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Abstract 

 Endothelial cells play a vital role in the normal physiology of the vasculature. The 

cerebrovascular region is highly populated by endothelial cells with distinct morphology and 

functions. However, endothelial cells are also a vital region in the pathophysiology of the 

vasculature, such as aneurysm formation, due to reactive oxygen species (ROS) production. To 

study the effects of glucose and flow on ROS production in brain arterial endothelial cells, ROS 

production was measured. This thesis is divided into three parts: glucose effect on ROS, flow 

effect on ROS, and glucose effect on flow-induced ROS. Previous endothelial cultures were 

provided by Joeseph Moran-Guiati and Jason Kushner. The effect of high glucose on static 

endothelial cells was shown to increase ROS production as compared to the effect of normal 

glucose. Under chronic treatment of endothelial cells with high flow, ROS production was 

significantly greater that in endothelial cells under chronic treatment of normal flow. High 

glucose was shown to exacerbate the high flow response. These studies provide insight to a 

possible connection between intracranial aneurysm formation and a major risk factor, Diabetes 

Mellitus. 
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Introduction 

Diabetes Mellitus (DM) serves as a major risk factor for many micro- and macrovascular 

pathologies such as intracranial aneurysm formation (IA), nephropathy, and retinopathy1. 

Patients with DM experience elevated blood glucose levels on a constant basis1,2. Glucose can 

affect cellular processes such as reactive oxygen species (ROS) production1,2, methylglyoxal 

formation3-7, and PKC activation8,9.  

 The endothelium is thought to be the major early modulator to the pathogenesis of 

macrovascular diseases such as IA formation/damage. In 2011, Nicholas Liaw found that early 

IA development and damage was due to ROS production within brain artery endothelial cells via 

tempol administration to IA-induced rabbits. Upon investigating the result of damage to the 

blood vessel, it was found that the endothelium was intact during the early stages of pathogenesis 

of IA formation while the tunica media thinned causing a weakness in the blood vessel. 

Therefore, they hypothesized that ROS produced within the endothelial cell exits and causes 

damage to the basement membrane, internal elastic lamina, and the tunica media10.  

 The pathogenesis of IA is also in response to the changes in wall shear stress (WSS) on 

the endothelium11. Baseline flow occurs in straight blood vessels where laminar flow produces 

between 1.5 and 2.5 Pascals (Pa) of shear stress11. High WSS typically occurs on the flanking 

walls of arteries at regions of bifurcations and produces around 10 Pa of stress11. WSS has been 

shown to stimulate ROS production through PECAM-1, an adhesion molecule on the membrane 

of endothelial cells12-17. 

 This research aims to characterize the effects of glucose and flow on cultured bovine 

brain arterial endothelial cells (BBEC). I believe that both high glucose and high flow will 
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significantly increase intracellular ROS production compared to normal glucose and normal 

flow.  

Background 

Organization and Function of Brian Arteries 

 Brain arteries run throughout the entire cranium bringing oxygen and nutrient-rich blood 

to cranial structures. Arteries pertaining to the anterior and posterior circulation of blood within 

the cerebrum and surrounding structures are associated with a region called the circle of Willis. 

The circle of Willis is crucial to the survival of the brain as there are series of redundancies 

which, upon vessel blockage, continue to allow blood circulation to prevent possible ischemia. 

Branching from the circle of Willis are blood vessels known as the anterior cerebral arteries, 

posterior communicating arteries, carotid termini, posterior cerebral arteries, and the apex of the 

basilar artery. Tiny critical arterial branches branch from the circle of Willis branch arteries and 

supply blood to the deep structures of the brain. All of the brain arterial blood eventually drain 

into the internal jugular vein in the neck and exit the brain traveling towards the heart18-21. 

 Brain arteries function to deliver blood containing oxygen and nutrients, such as glucose, 

to the brain. At any given time, one-fifth of the heart’s output is directed towards the brain. The 

brain consumed glucose as is substrate to eventually create ATP. In fact, 120 grams of the body’s 

required 160 grams of sugar are required by the brain22. Veins complete the blood circuit by 

draining metabolic waste products from the brain. The flow of blood throughout the entire 

cranium involves all aspects of the blood vessels which includes the three layers of the blood 

vessels, nerve plexi, and metabolic processes of cells23,24. 
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Anatomy of Brain Arterial Blood Vessels 

 Brain arteries contain many anatomical features which must be understood. First, there 

are 3 distinct layers of the artery that contain different types of cells. The layer in contact with 

the blood (luminal surface) is called the tunica intima which contains endothelial cells 

surrounded by the internal elastic media. The tunica intima is responsible for the detection of 

chemicals in the blood and proper responses (i.e. transduction/response to hormones). The 

middle layer is called the tunica media and primarily contains smooth muscle cells as well as 

collagen which is surrounded by the external elastic lamina. The tunica externa lays superficial 

to the external elastic lamina and can be referred to as the adventitial layer of the blood vessel. 

This layer contains a large amount of collagen which is used to anchor the artery to surrounding 

organs giving it rigidity21. 

Arterial Endothelial Cells 

 BBECs are different from extracranial endothelial cells. First, BBEC contain more 

mitochondria than other endothelial cells25 which is supported by the fact that glucose oxidation 

is the primary, or only, source of ATP formation in the brain22. Also, Nox4 expression is about 

10-fold higher in cranial endothelial cells versus extracranial cells26,27. Nox2 is expressed in 

extracranial endothelial cells and smooth muscle cells and not in cranial endothelial cells26,27. 

Different Nox protein expression will result in differences between cells due to the stimulus for 

the Nox proteins being different. Finally, cranial endothelial cells are less likely to develop 

atherosclerosis than extracranial endothelial cells28. Atherosclerosis is the main source of 
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abdominal aortic aneurysm formation and is typically only seen in brain arteries of aged 

individuals28. 

 In response to chemical and physical stimuli, BBECs produce many blood vessel 

modulators (e.g. nitric oxide (NO) and hydrogen peroxide) which control the constriction and 

relaxation of the blood vessel29. For example, NO (previously known as endothelium-derived 

relaxation factor or EDRF) is produced by the endothelial Nitric Oxide Synthase (eNOS) 

complex and diffused to the smooth muscle cells (SMCs) of the tunica media and results in 

vasorelaxation29,30.  

 My focus of this research is to investigate a possible reason why Diabetes Mellitus (DM) 

is such a large risk factor for the development of intracranial aneurysms (IA). IA formation 

typically occurs in flanking walls of bifurcated arteries within the circle of Willi or its primary 

branches due to early endothelial responses31. Meng et al found that early IA formation and 

damage was a result of ROS formation in endothelial cells which decrease smooth muscle cell 

tone in the tunica media via an apoptotic mechanism31. Therefore, I used bovine brain arterial 

endothelial cells (BBECs) as my in vitro model. 

IA formation 

 IAs are outward projections of weakened blood vessels and affect approximately 1 in 20 

people. Most of these IAs are not be detected as they mostly are non-problematic and 

asymptomatic. However, once symptoms arise, the IA has become a substantial threat to rupture. 

Approximately 30,000 citizens in America suffer from IA rupture which is also known as 

aneurysmal subarachnoid hemorrhage. Unfortunately, IA rupture is approximately 65% lethal. In 

fact, about 50% of ruptures result in the death of the patient before arrival to a hospital or 
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treatment facility. A large percentage of the survivors of rupture will live with permanent 

damage21.  

 IAs typically form within bifurcations of the arteries in the circle of Willis and its 

primary branches where cells experience high flow conditions. For the purpose of my thesis, 

flow refers to the wall shear stress (WSS) exerted by the flow of blood on the endothelium. WSS 

is the frictional drag, or pressure, of the blood on the endothelium. Recent research has shown 

that IA formation is due to high flow through production of and successive destruction by 

radical/reactive oxygen species (ROS). Meng et al found that administration of antioxidants to 

rabbits whom had induced aneurysm development reduced early IA damage leading them to 

believe that early IA formation and damage was due to ROS. Further experimentation showed 

that ROS produced within an intact endothelium decreased the amount smooth muscle cells in 

the tunica media which decreased the strength of the artery resulting in IA development31. 

Therefore, initial IA development occurs due to endothelial dysfunction. 

 After endothelial dysfunction, a mounting inflammatory response occurs which results in 

high levels of cytokine. A specific modulator of inflammation is the transcription factor NF-ĸB 

where the ĸB portion translocates to the nucleus and upregulates cytokine gene expression under 

ROS production and flow transduction.  This, in turn, changes the phenotype of the surrounding 

smooth muscle cells which activates matrix metalloproteinase activity. Matrix metalloproteinases 

(MMPs) are responsible for the degradation of the extracellular matrix of endothelial cells and 

smooth muscle cells. Upon MMP activation, vascular remodeling acts to excise the affected 

region of dysfunctioning cells. During vascular remodeling and MMP activity, collagen 

biosynthesis in smooth muscle cells decrease as apoptosis rates increase decreasing the tone of 

the tunica media creating a weakening of the artery. Then, an IA can completely form32. 
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ROS  

 ROS are oxygen species with unbalanced electrons in its valence shell. The more 

commonly known ROS are superoxide, hydrogen peroxide, nitric oxide (NO), and peroxynitrite. 

NO and hydrogen peroxide are better known for their modulation of the tone of blood vessels33. 

In brain arteries, NO production in the endothelium results in relaxation of the smooth muscle 

cells in the tunica media and successive vasodilation. This typically occurs in response to stimuli 

in the blood such as occlusion of another vessel, changes in blood chemistry, and high flow. 

 How do ROS form? First, it is important to note that the electronic configuration of the 

valence shell of molecular oxygen prevents it from accepting more than one electron at a time. 

Oxidase activity within endothelial cells transfer electrons from a substrate to molecular oxygen 

creating superoxide. Superoxide then can either bind to nitric oxide to create another species of 

ROS (peroxynitrite), undergo enzymatic activity by superoxide dismutase (SOD) to become 

hydrogen peroxide, or react whether it be in or out of the cell33.  

 Superoxide is of great importance when discussing oxidative stress. It can be created by 

NADPH oxidase, uncoupled endothelial nitric oxide synthase (eNOS), xanthine oxidase, or 

oxidases in the mitochondrial electron transport chain (ETC) which will all be discussed shortly. 

Superoxide can then react with various intracellular or extracellular proteins and modify their 

behavior. One of the more important proteins targeted is ferritin which is a protein that is 

responsible for iron storage increasing free iron within the cell. Iron can further react with 

superoxide to create one of the most potent oxidant in nature, the hydroxyl radical. The hydroxyl 

radical which causes DNA mutations, DNA strand breaks, lipid peroxidation, and protein 

modification which may either lead to the toxicity of the cell or the death of the cell through 
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apoptosis33. For this reason, superoxide is a very important molecule in the pathogenesis of IA 

formation. 

Diabetes Mellitus 

Diabetes Mellitus (DM) is a significant health concern in the United States affecting at 

least 25.8 million people which is roughly 8.3% of the total population. It is a health risk for 

micro- and macrovascular diseases, specifically IA formation1. DM patients experience elevated 

resting blood glucose levels when compared to healthy patients which is an important 

characteristic of the disease to note1.  

High glucose has been shown to cause increases in ROS production in rats1,2, human 

umbilical vein endothelial cells8, bovine aortic endothelial cells34, and humans undergoing 

arterial bypass surgery35. A large portion of evidence supports the mitochondrial electron 

transport chain as the main source of ROS production due to high glucose33,36-40. Briefly, 

superoxide can be generated at complex I, III, and IV of the mitochondrial ETC due to 

incomplete transfer of electrons to molecular oxygen33.  

My research focuses on the effect of high glucose on ROS production in BBECs which is 

intended to simulate the resting blood glucose concentration of DM patients. Since DM is a 

prominent and destructive disease, I wanted to research the effect of glucose on ROS production, 

which has been shown to play a very important role in IA development.  

DM and IA Formation 

 Aside from DM increasing ROS production in endothelial cells, IA formation is also 

stimulated by high glucose. A rather substantial amount of evidence suggests that DM enhances 
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matrix metalloproteinase activity which degrades the extracellular matrix of endothelial cells and 

smooth muscle cells causing a further weakening of the vessel wall34. While matrix 

metalloproteinase activity is activated under high glucose, a lot of DM effects on IA formation 

boil down to one major causative agent, ROS. Therefore, it is important to understand what ROS 

normally do in endothelial cells and how they behave in the pathological model such as IA 

formation. 

Positive Effects of ROS 

 Low levels of ROS are needed by cells and systems to perform normal physiological 

functions. ROS are used as a signaling molecule for proliferation, increased cell membrane 

permeability, cell growth, and apoptosis3,38. Normally, apoptosis is thought to be a negative 

mechanism, but ROS can, in normal models, initiate apoptosis due to cell damage (DNA 

mutations, dysfunction, or control of cancer development). ROS may also play a role in the 

modulation of vascular tone. For example, NO and hydrogen peroxide can cause relaxation of 

the smooth muscle cells in the tunica media resulting in vasodilation due to a specific stimulus 

such as high flow. Finally, ROS play an important role in angiogenesis after a cardiovascular 

injury by stimulating growth and proliferation of endothelial cells3,38,41.  

Negative Effects of ROS 

 When ROS levels elevate beyond baseline levels, they can become dangerous to the 

integrity of the cell for a couple of reasons. First, elevated ROS levels interact with NO 

decreasing the bioavailability of NO for vasorelaxation41. Even though another radical is formed, 

the loss of available NO can become detrimental to the integrity of the blood vessel as its ability 

to respond to stimuli, such as high flow, is augmented. Second, elevated ROS initiate pro-



9 
 

inflammatory responses which result in the accumulation of vascular cell adhesion molecules 

and intracellular adhesion molecules which result in local inflammation of the affected region41. 

Inflammation initiates ROS production in adjacent cells resulting in a domino effect of ROS 

destruction. 

 ROS also can interact with cellular DNA and cause strand breaks which activate 

poly(ADP) ribose polymerase activity which repairs strand breaks36,42. Peroxynitrite is a potent 

initiator molecule of single-strand DNA breaks and is created after the reaction of superoxide 

with NO36,42. Poly(ADP) ribose polymerase stimulates cytokine and adhesion molecule 

production resulting in a local inflammatory response36,42. 

 ROS have the ability to react with proteins and modify their function. For example, ROS 

may interact with ferritin, an intracellular iron storage protein, causing an increase in free iron. 

An interaction between a transition metal, such as iron, and superoxide produces one of the most 

potent ROS in nature. The hydroxyl radical is highly reactive and extremely destructive33. Cells 

experiencing oxidative stress due to hydroxyl radical production will most likely undergo 

apoptosis to prevent further production of the radical.  

 The danger of DM can now be seen as elevated ROS results in a wide variety of negative 

effects in the cell. One can begin to connect how high glucose, which increases ROS production, 

is a potent risk factor for many macrovascular diseases, such as IA formation.   

Sites of Production in Endothelial Cells  
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NADPH Oxidase 

The NADPH oxidase complex is a very large ROS producing complex within cells, 

specifically endothelial cells9,26,35,36. The complex consists of 2 membrane components, a Nox 

protein and p22phox, as well as 4 cytosolic subunits (Rac, p47phox, p67phox, and p40pho) which must 

be bound in the complex in order for the complex to be active26.There are 5 Nox subunits which 

have differential expression throughout the body (i.e. only certain areas of the body express 1 or 

2 Nox subunits)26. 

Nox is the key catalytic component of the NADPH oxidase complex which have Flavin-

binding regions9. Upon binding to the subunit, NADPH serves as the electron donor to molecular 

oxygen which then is converted into superoxide. Restoration of NADP+ is essential to the cell as 

it serves as an electron acceptor to cellular processes including energy production. 

Since NADPH oxidase produces superoxide, it is a very important protein to endothelial 

cell physiology and pathophysiology. As described previously, superoxide can act as a signaling 

molecule for growth, proliferation, cell membrane permeability, and NO sequestering. However, 

the negative effects of ROS are more important when discussing the pathology of macrovascular 

pathologies. Inflammation within the cell, typically seen during IA development, stimulates the 

NADPH oxidase complex directly which further increases ROS production9. Inhibition of the 

NADPH oxidase complex using diphenyleneiodonium (DPI) significantly decreased ROS 

production in HUVECs8.  

In DM patients, high glucose is believed to stimulate NADPH oxidase as a downstream 

effect of the activation of phosphokinase C (PKC)8,9. PKC activation is ROS-independent so 

high glucose has been hypothesized to be the molecule responsible for PKC activation and 
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downstream NADPH oxidase activation8,35,36. PKC inhibition decreased the activation of 

NADPH oxidase in HUVECs treated with high glucose8.  

NADPH oxidase is a very important contributor to the ROS production within endothelial 

cells. High glucose, indirectly, can increase NADPH oxidase activity which poses yet another 

threat to DM patients in the development of macrovascular complications due to their disease.  

Uncoupled Endothelial Nitric Oxide Synthase  

 Endothelial nitric oxide synthase (eNOS) is a very important modulator of vascular tone. 

L-Arginine, molecular oxygen, NADPH, and tetrahydrobiopterin enter the enzyme and result in 

the production of citrulline and NO5,29,43. Normal eNOS function transfers electrons from 

tetrahydrobiopterin and NADPH oxidase to L-arginine to produce L-citrulline5,29. In brain 

arteries, NO causes vasodilation in response to a chemical or physical stimulus5,29,43. NO 

bioavailability is decreased under oxidative stress as available NO reacts with superoxide to 

create peroxynitrite instead of causing vasodilation5,29.  

 Consequently, eNOS may contribute to the generation of ROS in response of oxidative 

stress. Pre-existing ROS oxidize tetrahydrobiopterin to produce dihydrobiopterin5,43. 

Dihydrobiopterin does not have donor electrons available and is unable to transfer any electrons 

to L-Arginine. Electrons from NADPH are transferred to molecular oxygen instead of L-

Arginine creating superoxide which can react with more tetrahydrobiopterin, decrease the 

bioavailability of NO, react with proteins such as ferritin and DNA, or cause inflammation and 

apoptosis. 

 High glucose contributes to increased ROS production by uncoupling eNOS. Hink et al 

found that ROS levels within the cells was increased coming from uncoupled eNOS2. The 
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process of eNOS uncoupling occurs after early oxidation of tetrahydrobiopterin contributing to 

further oxidative stress. 

Xanthine Oxidase  

 Xanthine oxidase (XO) is an enzyme which catalyzes the oxidation of hypoxanthine and 

xanthine in the process of purine metabolism by reducing molecular oxygen to produce 

superoxide29. Purine metabolism is essential for cellular function as it modulates proliferation by 

decreasing purine availability for DNA replication. XO may be present in either its XO form or 

its xanthine dehydrogenase form and can be converted from its dehydrogenase form to its 

oxidase form by oxidation of critical cysteines44. Activated NADPH oxidase is essential for the 

functionality of XO. McNally et al found that cells lacking the NADPH oxidase regulatory 

subunit, p67phox, have a marked reduction of XO expression44.  

ROS derived from XO have been shown to decrease the bioavailability of NO29,41,44. In 

diabetic rats, inhibition of XO by oxypurinol improved vasodilation, which was previously 

impaired, meaning that there was a rescue in NO bioavailability29.   

Mitochondrial Electron Transport Chain 

The mitochondrial electron transport chain (ETC) produces ROS constitutively as a result 

of incomplete electron shuffling to oxygen. The electron configuration of the valence shell of 

molecular oxygen prevents it from accepting more than one electron at a time meaning that the 

complete reduction of oxygen to water must happen in multiple monovalent steps. This opens the 

possibility for incomplete reduction of oxygen resulting in ROS generation. Under aerobic 

respiration, reduced co-enzymes produced through the oxidation of glucose enter the 

mitochondrial ETC to be oxidized and regenerated for future glucose oxidation. 
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ROS can be generated at multiple sites of the mitochondria ETC. First, NADH 

dehydrogenase, or complex I, and succinate dehydrogenase, or complex II, are believed to 

produce ROS as a result of one of its subunits (N1a) resulting in pooling of superoxide within the 

core of the enzyme. Under complex I and/or II inhibition, it is believed that these pools are 

released causing an increased presence of ROS within the mitochondria as well as the 

cytoplasm33. Second, cytochrome c oxidase, or complex IV, may produce ROS as electron 

transfer between complexes can result in electron leakage3. Also, this is the location in which 

molecular oxygen is reduced to water3,33. Thus, electrons can only be added to the valence of 

molecular oxygen one at a time resulting in four monovalent additions. Under normal 

physiological conditions, incomplete reduction of molecular oxygen occurs at a rate of 5% 

leading to the formation of superoxide and hydrogen peroxide at this complex33. Since electrons 

may leak from the transfer between cytochrome c to complex IV, ROS can be generated in both 

the mitochondrial matrix and the intramembranous space3,33. Inhibition of complex IV by 

cyanide or related compounds decreases its reduction potential preventing the transfer of 

electrons. Thus, electron transfer is prevented throughout the entire chain resulting in the 

inhibition of the entire chain3,33.  

High glucose increases the activity of the mitochondrial ETC resulting in a higher 

production of ROS3,33,36. More glucose is oxidized by the TCA cycle which produces more 

electron donors to be used in the ETC. This causes the voltage gradient across the mitochondrial 

membrane to increase as it approaches a critical threshold in which electron transfer is blocked. 

This causes electrons to pool in coenzyme Q which donates one electron at a time to molecular 

oxygen producing superoxide36. Brownlee et al found that administration of MnSOD to cells 

experiencing hyperglycemia reduces ROS production36. MnSOD is an enzyme which is unique 
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to the mitochondria as it dismutates superoxide to form hydrogen peroxide. Hydrogen peroxide 

may then be converted to water via catalase. 

The mitochondria can also be mechanotransducers of flow stimulation33. The 

cytoskeleton rearranges its conformation as a result of flow stimulation. The mitochondria are 

directly associated with the cytoskeleton which can help explain its mechanotransducing 

properties. The mechanical force can be transmitted through the microtubules to the 

mitochondria. Mechanotransduction of the signal must then be converted into biological signals 

which may occur via the Na+/H+, Na+/Ca2+, or K+/H+ exchangers but the mechanisms are not 

well understood33.  

This research aims to investigate the effects of glucose on flow-induced ROS production. 

By understanding this in vitro, we may be able to characterize mechanisms to investigate in vivo 

with a goal of developing therapies to prevent DM complications.  

Methods 

Cell Culture 

Frozen stock cultures of Bovine Brain Endothelial Cells (BBECs) were provided by Joseph 

Moran-Guiati in our laboratory. Briefly, Joe obtained brain arterial endothelial cells from the 

brains of freshly decapitated steer from a local slaughterhouse. The specific region of sampling 

was within the circle of Willis and its primary branches. Upon identification of the circle of 

Willis and its primary branches, arteries were excised and cut into segments under 4 cm and 

washed with sterile PBS. Segments were then transferred into a petri dish containing Dulbecco’s 

modified Eagles medium (DMEM, Life Technologies, Inc., Grand Island, NY) with 10% fetal 

bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA) and an antibiotic solution (100 

U/ml penicillin, 100 mg/mL streptomycin; Life Technologies Inc., Grand Island, NY). Vessels 



15 
 

were split longitudinally and the luminal surface, which contains the endothelium, was gently 

scraped with a scalpel. The scrapings were placed in petri dishes containing DMEM in 10% FBS 

and the antibiotic solution. The cells were allowed to settle, attach, and grow until small colonies 

were visible. The samples were incubated at 37°C in 5% CO2. 

To subculture clonal populations, cells from single colonies conforming to a cobblestone 

appearance were separated by a glass-cloning ring. The medium within the ring was aspirated 

out and replaced with PBS. The PBS was then aspirated and the colony was incubated in 0.25% 

trypsin with 2.21 mM EDTA for 3 minutes until cells detached from the dish. After incubation, 

the solution containing the dissociated colony was aspirated and transferred to a tube containing 

equal amounts of DMEM and centrifuged. The pellet was re-suspended and transferred to a 25-

cm2 culture dish (BD Falcon, Bedford, MA) for further expansion. When cultured reached 

confluence, they were passaged to 75-cm2 dishes and subcultured 2 times at 1:4 splits before 

stock cultures were aliquoted and cryopreserved.  

Cell cultures were confirmed to be endothelial by testing for the expression of Factor VIII, 

Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1), endothelial Nitric Oxide Synthase 

(eNOS), and for LDL uptake. The LDL product used to measure for uptake was 1,1-dioctadecyl–

3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate (DiI) conjugated to a low density lipoprotein 

to form Dil-Ac-LDL (Biomedical Technologies). This complex was excited at a wavelength of 

485 nm and emitted at 535 nm so that its transport into endothelial cells may be traced. All cells 

stained positively for Factor VIII, PECAM-1, and eNOS by immunofluorescence and took up 

Dil-Ac-LDL. In addition, all cells were negative for smooth muscle actin.  
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Thawed cultures of cells were grown in DMEM containing 5 mM glucose or 30 mM glucose. 

Cells were incubated at 37°C in 5% CO2. Cells between passages 6 and 9 were used for 

experimentation. 

Exposure of Cell to Flow 

BBEC were seeded into 6 well flow chambers (IBIDI, Verona, WI) at a density of 

125,000 cells per well. To subject endothelial cells to flow, peristaltic pumps were utilized to 

pump medium through the IBIDI chamber lanes. In order to more accurately simulate 

physiological hemodynamics (i.e. physiologically realistic normal wall shear stress and high wall 

shear stress levels at reasonable pump speeds), methylcellulose was included in the medium to 

raise the viscosity to around 5 milliPascal seconds (mPas), roughly the viscosity of bovine blood, 

without changing the osmolarity. Briefly, a 2% methylcellulose was created mixing 

methylcellulose (Sigma cat. No. M6385) with cold water. The mixture was autoclaved to 

sterilize the contents. After autoclaving, the sterile mixture was mixed for 24 hours at 4°C. After 

24 hours, an equal volume of cold 2X DMEM (Life Technologies) was added to the solution and 

stirred for 24 hours at 4°C. After 24 hours, the viscosity was measured using a Cannon-Manning 

Semi-Micro Viscometer (Cannon Instrument Co.; State College, PA) at 40°C.  

A flow apparatus was used to administer flow to confluent endothelial cells in IBIDI 6 

well chambers. First, an autoclaved medium reservoir was filled with viscous DMEM warmed to 

37°C and equilibrated to 5% CO2. Sterile tubing connected the medium reservoir to a Peristaltic 

Pump P-3 (Pharmacia Fine Chemicals, NYC, NY) which was then connected to one lane in the 

flow chamber by more sterile tubing. The outlet was connected by more sterile tubing back to the 

medium reservoir to complete the flow system. To achieve high flow, a Minipuls 2 pump 
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(Gilson, Inc, Middleton, WI) was used which was able to pump viscous medium through the 

flow chamber at a higher speed.  

Wall shear stress (WSS) experienced by cells in the flow chamber was calculated based 

on the Navier-Stokes equation with the following formula: 

 𝑊𝑆𝑆 =
(6)×(viscosity of medium)×(flow rate)

(width if chamber)×(height of chamber)2 

Flow rates were adjusted (by adjusting pump speeds) to obtain two different shear stresses. 

Intracranial aneurysm development occurs at specific bifurcations within the circle of Willis and 

its primary branches11,20,45,46. At these bifurcations, a large shear stress typically measured to be 

greater than 8 Pa, but it was not extraordinary to observe shear stresses well over 30 Pa11,45,46. 

Alfano et al found that the location in which IAs transition between rare occurrences to relatively 

common occurrences takes place between 5 Pa and 15 Pa20.  Such regions experiencing these 

shear stresses occur at the apices of bifurcations of blood vessels within the circle of Willis and 

its primary branches11,20,45,46 leading me to use a shear stress of 10 Pa. Likewise, baseline wall 

shear stress has been found to be between 1.5 Pa and 2.5 Pa in straight blood vessels20,47. 

Therefore, I used a flow rate that produced a WSS of 2.0 Pa as my “normal flow” condition. 
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Figure 1: Schematic representation of flow apparatus. The diagram above shows a 

typical flow set-up in which endothelial cells are subjected to flow using sterile tubing. Medium 

in pumped via sterile tubing (black lines) in the directions indicated with the arrowhead from the 

medium reservoir (red box) through either the normal flow pump or the high flow pump to the 

flow chamber. At the flow chamber, the medium enters at the top of the plate and is pumped in 

the direction indicated by the arrowheads. Sterile tubing (black lines) connects the bottom of the 

first flow lane to the top of the second flow lane and medium is pumped from the top of the lane 

to the bottom of the lane. Sterile tubing (black lines) connects the bottom of the second flow lane 

to the top of the third flow lane and medium is pumped from the top of the lane to the bottom of 

the lane. Medium then flow back to the reservoir. This arrangement occurs separately for the 

high flow pump and the normal flow pump. 

 

ROS Detection 

A total of 4 different assays were used to measure ROS.  

Nitro Blue Tetrazolium Assay. This assay was used to measure ROS in static culture. 

Cells were seeded in 24-well plates at a density of 100,000 cells per well and incubated for 

approximately 24 hours. Then, DMEM was removed and a solution containing 2 mg/mL Nitro 

High Flow 

Pump 

Normal 

Flow Pump 
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Blue Tetrazolium (Life Technologies) and 5 μM Hoechst dye (Life Technologies, Inc.) was 

added to each well.  The assay was incubated in the dark at 37°C in 5% CO2 for 90 minutes. 

Each well was washed 4 times with sterile PBS containing 2 mM MgCl2 and 1 mM CaCl2. 

Hoechst fluorescence was read on intact live cells while in the final PBS wash using a Biotek 

Plate Reader measuring an emission of 360 nm after excitation at 460 nm. The fluorescence was 

used to quantify the relative number of cells in each well based on Hoechst staining of DNA. 

PBS was then removed from all wells and a lysis solution containing 90% DMSO, ddH2O, 0.1% 

SDS, and 0.01 N NaOH was added which lysed cells and solubilized formazan (reduced NBT). 

Absorbance of the solution was measured at 700 nm. The absorbance measured the amount of 

NBT reduced by ROS within the cells. Upon reduction, NBT precipitated in aqueous solution.  

 Dihydroethidium (DHE) Assay. To measure ROS in cultures exposed to flow, fluorescent 

ROS indicators, dihydroethidium (DHE) or CellROX, were used instead of NBT because the 

amount of material in the flow channels was too small to measure in the NBT assay. Upon 

interaction with ROS, DHE becomes oxidized to ethidium which intercalates into DNA and 

fluoresces under an excitation wavelength of 510 nm at an emission wavelength of 615 nm48. 

Cells were treated with 5 μM DHE in DMSO (Molecular Probes, Eugene, OR) for 30 minutes, 

then washed 3 times using PBS and imaged live using a Zeiss Axiovert 135 fluorescence 

microscope at magnification 20X under with an excitation wavelength of 510 nm and emission 

was imaged with 590 nm long pass filter49.  

Approximately 10 fields in the middle of each lane were imaged using a Zeiss Axiovert 

135 Fluorescence Microscope at 20X and fluorescence was quantified using ImageJ software50. 

Cells were manually counted. Background fluorescence was established by measuring the 

average integrated density of regions devoid of cells for each image. This value was subtracted 
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from the entire image field and integrated density of the entire field was then measured. 

Integrated density per cell was calculated by dividing the integrated density for each image by 

the cell count for that image.  

CellROX Assay. CellROX, like DHE, is oxidized by ROS and then intercalates in the 

DNA and fluoresces. CellROX fluorescence was imaged using an excitation wavelength of 485 

nm and an emission wavelength of 520 nm. Cells treated with CellROX can be fixed with 3.7% 

formaldehyde to stop continued reactivity within the cell without losing fluorescence of the 

reacted CellROX. Cells were treated with 5 μM CellROX (Molecular Probes, Eugene, OR) for 

30 minutes, washed 3 times using PBS, and fixed in a 3.7% formaldehyde solution in PBS at 

room temperature for 5 minutes. Cells were then imaged using a Zeiss Axiovert 135 fluorescence 

microscope at magnification 20X using and excitation wavelength of 485 nm and an emission 

wavelength of 520 nm49. 

 MitoSOX Assay. In order to measure mitochondria-specific ROS, an ROS probe that 

localized to mitochondria (MitoSOX Red) was used. MitoSOX Red is a cell permeant molecule 

that localizes to the mitochondrial membrane51. When superoxide oxidizes MitoSOX, it becomes 

fluorescent when excited at 510 nm, fluorescing at 615 nm48,49. Cells were treated with 5 μM 

MitoSox Red (Life Technologies, Inc.) and incubated at 37°C in 5% CO2 for 10 minutes in 

DMEM and washed three times with warm PBS containing 2 mM MgCl2 and 1 mM CaCl2.  

However, cells treated with MitoSOX were not fixed because the fluorescence and localization 

are not retained.  Cells were imaged live using a Zeiss Axiovert 135 fluorescence microscope at 

magnification 20X with an excitation wavelength of 510 nm and emission was imaged with 590 

nm long pass filter. 
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Statistical Analysis 

 Results are expressed as means ± SEM. Statistical comparisons between groups were 

assessed by Student’s t-test. A p-value of p<0.05 was considered to be significant.  

Results 

BBECs produce more ROS in high glucose  

To determine the effect of high glucose on ROS production by brain arterial endothelial cells, 

BBECs were incubated in DMEM containing either 5 mM or 30 mM glucose and then an NBT 

assay was performed to measure ROS production. 5 mM glucose represents the normal fasting 

blood glucose concentration whereas 30 mM glucose represents a resting blood glucose 

concentration in uncontrolled diabetes.  

Figure 2 shows that treatment of BBECs with 30 mM glucose for 90 minutes increased ROS 

production 2.5-fold relative to BBECs cultured in 5 mM glucose. 24-hour exposure to high 

glucose increased ROS production an additional 1.5-fold. Returning cells to 5 mM glucose after 

long-term treatment with 30 mM glucose resulted in a nearly complete return to baseline ROS 

production within 90 minutes. 
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Figure 2: Effect of high glucose on ROS production. BBECs were exposed to 5 mM or 

30 mM glucose for the indicated times and ROS measured by NBT reduction. Each bar 

represents the mean of 3 experiments. Data was normalized to the average absorbance of 

endothelial cells grown in normal glucose for 24 hours. Bars represent ± the standard 

error of the mean. There is a statistically significant difference between baseline ROS 

production and short-term glucose treatment (p<0.001). 

High glucose caused increased ROS production from the mitochondrial electron transport 

chain  

 To determine if high glucose increases ROS production because of increased activity in 

the mitochondrial electron transport chain, mitochondrial oxidative phosphorylation was 

inhibited using the complex IV inhibitor, sodium azide. Cells were grown in either 5 mM 

glucose or 30 mM glucose for 24 hours in 24 well plates. An NBT assay was performed to 

measure ROS production by BBEC while the mitochondrial electron transport chain was 

inhibited using sodium azide. Schwoebel et al found that 10 mM azide was practical 

concentration needed to successfully inhibit the mitochondrial ETC52. I performed a titration that 

confirmed that 10 mM sodium azide was an appropriate concentration to use in order to inhibit 

the mitochondrial electron transport chain (data not shown). Figure 3 shows that sodium azide 

inhibited ROS production of BBECs in high glucose by 49% (p<0.05). 
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 To test mitochondrial-specific ROS production, static cultures treated with 5 mM glucose 

or 30 mM glucose were treated with 10 mM sodium azide for 15 minutes and stained with 

MitoSOX Red. Figure 4 shows that mitochondrial ROS was innately elevated in high glucose-

treated cultures versus normal glucose-treated cells. Inhibition of the mitochondrial electron 

transport chain decreased ROS production 36% in high glucose (p<0.05) whereas the 

mitochondrial electron transport chain was inhibited 26% in normal glucose. The amount of ROS 

production in azide-treated high glucose cultures mimicked the ROS production in non-inhibited 

normal glucose-treated cultures.  

  

 

Figure 3: Effect of azide on ROS production. 10 mM sodium azide was used to inhibit 

the mitochondrial electron transport chain and an NBT assay was used to measure ROS. 

ROS is expressed as NBT absorbance per cell based on Hoechst staining. Each bar 

represents mean ± the SEM of 3 experiments. *Significance was found between un-

inhibited high glucose-treated BBEC and inhibited high glucose-treated BBEC (p<0.05). 
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Figure 4: Effect of azide on ROS production using MitoSOX Red. 10 mM sodium 

azide was used to inhibit the mitochondrial electron transport chain and a MitoSOX Red 

assay was used to measure ROS. ROS is expressed as MitoSOX Red fluorescence per 

cell normalized to the average MitoSOX Red fluorescence of BBECs treated with normal 

glucose. The results are represented as mean normalized fluorescence ± the SEM of 3 

experiments. * Significance was found between un-inhibited high glucose-treated BBEC 

and inhibited high glucose-treated BBEC (p<0.05). ROS in azide-treated cells was not 

significantly different from untreated cells in 5 mM glucose (p>0.05). 

 To determine the contribution of NADPH oxidase, xanthine oxidase, and eNOS to the 

production of ROS due to glucose, each complex was inhibited separately and ROS levels were 

measured using an NBT assay with Hoechst staining. Inhibition of NADPH oxidase was 

performed using 20 μM diphenyleneiodonium (DPI). Endothelial NOS was inhibited using 100 

μM  L-Nitro-Arginine Methyl Ester (L-NAME). Xanthine oxidase was inhibited using 50 μM 

Febuxostat. Inhibitions were done in BBEC treated with either 5 mM or 30 mM glucose. NBT 

was added simultaneously with the inhibitor. 

 Figure 5 shows that eNOS and XO did not contribute to ROS production in BBEC. In 

fact, inhibition of these enzymes caused ROS to increase (p>0.05). DPI caused a relatively large 

inhibition of ROS production in high and normal glucose (p<0.05). The average inhibition of 

DPI in 5 mM glucose was 50% versus 62% in 30 mM glucose. ROS production was not due to a 
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difference in osmolarity as cells treated with medium containing 25 mM mannitol and 5 mM 

glucose showed no significant difference between normal glucose-treated cells and mannitol-

treated cells 

  

 

Figure 5: Effect of DPI, L-NAME, and Febuxostat on high and normal glucose-

stimulated ROS production. 20 μM DPI, 100 μM L-NAME, and 50 μM Febuxostat 

were used to inhibit NADPH oxidase, eNOS, and Xanthine Oxidase, respectively, and an 

NBT assay was used to measure ROS. Mannitol was used as an osmotic control. ROS is 

expressed as NBT absorbance per cell based on Hoechst staining. The results are 

represented as mean absorbance ± the SEM of 3 experiments. *Significance was found 

between non-inhibited BBEC in high glucose and DPI-inhibited BBEC in high glucose as 

well as between non-inhibited BBEC in normal glucose and DPI-inhibited BBEC in 

normal glucose (p<0.05). There was no statistical significance between DPI-inhibited 

BBEC in normal glucose and DPI-inhibited BBEC in high glucose (p>0.05).   

Effects of flow on ROS production 

To determine if high flow increases ROS production, cells were exposed for 24 hours to 

flow at different rates and ROS production was measured at the end using DHE. The rate of flow 

was adjusted to obtain either a shear stress of 2 Pa or 10 Pa. 2 Pa was used to simulate baseline 

physiological wall shear stress levels53 while 10 Pa was used to simulate high wall shear stress20. 
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Figure 6 shows that cells subjected to normal flow produced 40% more ROS than static 

cells (p>0.05) and approximately 2.75-fold more ROS under high flow (p<0.05). 

 

Figure 6: Effects of flow on ROS production. Cells were treated with either no flow, 

normal flow, or high flow for 24 hours and treated with DHE for 30 minutes. Values 

were normalized to the average integrated density per cell for the static condition. There 

was no statistical significance between the ROS production in normal flow versus static 

culture. *High flow was significantly different from normal flow and static (p<0.05). 

High glucose increases ROS production in response to flow 

To determine if glucose sensitizes BBEC response to flow-induced ROS production, cells 

were subjected to high or normal flow for 24 hours in either high or normal glucose. ROS 

production was then detected using CellROX at the end of the experiment.  In normal glucose, 

high flow increased ROS production by 60%, whereas in high glucose, high flow increased it by 

350% (Figure 7). From this, we can see that high glucose sensitized BBECs response to high 

flow. 
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Figure 7: Effects of glucose on flow-induced ROS production. BBECs were treated 

with either high or normal flow in either high glucose or normal glucose for 24 hours. 

ROS was measured using CellROX after the flow exposure. To compare multiple 

experiments, values were normalized to the integrated density per cell of an NGNF 

sample run in each experiment. Bars represent mean ± the standard error of the mean for 

3 experiments. *Significance was found between NGHF and HGHF as well as HGHF 

and HGNF (p<0.05). 

Mitochondrial Electron Transport Chain Contributes to Flow-Induced ROS Production in 

High Glucose 

To determine if the mitochondrial ETC plays a major role in the production of ROS under 

HGHF, cells were plated in either high glucose or normal glucose and subjected to either 

high or normal flow for 24 hours. ROS was then measured using CellROX in the presence or 

absence of 10 mM sodium azide to inhibit the mitochondrial electron transport chain.  Figure 

8 shows that azide inhibited most of the high flow-induced ROS production in high glucose. 

There was no significant inhibition of flow-induced ROS production when cells in normal 

glucose were treated with 10 mM sodium azide.  
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Figure 8: Azide attenuated high flow-induced ROS in high glucose. BBECs were 

subjected to either high or normal glucose under high flow and the ROS was detected 

using CellROX. The data is normalized to the averaged integrated density of the NGNF 

treatment. Statistically significant difference between the azide treatment in HGHF-

treated BBEC and the un-inhibited HGHF-treated BBECs (p<0.05). 

NADPH Oxidase does not significantly contribute to flow-induced ROS production in high 

glucose 

To determine if the NADPH oxidase complex plays a role in the production of ROS 

under high glucose and high flow, cells were plated in either high glucose or normal glucose and 

subjected to either high or normal flow for 24 hours. ROS was measured using CellROX while 

the NADPH oxidase complex was being inhibited with 20 μM DPI.  Figure 9 shows that in high 

glucose, DPI treatment inhibited approximately 10.2% of the flow-induced ROS production 

(p>0.05) whereas flow-induced ROS production in BBEC treated with normal glucose and 

subjected to high flow decreased 4.6% upon treatment with 20 μM DPI.  
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Figure 9: DPI had no effect on high glucose-induced ROS in high flow. BBECs were 

subjected to either high or normal glucose under high flow and the ROS was detected 

using CellROX. The data is normalized to the averaged integrated density of the NGNF 

treatment. *Statistical significance was found between high and normal flow in both high 

glucose-treated and normal glucose-treated BBEC (p<0.05). +Significance was found 

between high flow-treatments of BBEC in high glucose and normal glucose (p<0.05). 

DISCUSSION 

 My results show that high extracellular glucose levels result in a higher production of 

ROS within brain arterial endothelial cells (Figure 2). Also, my data reveals that changing 

extracellular glucose concentrations may cause a rapid increase in ROS production within 

BBECs. High glucose concentrations have been shown to result in an increase in PKC activity in 

human umbilical vein endothelial cells (HUVECs) which directly stimulates the production of 

ROS by cellular oxidases8.  Also, mammary arteries35 and cultured endothelial cells54 have been 

shown to produce more ROS under high glucose. However, my data is unique as it investigated 

the effect of glucose on ROS production in brain arterial endothelial cells. The brain is a very 

important organ that demands a high amount of glucose to function correctly but too much 

glucose may be detrimental as it causes an increased production of ROS within the endothelium. 
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 ROS sources in high glucose. The source of ROS production due to hyperglycemia may 

be a product of NADPH oxidase, uncoupled eNOS, the mitochondrial ETC, or XO. Typically, 

ROS production in endothelial cells is attributed to the NADPH oxidase, more specifically its 

NOX subunits44,54,55. The NOX subunit is believed to be the portion of the NADPH oxidase 

complex that generates ROS. NADPH is inhibited by DPI via reacting with NOX which prevents 

molecular oxygen from being converted to ROS. NADPH oxidase accounts for a relatively large 

amount of ROS produced due to glucose under static culture (Figure 5). However, NADPH 

oxidase contribution is severely reduced when high-glucose treated cultures are subjected to high 

flow. NADPH oxidase can be activated directly by PKC which itself can be activated under high 

glucose56. High glucose stimulates the activity of phospholipase C which cleaves 

phosphatidylinositol 4,5-bisphosphate into diacylglycerol56. Also, when glucose is in high 

concentrations, conversion to methylglyoxal can occur which is also a known activator of the 

NADPH complex3. High glucose, which has been shown to simulate hyperglycemic levels in 

vivo, has been shown to increase NADPH oxidase activity in bovine aortic endothelial cells 

(BAECs)54, HUVECs8, and animal models57.  

 However, DPI is a non-specific inhibitor of flavoprotein function which can also be 

found in the mitochondrial electron transport chain33,57,58. Other flavoproteins that may be 

inhibited by DPI are eNOS, XO, and the SERCA pump which is responsible for calcium balance 

within myocytes58. However, no conclusive evidence has been presented that DPI significantly 

inhibits eNOS or XO. In my experiments, eNOS inhibition by DPI would have mirrored the 

effects of L-NAME on eNOS, which it did not. Likewise, XO inhibition by DPI would have 

mirrored the effects of febuxostat, which it did not. The SERCA pump is expressed in muscle 

cells, so inhibition of this protein would not have an effect on cultured endothelial cells. 
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However, I cannot discount that DPI inhibition may inhibit the mitochondrial ETC at Complex 

I136,137.  

 Endothelial NOS was not found to contribute to the production of ROS due to high 

glucose. After eNOS inhibition using L-NAME, ROS levels were higher than in the untreated 

cultures of high and normal glucose (Figure 5). Therefore, eNOS was not a source of ROS 

production as inhibition of it would have caused a decrease in ROS. If eNOS were uncoupled 

and active, than inhibition using L-NAME would have resulted in the decrease of ROS due to the 

enzyme not functioning. Instead, ROS increased after eNOS inhibition which may speculate a 

possible function for eNOS in my system. Increased ROS levels may have resulted after eNOS 

inhibition because eNOS was contributing to the production of NO which provides bioavailable 

NO to the system.    

In rats, hyperglycemia has been shown to uncouple eNOS and, in turn, increase the 

production of ROS57. Guzik et al found that eNOS inhibition in non-diabetic blood vessels 

resulted in the increased concentration of superoxide due to a decrease in NO bioavailability, but 

in diabetic blood vessels the release of superoxide was due to the generation of superoxide by 

uncoupled eNOS35. My findings are in contrast with those observations. The differences may 

arise between my experiment and the Guzik and Hink experiments because the model systems 

for experimentation were quite different. Guzik et al used blood vessels from human internal 

mammary arteries and human saphenous veins while Hink et al used rats induced with diabetes 

using streptozytocin while I used in vitro models of bovine brain arterial endothelial cells. The 

animal systems are very different from the in vitro method that I used. The differences between 

extracranial endothelial cells and intracranial endothelial cells is currently an intriguing field of 

study25. In human infants, intracranial endothelial cells showed increased resistance to 
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atherosclerosis than extracranial endothelial cells28. Atherosclerosis in brain arteries is seen in 

aging humans. Also, brain arterial endothelial cells contain more mitochondria that extracranial 

endothelial cells which may produce more ROS due to high glucose25. NADPH oxidase is also 

different between extracranial endothelial cells and arterial endothelial cells. Nox2 is highly 

expressed in extracranial endothelial cells whereas Nox4 is highly expressed in brain arterial 

endothelial cells26,27.  

Finally, it is important to note that cells in culture lose certain proteins and mechanisms58. 

For instance, endothelial cells in culture lose their von Willebrand Factor which is essential for 

cell adhesion and Factor VIII adhesion59. Endothelial cells in vivo also experience signaling from 

adjacent endothelial cells, signals from the extracellular matrix, chemicals in the blood, signaling 

from smooth muscle cells, and endocrine signaling which contribute to the physiology and 

function of the endothelial cell as a part of a system. Cultured endothelial cells only are in 

contact with the culture flask, growth medium, and adjacent cultured endothelial cells. Therefore, 

there are no extracellular signaling mechanisms that stimulate a process which contributes to the 

integrity of the blood vessel. For example, occlusion of one carotid artery will result in the 

expansion/hypertrophy of another which will restore near-normal blood flow to the brain60.  

When XO was inhibited in BBECs, ROS production was increased (Figure 5). XO 

inhibition has previously been shown to decrease ROS production within aortic endothelial 

cells44 and rats29. Febuxostat is used to inhibit the function of XO, but not xanthine 

dehydrogenase, which is an inactive form of XO, which is very important to note61. Xanthine 

dehydrogenase can use the cofactor NADH to produce ROS and administration of febuxostat 

does not affect this generation29,61. This is quite intriguing because my data shows an increased 

production of ROS upon administration of febuxostat. It could be possible that XO was not 
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active during my experiment. Thus, inhibiting XO would have not done anything. If xanthine 

dehydrogenase was present, then this would explain the increased ROS production in BBECs.  

 The mitochondrial ETC is the main source of ROS production in high glucose (Figure 3 

and 4). A very large percentage of ROS produced due to high glucose was attenuated with the 

administration of the complex IV inhibitor sodium azide. High glucose has been shown to 

increase mitochondrial superoxide formation in BAECs38,62 and HUVECs63.  Brian arterial 

endothelial cells have a greater amount of mitochondria than extracranial endothelial cells 

resulting in greater susceptibility to ROS generation under high glucose. Increased mitochondrial 

generation may be an initial cause to the various pathologies seen in brain arteries of diabetic 

patients. High glucose results in the increased activity of the mitochondrial ETC for energy 

production. While the metabolism of other macromolecules produces more energy per substrate, 

glucose metabolism happens quickly. Therefore, high levels of glucose should cause increased 

mitochondrial ROS production in BBECs.  

 ROS in response to flow. When endothelial cells sense flow, they are sensing mechanical 

stimulation in the form of wall shear stress (WSS). WSS is the frictional drag of blood exerted on 

the endothelium. The high flow that causes an increase in ROS production in BBECs (Figure 4) 

corresponds to a WSS of 10 Pa. High flow treatment of BBECs in high glucose caused a 

significant increase in ROS production compared to normal flow, but only increased ROS 

production slightly in normal glucose. However, normal flow did not cause an ROS production 

difference between high and normal glucose. Therefore, normal flow may be reducing the effect 

of glucose on ROS production. HUVECs have been shown to transiently increase ROS 

production when normal WSS is first applied (<1 hour), but ROS eventually returns to baseline 

levels (>1 hour)29,64-66.  BAECs have also been shown to respond similarly to WSS67. High WSS 
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caused a high level of ROS production in both high and normal glucose which does not return to 

baseline ROS levels. High glucose is causing an exacerbated response by BBEC to high flow. 

Normal flow in normal and high glucose resulted in very similar ROS levels (Figure 8). 

Normal WSS has been shown to increase the gene expression of protective proteins in 

endothelial cells. Topper et al found that normal flow upregulated the production of MnSOD 

which is located within the mitochondria68. MnSOD functions to convert mitochondrial 

superoxide to hydrogen peroxide which catalase can then convert to water decreasing the amount 

of ROS present. Similarly, Inoue et al showed that normal flow increased the expression of 

Cu/ZnSOD in HAECs69. Therefore, ROS concentration decreases under normal flow 

administration due to these proteins converting superoxide to hydrogen peroxide so that catalase 

can convert hydrogen peroxide to water. Chen et al investigated the response of antioxidant 

response element (ARE) gene regulation under normal flow and found that ARE genes 

expression in HAECs and HMECs70. Activation of ARE genes decreases oxidative stress within 

endothelial cells by neutralizing ROS. BBEC treated with normal flow might follow the same 

pattern of cellular protection preventing the elevation of superoxide in high glucose. 

 Another way to look at this is that high glucose exacerbates the response by BBEC to 

high WSS. There is a 3.5-fold increase in ROS production in BBEC treated with high glucose 

under high flow when compared to normal flow. High flow increased ROS 70% in normal 

glucose-treated BBECs under high WSS when compared to normal flow. Therefore, high 

glucose exacerbates the endothelial response to high WSS. Inhibition of NADPH oxidase 

resulted in a fairly large and significant inhibition of ROS in static BBEC. In normal glucose, 

inhibition of NADPH oxidase resulted in a 50% reduction of ROS production and ROS was 

decreased by 62% in high glucose (Figure 5). Therefore, NADPH oxidase significantly 
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contributed to ROS production in static culture. However, NADPH inhibition with DPI had 

nearly no effect when cultures were subjected to high flow (Figure 9). One explanation for 

NADPH oxidase not contributing to the WSS-induced ROS is that WSS could be inhibitory of 

NADPH function. WSS may inhibit NADPH oxidase function by preventing the regulatory unit 

p47phox from binding to the complex71.  DeVerse et al showed that in human aortic endothelial 

cells under normal laminar WSS, ROS production by NADPH oxidase was minimal when 

compared to static culture71.  

It should be noted that DPI is not specific to the NADPH oxidase complex as it has been 

shown to slightly inhibit the mitochondrial ETC at complex I33. However, in my experiments, 

azide inhibition of the mitochondrial ETC had no effect in normal glucose (Figure 3 and 4). 

Therefore, the effect of DPI in normal glucose must not be due to an effect on the ETC.  

There are a few theories pertaining to the possible mechanisms(s) of WSS detection. 

First, the platelet endothelial cell adhesion molecule-1 (PECAM-1) is a major shear stress sensor 

in endothelial cells. PECAM-1 is associated with adhesion between endothelial cells by a 

homophillic interaction with the PECAM-1 of an adjacent endothelial cell72. Integrin activation 

has long been believed to be a major sensory mechanism to mechanical stimuli such as WSS13,15-

17. However, Tzima et al investigated an upstream complex of proteins that may be the initial 

detectors of WSS14. They found that PECAM-1 was probably the mechanosensor while VEGFR 

and VE-cadherin were important to the transduction of the signal14. VE-cadherin was believed to 

hold the complex together while VEGFR was believed to possibly act downstream14.  

When endothelial cells previously in a static environment experience WSS, cell-cell 

adhesions are stretched resulting in PECAM-1 being stretched which exposes phosphorylation 
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sites at two specific tyrosine residues (Tyr663 and Tyr686)72. Conway et al found that the 

administration of shear stress on BAECs increased the tension on PECAM-1 via FRET 

analysis12.  PECAM-1 activation is thought to be an initiation step of signaling cascades in 

response to WSS. Fleming et al found that PECAM-1 was phosphorylated at Tyr663 and Tyr686 

after being exposed to normal WSS72. This signal was transduced to eNOS and Akt via 

phosphorylation of Ser1177 and Ser473, respectively72.  Davies et al hypothesized that the 

cytoskeleton is important to the development of tension on PECAM-1 because of its direct 

connection and transmission properties with PECAM-113. Essentially, they believed that the 

cytoskeleton was the primary sensory complex to WSS detection. However, Tzima et al found 

that the cytoskeleton was not the primary sensory mechanism to WSS in BAECs73. They found 

that cytoskeleton rearrangement occurred due to Rac1 activation which was a result of shear 

stress. Therefore, they concluded that the cytoskeleton does not sense mechanical stimulus 

further supporting the claim that PECAM-1 activation is an important protein which may sense 

mechanical stimuli. 

Second, the glycocalyx of the endothelial cell may play an important role in the detection 

of WSS. The glycocalyx lies on the surface of the endothelium and consists of proteoglycans, 

glycoproteins, and absorbed plasma proteins. Heparan sulfate proteoglycans (HSPs) are believed 

to be the major component of the glycocalyx which respond to mechanical stimulation and a 

connected to the cytoskeleton74-77. Under normal WSS, the HSPs, particularly syndecans, 

penetrate into the cell and transmit mechanical stimuli to the cytoskeleton which activated results 

in the activation of eNOS via phosphorylation74-78. Enzymatic degradation of the HSPs abolished 

the shear-induced activation of eNOS78. Pahakis et al found that BAECs that have undergone 

degradation of the glycocalyx via enzymatic breakdown were not able to respond to flow by 
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eNOS activation. This suggests that the glycocalyx plays an important role in the detection and 

transduction of WSS75,76. Hyperglycemia decreases the volume of the glycocalyx making it more 

susceptible to high flow-induced ROS production by decreasing the activation of eNOS78.  

 Third, stretch-activated ion channels are another hypothesized mechanism for WSS 

detection. Calcium may act as a second messenger to WSS detection via regulation of ion 

transport79. Injection of NaCl into cells caused an increased frequency of open ion channels 

increasing the intracellular concentrations of K+ and Ca2+ 79. Davies et al found that increased ion 

conductance was almost immediate upon subjection endothelial cells to WSS80. They proposed 

that WSS increases the pressure on cells which, due to the rigid cytoskeleton, causes ion 

channels to stretch and open resulting in an influx of ions from the external environment into the 

cytosol80. Normal WSS was shown to cause an influx of K+ and Ca2+ into the cell milliseconds 

and seconds after administration of WSS to BAECs, HUVECs, HSVECs, and PAECs80. 

Increased ions, such as calcium, may increase the function of other proteins, such as NADPH 

oxidase which can be activated via Ca2+ 72. Therefore, stretch-activated ion channels play a role 

in the detection of mechanical stimuli leading to the transduction and response intracellularly. 

Implications in vascular disease. ROS in endothelial cells influence vascular damage and 

repair processes which play an important role in pathologies such as intracranial aneurysm (IA) 

formation and diabetic macrovascular complications30,36,81. First, ROS can damage biological 

molecules such as nucleic acids and proteins. Griendling et al have hypothesized that stable ROS 

(e.g. hydrogen peroxide) may also regulate gene expression levels by binding to nuclear 

receptors to increase gene expression82. Likewise, ROS modification of protein receptors may 

alter the function of the receptor29. ROS may also react with the DNA of cells causing activation 

of DNA repair mechanisms. Peroxynitrite is a potent initiator molecule of single-strand DNA 
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breaks and is created after the reaction of superoxide with NO36,42. Under DNA damage, 

poly(ADP) ribose polymerase (PARP) is activated and works to repair the single strand 

break36,42. Under PARP activation, cytokine and adhesion molecule production increases. In 

HUVECs, it was shown that PARP activation due to single-strand DNA breaks caused an 

increase in cytokines and adhesion molecules42. Cytokines stimulate the production of ROS 

intracellularly through PKC activation32,41,83,84. ROS, then, could stimulate the production of 

more ROS within endothelial cells via signaling or modification of proteins and/or DNA. 

Second, ROS can stimulate inflammatory response molecules such as cytokines by means 

of the nuclear signaling molecule NF-ĸB32,41,83,84. ROS are known activators of NF-ĸB and can 

cause the ĸB portion to separate from the complex and translocate to the nucleus where it causes 

cytokine genes to be transcribed83,84. Further production of cytokines activate PKC which will 

increase intracellular ROS production through direct activation of intracellular oxidases such as 

NADPH oxidase8, XO, and cyclooxygenase (mitochondrial)32,83. Some cytokines/inflammatory 

proteins, such as tumor necrosis factor-α (TNF-α), have been linked to the activation of MMPs 

due to hemodynamic flow32. 

Finally, ROS serve as a signaling molecule for processes such as MMP stimulation32,34,82. 

MMPs are Ca2+- or Zn2+-dependent endopeptidases that are secreted by many types of cells and, 

when activated, degrade extracellular matrix components34. This process is essential for the 

migration of endothelial cells during vascular remodeling and wound healing86. Hyperglycemia 

has also been shown to increase endothelial ROS production and MMP activation34.  

I have shown that treatment of BBEC with high glucose resulted in higher ROS 

production versus treatment with normal glucose. Diabetes Mellitus (DM) is a major risk factor 
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for many macrovascular complications in which an overwhelming amount of evidence suggests 

that there is involvement of ROS8,34,36,81,87. In diabetic rat models, Thum et al showed that eNOS 

was uncoupled in endothelial progenitor cells43. Uncoupling of eNOS switches from the typical 

function (producing NO) to the pathogenic function (producing ROS) as electrons are transferred 

to molecular oxygen instead of L-arginine43. ROS within endothelial cells may result in cellular 

dysfunction due to protein modifications, nucleic acid modifications, and inadvertent cellular 

signaling30,81. Endothelial dysfunction is believed to be one of the major precursor pathologies to 

macrovascular complications seen in diabetic patients30,81. As noted, ROS can stimulate the 

activity of MMPs which will degrade the ECM of endothelial cells as well as smooth muscle 

cells32,34,82. MMPs degrade the ECM which decreases the strength and resistance of the vascular 

wall allowing for an IA do further develop32,34,82. High glucose has been shown to increase the 

production of DAG, which will further activate PKC to increase MMP activity, in rats and 

BAECs32,36. As mentioned before, activation of PKC may, in turn, activate oxidases (NADPH, 

XO) to further produce ROS38,41,83,84. Hyperglycemia has been shown to increase PKC activity in 

vivo2,34,56 and in BAECs34.  

 I have also shown that high flow increases the production of ROS in BBEC. Increased 

ROS in brain arterial endothelial cells may result in the early pathogenesis of intracranial 

aneurysms (IA)31. In 2011, the Meng and Kolega lab found that treatment of rabbits with tempol, 

a radical scavenger, inhibited the induction of IA31. Meng and Kolega previously found that the 

endothelium of IA-induced rabbit models was intact and undamaged during the early stages of 

damage. The smooth muscle layer of the tunica media, however, was reduced in diameter. They 

also saw a thinning of the tunica media which created a weakened region of the blood vessel31. 

One possible explanation for this is that the ROS produced within the endothelial cell may be 
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exiting the endothelial layer and entering the tunica media where the ROS initiate apoptosis in 

smooth muscle cells. This could decrease the amount of smooth muscle cells in the tunica media 

causing the measured thinning of the tunica media. Vascular weakening allows IAs to form. 

Other laboratories have also shown that antioxidants can rescue the function of physiologically-

impaired endothelial cells in diabetic blood vessels by restoring remodeling mechanisms 

previously impaired81. One explanation for this is that ROS stimulate the production of collagen 

type IV in the extracellular matrix which forms dense cross-links with one another88,89. Due to 

these cross-links, MMPs cannot degrade the matrix quickly resulting in a decreased ability for 

vascular remodeling to occur in DM patients88,89. The thinning of the tunica media and damage 

between the endothelial layer and the tunica media due to inflammation and matrix degradation 

could result in the weakening of the artery causing an aneurysm to form.   

 Future research may be garnered towards more mitochondrial specific research which 

would help us better understand the possible dysfunction of the mitochondria as well as its 

downstream effects within the brain arterial endothelial cell such as gene and protein expression. 

Glucose, in high concentrations, has been shown to non-enzymatically be added to cytosolic 

proteins which creates advanced glycation end-products40. Glucose could be bonded with 

mitochondrial membrane proteins resulting in a stimulation of ROS production, whether it be in 

the cytosol or the mitochondria. Advanced glycation end-products on the mitochondria could 

also change how the mitochondria functions. Since advanced glycation end-products result in 

increased ROS production in cells, it could be possible that the mitochondria will produce twice 

as much ROS as it is producing in my in vitro system. 

Another protein that would be of interest would be cyclooxygenase which is complex IV 

of the mitochondrial ETC. It would be beneficial to know if increased ROS production is purely 



41 
 

due to increased activity of a normal concentration of protein or if it is due to an increased 

protein and/or gene expression of cyclooxygenase.  

My research provides insight to the effects that glucose has on ROS production in 

endothelial cells. Understanding endothelial ROS production may allow future researchers to 

investigate how these may contribute to diabetic complications as they have not be researched 

extensively in DM models. ROS production may play a much larger role in the pathogenesis of 

DM complications than we currently believe, which is almost non-existent.  
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