 2000).  To test whether our results showing that endothelial stiffening in the aortic arch 

depends upon CD36, we irradiated recipient CD36 KO and WT control mice and did a bone 

marrow transfer (BMT) from donor WT mice tagged with Ly5.1 (fluorescence).   Since CD36 is 

highly expressed in monocytes circulating in the blood and in monocyte-derived macrophages in 

the sub-endothelial wall [reviewed by (Libby et al., 2011)], this experiment tests whether the loss 

of stiffening in the AA of CD36 KO mice compared to WT mice is an endothelial phenomenon 

and not a ‘trans’ effect of CD36 loss on circulating cells.   One month post-BMT, blood was 

collected from each mouse for flow cytometry analysis to detect the degree of incorporation of 

the WT Ly5.1 tagged donor into the WT and CD36 KO mice.  Figure 4.14 A shows 

representative flow cytometry quartile graphs.  Host WT mice showed ~95% incorporation of the 

donor and CD36 KO mice showed ~97% successful incorporation of the WT donor bone 

marrow.   

Two months post-BMT, endothelial stiffening from the DA and AA of the WT and CD36 KO mice 

was assessed by AFM.  Our data show increased EC stiffening in the AA of the WT mice 

compared to the DA, an effect which is not observed in CD36 KO mice (Figure 4.14 B and C).  

Additionally, there was a statistically significant lower elastic modulus values in the arches of the 

CD36 KO mice as compared to those from mice.  Our results show that endothelial CD36 is 

required for the observed stiffening effect in the aortic arch.   
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Figure 4.14:  Endothelial CD36 is required for stiffening in the aortic arch.  A: Representative 
plots depicting bone marrow transfer (BMT) of Ly5.1 tagged WT macrophages into WT host (95.7% 
transfer, left) and CD36 KO host mice (97.5% transfer, right). B: Histograms of the elastic modulus 
for the DA and AA regions from WT and CD36KO BMT mice.  C: Average elastic modulus for the 
DA and AA from WT and CD36 KO mice two months following irradiation and bone marrow 
transplantation of Ly5.1 tagged WT macrophages (6-8 sites [50-70 measurements] per sample, n=4-
5 mice per condition. * p < 0.05.     
 

B. 

0

10

20

30

40

50

60

1    2    3    4    5    6    7    8   9  10

Descending Aorta 

  
  
  
  

  
%

 S
it
e
s
 

       Elastic Modulus (kPa) 

0

10

20

30

40

50

60

1    2    3    4    5    6    7    8   9  10

Aortic Arch 

       Elastic Modulus (kPa) 

0

10

20

30

40

50

60

1    2    3    4    5    6    7    8   9  10

       Elastic Modulus (kPa) 

Descending Aorta 

  
  
  
  

  
%

 S
it
e
s
 

0

10

20

30

40

50

60

1    2    3    4    5    6    7    8   9  10

Aortic Arch 

       Elastic Modulus (kPa) 

Wild Type 

CD36 KO 

A. 
CD36 KO 

Comp-FL 2 Log::PE 

C
o
m

p
-F

L
  

1
 L

o
g
::

F
IT

C
 

WT 

Comp-FL 2 Log::PE 

C
o
m

p
-F

L
  

1
 L

o
g
::

F
IT

C
 

C
D

4
5

.2
-F

IT
C

 (
B

6
 c

e
lls

, 
re

c
ip

ie
n

t)
 

CD45.1-PE (ly5.1 cells, donor) 

C. 

0

5

10

15

20

25
E

la
s
ti

c
 M

o
d

u
lu

s
 (

k
P

a
)

DA          AA               DA        AA       

WT                    CD36 KO

  
  
  
  
E

la
s
ti
c
 M

o
d
u
lu

s
 (

k
P

a
) 

* * 

DA          AA             DA        AA 

     WT                  CD36 KO 



89 

 

Comparative analysis of intact endothelial and sub-endothelial denuded monolayers in 

the aortas of WT mice  

To further understand the biomechanical properties of the athero-prone aortic arch as compared 

to the athero-protective descending aorta, we measured the elastic modulus of the intact 

endothelial and denuded layer that lies below the endothelium.  This was an important next step 

in our research since it is well known that atherosclerosis is characterized by plaque depositions 

in the intima and medial layers (below the endothelium) of large vessels primarily in the regions 

where blood flow patterns are disturbed.  Additionally, a growing amount of evidence has shown 

that the biomechanical properties of endothelial cells are altered based on the substrate they 

are grown on (Kohn et al., 2015).  To test the elastic modulus of the sub-endothelial monolayer, 

we used a denuding technique previously described (Peloquin et al., 2011).  Briefly, a cotton-

tipped applicator saturated with buffering solution was gently brushed over the EC monolayer 

10-15 times and then gently washed in solution.  Figure 4.15 A shows a representative image of 

the EC monolayer (left) and sub-endothelial denuded layer (right) stained with FITC-PECAM1.  

The FITC-stained EC junctions are clearly shown in the EC layer (left) with little to no staining 

after denudation (right). 

Using atomic force microscopy, the elastic modulus in the intact endothelial (left) and denuded 

layers (right) in both the DA (top) and the AA (bottom) was determined (Figure 4.15 B, C).  As 

previously shown, there is a greater elastic modulus in the ECs from the aortic arch as 

compared to the DA.  Stiffening in arch versus DA is not limited to intact monolayer, but is also 

seen in the denuded layer.   In the DA, the elastic modulus of the cells from the denuded layer 

was nearly 50% reduced as compared to the EC values (1.28 kPa versus 2.28 kPa).  In the AA, 

though, the elastic modulus of the denuded layer was 25% greater than that of the endothelial 

layer, but was not statistically significant (p = 0.20).     



90 

 

 

Figure 4.15:  Comparison of intact endothelial and sub-endothelial denuded aortas in WT 
mice.  A. Histograms of the elastic modulus from the intact endothelial (top) and denuded 
monolayers (bottom) from the DA (left) and AA (right) regions of 5-6 month old WT male mice.  
Measurements were taken at 6-10 sites per sample per experiment, 2-8 force-distance curves per 
site. n > 4.  B. Average elastic modulus for the endothelial and denuded cell layers from the DA and 
AA from WT mice. * p < 0.05.     
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Comparative analysis of intact endothelial and sub-endothelial denuded monolayers in 

the aortas of CD36 KO mice  

In order to better understand the CD36-dependent increased endothelial stiffening in the aortic 

arch, we did a comparative analysis of intact and denuded cell monolayers’ biomechanical 

properties in 5-6 month old CD36 KO male mice.  Consistent with previous data (Figure 4.13 B), 

the ECs from the DA and AA in Figure 4.16 have a similar elastic modulus (1-2 kPa).   The 

endothelial cell layer was immediately denuded following the ECs measurements to reveal the 

sub-endothelial denuded layer.  In both the DA and AA, the cells from the denuded layer were 

significantly stiffer than their endothelial counterparts (Figure 4.16), with a nearly three times 

greater elastic modulus in the denuded monolayer as compared to the ECs.  Like the 

endothelium, there is no difference in stiffness between the cells from the descending aorta 

versus the aortic arch of the denuded layer.  This data shows that the decrease in stiffness 

observed in the endothelium of CD36 KO mice is not due to the loss of CD36 in the aortic 

denuded monolayers.  Additionally, since the arch of WT mice have the same elastic modulus 

for both the ECs and their denuded layers (Figure 4.14) but the CD36KO ECs and denuded 

cells have different modulus values, this suggests that stiffness of the endothelial cells does not 

necessarily reflect the stiffness of the monolayer below.   
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Figure 4.16:  Comparison of intact endothelial and sub-endothelial denuded aorta in CD36 KO 
mice.  A. Histograms of the elastic modulus from endothelial (top) and denuded monolayer (bottom) 
from the DA (left) and AA (right) regions of 5-6 month old male CD36 KO mice.  Measurements were 
taken at 6-10 sites per sample per experiment, 2-8 force-distance curves per site. n = 5.  B. Average 
elastic modulus for the intact endothelial and sub-endothelial denuded layers from the DA and AA of 
CD36 KO mice. * p < 0.05.     
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4.3 Discussion: 

It is becoming more widely recognized that biomechanics is a driving force in cell development, 

phenotype and morphogenesis.  Mechanical forces, both acting on and created by cells, alter 

chemical signaling cues and affect gene expression.  It has been suggested that increased 

control over mechano-chemical forces may aid in the reversal of developmental defects and in 

combatting certain diseases, such as cancer [reviewed by (Mammoto and Ingber, 2010)].  This 

work focused on the biomechanical changes in endothelial cells resulting from vascular 

hemodynamics, genetic deficiencies, the direct application of oxLDL and the 

activation/suppression of the RhoA/ROCK/MLCP signaling pathway.        

To determine the signaling pathways involved in oxLDL-mediated EC stiffness, as described 

above, previous studies from our group and others show the involvement of the 

RhoA/ROCK/MLCP pathway leading to changes in acto-myosin stress fiber formation (Kole et 

al., 2004; Kowalsky et al., 2008; Ryoo et al., 2011; Sugimoto et al., 2009).  Earlier studies from 

our lab have shown that short-term oxLDL exposure (1-6 hours, 10-50 g/mL) results in 

increased cell stiffness and contractility in ECs from large arteries (Byfield et al., 2006; Shentu 

et al., 2012; Shentu et al., 2010).  Here we show that the oxLDL-induced increase in EC 

stiffness from both large vessels and small vasculature is dependent on the RhoA/ROCK 

pathway (Oh et al., 2016) and intact CD36/caveolae endocytotic machinery.  

Previous studies from our group have linked the disruption of lipid packing order in endothelial 

cells to increased cell stiffening: specifically, that increased cell stiffening in Ecs often 

corresponds to a decrease in the surface area in the “ordered” and “disordered” packing regions 

(Shentu et al., 2010).  Here we show that exposing ECs to the biologically active and highly 

reactive oxidative components of minimally oxidized LDL [reviewed by (Levitan et al., 2010)], 

specifically POVPC and PGPC, decreases the amount of both ordered and disordered lipid 

packing domains, an observation that also corresponds to an increase in elastic modulus values 
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as compared to control ECs (Ayee et al., 2017).  Further studies are needed to investigate the 

effect of endothelial stiffening based on flow patterns in the RhoA pathway and from oxPC 

exposure. 

Since a main external stimulus on ECs is blood pumping through the systemic vasculature, we 

focused the main portion of our work to include the biomechanical changes on cells due to 

hemodynamic shear stresses found in the athero-prone regions of the aortic arch and the 

athero-protective regions of the descending aorta.  Very few studies have been conducted on 

biomechanical changes due altered shear patterns.  One in vitro study showed increased cell 

stiffness due to the application of uni-directional laminar flow compared to static conditions 

(Sato and Ohashi, 2005).  An ex vivo study by Collins et al. showed increased responsiveness 

to mechanical load in the endothelial monolayer of the aortic arch region as compared to the 

descending aortic region in WT mice (Collins et al., 2014).  This increased responsiveness was 

suggested to correspond to the fibronectin-rich sub-endothelial layer in the aortic arch as 

compared to the collagen-rich layer in the descending aorta.  Consistent with our results, 

another study showed that the endothelial cells from intact rabbit vessels are stiffer in the 

disturbed flow, pro-atherogenic regions of the medial common iliac artery (CIA) as compared to 

the high shear stress, athero-protective region of the lateral CIA (Hayashi and Higaki, 2016; 

Miyazaki and Hayashi, 1999).  Our work is the first study to investigate the impact of oxLDL 

uptake under athero-protective and pro-atherogenic flow environments leading to altered 

endothelial biomechanical properties.  Specifically, pro-atherogenic disturbed flow by itself did 

not change EC stiffness in the absence of oxLDL, suggesting that the stiffening effect is the 

result of enhanced oxLDL internalization and not the disturbed flow patterns themselves. 

Furthermore, we show that the down-regulation of the oxLDL scavenger receptor CD36 using a 

siRNA approach significantly reduced endothelial cell stiffness in the presence of oxLDL under 

both laminar and disturbed flow conditions, an effect that can be attributed to increased oxLDL 
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uptake into control ECs.  Additional studies using ECs from mice globally deficient in Cav1 

determined that oxLDL-induced EC stiffening is mediated by caveolae.  Importantly, we also 

show that loss of CD36 and Cav1 in vitro does not alter EC elastic modulus values.  These 

studies were extended to determine if these results corresponded to biomechanical changes in 

vivo.  Here we show for the first time that the stiffening effect observed in the pro-atherogenic 

DF region of the aortic arch is critically dependent on the oxLDL receptor CD36 and intact 

caveolae endocytotic machinery.   
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CHAPTER 5: Impact on dyslipidemia and age on endothelial and sub-endothelial 

stiffness in mouse aortas 

5.1 Introduction: 

It is well known that while disturbed flow itself causes EC dysfunction and an athero-prone 

inflammatory phenotype, an additional crucial factor in atherogenesis is plasma dyslipidemia 

[reviewed by (Kruth, 2001; Libby et al., 2011)].   Previous studies from our lab have shown that 

ECs freshly isolated from the aortas of high cholesterol, high fat diet fed pigs are stiffer than 

ECs harvested from the aortas of LFD fed pigs (Byfield et al., 2006), indicating that diet induced 

dyslipidemia leads to increased EC stiffening in the porcine model of atherosclerosis.  Another 

study has shown heterogeneity in stiffness within different portions of atherosclerotic plaques, 

with the hypocellular fibrous caps (60 kPa) of 6-7 month old female hyperlipidemic ApoE KO 

mice on a HFD stiffer than the cellular fibrotic (10 kPa) and lipid rich regions (6 kPa) (Tracqui et 

al., 2011).  These stiffness measurements of the plaques were performed on aortic ring sections 

from the aortic arch using AFM.  In the present studies, two mouse models of plasma 

dyslipidemia were implemented.  (1) A high fat atherogenic diet was used in WT, CD36 KO and 

Cav1 KO mice and has been shown to induce EC dysfunction in WT mice, as well as enhance 

the progression of obesity and atherosclerosis.  This diet is considered to have a translational 

impact compared to human obesity (Collins et al., 2004; Park et al., 2012).  (2) Another 

dyslipidemic model uses ApoE KO mice which lack apolipoprotein E, a glycoprotein essential for 

the transport and metabolic clearance of lipids in blood plasma, resulting in plasma dyslipidemia 

and the development of atherosclerotic lesions (Nakashima et al., 1994; Zhang et al., 1992).  

ApoE KO mice were fed a second high fat, high cholesterol diet, which has been shown to 

induce atherosclerotic lesion formation in mice (Paigen et al., 1985).  Although the effect of high 

fat diets and the dyslipidemic condition in the ApoE KO mouse are well studied, little is known 
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regarding the synergetic interactions between dyslipidemia and disturbed flow on endothelial 

biomechanical properties.  

Another objective was to study the effect of aging on the stiffness of the intact endothelial and 

denuded monolayers.  A study by Reinheart-King’s group (Huynh et al., 2011) has shown that 

sub-endothelial matrix (SEM) stiffening in the descending aortas of WT mice increases with age 

(10 weeks vs 21-25 months old) as well as a corresponding increase in cell-cell junctional width 

and enhanced monolayer barrier permeability.  They showed inhibiting the Rho-kinase pathway 

in older mice, through the use of Y-27632, tighten the junctional width to the same levels that 

were seen in younger mice, but did not decrease the sub-endothelial stiffening in the older mice.  

Age induced stiffness in the SEM (Kohn et al., 2015) has been shown to be reversible by 

exercise (Kohn et al., 2016).  Studies described in previous chapters show increased 

endothelial cell stiffening as the result of disturbed flow induced oxLDL uptake in vitro and 

increased EC stiffening in the pro-atherogenic region of the aortic arch compared to the athero-

resistant region of the descending aorta on a low fat diet.  This stiffening was shown to be 

dependent on the oxLDL receptor CD36 and intact caveolae machinery.  The research 

described in this chapter include the comparison of EC stiffness from intact aortas between 

several different mouse models of atherosclerosis on LFD versus HFD, including the 

dyslipidemic mouse model of global apolipoprotein deficiency, as well as a comparison between 

the stiffness of cells from intact endothelial and denuded monolayers in the descending aorta 

and aortic arch in aging mice.  
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5.2 Results: 

High fat, high cholesterol diet induces increased EC stiffening: an enhanced effect in the 

pro-atherogenic regions of the aorta   

To test the impact of a high fat/cholesterol diet (HFD) on EC stiffening in vivo, we used a mouse 

model of diet-induced EC dysfunction (Collins et al., 2004) which is recognized to be an 

initiating factor in atherogenesis [reviewed by (Libby et al., 2011)].  Two to three month old 

C57BL/6 (WT) male mice were fed a HFD for a month.  There was a significant increase in body 

weight, total cholesterol, LDL and oxLDL plasma levels (Figure 5.1 A) as compared to mice fed 

a regular chow, low fat diet (LFD).  Mass spectrometry analysis (Figure 5.1 B) revealed that 

there was a significant increase in pro-inflammatory cholesterol esters in tissues of the arch of 

LFD fed WT mice as compared to the DA.  Additionally, a HFD further increased the 

composition of cholesterol esters in the DA and AA, with the cholesterol ester composition 

significantly enhanced in the AA.    

Endothelial stiffening was tested using AFM on the endothelial cell monolayer from the intact 

arteries from the LF region of the descending aorta as compared to the pro-atherogenic DF 

region of the aortic arch.  As previously shown (Figure 4.9), the elastic modulus values of the 

ECs in the LFD fed WT mice are greater in the aortic arch as compared to the descending aorta 

as shown by the rightward shift in the histogram (Figure  5.1 C, top row).  Introduction of a high 

fat diet resulted in increased stiffening of the endothelial monolayer in both the DA and AA, with 

the stiffening effect significantly enhanced in the aortic arch region (Figure 5.1 C, bottom row, 

D).  These experiments with the LFD and HFD fed mice were conducted in parallel. 
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Figure 5.1:  High fat/cholesterol diet induced endothelial stiffness in WT mice.  A. Average body weight, 
total cholesterol, LDL and oxLDL measurements in WT mice fed a LFD or HFD for one month (n > 7). B.  
Cholesterol (left) and cholesterol esters (right) in the aortic tissues in 3-4 month old WT mice fed either a LFD 
(n=4) or HFD (n=4) for one month, as analyzed by mass spectrometry.  C.  Histograms depicting the elastic 
modulus values from the LFD (top) and HFD (bottom) from the DA (left) and AA (right) regions of 3-4  
month old WT male mice.   Measurements were taken at 6-10 distinct sites per sample per experiment, 2-8 
force-distance curves per site.  n = 5.  D. Average elastic modulus for the ECs from LFD and HFD fed mice in 
different aortic regions. * p < 0.05.     
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Endothelial stiffness in the DA and AA in HFD fed mice critically depends upon CD36  

In this next set of experiments, a group of 2-3 month old male CD36 knockout mice were 

maintained on either a HFD or LFD for a month for the purpose of testing the elastic modulus of 

the endothelial monolayers in the DA compared to the AA and measuring the plasma oxLDL 

concentration levels between the two groups.  As shown in Figure 5.2 A, there was a significant 

increase in the average body weight and oxLDL levels in HFD fed compared to the LFD fed 

CD36 KO mice.  Interestingly, the range of the oxLDL levels in the CD36 KO mice were similar 

to what we observed in the WT mice (Figure 5.1, right).   Our data also showed that in contrast 

to WT and similar to the 5-6 month old CD36 KO mice (Figure 4.13), there was no difference in 

the endothelial stiffness between the descending aorta and the aortic arch in the 3-4 month old 

CD36 KO mice fed a LFD (Figure 5.2 B, top row).  Furthermore, in contrast to the WT mice, a 

HFD did not affect the elastic modulus values in the ECs from the intact vessels from both the 

DA and AA in CD36 KO mice (Figure 5.2 B, bottom row, C).  It is significant to note that the 

elastic modulus values in the DA and AA regions of the CD36 KO mice were similar to the 

descending aorta in the age matched WT mice fed a low fat, regular chow diet. 
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Figure 5.2:  EC stiffness in the aortic arch depends on the expression of scavenger receptor 
CD36.   A. Body weight changes and oxLDL plasma measurements from CD36 KO mice fed a LFD 
or HFD for one month (n > 5). B. Histograms depicting the elastic modulus values from the LFD 
(top) and HFD (bottom) fed CD36 KO male mice from the DA (left) and AA (right) regions.  
Measurements were taken at 6-10 sites per sample per experiment, 2-8 force-distance curves per 
site. n = 5.  C. Average endothelial elastic modulus values from the DA and AA of LFD and HFD fed 
mice. * p < 0.05      
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Endothelial stiffness in in the DA and AA of HFD fed mice critically depends upon Cav1 

To further explore the roles of caveolae and a HFD on endothelial stiffening, we measured the 

plasma oxLDL levels and endothelial stiffness in mice globally deficient in the caveolin1 gene.  

These 2-3 month old mice were either fed a LFD or HFD for one month.  Similar to the results 

from both the WT and CD36 KO mice, there was a statistically significant increase in the 

average body weights and oxLDL levels in the Cav1 KO mice fed a HFD as compared to those 

on a LFD (Figure 5.3 A).  Furthermore, similar to our data in CD36 knockout mice, caveolin1 

deficiency abrogated the EC stiffening in both the athero-prone AA region on a LFD (Figure 5.3 

B, top row, C) and the increased endothelial stiffening in response to a HFD (B, bottom row, C).  

Interestingly, although there are similar levels of increased plasma oxLDL and total body weight 

measurements in HFD versus LFD fed WT, CD36 KO and Cav1 KO mice, there is only an 

increase in endothelial stiffening in WT mice, highlighting the importance of CD36 and Cav1 in 

biomechanical changes in the vascular endothelium.   
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Figure 5.3:  Endothelial cell stiffness in the aortic arch depends on Cav1 expression.   A. Body 
weight changes and oxLDL plasma measurements of Cav1 KO mice fed a LFD or HFD for one month 
(n > 5). B. Histograms depicting the elastic modulus values from the LFD (top) and HFD (bottom) from 
the DA (left) and AA (right) regions of Cav1 KO mice.  Measurements were taken at 6-10 sites per 
sample per experiment, 2-8 force-distance curves per site. n = 5.  C. Average elastic modulus values 
of the endothelium from the DA and AA regions in LFD and HFD fed Cav1 KO mice.  * p < 0.05.      

 

B. 
C. 

A. * 



104 

 

Endothelial stiffness in the aortic arch of ApoE KO mice 

Since ApoE KO mice are a known and well-studied model of atherosclerosis due in part to their 

plasma dyslipidemia, we therefore tested EC stiffening in the DA versus the AA in male ApoE 

KO mice fed either a low fat or high fat diet for 3-4 months beginning at two months old, as well 

as 5-6 month old LFD fed WT controls.  Consistent with previous studies (Nakashima et al., 

1994), our data shows that there is an increase in total plasma cholesterol from ApoE KO mice 

on a LFD compared to WT mice and that there is a further increase when ApoE KO mice are 

fed a high fat, high cholesterol diet (Figure 5.4 A).  As previously shown, there is endothelial 

stiffening in the aortic arch of WT mice as compared to the descending aorta (Figure 5.4 B top, 

C).  Next, we measured the elastic moduli of the intact endothelial cell monolayers of the LF 

region of the descending aorta compared to the DF region of the aortic arch in 5-6 month old 

ApoE KO male mice fed a LFD.  Similar to WT mice, our results show that ApoE KO mice have 

increased endothelial stiffening in the aortic arch versus the descending aorta (B, middle; C).  

Our data show that there is a softening effect in the aortas of ApoE KO mice fed a LFD as 

compared to WT controls.  A high fat diet, though, did not increase endothelial stiffness in the 

aortic arch like ApoE KO mice fed a LFD.  We attribute this lack of stiffening to the particular diet 

that was used in this study, which made many of the ApoE KO mice sick after the 3-4 months of 

HFD feeding.   
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Figure 5.4:  Endothelial stiffening in the aortic arch of ApoE KO mice.   A. Total cholesterol 
measurements from 5-6 month old ApoE KO male mice on LFD versus HFD with LFD fed WT controls. 
n = 5–7.  B.  Histograms depicting the elastic modulus values from the descending aorta (left) and aortic 
arch (right) regions in LFD fed WT (top), LFD fed ApoE KO (middle) and HFD fed ApoE KO  
(bottom) mice.  Measurements were taken at 4-6 sites per sample per experiment, 2-8 force-distance 
curves per site (n = 5-9).  C. Average elastic modulus values of the ECs from the DA and AA regions in 
LFD fed WT and ApoE KO mice and HFD fed ApoE KO mice. * p < 0.05 and # p=0.054 
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The effect of aging on the stiffness of intact endothelial and denuded monolayers in WT 

mice   

In the next set of experiments we looked at how aging (2-8 month old ‘younger’ group versus 

12-24 month ‘older’ group) impacted endothelial stiffness in the intact endothelial and denuded 

layers from the descending aorta and aortic arch of WT mice.  First, the elastic modulus of the 

intact endothelial monolayer was measured in the DA and AA, followed by the gentle removal of 

the ECs using a cotton tipped applicator as previously described (Peloquin et al., 2011) and 

subsequent stiffness measurements all recorded in the same day using AFM.   As shown in 

Figure 5.5, these preliminary studies showed that there is an increase in endothelial stiffness 

(left) in the DA (top, R2 = 0.7781) and AA (bottom, R2 = 0.7262) in WT mice as they age, an 

effect that may be more pronounced in the DF region of the aortic arch.  Measurements from 

the denuded monolayers (right) of the DA (top, R2 = 0.7442) and AA (bottom, R2 = 0.6946) 

suggest that there is also an increase in stiffness with age though more testing will need to be 

done to confirm these preliminary observations.   
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Figure 5.5:  Age comparison of the cell stiffness from the intact endothelial and denuded sub-
endothelial layer from the DA and AA in WT mice.  Average elastic modulus for the intact endothelial 
(left) and denuded monolayers (right) from the DA (top) and AA (bottom) in WT mice from 2-24 months 
of age. Measurements were taken at 6-10 sites per sample per experiment, 2-8 force-distance curves 
per site. Intact DA (top left): n > 10 ‘younger’ mice and n=5 ‘older’ mice; Denuded DA (top right): n > 6 
‘younger’ mice and n=4 ‘older’ mice; Intact AA (bottom left): n > 10 ‘younger’ mice and n=5 ‘older’ mice; 
Denuded AA (bottom right): n=8 ‘younger’ mice and n=3 ‘older’ mice.  
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The effect of aging on the stiffness of intact endothelial and denuded monolayers in 

ApoE KO mice 

We next compared the stiffness of the intact endothelial layer compared to the sub-endothelial 

denuded layer in the DA and AA in ‘younger’ versus ‘older’ ApoE KO male mice fed a LFD.  Our 

preliminary data suggests that EC stiffness (Figure 5.6, left) continues to be relative low (~2-5 

kPa range) in both the DA and AA in both younger and aged populations.  Notably, in the intact 

DA, there was a moderate decrease in the stiffness from 2 to 8 months of age, followed by a 

slight increase from 12 to 24 months of age.  In the intact arch, there was no significant trend 

(R2=0.04) in the younger group, yet the older group showed a trend (R2=0.76) of slight increase 

(0.26) in stiffness with age.  On the other hand, the elastic modulus of the denuded layer in 

ApoE KO mice (right) appears to be greater than that of the intact EC layer and particularly 

greater in the denuded aortic arch (right, bottom, R2 = 0.67).  More experiments will need to be 

performed in order to confirm these preliminary results.   
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Figure 5.6:  Age comparison of the cell stiffness from the intact endothelial and denuded 
sub-endothelial layer from the DA and AA in ApoE KO mice.  Average elastic modulus for the 
endothelial (left) and denuded (right) monolayers from the DA (top) and AA (bottom) in ApoE KO 
mice from 2-24 months of age. Measurements were taken at 4-10 sites per sample per experiment, 
2-8 force-distance curves per site. Intact DA (top left): n > 10 ‘younger’ mice and n=6 ‘older’ mice; 
Denuded DA (top right): n=5 ‘younger’ mice and n=5 ‘older’ mice; Intact AA (bottom left): n > 10 
‘younger’ mice and n=6 ‘older’ mice; Denuded AA (bottom right): n=4 ‘younger’ mice and n=5 ‘older’ 
mice.  
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5.3 Discussion:  

The mouse model of diet-induced obesity in WT, CD36 KO and Cav1 KO mice used in this 

study has been widely implemented to investigate EC dysfunction and cardiovascular disease.  

This high fat, atherogenic diet has been previously shown to induce endothelial dysfunction in 

WT mice, especially those with a C57BL/6 background (Collins et al., 2004; Park et al., 2012).  

Importantly, endothelial dysfunction, atherosclerosis and the progression of obesity in this model 

is considered to have translational impact in human obesity (Collins et al., 2004; Paigen, 1995).  

As is found in humans, central adiposity is markedly increased in C57BL/6 mice on a high fat 

diet and is accompanied by gradual EC dysfunction (Park et al., 2012; Rebuffe-Scrive et al., 

1993).  Therefore, we used this translational high fat, atherogenic diet in C57BL/6 male mice to 

determine the effects of diet-induced dyslipidemia on pro-atherogenic EC dysfunction.  

Consistent with previous studies, our data shows an increase in total body weight and in blood 

plasma levels of LDL and oxLDL after one month on this HFD.  Our results also demonstrated 

that short-term plasma dyslipidemia is sufficient to bring about a significant increase in EC 

elastic modulus from the intact aortas in WT mice.  Furthermore, our data showed that there is 

considerable heterogeneity in EC stiffness between the pro-atherogenic regions of the aortic 

arch and the athero-protective regions of the descending aorta, with a significant increase in EC 

stiffness in the arch region.  This effect is markedly exacerbated by this short-term HFD, an 

effect we show to be highly dependent on the oxLDL receptor CD36 and the endocytotic 

caveolae machinery.  

A separate study of the effect of plasma dyslipidemia on endothelial vascular stiffness was 

conducted using ApoE KO mice.  Many studies [reviewed by (Meyrelles et al., 2011)] have 

provided evidence of endothelial dysfunction in the vasculature of ApoE KO mice, such as 

impaired endothelial nitric oxide-mediated dilation due to a reduction in NO bioavailability, in 

addition to the spontaneous plaque development and elevated levels of total plasma cholesterol 
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and pro-atherogenic LDL in ApoE KO mice compared to WT mice [reviewed by (Meyrelles et al., 

2011)].  Some studies have shown that ApoE KO mice fed a regular low fat diet developed 

lesions at a young age: 8-10 week olds developed foam cell formation and 15-20 week olds 

developed fibrous plaques (Plump, 1992; Nakashima, 1994), though other studies show that 

lesion formation increases sharply after 20 weeks (Itabe, 2011).  Although it is well known that 

these mice will spontaneously develop atherosclerotic plaques preferentially at sites of disturbed 

flow such as the aortic arch [reviewed by (Meyrelles et al., 2011)], the effect of their plasma 

dyslipidemia and pro-atherogenic disturbed flow on endothelial cell biomechanical properties 

such as stiffness is less defined.  Similar to WT mice, there was an increase in endothelial 

elastic modulus in the aortic arch in ApoE KO mice compared to the descending aorta.  

Interestingly, our results show that the elastic modulus values of the ECs from the DA and AA in 

ApoE KO mice are softer than those from age and gender matched WT mice.  Our preliminary 

explanation for this softening is due to the increased uptake of LDL into ECs rather than oxLDL.  

The deletion of apolipoprotein E hinders lipoprotein clearance from the blood, which significantly 

elevates LDL plasma levels, especially when on a HFD.  Preliminary unpublished studies from 

our lab (PhD thesis of M-J Oh) have shown that pathological levels of LDL soften endothelial 

cells compared to control and oxLDL-treated ECs.  Additional studies will need to be conducted 

to support these preliminary hypotheses.  

The application of a high fat diet has been shown to facilitate the adhesion of mononuclear cells 

to the endothelial surface and subsequent lesion formation in ApoE KO mice compared to those 

on a LFD (Nakashima et al., 1994).  The combined effect of HFD feeding and plasma 

dyslipidemia on endothelial stiffening in the athero-protective compared to the pro-atherogenic 

regions has not been well studied.  Implementing a high fat diet feeding in ApoE KO mice did 

not alter endothelial stiffening in either the DA or the AA.  We attribute the lack of stiffening in 

the aortic arch on the fact that many of the mice become sick towards the end of the HFD 



112 

 

feeding period.  This particular high fat diet had 1.25% cholesterol, which is far greater than the 

subsequent HFD (0.2% cholesterol) used in the studies with WT, CD36 KO and Cav1 KO mice. 

Additional studies quantified the elastic modulus of intact endothelial and sub-endothelial 

denuded monolayers from the DA and AA in WT mice from 2 months to 24 months old.  Under 

all conditions, there was a significant increase in elastic modulus values as the mice age (all R2 

> 0.67).  This effect was more pronounced in the ECs from the arch as compared to the 

descending aorta.  On the other hand, the denuded layer in the DA had a more pronounced 

increase in stiffness over time as compared to the denuded layer in the AA.  These results show 

that there maybe two different processes of cell stiffening in the intact versus the denuded 

layers, as evidenced by a greater slope in the AA (0.69) versus the DA (0.34) in the intact layer 

yet in the intact layer the slope is greater in the DA (0.75) over time versus the AA (0.48).  This 

suggests that the stiffness in one layer may not necessarily affect the stiffness in the other layer.  

Although many studies have quantified oxLDL levels in atherosclerotic plaques (Ehara et al., 

2001; Yla-Herttuala et al., 1989), relatively few studies have focused on determining the level of 

oxLDL in the blood.  The correct level of oxLDL in the blood plasma remains controversial.  As 

reported in a review by Itabe et al. (Itabe and Ueda, 2007), there are many different techniques 

and epitopes on oxLDL to probe for and therefore a high degree of variability in the results 

among the different techniques [reviewed by (Fraley and Tsimikas, 2006)].  Therefore, the best 

way to interpret oxLDL concentration results may be to compare within each experiment.  One 

consistency among the results is that humans have 10-100Xs higher concentration of plasma 

oxLDL than mice.  This may be due to the maturation age differences or that mice have ~2x 

greater protective HDL level as compared to humans (Xiangdong et al., 2011).  Holvoet et al. 

showed the levels of circulating oxLDL in humans were 31.1 g/mL in patients with coronary 

artery disease whereas healthy controls had a 55% reduction in circulating oxLDL (13.3 g/mL) 
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(Holvoet et al., 2001).  Additionally, several studies have shown that oxLDL plasma levels are 

elevated in patients with carotid arteriosclerosis, transplant-associated atherosclerosis, and 

diabetes [reviewed by (Itabe and Ueda, 2007)].  In our study, we showed that the oxLDL levels 

in WT, CD36 KO and Cav1 KO mice are essentially the same.  The studies described above, 

though, describe enhanced oxLDL levels in patients’ versus healthy controls, yet our data 

shows that there is roughly the same oxLDL levels in WT mice as in CD36KO and Cav1 KO 

mice and that all three of these mice have an increase in their plasma oxLDL levels when fed a 

HFD.  These results show that even when challenged with oxLDL/increased oxLDL levels, the 

loss of CD36 and Cav1 are important in abrogating cell stiffness. 

Here we have shown several different mouse models of atherosclerosis, including both short-

term and long-term high fat diet feedings, use of mice lacking the apolipoprotein E gene leading 

to chronic dyslipidemia, and the effect aging has on cellular biomechanical changes.  Our data 

provides strong evidence that diet induced dyslipidemia induces EC stiffening in the aortic arch, 

which is critically dependent upon the expression of the scavenger receptor CD36 and on an 

intact caveolae endocytotic pathway. 
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CHAPTER 6: Conclusion                                                                                                         

This work focuses on the biomechanical changes in endothelial cells resulting from dyslipidemia 

and vascular hemodynamics.  Endothelial dysfunction is a known initiating factor in the onset of 

atherosclerosis.  These studies provide insights into the mechanisms of pro-inflammatory oxLDL 

uptake into endothelial cells exposed to different flow environments and oxLDL-induced 

stiffening in vitro as well as ex vivo biomechanical changes including those resulting from 

dyslipidemia.   

To mimic physiological vascular shear stress, we have used two complementary flow systems, 

a fabricated microfluidic chamber with a step barrier and a cone and plate rheometer, which 

both showed that oxLDL uptake into endothelial cells in vitro is enhanced under pro-atherogenic 

disturbed flow conditions as compared to athero-protective laminar flow.  Enhanced oxLDL 

uptake was dependent on an intact caveolin1/eNOS complex and the endothelial oxLDL 

receptor CD36, but not LOX1.    

Furthermore, this increase in oxLDL uptake resulted in cellular stiffening in vitro and ex vivo 

measurements show enhanced stiffness in the DF regions of the aortic arch compared to the LF 

regions of the descending aorta.  Further exploration of this DF-induced stiffening effect was 

tested using knockdown in vitro techniques and ex vivo analysis of murine models of global 

knockout of the oxLDL receptor CD36 and knockout of the caveolin1 protein.  Our results 

showed that oxLDL-induced stiffening in vitro is mediated by Cav1 and CD36, which is further 

supported by ex vivo data that the increased stiffness observed in the DF region of the aortic 

arch compared to the LF region of the descending aorta is critically dependent on the 

expression of CD36 and Cav1.  This observation persisted even when challenged with a high fat 

diet.  Moreover, we show that there is stiffening in the endothelial monolayer in the aortic arch of 

a known model of atherosclerosis, the dyslipidemic ApoE KO mouse.  Further exploration of this 

phenomenon is required.     
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In summary, the results provided in this thesis demonstrate that plasma dyslipidemia results in 

endothelial stiffening at the pro-atherogenic region of the aortic arch, and provide evidence that 

this effect is mediated by increased uptake of oxLDL, the oxLDL receptor CD36 and endocytotic 

caveolae.  Finally, we propose that increased endothelial uptake of oxLDL and endothelial 

stiffening in pro-atherogenic aortic regions are important factors in the local disruption of the 

endothelial barrier and the onset of the inflammatory response. 

  

 

 

Figure 6.1: Summary schematic of the impact of hemodynamic environment 

and plasma dyslipidemia have on endothelial biomechanics. 
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Abstract

e oxidative modi�cation hypothesis of atherosclerosis, which assigns to oxidized low-density lipoproteins (LDLs) a crucial role in atherosclerosis
initiation and progression, is still debated. is review examines the role played by oxidized LDLs in atherogenesis taking into account data derived
by studies based on molecular and clinical approaches. Experimental data carried out in cellular lines and animal models of atherosclerosis support
the proatherogenic role of oxidized LDLs: (a) through chemotactic and proliferating actions on monocytes/macrophages, inciting their
transformation into foam cells; (b) through stimulation of smooth muscle cells (SMCs) recruitment and proliferation in the tunica intima; (c)
through eliciting endothelial cells, SMCs, and macrophages apoptosis with ensuing necrotic core development. Moreover, most of the experimental
data on atherosclerosis-prone animals bene�ting from antioxidant treatment points towards a link between oxidative stress and atherosclerosis. e
evidence coming from cohort studies demonstrating an association between oxidized LDLs and cardiovascular events, notwithstanding some
discrepancies, seems to point towards a role of oxidized LDLs in atherosclerotic plaque development and destabilization. Finally, the results of
randomized clinical trials employing antioxidants completed up to date, despite demonstrating no bene�ts in healthy populations, suggest a bene�t
in high-risk patients. In conclusion, available data seem to validate the oxidative modi�cation hypothesis of atherosclerosis, although additional
proofs are still needed.

1. Introduction

Recent postulates on atherosclerosis designate the appearance of qualitative changes on endothelial cells, triggered by “irritative” stimuli (e.g.,
hypertension, dyslipidemia, and cigarette smoking), as an early pathogenic event [1]. is process occurs at speci�c segments of the arterial tree,
mainly branching points and bifurcations, characterized by disturbed laminar blood �ow, probably owing to differences in arteries regional
development [2] and to the loss of the atheroprotective effect of laminar shear stress [3]. In this setting, the endothelium expresses adhesion and
chemotactic molecules and acquires an increased permeability to macromolecules, which modi�es the composition of the subendothelial
extracellular matrix. Hence, the entry of low-density lipoprotein (LDL) particles in the arterial wall followed by their retention through the binding
of apolipoprotein B100 to proteoglycans of the extracellular matrix [4] is held to be a key-initiating factor in early atherogenesis [5]. e LDL
particles trapped in the subintimal extracellular matrix are mildly oxidized by resident vascular cells [6]. ey retain the capability of binding to the
LDL receptor [6, 7] and to exert their proatherogenic effects [8–10], including stimulation of the resident vascular cells to produce monocyte
chemotactic protein-1, granulocyte, and macrophage colony-stimulating factors. ese molecules promote monocytes recruitment and their
differentiation into macrophages, which are able to further promote the oxidation of LDLs [11] through myeloperoxidase and reactive oxygen
species. Completely oxidized LDLs, characterized by an increased apolipoprotein B100 negative charge, are recognized by scavenger receptors on
macrophages and internalized to form foam cells [12], the hallmark of the atherosclerotic lesion. Furthermore, macrophages play a key role in
atherogenesis through their proin�ammatory action, which involves the production of interleukin-1  and tumor necrosis factor (Figure 1).
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