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ABSTRACT 

 

SHEAR STRESS-INDUCED SIRT1 ACTIVATION: EFFECTS ON 
MITOCHONDRIAL BIOGENESIS AND ENDOTHELIAL SENESCENCE 

 

By Ji-Seok Kim 
Doctor of Philosophy 

Temple University, December 2015 
 

Advisor: Dr. Joon-Young Park 
 

Vascular aging has been implicated in the etiology of many vascular diseases. A 

common process linking the vascular aging to the development of vascular complications 

is the accumulation of senescent endothelial cells (ECs) in the vessel wall. Senescent ECs 

often exhibit the endothelial activation, a cell interactive pro-inflammatory and pro-

coagulant state, which becomes a hallmark of early stage of atherosclerosis. Regular 

practice of aerobic exercise has been recognized as the single most effective non-

pharmacological anti-aging intervention. While multiple factors play a role in bringing 

about the salutary effect of aerobic exercise, I hypothesized here that unidirectional 

laminar shear stress (LSS) is a prominent cellular mechanism responsible for the 

protective effect of aerobic exercise against vascular aging.  

In chapter 1, the purpose of study was to investigate the protective effects of LSS 

against EC senescence. In in vivo study, C57BL/6J mice were allowed for 4-week 

voluntary wheel exercise after a partial ligation surgery on the left carotid artery (LCA) 

as to induce a local intravascular disturbed flow. Right carotid artery (RCA) was used as 

an internal control. In in vitro studies, human umbilical vein endothelial cells (HUVECs) 
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were preconditioned by being exposed to LSS for 36 hours (20 dyne/cm2 for 12 hours 

and 5 dyne/cm2 for 24 hours) using a cone-and-plate shear apparatus. EC senescence was 

induced by incubating cells in 100 μM H2O2 contained media for 1 hour followed by 72 

hours of serial culture in normal growth media. For mechanistic studies, we used 

resveratrol (RSV) and sirtinol as a SIRT1 activator and a sirtuin deacetylase inhibitor, 

respectively. EC senescence was determined by the percentage of senescence-associated 

β-galactosidase (SA-β-gal) positive cells as well as the expression levels of cell 

senescence markers such as p53, p21, and p16. In in vivo study, en face SA-β-gal staining 

showed deposition of  senescent cells only in the LCA but not in the RCA, suggesting a 

direct association of disturbed flow with vascular cell senescence. In in vitro studies, the 

number of SA-β-gal positive ECs and the expressions of p53, p21 and p16 were 

significantly increased in H2O2-induced senescent ECs. LSS pre-conditioned cells 

showed significant reduction in the expression levels of cell senescence markers. 

Furthermore, in senescent ECs, increased reactive oxygen species generation, decreased 

cell migration and angiogenic dysfunction were observed, which were improved by LSS 

pre-conditioning. The protective effect of LSS against EC senescence was completely 

abolished by SIRT1 inhibition. This study suggests that high-flow LSS on endothelial 

cells has protective effects against H2O2-induced senescence through a SIRT1-dependent 

mechanism. 

In chapter 2, the purpose of study was to investigate the effects of LSS on 

mitochondrial remodeling and endothelial activation. To investigate the effects of 

exercise on endothelial homeostasis, twenty one pre-hypertensives have performed 

supervised 6-month aerobic exercise training (AEXT). In in vitro studies, HUVECs were 
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exposed to high-flow LSS using a cone-and-plate shear apparatus. Endothelial activation 

was determined by measuring released levels of endothelial microparticles (EMP). SIRT1 

siRNA was used to determine the underlying mechanism. Circulating levels of 

microparticles released by activated (CD62E+) and apoptotic (CD31+/CD42a-) 

endothelial cells were significantly decreased after a 6 month supervised aerobic exercise 

training program in individuals with prehypertension. In cultured human endothelial cells, 

laminar shear stress reduced endothelial activation and apoptosis, which was 

accompanied by an increase in mitochondrial biogenesis through a SIRT1-dependent 

mechanism. RSV treatment showed similar effects. SIRT1 knockdown using siRNA 

completely abolished the protective effect of shear stress.  Disruption of mitochondrial 

integrity by either antimycin A or PGC-1α siRNA provoked the activated- and apoptotic- 

statuses in endothelial cells. However, shear stress normalized these impairments. 

Collectively, these data demonstrate a critical role of endothelial mitochondrial integrity 

in preserving endothelial homeostasis. 

In chapter 3, the purpose of study was to investigate the combined effects of RSV 

and LSS on mitochondrial biogenesis in ECs. HUVECs were exposed to 20 μM RSV 

and/or LSS at 20 dyne/cm2. The levels of SIRT1, mitochondrial biogenesis factors and 

mitochondrial content were significantly increased in the treatment of high-flow LSS and 

the combined treatment of RSV and LSS. However, the additive effect of combined 

treatment on mitochondrial biogenesis was not found in ECs. 

Taken together, exercise-induced increased LSS protects against endothelial 

activation and premature endothelial senescence partly by SIRT1 activation and 

improving mitochondrial biogenesis in the vascular endothelial cells. These findings 
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suggest that aerobic exercise is an effective strategy to prevent diseases related to 

vascular aging. 
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INTRODUCTION 

 

Vascular diseases have been considered to be directly related with the progression 

of vascular aging1, 2. Vascular aging is associated with functional deterioration in 

endothelial cells3. One of the major mechanisms of vascular aging and its pathological 

contribution in endothelial cells is the cellular senescence, the irreversible loss of the cell 

proliferation capacities4, 5. Endothelial cell senescence can be induced by a number of 

factors implicated in vascular pathologies, particularly by the increased oxidative stress2, 6. 

Excessive production of reactive oxygen species (ROS) generated from intracellular or 

extracellular sources damages on endothelial functions and accelerates the development 

of cellular senescence5.  

Endothelial activation represents a pro-inflammatory state of endothelial cells 

switched from a quiescent status toward the phenotypes of increased defense interactions 

with leukocytes. Cardiovascular risk factors, such as hypertension, diabetes, obesity, 

physical inactivity, increased cholesterol, and smoking etc., induce endothelial activation 

which results in the increase of adhesion molecules and cytokines expression interacting 

with leukocytes and platelets7. Endothelial activation is associated with the early state of 

atherosclerosis, a disease of vascular aging8, 9. The fundamental change in activated ECs 

is a switch in signaling from an NO-mediated silencing of cellular processes toward 

activation by redox signaling. In the quiescent state of endothelial cells, NO plays a key 

role to maintain the vascular wall in a normal vascular physiology by inhibition of 

inflammation and thrombosis. Released NO, generated by the endothelial isoform of 

eNOS, targets key regulator molecules such as transcription factor NFkB and cell cycle 
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controlling proteins to reduce their biological activity10. Also, NO limits oxidative 

phosphorylation and the generation of ROS in mitochondria11. By these processes, NO 

mediates quiescent state in endothelial cells. However, in the presence of ROS signaling 

such as hydrogen peroxide (H2O2), rapid diffuse of H2O2 throughout the cells reacts with 

cysteine group in key regulatory proteins, such as NFkB, phosphatases, and mitochondria, 

and alters their functions12. Quiescent phenotypes in endothelial cells are switched toward 

activated status. eNOS, which maintains the silence of endothelial cells, may switch its 

function to generate superoxide or H2O2 in activated endothelium13. The interaction 

between ROS and NO sets up a vicious circle, which results in further endothelial 

activation and inflammation14. The excessive production of ROS generated from the 

intracellular and extracellular sources directly contribute to the development of 

atherosclerosis, the disease of vascular senescence, by inducing functional deterioration 

and sustained endothelial activation. The sustained endothelial activation is one of the 

critical inducers for the further development of endothelial senescence2, 14, 15. 

Aerobic exercise is known to reduce the severity of atherosclerosis and directly 

improve vascular health16. The mechanism underlying these adaptive changes is believed 

to be governed by high wall shear rates occurring during exercise. Aerobic exercise 

enhances the level of unidirectional laminar flow and diminishes disturbed or turbulent 

flow occurring in certain arterial geometries such as bifurcations, branch points, and 

curvatures17, 18. In cultured EC, laminar shear stress (LSS) modulates endothelial 

activation by suppressing expression of inflammatory adhesion molecules19. LSS also 

prevents EC activation and apoptosis 20, which are the known features of atherosclerosis, 

the disease of vascular aging. 
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Sirtuins, the NAD+-dependent histone deacetylase, are known to affect multiple 

pathways to modulate metabolic controls and extend the life span of a wide variety of 

organisms21, 22. Mammalian sirtuin 1 (SIRT1) regulates the cell metabolism, cell cycle, 

and apoptosis in endothelial cells23. More importantly, SIRT1 has been recognized as the 

key regulator for the maintenance of vascular function, endothelial homeostasis, and the 

prevention of endothelial senescence24, 25. SIRT1 activity and expression depend on the 

cellular level of NAD+ and shear stress is known to increase the NAD(P)H oxidase 

activity, which converts NADH to NAD+. By increasing cellular level of NAD+, LSS 

induces the increase of SIRT1 expression26. 

In endothelial cells (EC), mitochondria occupy a relatively small compartment of 

cytoplasmic volume compared to other energy demanding cell-types such as 

cardiomyocytes 27. The endothelial mitochondria are, however, thought to play a key 

regulatory role in cell signaling 28, calcium handling 29, and cell survival 30. Indeed, an 

impaired mitochondrial network has been associated with dysfunctional endothelium 

associated with cardiovascular diseases31, 32. Therefore, promoting enhanced 

mitochondrial networks and their function has emerged as a potential therapy for 

preventing and reversing endothelial dysfunction. SIRT1 interacts directly with the 

mitochondrial biogenesis regulator PGC-1α and alters the transcriptional activity of PGC-

1α33. 

The close relationship between SIRT1 and its anti-aging effects in vascular 

endothelial cells has been confirmed in a number of previous studies. It has been revealed 

that LSS induces the increase of SIRT1 activity and expression. However, the protective 
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effects of LSS on endothelial activation and the further development of premature 

endothelial senescence and its underlying mechanism are not clearly known yet. 

The purpose of this study is to test a hypothesis that the exercise-induced 

increased LSS protects against endothelial activation and the further development of 

premature endothelial senescence and dysfunction by SIRT1 and mitochondrial 

biogenesis-dependent mechanism. 
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CHAPTER 1. 

PROTECTIVE EFFECTS OF LAMINAR SHEAR STRESS ON H2O2-INDUCED 

PREMATURE ENDOTHELIAL SENESCENCE 
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1.1 Abstract 

 

Vascular disease has been known to be related to the progression of vascular 

aging. One of the major mechanisms of vascular aging and its pathological contribution 

in endothelial cells is accumulation of cellular senescence, an irreversible loss of cell 

division capacity. Senescent cells undergo distinct changes in gene expression that may 

cause cellular dysfunction. These dysfunctional changes in endothelial cells result in pro-

inflammatory, pro-atherosclerotic, pro-thrombotic responses, and further development of 

aging-associated vascular disease such as atherosclerosis. SIRT1, a first known 

mammalian sirtuin, is known to suppress the development of atherosclerosis by 

suppressing inflammation, oxidative stress and endothelial cell senescence. It is well 

known that the regular exercise can reduce the risk of cardiovascular diseases. Beneficial 

effects of exercise are, in part, by increased shear stress on vascular wall during exercise. 

Aerobic exercise enhances unidirectional laminar flow and eliminates disturbed or 

turbulent flow in vasculature. In cultured endothelial cells, enhanced laminar shear stress 

modulates endothelial activation and apoptosis, which are known features of the early 

stage of atherosclerosis. The purpose of this study was to test a hypothesis that the pre-

treatment of endothelial cells with a prolonged exposure of laminar shear stress (LSS) 

prevents H2O2-induced premature cell senescence.  

HUVECs were pre-exposed to either physiological levels of high-flow LSS (20 

dyne/cm2) or combined treatment of LSS + Sirtinol (60 μM) for 36 h using a cone-and-

plate shear device. Cells were briefly incubated with 100 μM H2O2 for 1 h, and then, 

cultured in normal growth media for following 3 consecutive days. Senescence was 
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microscopically examined by determining the percentage of senescence-associated β-

galactosidase positive staining (SA-β-gal) at a given image field at x200 magnification. 

Western blot was performed to assess the senescence molecular markers such as p21, p16, 

and p53, SIRT1 and its downstream gene expressions. The percentage of SA-β-gal 

positive endothelial cells was significantly increased 3 days after H2O2 incubation, while 

LSS pre-treatment alleviated senescence (Control, 3.8%; H2O2, 53.4%; LSS/H2O2, 

18.4%). This result was confirmed by levels of p21 expressions (H2O2, 3.8-fold; 

LSS/H2O2, 1.6-fold increase compared to Control). However, this protective effect of 

LSS pre-treatment was disappeared in the inhibition of SIRT1. Level of SIRT1 

expression was decreased in H2O2-induced senescent cells, while it was sustained in LSS 

pre-treated endothelial cells (H2O2, 0.5-fold; LSS/H2O2, 0.89-fold increase). The present 

study suggests that high-flow LSS on endothelial cells has protective effects against 

H2O2-induced senescence in part by enhancing SIRT1 expression. 

 

1.2 Review of Literature 

 

1.2.1 Endothelial Senescence 

 

Vascular diseases have been considered to be closely related to the onset and 

progression of vascular aging. Vascular aging is associated with the impaired function of 

endothelial cells3. One of the main mechanisms of vascular aging and its pathological 

contribution in endothelial cells is the cellular senescence. Cellular senescence is defined 

as the irreversible loss of the ability of cell division4. Cellular senescence is divided into 2 
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different types of senescence. First type is the replicative senescence, which occurs with 

the exhaustion of proliferative lifespan over time and is associated with shortened 

telomeres that induce DNA damage. The second type of senescence is the stress-induced 

premature senescence, which is activated by external stimuli including oxidative stress9. 

Senescent cells undergo distinct changes in gene expression that may cause a cellular 

dysfunction. These dysfunctional changes in endothelial cells result in pro-inflammatory, 

pro-atherosclerotic, prothrombotic responses, and further development of age-associated 

vascular disease such as atherosclerosis2. Endothelial cell (EC) senescence can be 

induced by a number of factors implicated in vascular pathologies, particularly by the 

increased oxidative stress, exhausted cell replication, and enhanced inflammation 

activity2, 6. The sustained endothelial activation, the pro-inflammatory state of endothelial 

cells switched from a quiescent status, induces endothelial senescence, the irreversible 

loss of cell proliferation capacity that leads to the functional deterioration associated with 

the biological aging5, 14, 15. 

Oxidative stress is caused by the imbalance between the production of ROS and 

the detoxification of reactive intermediates in endothelial cells. Oxidative stress is 

increased during vascular aging, which is caused by the imbalance between ROS 

generation and antioxidant defense capacity, and this enhanced oxidative stress is a major 

stimulus for the induction of endothelial cell senescence34, 35. ROS generated from either 

intracellular or extracellular sources accelerates the development of endothelial cell 

senescence by acting at multiple subcellular levels. ROS induces endothelial senescence 

by the damage to genomic DNA, mitochondrial damage, activation of cytosolic stress 

response kinases and redox-sensitive signaling proteins2.  
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Telomeres, the region of repetitive nucleotide sequence at the end of chromatid, 

protect the end of the chromosome and prevent the degradation of genes by allowing 

telomeres to be shortened. Telomere shortening occurs in each chromosome replication 

and this shortening is accelerated when the activity of telomerase, a specific enzyme 

which maintains telomere length, is decreased. Increased ROS production, induced by a 

dysregulation of cellular redox balance, accelerates telomere shortening by inhibition of 

telomerase activity36. This accelerated shortening of telomeres induces increase of DNA 

damage and defects of DNA repair in both nuclei and mitochondria. Accumulated DNA 

damage is subsequently linked to endothelial senescence and further pathological event 

such as atherosclerosis37, 38.  

ROS generation, inflammatory process, and cellular dysfunction are closely 

linked in senescent endothelial cells. ROS and oxidation damaged molecules induce 

inflammatory processes by promoting endothelial activation and inflammatory mediator 

secretion39. Simultaneously, inflammation itself also increases the level of cellular 

oxidative stress. Plasma concentrations of inflammatory markers, such as TNF-α, 

VCAM-1, E-selectin, and interleukins, are increased in senescent endothelial cells and 

the level of those inflammatory mediators are positively correlated with age40. 

 

1.2.2 Exercise and Endothelial Cells 

 

1.2.2.1 Exercise and Vascular Aging 

The protective effect of exercise and physical activity on cardiovascular risk 

factors is acknowledged well. Exercise can be classified by the type, intensity, and 
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duration of activity. Endurance exercise is characterized by prolonged and continuous 

periods of contractile activity against low resistance. Resistance exercise involves short 

periods of contractile activity against a high opposing resistance. Sprint exercise consists 

of short periods of maximal repetitive contractile activity with a low interval and against 

a low resistance. However, sprint training can also be performed against high resistance 

resulting in a combination of resistance and endurance modalities41. Increased physical 

fitness by the exercise training on both men and women reduces the relative risk of all-

cause mortality including cardiovascular disease from 20–35% up to even 50%42, 43. 

Moderate intensity aerobic exercise has the potential to slow down age-related 

functional impairments by the restoration of NO availability and the prevention of ROS 

production in endothelial cells44. In elderly, the plasma level of endothelial NO 

production in response to exercise stimulus is much reduced compared to young adults45. 

However, this difference between older and young sedentary subjects is significantly 

decreased by regular exercise training. Blood flow is significantly higher in trained older 

subjects compared to sedentary age-matched elderly and this result is positively 

correlated with the NO production. These results suggest that the trained elderly subjects 

also exhibit higher flow-mediated brachial artery dilation compared to the sedentary 

elderly45, 46.  

The level of oxidative stress is increased in several tissues of the body during 

exercise. Simultaneously, exercise-induced ROS production is proposed to evoke specific 

adaptations such as increasing level of antioxidant production, increasing resistance to 

oxidative stress, and increasing repair mechanisms for oxidative damage. The level of 
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intrinsic antioxidant activity is enhanced and the level of lipid peroxidation is 

significantly decreased in physically active healthy elderly47.  

 

1.2.2.2 Exercise and Endothelial Function 

A critical mechanism of exercise effects on the augments of endothelial function 

is the increase in the vascular shear stress resulting from increased streaming blood on 

endothelial layer. Both acute and chronic increases of shear stress on the vasculature 

enhance eNOS expression and stimulate the release of NO in endothelial cells48. The 

increased shear stress in coronary arteries by treadmill exercise training enhanced the 

expression of the vascular eNOS gene and NO release in animal study. The up-regulation 

of eNOS mRNA and protein expressions during exercise training contributes to the 

improvement of endothelial function through the increase in NO production49.  Increased 

shear stress induced by exercise training exerts its functional benefits by the activation of 

several signal transduction pathways on endothelial cells. During exercise training, 

mechanosensors on the endothelial cells, such as G-proteins, ion channels, integrins, and 

caveolae, sense increased shear stress and transduce biochemical signals to activate 

Ras/Raf/MEK/ERK and c-Src pathways, which induce upregulation of eNOS expression 

and activation by phosphorylation on the site Ser1177. Enhanced eNOS expression and 

activation lead to an increase of NO production and further improvement of endothelial 

function in the vasculature50, 51.  

The exercise-induced increase of vascular eNOS expression and the improvement 

of vascular function are shown even in coronary artery disease patients52. Exercise-

induced upregulation of vascular eNOS expression is related to the shear stress, a 
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physical force within the vasculature53. Shear stress is all the perpendicular forces on the 

endothelial cells, which is parallel with the blood flow54. The types of hemodynamic 

forces, such as laminar or oscillatory shear stress, can highly impact the functions and 

properties of endothelial cells. Laminar shear stress, which is augmented by exercise and 

high level of physical activity, increases the level of eNOS expression in endothelial cells. 

On the other hand, oscillatory shear stress, which is resulting from lower blood flow or 

increased blood viscosity mainly in vessel bifurcations, induces the increase of NADPH-

oxidase activity and oxidative stress55.  

Although short-term intense exercise increases ROS production in vasculature, 

long-term exercise training improves endothelial function. Antioxidant enzymes, such as 

superoxide dismutases (SOD), catalase (CAT), glutathione peroxidase (GPx), scavenge 

ROS in the vasculature, resulting in inhibition of NO degradation. The SOD, including 

Cu/Zn-SOD and Mn-SOD, dismutates superoxide to H2O2. Consistent high-flow laminar 

shear stress induces the increased gene expression of Cu/Zn-SNO and Mn-SOD in 

endothelial cells56. Exercise training enhances the protein level and enzymatic activity of 

Cu/Zn SOD in the porcine aortic vascular endothelial cells57. Physiological level of high-

flow shear stress induces upregulation of both in GPx mRNA expression level and GPx 

enzymatic activity in cultured bovine endothelial cells58. The up-regulation of antioxidant 

system induced by aerobic exercise training and high-flow shear stress in the vasculature 

may improve endothelial function through the inhibition of NO degradation with a 

decrease in ROS.  

Vascular endothelial cells express diverse cell adhesion molecules, such as P-

selectin, E-selectin, vascular cell adhesion molecule (VCAM-1) and intercellular 
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adhesion molecule (ICAM-1) which have an important role in leukocyte migration and 

cellular attachment. These adhesion molecules are released from cell surfaces as a result 

of inflammation and disease states and soluble isoforms are circulating in the plasma59. 

Increased basal circulating level of cell adhesion receptors are a known characteristic of 

atherosclerotic lesions and chronic heart failure60. Strenuous exercise also increases 

circulating levels of adhesion molecules61 and acute eccentric exercise results in transient 

increases in the expression levels of adhesion molecules in healthy subjects62, while 

moderate intensity exercise did not alter levels of adhesion molecules in plasma63. 

Exercise training in coronary heart failure patients induces significant decreases in 

VCAM-1 and ICAM-164, and chronic aerobic exercise training reduces adhesion 

molecule expressions and reverses vascular function in hypercholesterolemic rabbit 

aeortae65. These results come from the increase of endothelial sensitivity to the cell 

adhesion molecules by the exercise training66.  

 

1.2.3 Shear Stress 

 

1.2.3.1 Exercise and Vascular Wall Shear Stress 

Regular exercise or increased physical activities are known to reduce the risk of 

cardiovascular diseases by improvements of endothelial function and myocardial 

protection67. Among various positive physiological stimuli induced by exercise, shear 

stress is known as the most directly linked factor for the maintenance of vascular 

homeostasis68. Vascular ECs are capable of remodeling in response to long-term changes 

in blood flow. Shear Stress on the layer of vascular ECs increases during exercise by an 
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enhanced cardiac output and subsequent increase of blood flow. In in vitro application of 

high-flow laminar shear stress (LSS) on cultured ECs, enhanced LSS elevated antioxidant 

productions, while pro-apoptotic factors were downregulated69. Enhanced hemodynamic 

shear stress induced by exercise is also known to elicit the morphological changes in ECs. 

Vascular ECs are typically in polygonal cobblestone-shaped in static states. However, EC 

morphologies are changed to spindle shapes following the flow directions in increased 

blood-flow conditions54.  

Vascular ECs are continuously exposed to the hemodynamic shear stress, a 

friction force generated by flowing blood, which is increased during aerobic exercise54. 

Shear stress is a biomechanical force that is determined by blood flow, vessel geometry 

and fluid viscosity that is computationally estimated using fluid dynamics models and is 

expressed in units of dynes/cm2 70. Shear stress is proportional to the viscosity and blood 

flow, and inversely proportional to the third power of the internal radius54. The forces 

generated by shear stress are imposed directly on the endothelium and modulate 

endothelial structure and function through the activities of local mechano-transduction 

mechanisms, which modulate endothelial gene expressions71. 

 

1.2.3.2 Laminar- and Disturbed-Flow Shear Stress 

Laminar flow occurs when a fluid flows in parallel layers with no disruption 

between the layers72.  ECs on the luminal surface of the blood vessel are consistently 

exposed to the hemodynamic forces, which was generated by the blood flow. Shear stress 

range is known to reach between 1 and 6 dyne/cm2 in the venous systems and between 10 

and 70 dyne/cm2 in the arterial vascular systems54. The chronic increase and exposure of 
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LSS to the endothelium is known to lead the expansion of the luminal radius in the blood 

vessels and is also known to have atheroprotective effects, such as anti-apoptotic and 

anti-inflammatory functions in vascular ECs50. Consistent exposure of ECs to the 

physiological and elevated flow of LSS transforms the polygonal shape of EC 

morphologies to the fusiform ECs aligned in the direction of blood flow54. Increased 

laminar shear-magnitude on the endothelium decreases endothelial turnover by 

decreasing proliferation and apoptosis, increasing production of vasodilators, decreasing 

production of vasoconstrictors, increasing antioxidants production, decreasing 

inflammatory regulators, and decreasing adhesion molecules54. 

Shear stress generated by the disturbed blood flow plays an important role in the 

pathological development of the atherosclerotic plaque. In the vascular curvatures, 

branches, and bifurcations, in which the secondary flows and the altered hemodynamic 

forces generated, the atherosclerotic lesion and complicated plaques are accumulated71. 

Decreased shear stress resulted from the lower blood flow or higher blood viscosity 

induces a decrease of the luminal radius. Atherosclerosis is accelerated by the decreased 

shear stress such as the level under 5 dyne/cm2, because this downregulation of shear 

stress is closely associated with the reductions of eNOS production, vasodilation and EC 

repairing system. Furthermore, turbulent or oscillatory shear stress increases the 

production of superoxide anion, the expression of adhesion molecules, and the 

localization of atherosclerotic plaque in vascular ECs73. Also, the decreased shear stress 

in an oscillatory flow induces the endothelial activation and accelerates the cell loss as 

the result of apoptosis. Once these phenomena has occurred, it is continued even after 

shear flow was normalized74.  
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1.2.3.3 In Vitro Shear Stress Systems 

Vascular wall shear stress has been tried to estimate in both in vitro and in vivo 

models. In in vivo models of shear stress, fewer assumptions and estimations are required 

than in vitro models. Detailed geometric characteristics and specific conditions of blood 

flow are greatly variable in in vivo conditions. Therefore, the measurement of shear stress 

still requires the estimations from shear rate values and blood viscosity for a specific area 

of vessels. The technique, such as the magnetic resonance imaging (MRI), has realized 

the estimations of local velocity gradient along the cross sectional area of the 

vasculature75. However, due to the complexity of the in vivo environment, systematic 

study for the cellular response to mechanical force generated by blood stream depends on 

the use of in vitro systems. 

In in vitro shear systems, it has been developed to investigate the levels of shear 

stresses applied to ECs under several flow conditions, such as steady laminar-flow 

parallel plate system and conical moving surface system76. The parallel plate flow system 

has different pressures created in between two openings at the each end of a chamber. 

And this pressure difference in between two opening generates uniform laminar flow 

across the cultured cell surface77.  The parallel plate flow system has practical attractions, 

such as equipment simplicity, shear-magnitude homogeneity, and medium-change 

easiness78. However, the parallel plate flow system has limitations that it needs the large 

amount of working fluid and it generates un-uniform shear stress induced by the inertia of 

the driving pumps79. 
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The cone and plate shear system is another apparatus, which is capable of 

producing an almost uniform shear stress on the cultured ECs. Cone and plate shear 

system consists of the rotation of an inverted cone at a right angle on the surface of a flat 

and round stationary plate. The fluid, which flows in the gap between the cone and the 

plate, generates shear stress to the cultured ECs on the plate80. The cone and plate shear 

system generates comparatively homogeneous shear-stress distribution on the cells 

throughout the fluid environment, because the local velocity and the cone-plate surface 

separation are linear with the conical radius81. Furthermore, a wide range of shear-stress 

magnitude can be set up in cone and plate system via switching the angular velocities or 

the cone-rotations82. The shear flow produced by the cone and plate shear system has 

been widely experimentally applied in the biomedical fields. 

 

1.3 Introduction 

 

Vascular diseases have been considered to be closely related to the onset and 

progression of vascular aging1, 2. Vascular aging is associated with the impaired function 

of endothelial cells3. One of the main mechanisms of vascular aging and its pathological 

contribution in endothelial cells is the cellular senescence, which is defined as the 

irreversible loss of the cell proliferation capacities4, 5. Cellular senescence is divided into 

two different types of senescence. First type is the replicative senescence, which occurs 

with the exhaustion of proliferative lifespan over time and is associated with shortened 

telomeres that induce DNA damage. The second type of senescence is the stress-induced 

premature senescence, which is activated by external stimuli including oxidative stress9. 
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Endothelial cell senescence can be induced by a number of factors implicated in vascular 

pathologies, particularly by the increased oxidative stress2, 6. Excessive production of 

ROS generated from intracellular or extracellular sources damages on endothelial 

functions and accelerates the development of cellular senescence5.  

Aerobic exercise is known to reduce the severity of atherosclerosis and directly 

improve vascular health16. The mechanism underlying these adaptive changes is believed 

to be governed by high wall shear rates occurring during exercise. Aerobic exercise 

enhances the level of unidirectional laminar flow and diminishes disturbed or turbulent 

flow occurring in certain arterial geometries such as bifurcations, branch points, and 

curvatures17, 18. In cultured EC, laminar shear stress (LSS) modulates endothelial 

activation by suppressing expression of inflammatory adhesion molecules19. LSS also 

prevents EC apoptosis 20, which is known feature of atherosclerosis, the disease of 

vascular aging. 

Sirtuins, the NAD+-dependent histone deacetylase, are known to affect multiple 

pathways to modulate metabolic controls and extend the life span of a wide variety of 

organisms21, 22. Mammalian sirtuin 1 (SIRT1) regulates the cell metabolism, cell cycle, 

and apoptosis in endothelial cells23. More importantly, SIRT1 has been recognized as the 

key regulator for the maintenance of vascular function, endothelial homeostasis, and the 

prevention of endothelial senescence24, 25. SIRT1 activity and expression depend on the 

cellular level of NAD+ and shear stress is known to increase the NAD(P)H oxidase 

activity, which converts NADH to NAD+. By increasing cellular level of NAD+, LSS 

induces the increase of SIRT1 expression26. 
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The aim of this study was to determine the protective effects of increased LSS on 

the oxidative stress-induced development of vascular endothelial cell senescence and to 

elucidate its underlying mechanisms. 

 

1.4 Materials and Methods 

 

Animal Studies with Carotid Artery Partial Ligation. All animal studies were 

carried out by procedures approved by the Temple University Institutional Animal Care 

and Use Committee (IACUC). C57BL/6 male mice were ligated in their 10 week of age. 

Partial ligation of left carotid artery (LCA) was carried out as previously described83. 

Briefly, anesthesia was induced by intraperitoneal injection of xylazine (10 mg/kg) and 

ketamine (80 mg/kg) mixture. Epilated area was disinfected with betadine, and a ventral 

midline incision (4–5 mm) was made in the neck. LCA was exposed by blunt dissection. 

Three of four caudal branches of LCA (left external carotid, internal carotid, and occipital 

artery) were ligated with 6–0 silk suture, while the superior thyroid artery was left intact. 

The incision was then closed with Tissue-Mend (Veterinary Product Laboratories). Mice 

were monitored until recovery in a chamber on a heating pad following surgery. After 1 

week of recovery, randomly selected mice were applied to voluntary-wheel running for 

further 3 weeks. 

High-resolution ultrasound measurements. All ultrasound measurements were 

taken using a VEVO 770 high-resolution in vivo microimaging ultrasound system with a 

30-MHz mouse probe (Visualsonics). Mice were anesthetized with inhaled isoflurane, 

and body temperature was maintained on a heated stage for the duration of studies. 
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Levels of anesthesia, heart rate, temperature, and respirations were continuously 

monitored. Pulse wave Doppler mode was used at the inlet, midpoint, and outlet of the 

common carotid arteries for measuring flow velocity. 

Cell Culture and Cone-Plate Shear Methods. Human umbilical vein endothelial 

cell (HUVEC) lines from Lonza were grown in M199 medium supplemented with 20% 

fetal bovine serum and endothelial cell growth supplement (Sigma-Aldrich no. E2759), 

and maintained at 37°C in a 5% CO2 atmosphere. All experiments with HUVEC were 

conducted between passages 3-5. For some experiments, cells were treated with 

resveratrol (trans-3,4’,-5-trihydroxystilebene) at indicated concentrations, and DMSO 

was used for the control. For shear experiments, HUVECs, grown at 90-100% confluence, 

were replaced with shear media and exposed to the physiological levels of shear stress for 

various times using a cone and plate viscometer (0.5° cone angle) which was placed 

inside of a CO2 cell incubator as previously described84. Shear media was M199 

supplemented with 2% fetal bovine serum and the endothelial cell growth supplement. 

Immediately after shear application was over, HUVEC were treated for 1 hour with 100 

µM H2O2 diluted with M199 medium. Three hours After treatment, HUVEC were 

trypsinized, reseeded onto gelatin-coated 100mm or 6-well plates and cultured with cell 

growth medium containing above compounds for 3 days.  

Orbital Shaker Shear Methods. HUVEC were treated for 1 hour with 100 µM 

H2O2 diluted with M199 medium supplemented with 20% fetal bovine serum and 

endothelial cell growth supplement. After treatment, HUVEC were trypsinized, reseeded 

onto gelatin-coated 6-well plates, and cultured with cell growth medium containing above 

compounds for 3 days. Then, orbital-shaker shear was applied to the cells as described 
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previously85. Briefly, 6-well plates were placed onto an orbital rotating platform housed 

inside of the cell incubator and cultured for a further 72 hours. The rotation rate was set 

to 210 rpm, which caused swirling of the culture medium over the cell surface. 

Senescence-Associated β-galactosidase Staining. The proportion of Senescence-

Associated β-Galactosidase (SA-β-gal) positive cells was determined as described 

previously86. Briefly, cell growth medium was removed from the cells and washed with 

PBS. Then, cells were fixed in fixative solution for 15 minutes, which contains 20% 

formaldehyde and 2% glutaraldehyde. Cells were incubated overnight at 37°C dry 

incubator in β-Galactosidase staining solution, which contains 20 mg X-gal in 1 mL N-N-

dimethylformamide (DMF), 400 mM citric acid/sodium phosphate (pH 6.0), 1.5 M NaCl, 

20 mM MgCl2, 500 mM potassium ferrocyanide, and 500 mM potassium ferricyanide. 

Percentage of SA-β-gal positive cells was determined by counting the number of blue-

stained cells out of the total number of cells in the same field of 200x total magnification. 

SIRT1 Activation and Inhibition. For SIRT1 activation, HUVEC were treated with 

resveratrol (trans-3,4’,-5-trihydroxystilebene)(Sigma, R5010) at 20 or 50 µM 

concentration for 24 hours, and its solvent control dimethyl sulfoxide (DMSO) was used 

for the control. On the other hand, for the purpose of SIRT1 inhibition, HUVEC were 

washed three times with growth medium and exposed to the 30 to 100 µM concentrations 

of sirtinol (Calbiochem no. 566320), a cell permeable 2-hydroxy-1-napthaldehyde 

derivative and a chemical inhibitor of NAD+-dependent protein deacetylases of sirtuins. 

Antibodies and Western Blotting. Antibodies were from the following sources: 

rabbit monoclonal anti-SIRT1 (Cell signaling no. 2496), rabbit monoclonal anti-p21 (Cell 

signaling no. 2947), mouse monoclonal anti-p53 (Santa Cruz no. sc-126), rabbit 
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monoclonal anti-p16 (Abcam no. ab51243), rabbit polyclonal anti-PGC-1α, (NOVUS no. 

NBP1-04676), mouse polyclonal anti-TFAM (NOVUS no. H00007019-B01P), mouse 

monoclonal anti-VDAC1/Porin (Abcam no. ab14734), mouse anti-eNOS (BD no. 

610296), mouse anti-eNOS(pS1177)(BD no. 612392), mouse monoclonal anti-SOD1 

(Abcam no. 20926),  rabbit polyclonal anti-SOD2 (abcam no. ab13533), and rabbit 

polyclonal anti-catalase (Calbiochem no. 219010). Mouse monoclonal anti-α-Tubulin 

(Sigma no. T9026) was used as the internal control. Endothelial cells were homogenized 

in ice-cold RIPA lysis buffer with protease inhibitor (Roche no. 11836153001). Proteins 

from cell lysates were resolved by Tris-glycine SDS PAGE and transferred to 

Immobilon-P PVDF membrane for standard ECL Western blotting. Total protein 

expression was detected by chemiluminescence. Band densiometry analyses were 

completed using Image J software, National Institute of Health, to direct comparisons 

between experimental sets. The values calculated by Image J are arbitrary units. The 

densities of the selected protein bands were expressed relative to the densities of the 

internal control gene, α-Tubulin. 

Matrigel Tube Formation Assay. After thawing the Matrigel Basement Membrane 

Matrix (BD no. 356237), 50 μL matrigel matrix was placed to each well of 96-well plate 

keeping on ice. Then, the 96-well plate was placed at 37°C for 30 min to solidify the 

matrigel. 2.0 x 104 cells in 200 μL complete media were seeded in matrigel-coated wells 

of 96-well plate. Tube formation was microscopically observed at x100 magnification 

(Axiovert 40 CFL, Zeiss) in 1, 4, 8, 12, and 24 hour after seeding. Tube formation 

capacity of endothelial cells was measured by counted tube numbers. 
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Scratch Assay. 1.0 x 105 cells were seeded and cultured in 12-well plate to over 

90% confluence. A line was drawn with a marker on the bottom of the culture dish. After 

cells were rinsed with PBS, wounds are generated by scratch using a sterile 10 µl pipet 

tip through the cells moving perpendicular to the line drawn. In 16 hours, scratch size 

was microscopically examined at x100 magnification (Axiovert 40 CFL, Zeiss). 

DCF (H2DCFDA) Staining. 1 mL Phenol red-free medium containing 10 μM 

DCF (Molecular Probes no. C6827) was applied to HUVEC in each well of 12-well plate. 

Then, the cells were incubated in the light-protected humidified 37°C incubator for 30 

min. After PBS washing, the fluorescence was evaluated by using inverted fluorescence 

microscopy (IX81, Olympus). 

MitoSox Staining. 5 μM MitoSox reagent (Molecular Probes no. M36008) in 1 

mL HBSS containing CaCl2, MgCl2, and MgSO4 was applied to HUVEC in each well of 

12-well plate. Then, the cells were incubated in the light-protected humidified 37°C 

incubator for 10 min. After 3-times washing with HBSS, cell fluorescence was evaluated 

by using inverted fluorescence microscopy (IX81, Olympus). 

EMP Analysis. Level of EMP production was determined by flow cytometry, as 

previously described87. Briefly, samples were thawed at room temperature and 

centrifuged at 1500g for 20 minutes at room temperature to obtain platelet poor plasma 

(PPP). The top two-thirds of PPP were further centrifuged at 1500g for 20 minutes at 

room temperature to obtain cell free plasma. The supernatant was used for EMP analysis. 

A volume of 100 μl of sample was incubated with the different fluorochrome-labeled 

antibodies for 20 minutes at room temperature in the dark on a shaker (200 rpm). The 

two-color combination of phycoerythrin (PE)-labeled anti-CD31 (BD Biosciences no. 
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555446) and fluorescein isothiocyanate (FITC)-labeled anti-CD42a (BD Biosciences no. 

558818) were used. Samples were diluted with 500 ml of 0.22 μm double filtered 

phosphate buffered saline before analysis. Samples were measured using a BD LSRII 

flow cytometer and BD FACSDIVA software. Total and activated MP from EC were 

defined as CD62E+ and CD31+/CD42a-, respectively, and as vesicles sizes of < 1.0 μm. A 

logarithmic scale was implemented for forward scatter signal, side scatter signal and each 

fluorescent channel. Size calibration was done with 0.9 μm beads. Non-stained samples 

were used to discriminate true events from noise and to increase the specificity for EMP 

detection for each sample. The flow rate was set on medium and all samples were run for 

180 seconds. The mean sample processing rate of 101 μl/180 seconds was calculated 

using calibration beads. For the human study, EMP counts per μl plasma were 

determined, and for the cell culture study, EMP counts  per µL media  per µg cell protein 

were determined. The inter- and intra-assay CVs were 8% and 6%, respectively.  

Detection of surface marker on endothelial cells. After trypsinization, 1.0 x 106 

cells in a single cell suspension were collected in 100 µl FACS buffer, which includes 

PBS, 10% FBS, and 0.1% NaN3. 20 µl antibody was added and cells were incubated for 

30 minutes at 4 °C in the dark. The antibody combinations for this experiment were 

CD62E-PE/CD31-FITC.  Then, 1 ml FACS buffer was added and the cells were washed 

three times by centrifugation at 1500 rpm for 5 minutes. Cells were resuspended in 500 

µl ice-cold FACS buffer with 2% formaldehyde (Polysciences no. 04018). Cells were 

kept in the dark on ice until flow cytometry analysis was performed. % CD62E-positive 

endothelial cells were measured using a BD LSRII flow cytometer and BD FACSDIVA 

software. 
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Statistical Analysis. Data are presented as mean ± SEM. Differences across 

experimental conditions were assessed by analysis of variance followed by post-hoc 

testing with the Fisher’s least significant difference test. P < 0.05 was considered 

statistically significant for all analyses. 

 

1.5 Results 

 

Partial ligation-induced disturbed flow results in vascular senescence, while 

laminar flow keeps vessel intact. 

To determine whether disturbed flow induces vascular senescence, we ligated 

three of four caudal branches of LCA, such as the external carotid artery (ECA), internal 

carotid artery (ICA), and occipital artery (OA), while the superior thyroid artery (STA) 

was open in C57BL/6 mice. On the other hand, right carotid artery (RCA) of same mouse 

was kept intact as the control. Next, flow velocity and direction of LCA and RCA were 

determined by high-resolution in vivo micro imaging ultrasound system. Ultrasound 

shows that partial ligation-induced flow reversal with reduced velocity (Figure 3.1B). In 

4 weeks of voluntary wheel-running exercise (VW) or sedentary (SED) after partial 

ligation surgery, mice were sacrificed and carotid arteries were isolated for SA-β-gal en-

face staining. SA-β-gal staining was identified only at partial-ligated LCA, while RCA 

was not stained at all in both VW and SED. However, SA-β-gal staining was stronger in 

VW LCA compared to SED LCA.  This represents partial ligation-induced disturbed 

flow promotes vascular senescence while laminar flow keeps the vessel intact (Figure 

1.1A).  
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Figure 1.1. Senescence-associated β-galactosidase (SA-β-gal) en-face staining was identified at 
partial-ligated left carotid artery. Three branches of the LCA (External carotid artery, Internal carotid 
artery, and Occipital artery) were ligated in the LCA, while the superior thyroid artery remained open. 4 
weeks after partial ligation surgery, mice were sacrificed and carotid arteries were isolated for SA-β-gal en-
face staining. A: partial ligation-induced disturbed flow promotes vascular senescence. B: ultrasound shows 
that partial ligation induces flow reversal. LCA, left carotid artery; RCA, right carotid artery. Arrows 
indicate flow reversal. 

 

 

LSS inhibits H2O2-induced premature endothelial senescence through SIRT1 

pathway. 

To determine the protective effects of increased LSS on H2O2-induced premature 

endothelial senescence, HUVEC were pre-treated with 20 dyne/cm2 LSS for 12 h 

followed by 5 dyne/cm2 LSS for 24 h before H2O2 treatment. Then, H2O2-treated cells 

were cultured in normal cell-culture media for further 3 days. % SA-β-gal-positive cells 

were dramatically increased in H2O2-induced premature senescent endothelial cells. 
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However, this result was partly reversed in LSS pre-treated cells. As SIRT1-dependent 

pathway has been shown to be involved in anti-aging processes in endothelial cells, role 

of SIRT1 in the LSS-induced adaptive responses was investigated. SIRT1 inhibition by 

Sirtinol treatment abolished the pre-conditioning effects of LSS (Figure 1.2A and 1.2B). 

The results of p21, p53, and p16 expressions, which are another cell senescence markers, 

analyzed by Western blotting were in accordance with SA-β-gal staining results (Figure 

1.2C-E). 
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Figure 1.2. LSS inhibits H2O2-induced premature endothelial senescence through SIRT1 pathway. 
HUVEC were pre-treated with LSS for 36h (20 dyne/cm2 for 12h followed by 5 dyne/cm2 for 24h) or pre-
treated with combination of LSS and 60 μM sirtinol. Then, cells were treated with 100 μM H2O2 for 1h. 
H2O2-treated cells were trypsinized and reseeded at a density of 1.0 x 105 cells per well of 6-well plate. For 
further 3 days, cells were cultured in M199 complete media containing 20% FBS, ECGS, Heparin, P/S and 
Fungizone. A: Representative SA-β-gal staining pictures. Cell morphologies were microscopically 
examined at x200 magnification (Axiovert 40 CFL, Zeiss). B: Percentage of SA-β-gal-positive staining 
cells. Percentage of SA-β-gal positive cells was determined by counting the number of stained cells out of 
the total number of cells in the same field. Cells were counted in 90 independent fields. C-F: p21, p16, and 
p53 gene expressions analyzed by Western blotting. α-Tubulin was used as a loading control for p21 and 
p16. β-Actin was used as a loading control for p53. The bar graphs are results of densitometry analyses. 
Each column represents mean ± SEM from 3 independent experiments. Scale bar = 100 μm. CON, Non-
treated control; LSS, laminar shear stress. **, p<0.01 compared to CON; #, p<0.05; ##, p<0.01 compared 
to H2O2 treatment; $, p<0.05; $$, p<0.01 compared to combined treatment of H2O2 and LSS.  

 

 

 

 SIRT1 and its downstream gene expressions, such as PGC-1α, TFAM, and 

VDAC, were preserved in LSS pre-treated endothelial cells (Figure 1.3A-1.3D). eNOS 

activation was also preserved in LSS pre-conditioned endothelial cells in SIRT1 pathway 

(Figure 1.3E). 
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Figure 1.3. LSS preserves SIRT1 and its downstream gene expressions in H2O2-induced senescent 
endothelial cells. HUVEC were pre-treated with LSS for 36h (20 dyne/cm2 for 12h followed by 5 
dyne/cm2 for 24h) or pre-treated with combination of LSS and 60 μM sirtinol. Then, cells were treated with 
100 μM H2O2 for 1h. H2O2-treated cells were trypsinized and reseeded at a density of 4.0 x 105 cells in each 
100 mm dish. For further 3 days, cells were cultured in M199 complete media containing 20% FBS, ECGS, 
Heparin, P/S and Fungizone. A-E: cell lysates were analyzed by Western blotting using anti-SIRT1, anti-
PGC-1α, anti-TFAM, anti-porin, anti-p-eNOS, and anti-eNOS antibodies. α-Tubulin was used as a loading 
control. The bar graphs are results of densitometry analyses. Each column represents mean ± SEM from 
more than 3 independent experiments. CON, Non-treated control; LSS, laminar shear stress. *, p<0.05 
compared to CON; **, p<0.01 compared to CON; #, p<0.05 compared to H2O2 treatment; $, p<0.05 
compared to combined treatment of H2O2 and LSS.  
 

 

LSS attenuates the ROS production in H2O2-induced senescent endothelial cells. 

Next, to clarify the molecular mechanisms of the anti-oxidative effects of SIRT1 

induced by increased LSS, we evaluated the ROS productions and the antioxidant 

productions. LSS decreased cytosolic and mitochondrial ROS productions (Figure 1.4A 

and 1.4B, respectively) and preserved the expression of catalase, a H2O2 scavenger 

antioxidant, in H2O2-induced senescent endothelial cells (Figure 1.4C), while the 

expressions of superoxide dismutase (SOD1 and SOD2) were not preserved (Figure 1.4D 

and 1.4E). 
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Figure 1.4. LSS attenuates the ROS production in H2O2-induced senescent endothelial cells. HUVEC 
were pre-treated with LSS for 36h (20 dyne/cm2 for 12h followed by 5 dyne/cm2 for 24h) or pre-treated 
with combination of LSS and 60 μM sirtinol. Then, cells were treated with 100 μM H2O2 for 1h. H2O2-
treated cells were trypsinized and reseeded at a density of 4.0 x 105 cells in each 100 mm dish. For further 3 
days, cells were cultured in M199 complete media containing 20% FBS, ECGS, Heparin, P/S and 
Fungizone. A-B: ROS productions were measured by DCF and MitoSox staining. C-E: cell lysates were 
analyzed by Western blotting using anti-SOD1, anti-SOD2 and anti-Catalase antibodies. α-Tubulin was 
used as a loading control. The bar graphs are results of densitometry analyses. Each column represents 
mean ± SEM from more than 3 independent experiments. CON, Non-treated control; LSS, laminar shear 
stress. *, p<0.05 compared to CON; **, p<0.01 compared to CON; ##, p<0.01 compared to H2O2 treatment. 
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LSS inhibits endothelial activation and dysfunction in H2O2-induced senescent 

endothelial cells.  

The released levels of endothelial activation indicatives, CD62E+ EMP and 

CD31+/CD42a- EMP, were significantly increased in the H2O2-induced senescent 

endothelial cells. However, these results were partly reversed in LSS pre-treated cells and 

this LSS effect was abolished by SIRT1 inhibition (Figure 1.5A and 1.5B).  

 

 
Figure 1.5. LSS decreases EMP release in H2O2-induced senescent endothelial cells through SIRT1 
pathway. HUVEC were pre-treated with LSS for 36h (20 dyne/cm2 for 12h followed by 5 dyne/cm2 for 
24h) or pre-treated with combination of LSS and 60 μM sirtinol. Then, cells were treated with 100 μM 
H2O2 for 1h. H2O2-treated cells were trypsinized and reseeded at a density of 1.0 x 105 cells per well of 6-
well plate. For further 3 days, cells were cultured in M199 complete media containing 20% FBS, ECGS, 
Heparin, P/S and Fungizone. A: CD62E+ EMP production. B:  CD31+/CD42a- EMP production. Each 
column represents mean ± SEM from 3 independent experiments. LSS, laminar shear stress. *, p<0.05; **, 
p<0.01 compared to non-treated control; #, p<0.05 compared to H2O2 treatment; $, p<0.05 compared to 
combined treatment of H2O2 and LSS.  
 

 

To investigate the impact of cellular senescence on endothelial function and the 

protective effect of LSS on endothelial dysfunction, we examined the tube formation and 

cell migration capacities by using matrigel assay (Fig 1.6A and 1.6B) and cell scratch 

assay(Fig 1.6C and 1.6D). Tube formation capacity and the cell migratory distance were 
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dramatically decreased in H2O2-treated HUVEC. However, those capacities were 

preserved in LSS-preconditioned HUVEC, while the effect of LSS was disappeared in 

SIRT1 inhibited condition. 

 

 

Figure 1.6. LSS inhibits H2O2-induced endothelial dysfunction through SIRT1 pathway. HUVECs 
were pre-treated with LSS for 36h (20 dyne/cm2 for 12h followed by 5 dyne/cm2 for 24h) or pre-treated 
with combination of LSS and 60 μM sirtinol. Then, cells were treated with 100 μM H2O2 for 1h. H2O2-
treated cells were trypsinized and reseeded at a density of 1.0 x 105 cells per well of 12-well plate. Cells 
were cultured in M199 complete media containing 20% FBS, ECGS, Heparin, P/S and Fungizone. A: 
Representative pictures of matrigel tube formation assay. B: Tube numbers in different conditions. C: 
Representative pictures of cell scratch assay. D: Cell migratory distances in different conditions 16h after 
scratch. Scratch size was microscopically examined at x100 magnification (Axiovert 40 CFL, Zeiss). Each 
column represents mean ± SEM from 3 independent experiments. CON, Non-treated control; LSS, Laminar 
shear stress. Scale bar = 200 μm. *, p<0.05 compared to CON; **, p<0.01 compared to CON; ##, p<0.01 
compared to H2O2 treatment. †, p<0.05. 

 

 



 
 

29 
 

SIRT1 regulates H2O2-induced premature endothelial senescence and 

dysfunction.  

To investigate the role of SIRT1 in the inhibition of H2O2-induced premature 

endothelial senescence, HUVEC were pre-treated with the SIRT1 activator, RSV, in the 

concentrations of 20 or 50 μM for 24h before 100 μM H2O2 was applied. Then, H2O2-

treated cells were cultured in normal cell-culture media for further 3 days. % SA-β-gal-

positive cells were dramatically increased in H2O2-induced premature senescent 

endothelial cells. However, this result was partly reversed in resveratrol pre-treated 

endothelial cells (Figure 1.7A and 1.7B). The results of p21 expressions analyzed by 

Western blotting were in accordance with SA-β-gal staining results (Figure 1.7C). SIRT1 

gene expression was preserved in resveratrol pre-treated endothelial cells (Figure 1.7D). 
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Figure 1.7. RSV inhibits H2O2-induced premature endothelial senescence through SIRT1 pathway. 
HUVEC were pre-treated with 20 or 50 μM resveratrol for 24h followed by 100 μM H2O2 treatment for 1h. 
Then, cells were trypsinized and reseeded at a density of 1.0 x 105 cells per well of 6-well plate. For further 
3 days, cells were cultured in M199 complete media containing 20% FBS, ECGS, Heparin, P/S and 
Fungizone. A: Representative SA-β-gal staining pictures. Cell morphologies were microscopically 
examined at x200 magnification (Axiovert 40 CFL, Zeiss). B: Percentage of SA-β-gal-positive staining 
cells. Percentage of SA-β-gal positive cells was determined by counting the number of stained cells out of 
the total number of cells in the same field. Cells were counted in 90 independent fields. C: p21 gene 
expression analyzed by Western blotting. D: SIRT1 gene expression analyzed by Western blotting. α-
Tubulin was used as a loading control. The bar graphs are results of densitometry analyses. Each column 
represents mean ± SEM from 3 independent experiments. Scale bar = 100 μm. RSV, resveratrol. *, p<0.05; 
**, p<0.01 compared to non-treated control; #, p<0.05 compared to H2O2 treatment. 
 

Furthermore, to confirm the role of SIRT1 in regulation of cell senescence, SIRT1 

expressions were depleted in HUVEC by treatments of the SIRT1 inhibitor, Sirtinol for 

24h in the concentrations of 30, 60, and 100 μM. Then, Sirtinol-treated cells were 

cultured in normal cell-culture media for following 3 consecutive days. % SA-β-gal-

positive cells were dramatically increased in Sirtinol-treated endothelial cells in a dose-

dependent manner (Figure 1.8A and 1.8B). Likewise, the levels of p21 protein expression 

were increased in sirtinol treated cells (Figure 1.8C). 
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Figure 1.8. Depletion of SIRT1 induces premature endothelial senescence. HUVEC were treated with 
the SIRT1 inhibitor Sirtinol in concentrations of 30, 60, and 100 μM for 24h. Then, the cells were 
trypsinized and reseeded at a density of 1.0 x 105 cells per well of 6-well plate. For further 3 days, cells 
were cultured in M199 complete media containing 20% FBS, ECGS, Heparin, P/S and Fungizone. A: 
Representative SA-β-gal staining pictures. Cell morphologies were microscopically examined at x200 
magnification (Axiovert 40 CFL, Zeiss). B: Percentage of SA-β-gal-positive staining cells. Percentage of 
SA-β-gal positive cells was determined by counting the number of stained cells out of the total number of 
cells in the same field. Cells were counted in 60 independent fields. C: p21 gene expression analyzed by 
Western blotting. Scale bar = 100 μm. RSV, resveratrol. **, p<0.01 compared to non-treated control; ##, 
p<0.01 compared to 30 μM Sirtinol treatment. 
 

 

Next, to investigate the impact of cellular senescence on endothelial function and 

the role of SIRT1 in endothelial dysfunction, we examined the cell migration capacity by 

using cell scratch assay. Cell migratory distance was dramatically decreased in H2O2-

treated HUVEC. However, the tube formation capacity (Fig 1.9A and 1.9B) and cell 

migration capacity (Fig 1.9C and 1.9D) were partly preserved in SIRT1-activated 

condition. 
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Figure 1.9. SIRT1 activation inhibits H2O2-induced endothelial dysfunction. HUVEC were pre-treated 
with 20 μM resveratrol for 24h followed by 100 μM H2O2 treatment for 1h.  Then, cells were trypsinized 
and reseeded at a density of 1.0 x 105 cells per well of 12-well plate. Cells were cultured in M199 complete 
media containing 20% FBS, ECGS, Heparin, P/S and Fungizone. A: Representative pictures of tube 
formation assay. B: Tube numbers in different conditions. C: Representative pictures of cell scratch assay. 
Left, HUVECs immediately after making the scratch. Right, Scratch size 16h after scratch. D: Cell 
migratory distance in different conditions 16h after scratch. Scratch size was microscopically examined at 
x100 magnification (Axiovert 40 CFL, Zeiss). Each column represents mean ± SEM from 3 independent 
experiments. CON, Non-treated control; LSS, Laminar shear stress. Scale bar = 200 μm. **, p<0.01 
compared to CON; #, p<0.05 compared to H2O2 treatment. 
 

 

SIRT1 attenuates ROS production in H2O2-induced senescent endothelial cells.  

To clarify the molecular mechanisms of the anti-oxidative effects of SIRT1, we 

evaluated the ROS productions in resveratrol-preconditioned endothelial cells. 

Resveratrol, a known SIRT1 activator, decreased ROS productions in H2O2-induced 

senescent endothelial cells (Figure 1.10A and 1.10B). 
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Figure 1.10. RSV attenuates the ROS production in H2O2-induced senescent endothelial cells. A: 
Representative pictures of DCF and MitoSox staining. B: Relative fluorescence intensity in different 
conditions. HUVECs were pre-treated with RSV for 24h in 20 μM concentration. Then, cells were treated 
with 100 μM H2O2 for 1h. H2O2-treated cells were trypsinized and reseeded at a density of 4.0 x 104 cells 
per well of 12-well plate. Cells were cultured for 3 days in M199 complete media containing 20% FBS, 
ECGS, Heparin, P/S and Fungizone. Cells were incubated with 10 μM DCF in phenol-red free medium or 5 
μM MitoSox in HBSS. Fluorescence was microscopically examined at x100 magnification. NT, Non-
treated control; RSV, resveratrol. *, p<0.05 compared to NT;.#, p<0.05 compared to H2O2. 

 

Shear stress normalizes premature endothelial senescence.  

Lastly, to investigate the effects of shear stress on restoring the premature 

endothelial senescence, orbital-flow shear stress was applied to H2O2-induced senescent 

HUVEC. Orbital-flow shear stress partially restored the level of premature endothelial 

senescence. However, the effects of shear stress were abolished by the SIRT1 inhibition 

(Figure 1.11A and 1.11B).  



 
 

34 
 

Orbital-flow shear stress was performed by using orbital shaker. In static states, 

HUVECs had cobble stone-shape morphology, which is a typical characteristic of human 

vascular endothelial cells. However, cell morphologies presented an elongation shape 

following the flow-directions after exposure to orbital-flow shear stress, representing the 

effect of laminar-flow shear stress (Figure 1.11C). 

 

 

 
 

Figure 1.11. LSS normalizes premature endothelial senescence. HUVEC were treated with 100 μM 
H2O2 for 1h. Then, cells were trypsinized and reseeded at a density of 1.0 x 105 cells per well of 6-well 
plate. For 3 days, cells were cultured in M199 complete media containing 20% FBS, ECGS, Heparin, P/S 
and Fungizone. After 3 days of aging, HUVEC were exposed to orbital-flow shear stress for 72h (210 rpm, 
3 mL cell culture medium/well) or with 60 μM sirtinol. A: Representative SA-β-gal staining pictures. Cell 
morphologies were microscopically examined at x200 magnification (Axiovert 40 CFL, Zeiss). B: 
Percentage of SA-β-gal-positive staining cells. Percentage of SA-β-gal positive cells was determined by 
counting the number of stained cells out of the total number of cells in the same field. Cells were counted in 
90 independent fields. C: Morphological changes of HUVEC after orbital-flow shear stress. Cell 
morphologies were microscopically examined at x100 magnification. Scale bar = 100 μm. Arrow indicates 
the direction of shear stress. OF, orbital-flow shear stress. **, p<0.01 compared to non-treated control; ##, 
p<0.01 compared to H2O2 treatment; $, p<0.05 compared to H2O2 and OF treatment.  
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1.6 Discussion 

 

While numerous studies have shown that the physiological levels of LSS improve 

EC phenotypes, its effects on the prevention of oxidative stress-induced premature 

endothelial senescence have not been studied yet. The present results of this study 

demonstrated that the protective effects of increased LSS on the oxidative stress-induced 

development of premature senescence in vascular endothelial cells. Furthermore, it is 

shown that its underlying mechanism is the LSS-induced increase of SIRT1 expression. 

First, we demonstrated, here, that partial ligation-induced disturbed flow results in 

vascular senescence, while laminar flow keeps vessels intact. This result is attributed to 

the repeated exposure of endothelium to partial ligation-induced flow reversal with 

reduced velocity of laminar flow after ligation surgery on four caudal branches of carotid 

artery, such as the ECA, ICA, and OA. This finding is consistent with previous studies 

demonstrating that partial ligation induces disturbed flow, leading to endothelial 

dysfunction and atherosclerosis in mice carotid arteries83, 88. A recent study also has 

shown that the disturbed flow promotes endothelial senescence in LDLR-/- mice aortic 

arch, which were exposed to a high-fat diet85. Our current study shows that SA-β-gal 

staining was identified only at partial-ligated LCA, while intact RCA was not stained at 

all, after 4 weeks of voluntary wheel running exercise. These results represent partial 

ligation-induced disturbed flow promotes vascular senescence while laminar flow keeps 

the vessel intact. Also, the result shows that vascular wall shear stress itself is a crucial 

factor for the regulation of vascular senescence. 
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Protection from EC senescence by pharmacological treatments and its 

mechanisms, such as eNOS and SIRT1 activation, have been studied extensively25, 89-91. 

Our data, presented here, add a new methodological insight into the prevention of EC 

senescence. This study showed that LSS and its-induced increase of SIRT1 were 

significantly associated with the protection from oxidative-induced premature EC 

senescence. To support this notion, upregulation of SIRT1 has been deeply implicated in 

LSS. For instance, increased physiological levels of LSS increased endothelial function 

via SIRT1 pathway in cultured endothelial cells26. Furthermore, it was shown in our 

previous study that the increased LSS attenuates endothelial activation via increases of 

SIRT1, its downstream gene expressions, and mitochondrial biogenesis in both in vitro 

and in vivo researches92. Also, previous studies have shown that the treatment of a known 

SIRT1 activator, resveratrol, in cultured human vascular endothelial cells increases the 

oxidative stress resistance by scavenging H2O2 and preventing oxidative stress-induced 

cell death93, 94. Aerobic exercise is known to have effects on cardiovascular disease risk 

reduction and vascular health improvement. And enhanced unidirectional laminar flow is 

believed as its underlying mechanism in these adaptive changes in vasculature17, 18. Taken 

together, these data highlight the crucial roles of LSS and its-induced increase of SIRT1, 

which are enhanced by aerobic exercise, in the protection of oxidative stress-induced 

premature endothelial senescence and maintenance of vascular homeostasis. Also, it is 

suggested that the aerobic exercise can be a possible effective strategy for the prevention 

of premature EC senescence. 

Prevention and reversal of endothelial senescence and vascular aging, major 

pathologic factors for the development of cardiovascular pathologies, have been an issue 



 
 

37 
 

of intense investigations, recently. SIRT1 has been proposed as a key contributor for the 

improvements of cellular senescence and endothelial dysfunction. Aerobic exercise-

induced increase of LSS has been known to have close relationship with SIRT1 

activation. Therefore, in conclusion, these findings have shown that LSS inhibits the 

oxidative stress-induced premature endothelial senescence. And the enhancement of 

SIRT1 expression by the LSS plays a critical role in the prevention of senescent 

phenotypes in human vascular endothelial cells. 
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CHAPTER 2. 

SHEAR STRESS-INDUCED MITOCHONDRIAL BIOGENESIS DECREASES 

THE RELEASE OF MICROPARTICLES FROM ENDOTHELIAL CELLS 
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2.1 Abstract 

 

The concept of enhancing structural integrity of mitochondria has emerged as a 

novel therapeutic option for cardiovascular disease. Flow-induced increase in laminar 

shear stress is a potent physiological stimulant associated with exercise which exerts 

atheroprotective effects in the vasculature. However, the effect of laminar shear stress on 

mitochondrial remodeling within the vascular endothelium and its related functional 

consequences remain largely unknown. Using in vitro and in vivo complementary studies, 

here, we report that aerobic exercise alleviates activation and apoptosis of the 

endothelium in pre-hypertensive individuals, and that these salutary effects are, in part, 

mediated by shear stress-induced mitochondrial biogenesis. Circulating levels of 

microparticles released by activated (CD62E+) and apoptotic (CD31+/CD42a-) 

endothelial cells were significantly decreased (~40% for both) after a 6 month supervised 

aerobic exercise training program in individuals with prehypertension. In cultured human 

endothelial cells, laminar shear stress reduced endothelial activation and apoptosis, which 

was accompanied by an increase in mitochondrial biogenesis through a SIRT1-dependent 

mechanism. Resveratrol, a SIRT1 activator, treatment showed similar effects. SIRT1 

knockdown using siRNA completely abolished the protective effect of shear stress. 

Disruption of mitochondrial integrity by either antimycin A or PGC-1α siRNA provoked 

the activated- and apoptotic- statuses in endothelial cells. However, shear stress 

normalized these impairments. Collectively, these data demonstrate a critical role of 

endothelial mitochondrial integrity in preserving endothelial homeostasis. Moreover, 
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shear stress, which is systemically elevated during aerobic exercise in the vessel wall, 

mitigates endothelial dysfunction by promoting mitochondrial biogenesis. 

 

2.2 Review of Literature 

 

2.2.1 Endothelial Structure and Functions 

 

Blood vessels are composed of a single layer of endothelial cells (EC). The 

endothelium is defined as the monolayer membrane that lines the interior surface of 

blood vessels. In other words, endothelium forms an interface between the rest of the 

vessel wall and circulating blood. The cells which form the endothelium layer in blood 

vessels are called as vascular ECs95-97. Vascular ECs are typically in polygonal 

cobblestone-shaped in static states. However, ECs align and elongate following the flow 

directions in increased blood-flow conditions54, 98. Vascular ECs have versatile and 

multifunctional capacities including vessel formation, vessel wall permeability 

maintenance, thrombosis regulation, inflammation reaction, and vasomotor controls96. 

Specific functions of vascular EC are as follows. 

Blood vessel formation function: In the formation of vasculature, the development 

of functional network in between different cell types is important for the coordination of 

cells. The most critical growth factor specific for the formation of vascular endothelium 

is vascular endothelial growth factor (VEGF). VEGF is essentially required to initiate the 

proliferation of ECs, the development of immature vessels, and the regulation of vascular 

permeability99. Angiogenesis is the physiological process to form new blood vessels from 
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pre-existing vessels. Angiogenesis is a vital process in growth and development, as well 

as in wound healing and EC migration in vasculatures. Angiogenesis requires VEGF and 

its endothelial cell-specific receptors, VEGFR2100. 

Barrier function: EC integrity and structure are important factors in the 

maintenance of vessel wall permeability and circulatory function. The endothelium, a 

semi-permeable barrier controls the transfer of materials between the bloodstream and 

surrounding vessel tissues101. Also, ECs exert endocrine and paracrine actions between its 

underlying smooth muscle cells (SMC) and circulating blood molecules, such as white 

blood cells and platelets96. 

Regulation of thrombosis: In normal quiescent conditions, ECs are involved in the 

maintenance of non-thrombogenic surface in the blood-tissue interface. EC contains the 

anti-coagulant molecules, such as heparan sulfate, which is a cofactor for anti-thrombin 

activation. Furthermore, ECs inhibit thrombosis and platelet aggregation by regulating 

vascular tones and producing vasoactive substances, such as nitric oxide (NO), which are 

released in response to hemodynamic forces102.  

Inflammation reaction: Vascular ECs inhibit blood coagulations. However, at a 

site of inflammation, ECs participate and regulate inflammatory processes by transferring 

leukocytes and lymphocytes into tissues103. Activated lymphocytes induce increased 

interaction of cell adhesion molecules, such as vascular cell adhesion molecules (VCAM) 

and intramolecular cell adhesion molecules 1 and 2 (ICAM-1 and -2) in the inflammatory 

sites96.  

Regulation of vascular tone: Regulation of vascular tone represents the 

modulation of the balance between vasoconstriction and vasodilation. Regulating 
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vascular ton plays key roles in the maintenance of oxygen supply to the metabolic 

demand in the tissues. NO is a well-known endothelium-derived vasodilation factor in 

vasculature. NO, generated from L-arginine by the action of endothelial NO synthase 

(eNOS), diffuses to the vascular SMCs and activates guanylate cyclase, which leads to 

cGMP-mediated vasodilation104, 105. The increased blood flow in the vasculature and 

enhanced shear stress on endothelium are known mechanical inducers for the 

vasodilation via NO pathways101. 

 

2.2.2 Endothelial Activation 

 

Endothelial activation represents a pro-inflammatory state of endothelial cells 

switched from a quiescent status toward the phenotypes of increased defense interactions 

with leukocytes. Cardiovascular risk factors, such as hypertension, diabetes, obesity, 

physical inactivity, increased cholesterol, and smoking etc., induce endothelial activation 

which results in the increase of adhesion molecules and cytokines expression interacting 

with leukocytes and platelets7. Endothelial activation is associated with the early state of 

atherosclerosis, a disease of vascular aging8, 9. The fundamental change in activated ECs 

is a switch in signaling from an NO-mediated silencing of cellular processes toward 

activation by redox signaling. In the quiescent state of endothelial cells, NO plays a key 

role to maintain the vascular wall in a normal vascular physiology by inhibition of 

inflammation, cellular proliferation, and thrombosis. Released NO, generated by the 

endothelial isoform of eNOS, targets key regulator molecules such as transcription factor 

NFkB and cell cycle controlling proteins to reduce their biological activity10. Also, NO 
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limits oxidative phosphorylation and the generation of ROS in mitochondria11. By these 

processes, NO mediates quiescent state in endothelial cells. However, in the presence of 

ROS signaling such as hydrogen peroxide (H2O2), rapid diffuse of H2O2 throughout the 

cells reacts with cysteine group in key regulatory proteins, such as NFkB, phosphatases, 

and mitochondria, and alters their functions12. Quiescent phenotypes in endothelial cells 

are switched toward activated status. eNOS, which maintains the silence of endothelial 

cells, may switch its function to generate superoxide or H2O2 in activated endothelium13. 

The interaction between ROS and NO sets up a vicious circle, which results in further 

endothelial activation and inflammation14. The excessive production of ROS generated 

from the intracellular and extracellular sources directly contribute to the development of 

atherosclerosis, the disease of vascular senescence, by inducing functional deterioration 

and sustained endothelial activation. The sustained endothelial activation is one of the 

critical inducers for the further development of endothelial senescence2, 14, 15. 

Sustained exposure of cardiovascular risk factors and chronic production of ROS 

exceed the capacity of cellular antioxidant capacity and exhaust the protective effects of 

endogenous anti-inflammatory systems in endothelial cells. Then, the loss of endothelial 

integrity occurs with the detachment of endothelial cells106. Circulating biomarkers of 

endothelial cell damage include microparticles (MP) which are shed from activated or 

apoptotic endothelial cells107. MPs are submicron membrane vesicles formed from 

plasma membrane and released from virtually all cells into the plasma108. The surfaces of 

MPs contain the cell membrane-associated proteins of their parent cells and are 

characterized by the loss of plasma membrane asymmetry, resulting in the exposure of 

phosphatidylserine on their outer leaflet109. Endothelial cells also release MPs into the 
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circulation when they are activated or are undergoing apoptosis110. Endothelial 

microparticles (EMP) are elevated in many disease conditions associated with 

dysfunctional endothelium, such as atherosclerosis111, hypertension112, and coronary 

artery disease113. Circulating EMPs can be quantified, and thus it may be promising 

candidate for clinical assessment of endothelial function.  

 

2.2.3 Mitochondria in Vascular Homeostasis 

 

2.2.3.1 Mitochondrial Structures and Functions 

Mitochondria are double membrane organelles, found in the cytoplasm of most 

eukaryotic cells114. The primary function of mitochondria is to generate energy in the 

form of adenosine triphosphate (ATP) via oxidative phosphorylation. In addition to the 

energy production, mitochondria also perform diverse cellular functions, such as calcium 

storage, cell signaling activities, heat generation, and cell death regulation29, 30, 115. Unlike 

other organelles, mitochondria have two distinct membranes. The outer membrane is 

freely permeable to small molecules.  And it also contains special channels for the 

transport of large molecules. In contrast, the inner membrane is less permeable and it 

allows only very small molecules. The matrix, the space enclosed by mitochondrial inner 

membrane, contains mitochondrial DNA and enzymes to be used in Krebs cycle for 

energy production. The converting processes from the by-product to energy occur on the 

inner membrane cristae, which is bent into folds. The proteins to be used in the electron 

transport chain (ETC), that is the main energy-generating system in the cells, are housed 
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in the cristae. The ETC uses a series of oxidation-reduction reactions to produce free 

energy that is harnessed to drive the oxidative phosphorylation of ADP to ATP116.  

Mitochondria have their own DNA. However, unlike the nuclear DNA, 

mitochondrial DNA (mtDNA) does not have the repair system and is highly susceptible 

to mutations. In addition, the mitochondria are one of the major production sites of 

reactive oxygen species (ROS) due to the aberrant release of free electrons in energy-

generating processes. Although mitochondria have several different antioxidant proteins, 

such as manganese-dependent superoxide dismutase (MnSOD) and catalase, to scavenge 

these free radicals, ROS still may damage mtDNA117. The highly reactive electrons, 

which are leaked out from the inner membrane into the cytoplasm or into the 

mitochondrial matrix, easily combine with other molecules and form numerous free 

radicals118. The accumulation of mtDNA mutations plays an important role in aging, as 

well as in the development of certain cancers and other diseases119. 

The roles of calcium on the contraction of the skeletal, smooth, and cardiac 

muscles are well established. Intracellular calcium also has a function in signal 

transduction as a second messenger. When mitochondria are exposed to high 

concentration of calcium ions, mitochondria begin to influx calcium ions into the 

mitochondria through the calcium uniporters, which are driven by mitochondrial 

membrane potential and concentration gradient120, 121. Calcium efflux from mitochondria 

occurs via the sodium/calcium exchanger and mitochondrial permeability transition pore 

(MPTP) to maintain mitochondrial calcium levels30. Increased mitochondrial influx of 

calcium ions and mitochondrial permeability changes, which are induced by a sustained 

increase of cytosolic calcium ions, open MPTP and release cytochrome c to the cytosol. 
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This can cause increased of oxidative stress, apoptosis and microparticles formation from 

endothelial cells122, 123. 

 

2.2.3.2 Mitochondrial Dysfunction and Diseases  

Mitochondrial damage and dysfunction are presented in many faces of vascular 

diseases developments including atherosclerosis. Mitochondrial DNA deletion occurs at 

the mis-repaired damaged mitochondrial DNA in atherosclerosis patients124. Increased 

ROS production has shown to increase mtDNA oxidative lesions and decrease 

mitochondrial protein synthesis with attenuated ATP production125. 

Hyperlipidaemia is considered as another risk factor for the mitochondrial 

dysfunction and the further development of vascular diseases. Ballinger et al. has shown 

in a previous study that the atherosclerosis was accelerated in ApoE-/- mice models via 

developed hyperlipidaemia. In this study, mtDNA damage was exacerbated by impaired 

antioxidant productions and this phenomenon preceded the atherogenesis126. Also, 

mitochondrial damages in Complexes I, III, IV, and V caused the dysfunction of 

mitochondrial respiratory chain and decrease of mitochondrial membrane potential117.  

Treatments of various pharmacological inhibitors of mitochondrial metabolism 

have shown to impair endothelium-dependent vascular dilation and increase 

mitochondrial ROS production127, 128. Rotenone, an inhibitor of the mitochondrial 

complex I, abolishes acetylcholine-induced vascular relaxation in both rats and mice 

models129. Similarly, antimycin A, an inhibitor of the mitochondrial complex III, 

abolished the endothelial NO production in rat vasculature130.  
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Taken together, mitochondrial damage and dysfunction impairs endothelial 

viability and function, leading further development of vascular aging-related disease, 

atherosclerosis. 

 

2.2.3.3 Mitochondria and Vascular Aging  

Increased production of mitochondrial ROS has an important role in vascular 

aging and dysfunction131. It was shown in an in vitro experimental condition that the 

inhibition of mitochondrial oxidative phosphorylation by the treatment of mitochondrial 

complex inhibitors enhanced productions of superoxide and hydrogen peroxide132. 

Increased oxidative stress induces mtDNA mutations and further damages in 

mitochondrial proteins and lipids. These mitochondrial impairments finally down-

regulates the cellular bioenergetics30. Furthermore, increased mitochondrial ROS 

contributed to the development of senescent phenotypes in vascular ECs2. Endothelial 

senescence impairs the regenerative capacity of the ECs and promotes the progression of 

atherosclerosis by altering the grades of inflammation, growth factors and cytokines in 

the vasculatures39. Another important link between mitochondrial ROS production and 

vascular aging is the endothelial apoptosis133. Oxidative stress derived from 

mitochondrial ROS in aging is closed related to an increased rate of vascular ECs 

apoptosis134. Mitochondrial ROS induces the rupture of mitochondrial membranes and it 

leads to the mitochondrial respiratory chain dysfunctions. This impaired mitochondrial 

chain and dysfunctional reactions in vascular ECs finally result in the induction and 

increase of apoptosis, which is a closely-linked cell senescence factor135.  
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Impaired function of EC mitochondrial respiratory chain leads to endothelial 

senescence and dysfunction. Cellular senescence is defined as the loss of cell 

proliferation capacity9. Alteration in cell metabolism occurs with cellular senescence with 

decreased oxidative phosphorylation and ATP production136. Then, the AMP-activated 

protein kinase (AMPK) is activated by sensing decrease of ATP production137. AMPK 

activation inhibits biosynthetic processes and cell proliferation pathways, while energy 

conservation is upregulated. This inhibition in cell proliferative gene expressions finally 

induces cellular senescence138, 139. In summary, mitochondrial defects induces cellular 

senescence by increased mitochondrial ROS production, activated apoptotic pathways, 

and AMPK pathways. 

 

2.2.3.4 Mitochondrial Biogenesis 

Maintenance of functional mitochondrial content in ECs is suggested as a crucial 

factor for the vascular health and the defective mitochondrial biogenesis is recognized as 

a major cause of cardiovascular risk. Regarding this, decreased capacity of mitochondrial 

biogenesis and lower level of mitochondrial content are observed in the cardiovascular 

disease patients140.  

Mitochondrial content is dependent on the balance between the mitochondrial 

biogenesis, a formation of new mitochondria, and the mitophagy, a degradation of 

dysfunctional mitochondria31. A key regulator for the formation of new mitochondria is 

the PGC-1α141. PGC-1α activates nuclear respiratory factor-1 (NRF-1) and nuclear 

respiratory factor-2 (NRF-2) to coordinate with nuclear genes, which are required for 

biogenesis. PGC-1α also activates transcription factor A mitochondrial (TFAM), which 
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regulate the gene expressions encoded by mtDNA31. In addition to its role in 

mitochondrial biogenesis, PGC-1α also coordinates expression of numerous genes related 

to glucose and lipid metabolism in cardiac myocytes and other cell types. In the state of 

increased energy demand, PGC-1α is activated and the activated PGC-1α enhances the 

cellular capacity for the ATP production142.  

Because of the lower energy demands in endothelial cells, the role of PGC-1α and 

mitochondrial biogenesis has been partly ignored. However, it is known that PGC-1α is 

also expressed in ECs and it regulates the new formation of endothelial mitochondria141. 

Same as other tissues, in vascular ECs, PGC-1α also regulates mitochondrial antioxidant 

defense system by the increase of uncoupling protein-2 (UCP2) and mitochondrial 

antioxidant expressions, including MnSOD and catalase143. Furthermore, PGC-1α 

overexpression has been studied to protect against pro-inflammatory process and 

apoptosis. And these effects were all blunted by PGC-1α inhibition144. In clinical studies, 

the levels of mitochondrial integrity and PGC-1α expression are decreased having close 

association with insulin resistance and impaired bioenergetics in the skeletal muscles of 

diabetes mellitus or pulmonary hypertension patients140, 145, 146. Overall, it is suggested 

that the interventions, which enhance PGC-1α activity and mitochondrial biogenesis, can 

protect against vascular diseases, such as atherosclerosis31. 

 

2.2.4 Exercise and Mitochondria 

 

2.2.4.1 Mitochondria, a Therapeutic Target 
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Maintenance of mitochondrial homeostasis by attenuated mitochondrial oxidative 

stress, improved mitochondrial function, and well-regulated mitochondrial biogenesis has 

been emerged as potential therapeutic targets for the prevention of age-related 

cardiovascular diseases131. 

Calorie restriction is implicated for the vascular protection in aging-associated 

pathological conditions147. The underlying mechanisms of the beneficial effects of calorie 

restriction are attenuation of mitochondrial ROS production, improvement of 

mitochondrial antioxidant production, and normal regulation of mitochondrial 

biogenesis148-150. The cellular mechanisms involved in the calorie restriction-induced 

mitochondrial protection are dependent on an increase of SIRT1 expression151 and its 

downstream mitochondrial regulator, PGC-1α expression152, 153. SIRT1 expressions in 

animal model conferred its vasoprotection capacities, including attenuation of endothelial 

ROS production, inhibition of NFkB signaling, and reduction of vascular inflammation15. 

The SIRT1-mediated vasoprotective effects are potentially linked with an increased 

bioavailability of NO by the enhanced eNOS activation154. Calorie restriction or the 

treatment of resveratrol, a calorie restriction mimetic SIRT1 activator, can also activate 

the transcription factor Nrf2, which controls the mitochondrial antioxidant-gene 

expressions and involves in the regulation of mitochondrial homeostasis94, 155. In addition, 

activated SIRT3, the mitochondrial sirtuin, also contributes to the mitochondrial 

protective effects by calorie restriction156.  

Resveratrol, a plant-derived polyphenolic compound, is known to have calorie-

restriction mimetic cardiovascular protective effects157. The effects of resveratrol are 

mediated by the enhancement of mitochondrial biogenesis158 and attenuation of 
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mitochondrial ROS production in vascular ECs159. The underlying mechanism in the 

cardiovascular protective effect of resveratrol is SIRT1 and PGC-1α pathway. 

Resveratrol activates SIRT1, the upstream of mitochondrial biogenesis regulator gene, 

PGC-1α, and other regulators of mitochondrial function160. Resveratrol also activates the 

antioxidant transcription factor Nrf2, which contributes to the mitochondrial protective 

effects from oxidative stress in the vascular ECs94.  

It is known that regular physical activity and exercise training can reduce the risk 

of cardiovascular diseases. The beneficial effects of exercise are, in part, due to its effect 

on the reduction of mitochondrial ROS and the improvement of mitochondrial function161. 

Chronic aerobic exercise training induces mitochondrial biogenesis, prevents mtDNA 

depletion and mutations, increases mitochondrial oxidative capacity and respiratory chain 

assembly, restores mitochondrial morphology, and blunts pathological levels of apoptosis 

in multiple tissues in a premature aging rodent model162. A human study showed one year 

of progressive and vigorous endurance exercise training on sedentary elderly over 65 

years old improved their arterial function and maximal aerobic capacity163.  

In summary, mitochondria can be a therapeutic target for the maintenance and 

improvement of vascular health through the treatments of calorie-restriction, resveratrol, 

and exercise training. 

 

2.2.4.2 Exercise and Mitochondrial Biogenesis 

It has been recognized that the aerobic exercise enhances beneficial health 

outcomes and physical performances. Abundant studies have already published about the 

both effects of a single bout exercise and long-term exercise training on mitochondrial 
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biogenesis. Exercise trainings, including both aerobic exercise and resistance exercise, 

are known to closely related with the enhance of PGC-1α expressions, the key molecule 

for mitochondrial biogenesis164, 165. Furthermore, a single bout of high-intensity interval 

exercise showed increases in both PGC-1α mRNA and protein expressions in skeletal 

muscles. The expression levels of mitochondrial biogenesis markers were increased 

significantly in the conditions of accumulated exercise166. Exercise-induced 

mitochondrial biogenesis is also controlled by the activation of PGC-1α, indicated by its 

translocation to the nucleus167, and this adaptive process revealed to begin before increase 

of PGC-1α expression168. PGC-1α expressions were increased in mitochondria as well as 

in nucleus by the single bout of exercise stimulus. Furthermore, the exercise-induced 

PGC-1α expression is associated with enhanced interaction between PGC-1α and 

transcription factor of mitochondria as well as increased binding of PGC-1α to the NRF-1 

promoter in the nucleus169. Therefore, exercise is not only capable of inducing PGC-1α 

protein expression but also the translocation of PGC-1α to necessary compartments to 

stimulate the transcription of the nuclear and mitochondrial encoded mitochondrial genes. 

 

2.3 Introduction 

 

In endothelial cells (EC), mitochondria occupy a relatively small compartment of 

cytoplasmic volume (~2-6%) compared to other energy demanding cell-types such as 

cardiomyocytes 27. The endothelial mitochondria are, however, thought to play a key 

regulatory role in cell signaling 28, calcium handling 29, and cell survival 30. Indeed, an 

impaired mitochondrial network has been associated with dysfunctional endothelium 
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associated with cardiovascular diseases 31, 32. Therefore, promoting enhanced 

mitochondrial networks and their function has emerged as a potential therapy for 

preventing and reversing endothelial dysfunction.  

Mitochondrial biogenesis is a complex process involving replication of 

mitochondrial DNA (mtDNA) and expression of nuclear- and mitochondrial-encoded 

genes through which new mitochondria are formed 142. Studies have shown that 

peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) plays a crucial role 

in mitochondrial biogenesis by activating nuclear respiratory factor-1 (NRF-1), which 

regulates the expression of nuclear genes required for mitochondrial biogenesis 142. PGC-

1α also activates mitochondrial transcription factor A (TFAM), which is required for 

mtDNA transcription and mtDNA replication, through coactivation of the NRF-1. The 

activity of PGC-1α is controlled by multiple factors, including nitric oxide (NO) and 

sirtuin 1 (SIRT1)-mediated deacetylation 33, 141. NO and SIRT1 synergistically increase 

mitochondrial biogenesis in EC, which may involve shear-sensitive SIRT1 induction and 

SIRT1-mediated endothelial NO synthase deacetylation 26. 

 Besides its well-known effects on cardiovascular disease risk reduction, aerobic 

exercise directly improves vascular health not only by increasing NO-dependent 

vasodilation but possibly by decreasing EC activation and apoptosis in the arterial wall 

170. To this end, long-term exercise intervention has been shown to reduce the severity of 

atherosclerosis 16, to stabilize vascular lesion 171, and to lessen post-injury neointima 

growth 172. The mechanism underlying these adaptive changes is believed to be governed 

by high wall shear rates occurring during exercise. Aerobic exercise enhances the level of 

unidirectional laminar flow and diminishes disturbed or turbulent flow occurring in 
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certain arterial geometries such as bifurcations, branch points, and curvatures 17, 18. In 

cultured EC, laminar shear stress (LSS) modulates endothelial activation by suppressing 

expression of inflammatory adhesion molecules 19. LSS also prevents EC apoptosis 20, 

which is known feature of atherosclerosis. However, limited information is available 

regarding the mechanistic relationship of mitochondrial biogenesis and the release of 

endothelial microparticles (EMP) under enhanced LSS. 

The aim of this study was to elucidate the mechanism underlying the effect of 

exercise on reducing the release of EMP. Microparticles (MP) are submicron membrane 

vesicles formed from plasma membrane and released from virtually all cells into the 

plasma 108. The surface of MP contains most of the cell membrane-associated proteins of 

their parent cells 109. It is interesting to note that EC releases membrane-derived MP  into 

the circulation when they are activated or are undergoing apoptosis 110. Previous studies 

showed that apoptosis-induced EMP expresses the constitutive endothelial cell marker 

PECAM (CD31), whereas activation-induced EMP increases their expression of 

inducible endothelial markers such as E-selectin (CD62E). Since CD31 is also expressed 

by platelet derived MP, EMP is ensured by the CD31+/CD42a- (platelet glycoprotein 

GP9) phenotype 173. Therefore, elevated EMP production is thought to be an emerging 

biomarker of endothelial dysfunction or injuries such as those associated with 

atherosclerosis, hypertension, coronary artery disease, and metabolic syndrome 174. Using 

complementary in vivo and in vitro studies, we have tested a hypothesis that LSS would 

decrease the release of activated (CD62E+)- and total (CD31+/CD42a-) MP from EC 

through LSS-mediated mitochondrial biogenesis. 
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2.4 Materials and Methods 

 

Study Subjects and Aerobic Exercise Intervention. The study protocol was 

approved by and conducted in accordance with the Temple University Institutional 

Review Board. Twenty-one male and female subjects were recruited in this study who 

met the following inclusion criteria: sedentary life style (regular aerobic exercise < 2 

days/week), non-smoking, not on lipid-lowering medication, blood pressure < 160/100 

mmHg), body mass index < 40 kg/m2, and no history of diabetes, cardiovascular, liver, 

kidney, or lung disease. Under the supervision of the study physician, qualified 

participants who were using only one anti-hypertensive medication were tapered off the 

medication and remained off for the remainder of the study. Subjects using two or more 

anti-hypertensive medications were excluded from the study. Following a successful 

clinical and cardiopulmonary examination by a study physician, qualified subjects 

participated in a supervised aerobic exercise training session 3 days/week for 6 months. 

Each exercise session consisted of 40 minutes of aerobic exercise at an intensity level of 

65% of individually predicted maximal heart rate. Adherence was assessed by examining 

individual training logs for frequency data. Only data from participants that achieved 80% 

adherence were included in the analyses. 

Cell Culture and Shear Stress Experiments. Seven separate human umbilical vein 

endothelial cell (HUVEC) lines from Lonza were grown in M199 medium supplemented 

with 20% fetal bovine serum and endothelial cell growth supplement (Sigma-Aldrich no. 

E2759), and maintained at 37°C in a 5% CO2 atmosphere. All experiments with HUVEC 

were conducted between passages 3-5. For some experiments, cells were treated with 
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resveratrol (trans-3,4’,-5-trihydroxystilebene) at indicated concentrations, and DMSO 

was used for the control. For shear experiments, HUVECs, grown at 90-100% confluence, 

were replaced with shear media and exposed to the physiological levels of shear stress for 

various times using a cone and plate viscometer (0.5° cone angle) which was placed 

inside of a CO2 cell incubator as previously described 84. Shear media was M199 

supplemented with 2% fetal bovine serum and the endothelial cell growth supplement. 

All shear experiments were conducted under sterile conditions. For some experiment 

cells were treated with antimycin A (10 µM, 12h) prior to shear exposure.  

EMP Analysis. Level of EMP production was determined by flow cytometry, as 

previously described 87. Briefly, samples were thawed at room temperature and 

centrifuged at 1500g for 20 minutes at room temperature to obtain platelet poor plasma 

(PPP). The top two-thirds of PPP were further centrifuged at 1500g for 20 minutes at 

room temperature to obtain cell free plasma. The supernatant was used for EMP analysis. 

A volume of 100 μl of sample was incubated with the different fluorochrome-labeled 

antibodies for 20 minutes at room temperature in the dark on a shaker (200 rpm). The 

two-color combination of phycoerythrin (PE)-labeled anti-CD31 (BD Biosciences no. 

555446) and fluorescein isothiocyanate (FITC)-labeled anti-CD42a (BD Biosciences no. 

558818) were used. Samples were diluted with 500 ml of 0.22 μm double filtered 

phosphate buffered saline before analysis. Samples were measured using a BD LSRII 

flow cytometer and BD FACSDIVA software. Total and activated MP from EC were 

defined as CD62E+ and CD31+/CD42a-, respectively, and as vesicles sizes of < 1.0 μm. A 

logarithmic scale was implemented for forward scatter signal, side scatter signal and each 

fluorescent channel. Size calibration was done with 0.9 μm beads. Non-stained samples 
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were used to discriminate true events from noise and to increase the specificity for EMP 

detection for each sample. The flow rate was set on medium and all samples were run for 

180 seconds. The mean sample processing rate of 101 μl/180 seconds was calculated 

using calibration beads. For the human study, EMP counts per μl plasma were 

determined, and for the cell culture study, EMP counts  per µL media  per µg cell protein 

were determined. The inter- and intra-assay CVs were 8% and 6%, respectively.  

Detection of surface marker on endothelial cells. After trypsinization, 1.0 x 106 

cells in a single cell suspension were collected in 100 µl FACS buffer, which includes 

PBS, 10% FBS, and 0.1% NaN3. 20 µl antibody was added and cells were incubated for 

30 minutes at 4 °C in the dark. The antibody combinations for this experiment were 

CD62E-PE/CD31-FITC.  Then, 1 ml FACS buffer was added and the cells were washed 

three times by centrifugation at 1500 rpm for 5 minutes. Cells were resuspended in 500 

µl ice-cold FACS buffer with 2% formaldehyde (Polysciences no. 04018). Cells were 

kept in the dark on ice until flow cytometry analysis was performed. % CD62E-positive 

endothelial cells were measured using a BD LSRII flow cytometer and BD FACSDIVA 

software. 

NO Measures. NO levels were indirectly measured by determining NO end-

products, nitrate and nitrite, using an Enzo Life Sciences®/Assay Designs® assay kit as 

described previously 175. Absorbance was read at 540 nm. The inter-assay CV was 8% 

and the intra-assay CV was 11%. 

Western Blotting. Antibodies were from the following sources: rabbit monoclonal 

anti-SIRT1 (Cell signaling no. 2496), rabbit polyclonal anti-PGC-1α, (NOVUS no. 

NBP1-04676), mouse polyclonal anti-TFAM (NOVUS no. H00007019-B01P), and 
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mouse monoclonal anti-VDAC1/Porin (Abcam no. ab14734). Mouse monoclonal anti-α-

Tubulin (Sigma no. T9026) was used as the internal control. Endothelial cells were 

homogenized in ice-cold RIPA lysis buffer with protease inhibitor (Roche no. 

11836153001). Proteins from cell lysates were resolved by Tris-glycine SDS PAGE and 

transferred to Immobilon-P PVDF membrane for standard ECL Western blotting. Total 

protein expression was detected by chemiluminescence. Band densiometry analyses were 

completed using Image J software, National Institute of Health, to direct comparisons 

between experimental sets. The values calculated by Image J are arbitrary units. The 

densities of the selected protein bands were expressed relative to the densities of the 

internal control gene, α-Tubulin. 

MitoTracker Staining. Live HUVEC were incubated with 200 nM pre-warmed 

MitoTracker Green FM or MitoTracker Red CMXRos (Molecular Probes) solution at 

37°C for 30 min. After removal of the incubation solution, cells were washed three times 

with pre-warmed PBS and then mounted in Hank’s balanced salt solution (HBSS). For 

quantitative analyses, more than 100 images per each group were acquired using an 

epifluorescence upright microscope with a 63x objective oil lens. For MitoTracker Green 

FM staining, excitation/ emission wavelengths were set at 470/525 nm (FL filter Set 38, 

Zeiss), and for MitoTracker Red CMXRos staining, excitation/ emission wavelengths 

were set at 587/647 nm (FL filter Set 64HE). Images were initially acquired using an 

AxioCam MRm and AxioVision image processing system (Zeiss), and the fluorescence 

intensities were assessed using Image J software. 

mtDNA quantification. Total genomic DNAs were isolated by using the DNeasy 

kit (QIAGEN) and mtDNA contents were assessed by semi-quantitative PCR. The 
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relative ratio between mtDNA (COX I or COX II) and nuclear DNA (18s rRNA) amount 

was measured. Primer sequences were as follows: 

COX I 

Sense, 5’ - CATAGGAGGCTTCATTCACTG - 3’ 

Antisense, 5’ - CAGGTTTATGGAGGGTTCTTC - 3’ 

COX II 

Sense, 5’ - CCATAGGGCACCAATGATACTG - 3’ 

Antisense, 5’ - AGTCGGCCTGGGATGGCATC - 3’ 

18s rRNA 

Sense, 5’ - CTTAGAGGGACAAGTGGCGTTC - 3’ 

Antisense, 5’ - CGCTGAGCCAGTCAGTGTAG - 3’ 

Transfection. Cultured ECs, reached 60-80% confluence, were  incubated with a 

mixture containing either, SIRT1 siRNA (Qiagen no. SI00098434), or control siRNA 

(Qiagen no. 1027281) and FuGene® 6 transfection reagent (Promega no. E2691) in Opti-

MEM® serum-free medium (Life Tech no. 31985).  

Statistical Analysis. Data are presented as percentages or mean ± SEM. For all in 

vivo data, pre- and post-aerobic exercise training (AEXT) variables were compared using 

the paired samples t-test or the paired samples Wilcoxon signed ranks test, as appropriate. 

For all in vitro data, differences across experimental conditions were assessed by analysis 

of variance followed by post-hoc testing with the Fisher’s least significant difference test. 

Pearson's correlation analysis was used to assess the relationship between the expression 

level of mitochondrial content and EMP production. P < 0.05 was considered statistically 

significant for all analyses. 
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2.5 Results 

 

Aerobic exercise training and laminar shear stress reduce EMP release. 

Table 1 shows clinical parameters of the participants before and after 6 months of 

aerobic exercise training (AEXT). Except the reduction of triglycerides, other serum 

measurements, blood pressure and BMI remain unchanged. Maximum oxygen 

consumption (VO2max) was significantly increased following AEXT indicating increased 

aerobic capacity. Following AEXT, there were significant reductions in CD62E+ EMP (-

41%) and CD31+/CD42a- EMP (-38%) (Figure 2.1A). In contrast, plasma NOx 

concentration was significantly increased (+53%) after AEXT (Figure 2.1B). Previous 

anti-hypertensive medication use, menopausal status, or gender did not influence these 

outcomes. EMP levels were also assessed in cell culture media of HUVEC preparations 

from seven different donors upon distinct LSS stimulations. Compared to low (5 

dyne/cm2) physiological levels of LSS condition, CD62E+ EMP level was significantly 

lower (-44%) after high (20 dyne/cm2) physiological levels of LSS (Figure 2.1C). NOx 

levels in the cell culture media were significantly greater (+37%) under the high LSS 

compared to the low LSS condition (Figure 2.1D).  



 
 

61 
 

 

Table 2.1. Clinical characteristics pre- and post-AEXT. 

 

 

 

Figure 2.1. Effects of aerobic exercise training and shear stress on EMP and NO production. A-B: 
plasma CD62+ EMP, CD31+/CD42a- EMP, and NOx levels from human subjects at pre- and post- of a 6-
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month AEXT (n = 21). C-D: seven separate HUVEC cell lines from seven different donors were exposed 
to either low (5 dyne/cm2 ) or high (20 dyne/cm2) shear stress for 24 h. Accumulated CD62+ EMP and NOx 
were measured from the cell culture media. Each column represents mean ± SEM. *p<0.05, **p<0.01; 
AEXT, aerobic exercise training; LSS, laminar shear stress 

 

Laminar shear stress reduces EMP release through SIRT1-mediated 

mitochondrial biogenesis.  

To examine the effect of shear stress on mitochondrial biogenesis, confluent 

monolayers of human endothelial cells were subjected to different levels of LSS (5-20 

dyne/cm2). The morphology of HUVEC presented an elongation shape after exposure to 

36h LSS (Figure 2.2A). Likewise, the key regulators of mitochondrial biogenesis, SIRT1, 

PGC-1α, and TFAM, were gradually increased by LSS in a magnitude-dependent manner 

(Figure 2.2B). Accordingly, mitochondrial content determined by abundance of 

mitochondrial outer membrane protein, porin (VDAC), was gradually increased by LSS 

(Figure 2.2C). The increased mitochondrial content in the endothelial cells was 

confirmed by MitoTracker Green FM staining and mtDNA copy number assay (Figure 

2.2D and 2.2E). Then, a potential relationship between mitochondrial biogenesis and 

EMP release was examined in shear-conditioned cells. Likewise, LSS (20 dyne/cm2, for 

36h) significantly increased mitochondrial content (Figure 2.2C).  
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Figure 2.2. Shear stress induces mitochondrial biogenesis in human endothelial cells. A: phase-contrast 
images of HUVEC exposed to LSS at 5 to 20 dyne/cm2 for 36 h. 0 dyne/cm2 indicates static control. 
Arrows indicate the direction of flow. Scale bars indicate 100 µm. B: cell lysates were analyzed by Western 
blotting using anti-SIRT1, anti-PGC-1α, and anti-TFAM, antibodies. The bar graphs are results of 
densitometry analyses. C: mitochondrial content determined by abundance of porin. For both Western blots 
in B and C, α-Tubulin was used as a loading control.  D: representative fluorescence microscopic images of 
MitoTracker Green FM staining of HUVEC under static or LSS (20 dyne/cm2 for 36 h). "Nu" indicates a 
nucleus. The bar graphs are results of densitometry analysis. E: mitochondrial DNA copy number 
calculated by relative mtDNA-encoded genes (COX I or COX II) copy number normalized by 18S. Bar 
graphs in all panels are mean ± SEM from 3-5 independent experiments. *p < 0.05, **p < 0.01 vs. static 
control. STT, static control; LSS, laminar shear stress 

 



 
 

64 
 

In contrast, CD62E+ EMP and CD31+/CD42a- EMP levels were decreased in 

LSS-exposed cells (Figure 2.3A). In addition, Pearson’s correlation analysis indicated 

that mitochondrial content was inversely correlated with either CD62E+ EMP or 

CD31+/CD42a- EMP (Figure 2.3B). Moreover, the number of ECs expressing CD62E 

surface marker was decreased in LSS-exposed cells (Figure 2.3C and 2.3D). Resveratrol 

(RSV) is a potent stimulus of mitochondrial biogenesis through SIRT1 pathway 31, 160. 

 

 

 

 

Figure 2.3. EMP release inversely correlates with LSS-induced mitochondrial biogenesis. Confluent 
monolayers of HUVEC were subjected to LSS (20 dyne/cm2) for 36 h. A: Activated- (CD62E+) or total- 
(CD31+/CD42a-) EMP released from HUVEC under STT or LSS. B: Pearson's correlation plots between 
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mitochondrial content vs. CD62E+ EMP or CD31+/CD42a- EMP. C and D: Cell surface expression of 
CD62E determined by flow cytometry.  Bar graphs in all panels are mean ± SEM from 3-5 independent 
experiments. *p < 0.05, **p < 0.01 vs. static control. STT, static control; LSS, laminar shear stress 

 

RSV increased SIRT1 and PGC-1α levels in a time- and a dose-dependent manner 

which peaked at 24 h with 20 µM RSV (Figure 2.4A and 2.4B). LSS and RSV 

demonstrated additive effects on mitochondrial content (Figure 2.4C). RSV or the 

combination with LSS reduced CD62E+ EMP and CD31+/CD42a- EMP production, but a 

non-statistically greater reduction was observed with the combination (Figure 2.4D).  

 

 

 

Figure 2.4. EMP release inversely correlates with mitochondrial enrichment. Confluent monolayers of 
HUVEC were subjected to various conditions of RSV (20 µM) or RSV+LSS (20 dyne/cm2) combo 
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treatment for the indicated times. A-B: HUVEC was incubated with RSV at various concentrations for 24 h 
or at 20 µM for various times. Cell lysates were analyzed by Western blotting with specific antibodies. C: 
mitochondrial content. D: activated- (CD62E+) or total- (CD31+/CD42a-) EMPs. Bar graphs in all panels 
are mean ± SEM from 3-5 independent experiments. *p < 0.05, **p < 0.01 vs. static control. RSV, 
resveratrol; LSS, laminar shear stress 

 

As SIRT1-dependent pathway has been shown to be involved in mitochondrial 

biogenic processes in EC, role of SIRT1 in the shear stress-induced adaptive responses 

was investigated. SIRT1 silencing by a specific siRNA completely abolished flow-

induced mitochondrial biogenesis (Figure 2.5A and 2.5B) and the reduction of EMP 

release (Figure 2.5C).  
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Figure 2.5. LSS reduces EMP release by SIRT1-mediated mitochondrial biogenesis. HUVEC was 
transiently transfected with either scrambled- or SIRT1 siRNA and maintained in STT or LSS (20 
dyne/cm2 for 24 h). A: SIRT1, PGC-1α, and TFAM protein expressions. α-Tubulin was used as a loading 
control. The bar graphs are results of densitometry analyses. B: mitochondrial content. C: activated- 
(CD62E+) or total- (CD31+/CD42a-) EMP. Each column represents mean ± SEM from 3-5 independent 
experiments. *p < 0.05, **p < 0.01. STT, static control; LSS, laminar shear stress 

 

Shear stress decreases EMP release in endothelial cells with defective 

mitochondria. 

To investigate the effect of LSS on restoring the mitochondrial content and EMP 

release, mitochondrial complex III inhibitor, antimycin A, was used in HUVEC. 

Treatment with antimycin A (10 µM for 12 h) decreased mitochondrial content by 80% 

compared to the untreated cells. In contrast, release of CD62E+ EMP (180%) and 

CD31+/CD42a- (220%) EMPs were significantly increased with the treatment. LSS 

partially restored mitochondrial content in the antimycin A-preconditioned HUVEC, and 

the CD62E+ and CD31+/CD42a- EMP production was significantly decreased by LSS 

(Fig. 2.6A and 2.6B). Figure 1.7 shows the schematics of the proposed mechanism. 
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Figure 2.6. LSS normalizes increased EMP production in endothelial cells with defective 
mitochondria. HUVEC was treated with antimycin A (10 µM) or LSS (20 dyne/cm2) for 12 h. Antimycin 
A-preconditioned HUVEC was subjected to STT or LSS (20 dyne/cm2) for succeeding 24 h. A: 
mitochondrial content. B: activated- (CD62E+) or total- (CD31+/CD42a-) EMP. Each column represents 
mean ± SEM from 3-5 independent experiments. *p < 0.05. AA, antimycin A; STT, static control; LSS, 
laminar shear stress 

 

 
Figure 2.7. Schematics of the proposed mechanism 
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2.6 Discussion 

 

Numerous studies have shown that physiological levels of LSS improve EC 

phenotype. While several mechanisms through which LSS exerts a beneficial effect on 

the endothelium have been described, roles of mitochondria and its potential relationship 

with EMP biogenesis have not been explored. The present study is the first to assess the 

effects of aerobic exercise training on the release of total and activated MP from EC and 

to corroborate these effects using an in vitro experimental exercise stimulant, shear stress. 

Furthermore, the present study demonstrated that LSS-induced mitochondrial biogenesis 

plays a protective role against the endothelial activation and injury. 

We demonstrate, here, that long-term endurance exercise training reduced 

CD62E+ and CD31+/CD42a- EMP release. This effect is likely attributed to the repeated 

exposure of endothelium to high laminar flow by aerobic endurance exercise regimen. 

These findings are consistent with previous studies demonstrating that LSS inhibited 

leukocyte adhesion and EC apoptosis in response to oxidant stress or growth factor 

withdrawal 19. In cultured EC, oscillatory shear stress exaggerates the expression of EC 

adhesion molecules, whereas high LSS decreases these proinflammatory processes 176-178. 

A recent study also demonstrated that disturbed flow acutely increased activation and 

apoptosis of the human vascular endothelium 179. Moreover, a strong inverse relationship 

between arterial shear stress and circulating EMP levels has been shown in hemodialysis 

patients 180.  In addition, except the reduction in serum triglyceride, other metabolic 

parameters and blood pressure remain unchanged in our exercised individuals. Therefore, 

enhanced LSS by exercise and the subsequent improvement in systemic EC function may 
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directly combat against EC activation in the pre- and mild hypertensive individuals rather 

indirectly through improvement of their chronic metabolic or hemodynamic status. 

Protection from EC dysfunction by LSS and its mechanisms such as eNOS 

activation have been extensively studied. Our data presented here, add new insight into 

the signal transduction pathway where EC mitochondria seem to be a master regulator. 

To support this notion, mitochondrial dysfunction has been implicated in the initiation 

and progression of various cardiovascular diseases (CVD). For instance, excessive 

mitochondrial reactive oxygen species (ROS) production has been associated with 

hypertension whereas administration of mitochondrial-targeted superoxide scavengers 

decreased blood pressure 181, 182. Genetic ablation of a mitochondrial antioxidant enzyme 

(i.e. MnSOD126 or thioredoxin-2183) in ApoE-knockout mice accelerates the progression 

of atherosclerosis. Our study showed that LSS-induced mitochondrial biogenesis was 

significantly associated with reduction in the release of EMP. These data highlight the 

crucial role of endothelial mitochondria in maintaining vascular homeostasis. 

Although the precise mechanisms underlying mitochondrial life cycle and their 

quality control remain largely unknown, recent studies suggest that mitochondrial content 

and their functional integrity are maintained primarily by mitochondrial biogenesis142. 

Mitochondrial biogenesis requires the expansion of mitochondrial content by 

transcription of nuclear and mitochondrial DNA-encoded genes. PGC-1α is involved in 

transactivation of the vast majority of the mitochondrial proteins and those involved in 

mitochondrial transcription such as TFAM, mitochondrial TFBM1 and 2, and the 

mitochondrial polymerases184. SIRT1 physically interacts with, and deacetylates, PGC-1α 

at multiple lysine residues, consequently increasing PGC-1α activity185. In agreement 
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with a previous report26, we demonstrate that EC dysfunction as assessed by EMP 

generation was induced when mitochondrial biogenesis was retarded with a siRNA 

against SIRT1. Conversely, LSS rescued EC dysfunction by induction of mitochondrial 

biogenesis. Furthermore, it is important to note that NO is an important inducer of 

mitochondrial biogenesis in vascular tissues through direct activation of PGC-1α141. A 

recent study showed that eNOS inhibition attenuated mitochondrial adaptation to an 

exercise intervention in the aorta186. Therefore, it is possible that LSS-induced SIRT1 

activation contributes to the preservation of EC function via activation of a 

SIRT1/eNOS/PGC-1α signaling cascade. 

TFAM, a key activator of mitochondrial transcription and replication, is known to 

be important for mitochondrial biogenesis pathway. The expression of TFAM is co-

regulated by PGC-1α and NRF-1. In this study, we observed that SIRT-1 knockdown 

does not change in PGC-1α and TFAM expression level under static flow condition 

(Figure 5A). This result is consistent with a previous findings showing that SIRT1 

knockdown alone does not affect expression levels of NRF1 or mitochondrial content in 

EC under basal condition26. This might be attributed to a signal redundancy. For example, 

our group previously reported that tumor suppressor p53 also transcriptionally regulates 

TFAM expression187. Since SIRT1 downregulates p53 activity188, SIRT1 knockdown 

condition may activate the alternative p53 pathway. Future studies are warranted to 

elucidate a precise mechanism for induction of TFAM expression in ECs.  

Recent studies suggest that SIRT1 and PGC-1α modulate endothelial function in a 

manner that is independent of mitochondrial biogenesis. EC-specific overexpression of 

PGC-1α alleviates angiotensin II-induced hypertension through activation of eNOS 189. 
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Endothelial PGC-1α inhibits angiogenesis, and this was shown to be mediated by 

promoting notch signaling190. In addition, SIRT1 depletion in EC exaggerated fibrotic 

response and atherogenesis via downregulation of matrix metalloproteinase-14191. Future 

studies of these genetic models in endothelial mitochondrial biology are warranted. 

The activation of AMP-activated protein kinase (AMPK), a key enzyme for the 

cellular energy metabolism, is known to be regulated by SIRT1192. AMPK was found to 

increase SIRT1 activity by increasing intracellular level of NAD+ under conditions of 

energy deprivation, such as exercise193. Under exercise, activated AMPK increases the 

level of intracellular NAD+ and induces further enhancement of NAD+-dependent 

deacetylase SIRT121. Activation of AMPK is known to alleviate apoptosis in vascular 

endothelial cells194, 195. Together, the cross talk in the pathway between SIRT1 and 

AMPK can be another possible mechanism for the reduction of endothelial 

activation/apoptosis under aerobic exercise. 

Stimuli implicated in MP formation from EC include ROS, high glucose, 

angiotensin II, uremic toxins, and pro-inflammatory and pro-coagulant factors174. We 

previously demonstrated that MP release from EC was increased in response to tumor 

necrosis factor-α and was attenuated with superoxide dismutase87. Therefore, the level of 

EMP may reflect the inflammatory and oxidative stress of the EC in vitro and in vivo as 

proposed recently196. Furthermore, in the present study, our data suggest that 

mitochondrial dysfunction in EC may be a critical determinant of EMP production 

associated with several CVD including hypertension. However, further research should 

be done to determine the precise mechanism underlying mitochondrial regulation of MP 

biogenesis.  
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A large body of literature has demonstrated that regular practice of physical 

activity improves endothelial function in animals and humans with and without CVD risk 

factors. Studying cellular mechanisms of the adaptive response may provide valuable 

insights for therapeutic strategies against endothelial dysfunction. Since EMP is emerging 

as a biomarker of EC health status, the results of the present study support the concept 

that EMP may provide a reliable assessment of the changes in cellular status of the 

endothelium resulting from interventions. However, an inordinate amount of work is 

ahead in order to determine if the level of EMP is a marker of the natural history of a 

disease and correlates longitudinally with known clinical indices and whether the level 

depicts the effects of a therapeutic intervention.  
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CHAPTER 3. 

COMBINED EFFECTS OF RESVERATROL AND LAMINAR SHEAR STRESS 

ON MITOCHONDRIAL BIOGENESIS IN VASCULAR ENDOTHELIAL CELLS 
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3.1 Abstract 

 

Enhanced structural integrity of mitochondria has emerged as a novel protective 

mechanism against cardiovascular diseases. Resveratrol and flow-mediated laminar shear 

stress have vasoprotective effects by promoting mitochondrial biogenesis via 

SIRT1/PGC-1α pathway in vascular endothelial cells. The purpose of this study was to 

examine the combined effect of resveratrol and laminar shear stress on mitochondrial 

biogenesis in human vascular endothelial cells. Cultured human umbilical vein 

endothelial cells were exposed to LSS at 5 to 20 dyne/cm2. Mitochondrial content and the 

expression levels of mitochondrial biogenesis factors, such as PGC-1α and TFAM, were 

significantly increased by 12-hour high-flow laminar shear stress. Furthermore, each 

treatment of resveratrol (20 μM) and laminar shear stress (high-flow, exercise-mimic, 20 

dyne/cm2) increased the expression level of SIRT1, the upstream gene of mitochondrial 

biogenesis regulator PGC-1α. However, combined treatment of resveratrol and laminar 

shear stress had no synergistic effect compared to solitary treatment of laminar shear 

stress on the levels of mitochondrial biogenesis regulator gene expressions and 

mitochondrial content. The present study demonstrated that the combined application of 

resveratrol and laminar shear stress has no synergistic effect on enhancing mitochondrial 

integrity in human vascular endothelial cells.  

 

3.2 Review of Literature 

 

3.2.1 Resveratrol  
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Resveratrol (3,5,4'-trihydroxy-trans-stilbene) is a natural polyphenol produced in 

more than 70 different species of plants, including skins of grapes and berries197. 

Resveratrol is known to prolong the life-span in lower organisms in mimicking calorie-

restriction pathways117. Now, resveratrol is widely accepted as the prototype of 

pharmacological treatment in terms of calorie-restriction mimetics, which help to reverse 

pathologies associated with metabolic diseases, cardiovascular aging and diseases157, 198. 

It was recently shown that the resveratrol extend the life-span with its 

vasoprotective effects and improves endothelial functions, attenuating vascular oxidative 

stress and inflammation in human subjects157, 199, 200. It was also shown in an human study 

that the Mediterranean diet, which consumes resveratrol-rich foods, has reduced the risk 

of cardiovascular disease and mortality201, 202. Furthermore, resveratrol treatment on 

human and mice endothelial cells has shown that resveratrol protects endothelium from 

oxidative stress and senescence via increased antioxidant capacities and decreased 

mitochondrial oxidative stress90, 93, 94, 159, 203. Also, resveratrol is closely linked to the 

induction of endothelial mitochondrial biogenesis158. 

 

3.2.2 SIRT1 and Mitochondrial Biogenesis 

 

Sirtuins are known to affect multiple pathways to modulate metabolic controls, 

promote the health, and extend the life span of a wide variety of organisms from yeast to 

mammals21. SIRT1, a first known mammalian sirtuin, is highly expressed in ECs. SIRT1 

suppresses the development of atherosclerosis by upregulation of endothelial nitric oxide 
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synthase (eNOS), suppression of inflammation and ROS, and reduction of cellular 

senescence in endothelial cells23. A major mechanism of SIRT1 on the protection of 

cardiovascular system is its inflammation suppression capacity. Isolated macrophages 

and ECs treated with SIRT1 activators, such as resveratrol, have shown the lowered 

levels of inflammatory cytokines, including TNFα, intercellular adhesion molecule-1 

(ICAM-1), interleukin-6(IL-6) and interneukin-1(IL-1)204, 205. In cultured coronary 

arterial endothelial cells (CAECs), the protective effects of resveratrol, a SIRT1 activator, 

were abolished by knockdown of SIRT1 expression. On the other hand, SIRT1 

overexpression has reversed pro-inflammatory phenotypes to normal endothelial 

conditions, showing the same effects with when resveratrol was treated in the vascular 

ECs203. 

SIRT1 interacts directly with the mitochondrial biogenesis regulator PGC-1α and 

can be co-immunoprecipitated as a molecular complex. In addition, SIRT1 expression 

alters the transcriptional activity of PGC-1α33. It shows the direct link between SIRT1 

and PGC-1a, a master regulator for the mitochondrial biogenesis206. PGC-1α is regulated 

by posttranslational modification such as deacetylation. SIRT1, an NAD+-dependent 

deacetylase, deacetylates and activates PGC-1α and its downstream genes207.  

Mitochondrial content is dependent on the balance between the mitochondrial 

biogenesis, a formation of new mitochondria, and the mitophagy, a degradation of 

dysfunctional mitochondria31. A key regulator for the formation of new mitochondria is 

the PGC-1α141. PGC-1α activates nuclear respiratory factor-1 (NRF-1) and nuclear 

respiratory factor-2 (NRF-2) to coordinate with nuclear genes, which are required for 

biogenesis. PGC-1α also activates transcription factor A mitochondrial (TFAM), which 
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regulate the gene expressions encoded by mtDNA31. In addition to its role in 

mitochondrial biogenesis, PGC-1α also coordinates expression of numerous genes related 

to glucose and lipid metabolism in cardiac myocytes and other cell types. In the state of 

increased energy demand, PGC-1α is activated and the activated PGC-1α enhances the 

cellular capacity for the ATP production142.  

 

3.3 Introduction 

 

Mitochondria, which are described as “cellular power plants” due to its capacity 

to generate energy in muscle cells, are also known to have critical roles in vascular health 

30. The endothelial mitochondria are thought to play a key regulatory role in cell signaling 

28, calcium handling 29, and cell survival 30. Indeed, an impaired mitochondrial network 

has been associated with dysfunctional endothelium associated with cardiovascular 

diseases 31, 32. Therefore, promoting enhanced mitochondrial networks and their function 

has emerged as a potential therapy for preventing and reversing endothelial dysfunction. 

Resveratrol (3,5,4’-trihydroxystilbene)(RSV), a natural polyphenolic compound found in 

berries, grape skins, red wines, and peanuts, is known for its calorie restriction mimetic 

function which develops vasoprotection and attenuates endothelial dysfunction 208, 209. 

RSV treatment is considered as an effective pharmacological trial for prevention 

of cardiovascular pathologies via activation of SIRT1 in endothelial cells 210, 211. SIRT1, a 

NAD+-dependent histone deacetylase, is known to contribute to induce mitochondrial 

biogenesis through the increase of mitochondrial biogenesis regulator, PGC-1α, in 

endothelial cells 158, 212.  
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Vascular endothelial cells are continuously exposed to flow-mediated laminar 

shear stress (LSS), a friction force generated by flowing blood, which is increased during 

aerobic exercise 71. The LSS is known to maintain vascular homeostasis via SIRT1/PGC-

1α pathway in endothelial cells. It was demonstrated in a previous study that the 

application of LSS in cultured human umbilical vein endothelial cells (HUVEC) 

increases the levels of SIRT1 and its downstream gene expressions. And increased level 

of SIRT1, which was induced by LSS, further enhanced mitochondrial integrity.  

Although the RSV and LSS are known as critical activators for mitochondrial 

biogenesis regulators and enhancement of mitochondrial integrity, their combined effects 

has not known well yet. The purpose of the current study was to examine the effects of 

combined treatment of RSV and LSS on enhancing mitochondrial integrity in vascular 

endothelial cells.  

 

3.4 Materials and Methods 

 

Cell culture. Primary culture HUVECs were grown in M199 medium (Cellgro, 

Manassas, VA) supplemented with 20% fetal bovine serum (FBS), endothelial cell 

growth supplement (ECGS, Sigma, Saint Louis, MO), Heparine, Penicillin/Streptomycin, 

and Fungizone maintained at 37°C in a 5% CO2 atmosphere in 100 mm tissue culture 

dishes.  

Resveratrol and shear stress treatments. All experiments with HUVECs were 

conducted between passages 3-5. For some experiments, cells were treated with 

resveratrol (trans-3,4’,-5-trihydroxystilebene) at 20 µM concentration for indicated 



 
 

80 
 

duration, and its solvent control dimethyl sulfoxide (DMSO) was used for the control. 

For shear experiments, HUVEC, grown at 90-100% confluence, was replaced with shear 

media and exposed to the physiological levels of shear stress (5 to 20 dyne/cm2) for 12 to 

36 h using a cone and plate viscometer (0.5° cone angle), which was placed inside of a 

CO2 cell incubator. Shear media was M199 supplemented with 2% fetal bovine serum 

and the endothelial cell growth supplement. All shear experiments were conducted under 

sterile conditions. 

Cell morphological analysis. Morphological analysis in cultured HUVECs were 

performed by phase-contrast microscopy (Axiovert 40 CFL, Zeiss) after exposure to 

either 20 µM RSV, 20 dyne/cm2 LSS, or their combined treatment. 

Antibodies and Westernblotting. Immediately following LSS application, both the 

static and LSS culture dishes were harvested for protein analysis using methods 

previously described.6 Aliquots of cell lysate were separated by SDS-PAGE on 10% gels 

and transferred to PVDF membranes, which were blocked with 5% nonfat dry milk 

dissolved in Tris-Buffered saline and then incubated overnight with primary antibodies at 

4°C. Immunoreactive proteins were detected by chemiluminescence with Thermo 

Scientific SuperSignal (Pierce Biotechnology, IL). Primary antibodies included anti-

SIRT1 (Cell signling, Danvers, MA), anti-PGC-1α (NOVUS, Littleton, CO), anti-TFAM 

(NOVUS, Littleton, CO), anti-VDAC1/Porin (ABcam, Cambridge, MA), and  anti-α-

tubulin (Sigma, St Louis, MO). 

Statistical analysis. All results presented in the figures are expressed as the means 

± SE. Statistical analyses were performed using one-way ANOVA followed by LSD post 

hoc test, as appropriate. P < 0.05 was considered statistically significant.  



 
 

81 
 

 

3.5 Results 

 

Exercise mimic high-flow laminar shear stress increases mitochondrial content. 

To examine the effect of LSS on mitochondrial biogenesis, confluent monolayers 

of human endothelial cells were subjected to different levels of LSS (5-20 dyne/cm2) for 

12 h. The key regulator genes of mitochondrial biogenesis, PGC-1α and TFAM, were 

gradually increased by LSS in a magnitude-dependent manner (Figure 3.1A). 

Accordingly, mitochondrial content determined by abundance of mitochondrial outer 

membrane protein, porin (VDAC), was also gradually increased by LSS (Figure 3.1B). 

 

 
 

Figure 3.1. Effects of high-flow laminar shear stress on mitochondrial biogenesis in human 
endothelial cells. A: HUVECs were exposed to LSS at 5 to 20 dyne/cm2 for 12 h. 0 dyne/cm2 indicates 
static control. Cell lysates were analyzed by Western blotting using anti-PGC-1α and anti-TFAM 
antibodies. α-Tubulin was used as a loading control. B: mitochondrial content determined by abundance of 
porin. The bar graphs are results of densitometry analyses. Bar graphs in all panels are mean ± SEM from 3 
independent experiments. *p < 0.05 vs. static control.  
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Resveratrol and laminar shear stress increases SIRT1 expression.  

Both RSV and LSS treatments enhanced the level of SIRT1, which is the 

upstream gene of mitochondrial biogenesis factors. Combined treatment of RSV and LSS 

for 12 h has presented further effect on SIRT1 expression (Figure 3.2). 

 

 
Figure 3.2. Effects of resveratrol and laminar shear stress on SIRT1 expression. HUVECs were 
exposed to either 20 µM RSV, 20 dyne/cm2 LSS, or their combined treatment for 12 h. Cell lysates were 
analyzed by Western blotting using anti-SIRT1 antibody. α-Tubulin was used as a loading control. The bar 
graphs are the result of densitometry analysis. Bar graphs in the panel are mean ± SEM from 3 independent 
experiments. *p < 0.05 vs. static control. CON, static control; RSV, resveratrol; LSS, laminar shear stress 
 

 

Laminar shear stress induces morphological change of endothelial cells. 

In static states, HUVECs had cobble stone-shape morphology, which is a typical 

characteristic of human vascular endothelial cells. RSV treatment did not affect 

morphological change of HUVECs. However, morphologies of HUVECs presented an 

elongation shape following the flow-directions after exposure to high-flow LSS and 

combination of RSV and LSS treatment (Figure 3.3). 
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Figure 3.3. Morphological changes of HUVECs after resveratrol and laminar shear stress treatments. 
Phase-contrast images of HUVECs exposed to either 20 µM RSV, 20 dyne/cm2 LSS, or their combined 
treatment for 12 h. Arrow indicates the direction of shear flow. Scale bars indicate 100 µm. CON, static 
control; RSV, resveratrol; LSS, laminar shear stress 
 

 

Combined treatment of resveratrol and laminar shear stress has no synergistic 

effect on the increase of mitochondrial content.  

To examine the effect of combined treatment of RSV and LSS on SIRT1, its 

downstream mitochondrial biogenesis regulators and mitochondrial biogenesis, confluent 

monolayers of HUVECs were subjected to 20 µM RSV, 20 dyne/cm2 LSS, and 

combination of RSV and LSS for 12 h to 36 h. SIRT1 and the key regulator genes of 

mitochondrial biogenesis, PGC-1α and TFAM, were significantly increased in all 

conditions of RSV, LSS, and the combination (Figure 3.4A). HUVECs exposed to 

prolonged LSS conditions, which were determined as exercise-mimic 20 dyne/cm2 LSS 

for 12 h followed by recovery-mimic 5 dyne/cm2 LSS for further 24 h, had no synergistic 

effects of combined treatment of RSV and LSS on the levels of mitochondrial biogenesis 
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regulators (Figure 3.4B). Accordingly, level of mitochondrial content has not shown 

significant difference between solitary treatment of LSS and combined treatment of RSV 

and LSS (Figure 3.4C). 

 

 

Figure 3.4. No synergistic effects of combined treatment of resveratrol and laminar shear stress on 
mitochondrial biogenesis in human endothelial cells. A-B: HUVECs were exposed to 20 dyne/cm2 LSS 
or combination of 20 µM RSV and LSS for 36 h. Cell lysates were analyzed by Western blotting using 
anti-SIRT1, anti-PGC-1α and anti-TFAM antibodies. α-Tubulin was used as a loading control. C: 
mitochondrial content determined by abundance of porin. The bar graphs are results of densitometry 
analyses. Bar graphs in all panels are mean ± SEM from 3 independent experiments. **p < 0.01 vs. static 
control.  
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3.6 Discussion 

 

In numerous studies, it has shown that the RSV treatment induces mitochondrial 

biogenesis in vascular endothelial cells158 and has beneficial effects on endothelial 

protection94. Physiological level of high-flow LSS is also known to induce mitochondrial 

biogenesis26, modulate endothelial activation19 and attenuate apoptosis20. However, in 

spite of their beneficial effect, combined effects of RSV and high-flow LSS on vascular 

endothelial cells are not known well. Recently, in an in vivo study, the concomitant 

supplementation of RSV to exercise training has shown to blunt the positive effects of 

exercise training on cardiovascular functions in aged men213. However, results of the 

study are still very controversial and combined effects of RSV and LSS on endothelial 

function are still obscure214. The present study provides the additional information about 

the effects of concomitant treatment of RSV and LSS on this uncertainty. 

The major findings of the present study were that both RSV treatment and high-

flow LSS application in cultured endothelial cells increase the levels of mitochondrial 

biogenesis regulator expressions and mitochondrial contents, however, concomitant 

supplementation of RSV combined with LSS has no synergistic effect on enhancing 

mitochondrial integrity compared to solitary application of LSS.  

In a recent study mentioned above, concomitant supplementation of RSV to 

exercise training had no change on SIRT1 expression213. We demonstrated in the present 

study that SIRT1 expression was significantly increased by both treatments of RSV and 

LSS in vascular endothelial cells. However, combined treatment of RSV and LSS had no 
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synergistic effect compared to LSS on the expression level of SIRT1 in prolonged 

duration of treatments, although it was increased more efficiently in 12-h treatment.  

SIRT1 is known as a master regulator of stress response and energy response 

mediating PGC-1α, a mitochondrial biogenesis factor26. Treatment of human vascular 

endothelial cells with RSV, a SIRT1 activator, increased mitochondrial mass and PGC-1α 

expression158 and inhibition of SIRT1 in rat arteries attenuated vasodilation function154. 

We also demonstrated that cultured human endothelial cells exposed to RSV increased 

SIRT1 and SIRT1-regulated gene expressions, such as PGC-1α and TFAM. 

Mitochondrial content, which was determined by VDAC expression, was also increased 

according to the enhanced levels of mitochondrial biogenesis factors. However, 

interestingly, synergistic effect from concomitant treatment of RSV and LSS was not 

observed in the expression levels of SIRT1 and mitochondrial biogenesis regulators 

compared to LSS. Also, further increase of mitochondrial integrity in the combined 

treatment was not observed compared.  

Consistent exposure of endothelial cells to physiological and elevated flow of LSS 

induces polygonal shape of endothelial cell morphology to be elongated following flow 

direction 54. We also demonstrated in the present study that the consistent exposure of 

endothelial cells to the high-flow LSS transformed their morphologies from cobble-stone 

shape, which is a typical morphology of endothelial cells in static state, into fusiform 

following the flow direction. In cell morphologies, combined treatment of RSV and LSS 

have not shown distinguishable changes compared to LSS. 

Collectively, these data demonstrate a critical role of LSS and an effect of RSV on 

enhancing endothelial mitochondrial integrity, which has critical roles on preserving 
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endothelial homeostasis. However, concomitant treatment of RSV with high-flow LSS, 

which is systemically elevated during aerobic exercise in the vessel wall, does not have 

further effect on mitochondrial biogenesis compared to LSS alone. 
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CONCLUSION 

 

First of all, this study showed that the aerobic exercise-induced increased laminar 

shear stress enhances mitochondrial content by SIRT1 activation and consequent 

induction of its downstream genes in endothelial cells. Secondly, this study showed that 

the exercise-induced laminar shear stress mitigates endothelial activation determined by 

endothelial microparticles via SIRT1 and mitochondrial biogenesis-dependent 

mechanisms. There was no additive effect of combined treatment of laminar shear stress 

and resveratrol, the mechanical and pharmacological SIRT1 activators, respectively, on 

mitochondrial biogenesis in vascular endothelial cells. Lastly, this study showed that the 

laminar shear stress alleviates oxidative stress-induced premature endothelial senescence 

and endothelial dysfunction in SIRT1-dependent mechanism. Furthermore, the role of 

shear stress on the prevention of vascular senescence was observed using in vivo carotid 

partial ligation models in which increased disturbed flow induces vascular senescence, 

while laminar flow maintains vascular homeostasis. 

In conclusion, this study suggests that the aerobic exercise-induced laminar shear 

stress has protective effects against endothelial activation and further development of 

premature senescence partly by SIRT1-dependent mechanisms in vascular endothelial 

cells. 
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