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ABSTRACT 

Chapter 1: Molecular Mechanism of Mitochondrial Fragmentation and Glucose 

Metabolism under Disturbed Flow in Endothelial Cells: Focus on the Role of 

Dynamin-Related Protein 1. 

The luminal surface of the endothelium is continually exposed to dynamic blood 

flow patterns that is known to alter immunometabolic phenotypes of the endothelial cells 

(ECs). Recent literature reported that inhibition of the metabolic reprogramming to 

glycolysis or enhancement of oxidative phosphorylation (OXPHOS) is considered as an 

effective strategy to prevent EC proinflammatory activation and eventually the 

progression of vascular diseases. Endothelial mitochondria are highly dynamic organelles 

playing versatile roles in maintaining endothelial cell homeostasis working as 

bioenergetic, biosynthetic, and signaling organelles. The balance between fusion and 

fission processes modulates mitochondrial network, which is essential for maintaining 

mitochondrial homeostasis. Disruption of the orchestrated balance, especially toward 

excessive fission resulting in fragmented and dysfunctional mitochondria, has been 

shown to be associated with atheroprone phenotypes of ECs. However, there is a key 

knowledge gap with respect to morphology of EC mitochondria under different flow 

conditions and its role on EC immunometabolic phenotypes. 

In chapter 1, the purpose of this study was to investigate the effect of different 

flow patterns on mitochondrial morphology in ECs and its implication in 

immunometabolic endothelial phenotype. The overarching hypothesis of the Chapter 1 

was that disturbed flow (DF) will increase mitochondrial fragmentation, which will 

facilitate glycolysis and inflammatory activation in ECs. 
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In the study, mitochondrial morphology was analyzed in ECs at multiple 

segments of the aorta and arteries in EC-specific photo-activatable mitochondria (EC-

PhAM) mice. Increased mitochondrial fragmentation was observed at atheroprone 

regions (e.g., lesser curvature of the aortic arch, LC) with increased dynamin-related 

protein 1 (Drp1) activity, compared with the atheroprotective regions (e.g., thoracic aorta, 

TA). The atheroprone regions also showed a higher level of endothelial activation and 

glycolysis. Carotid artery partial ligation surgery, as a surgical model of DF, significantly 

induced mitochondrial fragmentation with elevated Drp1 activity and increased EC 

activation. in vitro experiments recapitulated in vivo observations. Inhibition of Drp1 

activity by mdivi-1 attenuated the DF-induced atheroprone EC phenotypes, showing the 

close relationship between mitochondrial morphology and atheroprone phenotypes of 

ECs. As for the molecular mechanism, hypoxia-inducible factor 1 α (HIF-1α) 

stabilization and its nuclear translocation was significantly increased under DF, which 

was attenuated by mdivi-1 treatment. Mitochondrial reactive oxygen species (mtROS) 

and succinate, which are known to reduce prolyl hydroxylase domain 2 (PHD2) activity 

thereby increasing HIF-1α stabilization, were significantly elevated under DF, but those 

were attenuated by mdivi-1 treatment. Finally, a 7-week voluntary wheel-running 

exercise training significantly decreased mitochondrial fragmentation with a down-

regulation of VCAM-1 expression at the LC. In conclusion, our data suggest that DF 

induces mitochondrial fragmentation with increased Drp1 activity, which is associated 

with an atheroprone EC phenotype. In addition, regular practice of aerobic exercise 

reduces mitochondrial fragmentation and prevents ECs from an atheroprone endothelial 

phenotype at the atheroprone regions. 
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Chapter 2: Molecular Mechanisms for Unidirectional Flow (UF)/Exercise-

Induced improvement of Mitochondrial Integrity: Focus on phosphatase and tensin 

homolog (PTEN)-induced putative kinase 1 (PINK1) /PARKIN-Dependent 

Mitochondrial Autophagy (Mitophagy) 

Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1) is an 

essential molecule in the mitophagy process and known to act as a cytoprotective protein 

involved in several cellular mechanisms in mammalian cells. It has been documented that 

the loss of PINK1 expression in mice and various cell types enhance susceptibility to 

stress-induced cell damage, while the overexpression of PINK1 significantly attenuates 

stress-induced mitochondrial and cellular dysfunction. 

In chapter 2, the purpose of this study was to investigate PINK1 expression and 

its subcellular localization under an exercise-mimic laminar shear stress (LSS) condition 

in human primary endothelial cells and in exercizing mice, and its implications on 

endothelial homeostasis and cardiovascular disease (CVD) prevention. The overarching 

hypothesis of the Chapter 2 was that unidirectional flow (UF) will increase cytosolic 

PINK1 expression through which UF-preconditioned ECs will be more protective against 

an accumulation of dysfunctional mitochondria via a greater mitophagy induction.  

In this study, we measured the full-length PINK1 (FL-PINK1) mRNA and protein 

expression levels in ECs under unidirectional laminar shear stress (LSS). LSS 

significantly elevated both FL-PINK1 mRNA and protein expressions in ECs. 

Mitochondrial fractionation assays showed a decrease in FL-PINK1 accumulation in the 

mitochondria with an increase in the cytosolic FL-PINK1 level under LSS. Confocal 

microscopic analysis confirmed these subcellular localization patterns suggesting 
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downregulation of mitophagy induction. Indeed, mitophagy flux was decreased under 

LSS, determined by a mtKeima probe. Mitochondrial morphometric analysis and 

mitochondrial membrane potential determined by tetraethylbenzimidazolylcarbocyanine 

iodide (JC-1) showed mitochondrial elongation and increased mitochondrial membrane 

potential under LSS respectively, suggesting that an elevation of cytosolic PINK1 is not 

related to an immediate induction of mitophagy. However, increased cytosolic PINK1 

elevated mitophagic sensitivity toward dysfunctional mitochondria in pathological 

conditions. Preconditioned ECs with LSS showed lower mtDNA lesions under 

angiotensin II stimulation. Moreover, LSS-preconditioned ECs showed rapid Parkin 

recruitment and mitophagy induction in response to mitochondrial toxin (i.e., carbonyl 

cyanide chlorophenylhydrazone, CCCP) treatment compared to the control. We measured 

PINK1 expression at ECs of the thoracic aorta in exercised mice, a physiological LSS-

enhanced model, which was significantly elevated compared to sedentary animals. In 

addition, exercise-preconditioned mice were more protective to angiotensin II-induced 

mtDNA lesion formation in the mouse abdominal aorta than sedentary mice, suggesting a 

potential protective mechanism of exercise in a PINK1-dependent manner. In conclusion, 

LSS increases a cytosolic pool of FL-PINK1, which may elevate the mitophagic 

sensitivity toward dysfunctional mitochondria or activate other cytoprotective 

mechanisms in ECs. Our data suggest that exercise may support mitochondrial 

homeostasis in vascular ECs by enhancing PINK1-dependent cell protection mechanisms.  
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CHAPTER 1. 

MOLECULAR MECHANISM OF MITOCHONDRIAL FRAGMENTATION AND 

GLUCOSE METABOLISM UNDER DISTURBED FLOW IN ENDOTHELIAL 

CELLS: FOCUS ON THE ROLE OF DYNAMIN-RELATED PROTEIN 1 
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1. ABSTRACT 

 

Endothelial mitochondria are highly dynamic organelles playing versatile roles in 

maintaining endothelial cell (EC) homeostasis working as bioenergetic, biosynthetic, and 

signaling organelles. The balance between fusion and fission process modulates 

mitochondrial morphology, depending on the state of the cell. Disruption of the 

orchestrated balance, especially toward excessive fission resulting in fragmented and 

dysfunctional mitochondria, has been shown to be associated with disease-like phenotype 

in ECs. However, there is a key knowledge gap with respect to the role of morphological 

change of mitochondria under different fluid shear stress on EC's metabolism and EC 

activation.   

PURPOSE: To investigate the effect of different flow patterns on mitochondrial 

morphology and its implications in EC phenotypes.  

METHODS & RESULTS: Mitochondrial morphology was analyzed at multiple 

segments of aorta and arteries in EC-specific photo-activatable mitochondria mice (EC-

PhAM). Increased mitochondrial fission was observed at atheroprone regions (i.e., lesser 

curvature (LC) and carotid artery bifurcation (BC)) with decreased phosphorylation of 

dynamin-related protein 1 (Drp1) at Ser637 (Drp1 inhibition site) as well as total-Drp1 

expression implying enhanced Drp1 activity when compared with the atheroprotective 

region (i.e., thoracic aorta (TA)). In line with previous studies, the atheroprone regions 

also showed higher levels of endothelial activation and glycolytic enzymes with an 

elevation of Drp1 activity. Partially ligated carotid artery, a surgical model to generate 

artificial disturbed flow (DF) in vivo, significantly induced mitochondrial fragmentation 

with elevated Drp1 activity and increased vascular cell adhesion molecule 1 (VCAM-1) 
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compared to the intact carotid artery confirming that DF induces mitochondrial 

fragmentation, which is associated with EC activation. Similarly, in vitro experiments 

recapitulated in vivo observations showing that DF induced mitochondrial fragmentation 

along with decreased p-Drp1Ser637 compared to EC applied to unidirectional flow (UF). 

Elongated mitochondria under UF changed its morphology to fragmented shape when the 

flow was switched to DF. In addition, DF enhanced glucose uptake and mitochondrial 

ROS (mtROS) production but decreased fatty acid uptake compared to UF in ECs. 

Inhibition of Drp1 activity by mdivi-1 decreased DF-induced phenotypes. As for the 

molecular mechanism, nuclear translocation of hypoxia-inducible factor 1 α (HIF-1α), an 

inducer of glycolysis, was significantly increased at atheroprone region compared to 

atheroprotective region in vivo and artificially generated DF by carotid artery partial 

ligation induced nuclear translocation of HIF-1α. In vitro studies also showed that DF 

increased HIF-1α stabilization and its nuclear translocation, which was attenuated by 

mdivi-1 treatment. Finally, a 7-week voluntary wheel-running exercise training, a UF-

enhancing intervention model, significantly decreased mitochondrial fragmentation with 

downregulation of VCAM-1 expression at the LC compared to sedentary animals.  

CONCLUSION: DF induces mitochondrial fragmentation in ECs, which seems to 

facilitate glycolysis and EC activation. In addition, our data indicate that long-term 

exercise in mice decreased the area of endothelium covered by fragmented mitochondria 

concomitant with a down-regulation of VCAM-1 expression, suggesting exercise as a 

potent intervention for the prevention of EC activation and eventually atherosclerosis 

development.    
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2. LITERATURE REVIEW 

 

2.1. Endothelium, Shear Stress and Endothelial Phenotype 

 

2.1.1. Endothelium and vascular homeostasis 

  The endothelium is an inner-most layer of blood vessels, which consist of 

approximately 1 x 1013 endothelial cells (about 1 kg of weight) in adult 1. Until recently, 

endothelium was regarded as just an inert physical barrier between the blood circulation 

and vessel walls. However, a number of recent studies have demonstrated that 

endothelium plays versatile roles in vascular homeostasis as described below 1. 

 

• Adhesion molecule expression for host defense and inflammation – 

Endothelial cells (ECs) interact with immune cells and platelets by an activation 

process. ECs is activated by an array of agonists and environmental challenges, 

enhancing pro-inflammatory gene expressions, such as E-selectin (CD62E), P-

selectin (CD34P), Intercellular adhesion molecule-1 (ICAM-1/CD54) and 

vascular cell adhesion molecule (VCAM-1/CD106). Those adhesion molecules 

are expressed on the surface of ECs when activated (ICAM-2 is constitutively 

expressed during resting states). Leukocyte function associated antigen-1 (LFA-1) 

and Integrin alpha M (Mac-1) are expressed on the surface of immune cells, such 

as monocytes/macrophages, which binds to ICAM-1 and VCAM on the EC 

surface resulting in immune cell migration 2.  

• Regulation of permeability – ECs are located at the strategic place between the 

blood circulation and tissues and are known to control the extravasation of fluids 

and macromolecular constituents. The number and organization of adherents 

junctions (AJs) and tight junctions between adjacent ECs are involved in the 

regulation of permeability in the vasculature 3. Vascular endothelial-cadherin 
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(VE-Cadherin) is an important adhesion junctional protein, which binds to other 

junctional proteins, such as p120, α-catenin, β-catenin that regulates cytoskeletons 

and focal gap formation between ECs 3,4.    

• Mechanotransduction – Endothelium is located at the innermost layer of blood 

vessels, physically contacting the flow of the blood in the circulation. The blood 

flow exerts the frictional forces on the endothelium, where ECs can sense the 

mechanical forces by numerous mechanosensors expressed on the surface of ECs, 

such as Caveoli, G-protein, ion channels, and integrins etc., transducing the 

mechanical stimuli into biochemical signals, thereby resulting in adaptive 

responses 5.   

• Angiogenesis – ECs play a critical role in angiogenesis, which is vessel-sprouting 

from existing vessels mainly mediated by vascular endothelial growth factor 

(VEGF) 1. VEGF stimulates ECs to become a migrating tip cells and proliferative 

stalk cells, which form a vascular sprout 6.  

• Substances secretion for vasodilation– ECs is highly active tissues secreting a 

number of molecules for vascular homeostasis. Nitric oxide (NO) is the most 

important factor for EC homeostasis 1. NO is generated by enzymatic activity of 

endothelial nitric oxide synthase (eNOS, NOS3) from its precursor form L-

arginine. Once generated, NO diffuses into smooth muscle cells and results in 

smooth muscle relaxation 7.  

Although only a simple monolayer, the vascular endothelium actively responds to 

physical and chemical signals and is best viewed as a multifunctional organ working for 

vascular homeostasis. Therefore, it is not surprising that dysfunction of ECs elicits a wide 
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range of vascular defects, leading to the development of cardiovascular diseases (CVDs) 

1. 

 

 

2.1.2. Endothelial cell dysfunction and cardiovascular disease (CVD) 

CVDs is a leading cause of death in developed countries including the US, and 

the annual cost for the CVD treatment was $351.2 billion in 2014-2015 in the US 8,9. 

Endothelium plays a lot of regulatory roles in the vasculature, such that abnormality of 

vascular endothelium leads to an increase in the risk of CVDs development 10. Previous 

literatures have documented the close association between EC dysfunction and CVDs. 

Yeboah et al. (2009) showed that forearm flow-mediated vasodilation (FMD) value, 

which is one of the most widely used tests for measuring endothelial function, is an 

independent predictor for CVD risk and cardiovascular events, such as heart failure, 

stroke, myocardial infarction, in a population-based study named Multiple Ethnic Study 

of Atherosclerosis (MESA). In addition, compared to use Framingham risk score alone to 

predict CVD risk, utilizing measured FMD value with Framingham risk score is more 

accurate to reclassified the CVD risk prediction 11. In addition, Vita et al. (1990) reported 

the correlation between the number of coronary disease risk factors and acetylcholine 

(Ach)-induced vasodilation (endothelial cell-dependent vasodilation) 12. Halcox et al., 

(2002) reported that epicardial and microvascular coronary endothelial dysfunctions 

independently predict cardiovascular events, such as cardiovascular death, myocardial 

infarction, stroke, and unstable angina, in patients with and without coronary 

atherosclerosis 13. Indeed, it has been demonstrated that experimental endothelial damage 
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by balloon catheter denudation of the intima leads to atherosclerotic plaque formation 

14,15.  

 

2.1.3. Atherosclerosis development and endothelial dysfunction  

Atherosclerosis is a progressive disease which develops over the course of 50 

years with the beginning in the early teenage age 16,17. Atherosclerosis is characterized by 

the accumulation of low-density lipoprotein (LDL) and lipid-laden macrophage called 

foam cells present with activated smooth muscle cells (SMCs) showing a high level of 

inflammation 16, which forms fatty streaks, “the first grossly visible lesion in the 

development of atherosclerosis” 17. In humans, the fatty streak lesions can be observed in 

the aorta, the coronary arteries, and the cerebral arteries in the first, the second, and the 

third~forth decades of life respectively 16.  

 

Figure 1. Atherosclerosis plaque formation 18 

 

Atherosclerotic plaque formation is determined by both systemic atherogenic risk 

factors, such as age, family history, hypercholesterolemia, diabetes mellitus, hypertension, 
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obesity, physical inactivity, smoking, etc., and the local arterial microenvironment 

including hemodynamics of blood, especially the presence of disturbed, oscillatory blood 

flow 18. Endothelial activation by the local risk factors under the presence of the systemic 

risk factors has been known to facilitate the atherogenic plaque formation (Figure 1).  

 

 

2.1.4. Shear stress  

 

Endothelium is the inner-most layer of blood vessel, and the endothelial surface is 

constantly exposed to mechanical forces, such as shear stress that is a mechanical force 

exerted on the endothelial layer acting parallel to the vascular wall, and circumferential 

(cyclic) stretch and hydrostatic pressure acting perpendicular to the vessel wall 19. Shear 

stress is generated by a tangential blood flow that exerts on the EC surface, which is 

defined as the force per unit area. The magnitude of shear stress is altered by numerous 

factors in the blood and vasculature 19. The magnitude is estimated by Poiseuille’s law, 

which explains that shear stress (τ) is proportional to blood flow (Q) and blood flow 

viscosity (µ), and inversely proportional to the third power of the internal radius (R) 20,21.  

 Poiseuille’s law 21. 

The range of shear stress magnitude varies depending on the location of 

vasculature showing from 1 to 6 dyne/cm2 in the venous system and from 10 to 70 

dyne/cm2 in the arterial system. On the contrary, shear stress ranges from -4 to 4 

dyne/cm2 in atherosclerosis-prone regions, such as lesser curvature of aortic arch (LC), 

outer curvature of carotid bifurcation etc. 21 (Figure 2). During exercise condition, the 
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magnitude of wall shear stress is increased to levels ranging from 15 to 30 dynes/cm2 in 

human arteries 22. 

To better understand the effect of shear stress on ECs, in vitro flow systems have 

been developed and widely used to study EC-responses to shear stress. Cone & Plate 

flow system utilizes the rotation of a cone on the surface of a culture dish which 

generates the flow of culture media in the gap between the cone and cultured ECs 23,24. 

Parallel plate flow system utilizes a pressure difference between each opening of a 

chamber slide achieved by a pump generating uniform laminar flow on the cell surface 

25,26.    

 
Figure 2. Poiseuille’s law and the magnitude of shear stress in the arterial 

and venous system 21 

 

2.1.5. Different pattern of shear stress (Laminar vs Disturbed) on endothelial cells 

 

Accumulating evidence has shown that unidirectional laminar flow (UF), which is 

present on the most of surface of ECs, has been known to induce atheroprotective and 

quiescent EC phenotype. In contrast, oscillatory disturbed flow (DF), which is generated 

by the innate structure of vasculature, has been observed at the specific sites, such as 

lesser curvature (LC) of aortic arch, outer curvature of carotid bifurcation etc., which 
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areas tend to be susceptible to endothelial cell activation displaying atheroprone and 

thrombogenic phenotype 18,27. Malek et al. (1999) showed the distinct difference of 

endothelial phenotype under UF and DF as described below 21 (Table 1).  

 

Table 1. Endothelial phenotypes under UF vs. DF 

 Unidirectional flow Disturbed flow 

1) Secretion 
Vasodilators (NO, bradykinin, 

prostacyclin etc.) 

Vasoconstrictors 

(ET-1 etc.) 

2) Adhesion 

molecules Low High (VCAM, ICAM-1, P-

selectin, E-selectin) 

3) Inflammatory 

signal Low 
High 

(MCP-1, interleukins etc.) 

4) Permeability Low High 

5) Platelet 

aggregation & 

adhesion 
Low High 

6) Leukocyte 

adhesion Low High 

7) Smooth muscle 

proliferation and 

migration 
Low High 

8) ROS production Low High 

9) EC morphology Elongated Cobble-stone shape 

10) EC turnover Low High 

 

 

Atherosclerotic plaque formation have been observed at the specific sites where 

endothelium is chronically exposed to disturbed flow, such as the outer curvature of 

vascular bifurcations (including the carotid, coronary, renal, iliac artery) and lesser 

curvature of aortic arch (Figure 3) 18,21.  
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Figure 3. The area susceptible to atherosclerotic plaques development 18 

 

2.2. Exercise and endothelial function 

 

2.2.1. Exercise and shear stress 

 

A large body of evidence indicates that exercise elevates endothelial function 28,29 

and prevent from the progression to vascular diseases 30-36. Among the factors present in 

the circulation, unidirectional laminar flow (UF) and resultant laminar shear stress (LSS) 

are the factor that links exercise and its beneficial effects on EC. LSS is well-known to 

induce salutary effects on endothelium, such as 1) vasodilation by nitric oxide (NO) 

production, 2) inhibition of leukocyte adhesion, 3) less intracellular ROS production, 4) 

less thrombogenic, more fibrinolysis, 5) less permeability, 6) less inflammatory signals 

(such as MCP1, interleukins), 7) less platelet adhesion and aggregation, while DF leads to 

exact opposite effects on EC phenotype resulting in EC activation 21. 
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Exercise is known to elevate magnitude of shear stress in the circulation which is 

achieved by enhanced cardiac output (CO) owing to an elevation of heart rate (HR) by 

activated sympathetic nerve outflow and stroke volume (SV) by an increase of venous 

return (preload, explained by Frank-Staling Law) and heart muscle contractility 37. A 

number of studies conducted by Taylor’s group have shown hemodynamic changes 

during exercise using a customized magnetic resonance (MR)-compatible stationary 

cycle and cine phase/contrast magnetic resonance imaging (cine PCMRI) 22,38-44. They 

have reported that the bicycle exercise induces elevation of shear stress magnitude 

(dyne/cm2) and blood flow (L/min) in the abdominal aorta, especially the supraceliac and 

infrarenal regions regardless of gender or age. Further, blood flow rate was also increased 

in pulmonary arteries (Pulmonary trunk, left and right pulmonary arteries) and inferior 

vena cava (IVC) in response to exercise, but not in superior vena cava (SVC) in young 

healthy subjects aged 10-14 years old 39. In addition, Schlager et al. (2011) showed that 

exercise (30 toe-raises) significantly elevated peak wall shear stress determined by a 

duplex ultrasound at the arteries in the femoro-popliteal area in healthy subjects (25.4 ± 

3.4 years old) 45. Dela et al. (2003) also reported an elevation of the blood flow at the 

femoral artery after high intensity cycling exercise for 15 min 30. Moreover, Pederson et 

al. (2009) demonstrated using a MRI that lower-limb exercise (0.5 and 1.0 Wkg-1) 

elevates blood flow at ascending and descending aorta during exercise in both healthy 

subjects and in patients with aortic arch obstruction and a bypass tube 46. Hjortda et al. 

(2003) showed using a MRI that lower-limb exercise at spine position (0.5 and 1.0 Wkg-

1) increased blood flow at aorta and inferior vena cava (IVC) 47. These findings indicate 
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that exercise increases blood flow rate and wall shear stress magnitude in most of the 

circulatory system.  

Another beneficial effect of exercise on hemodynamic characteristics in the 

vasculature is that exercise successfully eliminates atheroprone oscillatory flow patterns 

present during a resting condition 22,38-41,43,44. Indeed, Suh et al. 43 reported that exercise 

slows the progression of abdominal aortic aneurysm (AAA) via enhanced wall shear 

stress and reduced oscillation of blood flow in the abdominal aorta.  

Collectively, exercise elevates the blood flow rate and shear stress magnitude in 

the arterial as well as the venous system, and efficiently eliminate blood oscillation in the 

circulation, rendering EC more quiescent and protective against the development of 

CVDs (Figure 4 and table 2).  

 

 
Figure 4. Mean wall shear stress and oscillatory shear index (OSI) in 

abdominal aorta under resting or exercise condition 22 
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Table 2. Exercise upregulates LSS and eliminates oscillatory shear stress (OSS) in the circulation. 

Author/Year subject N Intervention Measurement Result 

Taylor et al., 

1999 41 

N/A N/A Resting, light & 

moderate 

exercise 

A three-dimensional 

computer model 

Increased flow rate and 

intensity of LSS at abdominal 

aorta (AA) along with reduced 

oscillatory shear index at AA 

during exercise.  

Cheng et al., 

2003 38 

Physically 

active subjects 

aged 50-70 

(57.19 ± 3.4) 

8 Resting, light 

(35-59% of 

maximum heart 

rate) to 

moderate 

exercise (60 -

80% of 

maximum heart 

rate) using a 

custom magnetic 

resonance (MR)-

compatible 

stationary cycle 

in the GE 0.5T 

international 

MRI 

A custom magnetic 

resonance compatible 

exercise cycle in the 

General Electric 0.5-

Tesla interventional 

magnetic resonance 

imaging (MRI) 

apparatus and the 

cine phase contrast 

images (PC-MRI) 

Increased flow rate and shear 

stress intensity in supraceliac 

and infrarenal areas of AA with 

reduced OSI value at those 

areas during exercise 

condition.  

Tang et al., 

2006 22 

Young healthy 

adults (2W, 3M, 

aged 20-30) 

5 Resting and 

exercise 

condition (50% 

of maximum 

HR) 

PC-MRI Elevated blood flow and shear 

stress magnitude during 

exercise condition at AA 

Cheng et al., 

2004 39 

Young healthy 

subjects aged 

10-14 

10 Resting and 

exercise 

condition (150% 

of resting HR) 

PC-MRI Increased blood flow at 

proximal pulmonary arteries 

with reduced reverse flow 

index 

Pedersen et 

al., 2010 46 

Patients with 

aortic arch 

obstruction and 

a bypass tube 

and healthy 

controls 

14 (7 

Patients 

and 7 

healthy 

control) 

Resting and leg 

exercise (0.5 W 

kg-1 and 1.0 W 

kg-1) 

MRI Elevated blood flow at 

ascending and descending aorta 

during exercise in both groups 

Dela et al., 

2003 30 

Healthy subjects 6 Resting and 

15min low 

intensity 

followed by 15 

min high 

intensity cycling 

Teflon catheters 

inserted in the 

femoral artery and 

vein for blood flow 

measurement 

Elevated leg blood flow  

Cheng et al., 

2003 40 

Healthy subjects 11 Resting and 

exercise 

condition (150% 

of resting HR) 

PC-MRI Elevated blood flow and shear 

stress intensity with reduced 

blood flow oscillation at AA 
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Hjortdal et 

al., 2003 47 

Patients with 

total 

cavopulmonary 

connection 

(TCPC) (aged 

12.4 ± 4.6) 

11 Supine lower-

limb exercise 

(rest, 0.5 and 1.0 

W/kg) on an 

ergometer 

bicycle 

MRI with a Philips 

NT 1.5 Tesla whole-

body 

scanner 

Elevated blood flow at aorta 

and inferior vena cava (IVC) 

Suh et al., 

2011 43 

Subjects with 

known small 

abdominal 

aortic aneurysm 

(AAA).  

10 Resting and 

seated mild low-

limb exercise 

(60-70% of 

seating HR) 

One-component cine 

phase contrast 

sequence (PC-MRI) 

in a 0.5 T scanner 

Increased blood flow and shear 

stress with reduced OSI index 

during exercise  

Schlager et 

al., 2011 45 

Healthy subjects 

(25.4 ± 3.4 

years) 

46 Resting and 

exercise (30 toe 

raises) 

Duplex ultrasound Elevated peak wall shear stress 

at femoro-popliteal area.  

*MRI, magnetic resonance imaging; PC-MRI, phase contrast magnetic resonance imaging; HR, Heart rate.  
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2.2.2. Exercise/Laminar shear stress on angiotensin II (Ang II) signaling in endothelial 

cells 

 The renin-angiotensin system (RAS) is a well-known hormonal system involved 

in blood pressure control. In this system, angiotensin I (Ang I) is converted to angiotensin 

II by an enzymatic reaction catalyzed by endothelium-bound angiotensin converting 

enzyme (ACE), where angiotensin II (Ang II) serves as a main effector of the RAS 

system 48. In ECs, Ang II is known to increase cell apoptosis via reactive oxygen species 

(ROS) production and elevates nicotinamide adenine dinucleotide phosphate oxidase 

(NADPH oxidase, Nox) activity via its receptor, angiotensin type 1 receptor (AT1R) 49. 

Therefore, ACE inhibitors and Ang II receptor blockers (ARBs) treatments have shown 

to be clinically beneficial in reduction of cardiovascular disease incidence 49. In addition, 

Ang II is known to induce EC activation via AT1R. For example, losartan, ARB, 

abolished Ang II-induced proinflammatory phenotype in HUVECs 50. AT1R expression 

during exercise condition has not been reported yet. However, Ramkhelawon et al., 

(2009) demonstrated that laminar shear stress (15 dyne/cm2) for 6-24 hrs significantly 

reduced mRNA and protein expression of AT1R in HUVECs 50, implying a reduction of 

AT1R expression and Ang II signaling in ECs under exercise condition in that exercise is 

associated with an elevation of laminar shear stress 22,38,41,43,44.  

 

 

2.2.3. Endothelium and nitric oxide (NO)  

Nitric oxide (NO) is a heterodiatomic gas generated in ECs. NO is known to play 

beneficial roles on the endothelial and vascular homeostasis. Furchgott and Zawadzki 

(1980) firstly found the presence of endothelium-derived smooth muscle relaxation factor 
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in the experiment with EC denudation. The factor was called endothelium-derived 

relaxation factor (EDRF) 51. Few years later, Palmer et al. (1987) identified and 

confirmed that the EDRF is NO 7. 

 In physiological condition with intact NO bioavailability, NO is known to inhibit 

platelet adhesion and aggregation, reduce immune cells adhesion and infiltration, 

attenuate smooth muscle cells migration and proliferation which are a key aspect of 

neointima formation and atherosclerosis development, and decrease low-density 

lipoprotein (LDL) oxidation 1,52.  

In ECs, NO is generated by endothelial nitric oxide synthase 3 (eNOS) which 

catalyzes the production of NO from L-arginine in response to an array of agonists, such 

as acetylcholine (Ach), Bradykinin, shear stress etc. Synthesized NO diffuses into smooth 

muscle cells and activates guanylate cyclase (GC), which converts guanosine 

triphosphate (GTP) to cyclic guanosine monophosphate (cGMP) in smooth muscle cells 

(SMCs) 52. In SMCs, cGMP induces relaxation by three mechanisms: 1) cGMP inhibits 

calcium entry in SMC, which relaxes SMC, 2) cGMP activates potassium channels in 

SMC, which hyperpolarizes and relaxes SMC, 3) cGMP activates cGMP-dependent 

protein kinase (PKG), which activates myosin-light chain phosphatase that 

dephosphorylates myosin light chain resulting in SMC relaxation 52.  

In pathological conditions, dysfunctional ECs, manifested as decreased 

vasodilation with reduced NO bioavailability, lead to diverse types of vascular diseases. 

Considering the protective role of NO, decreased NO bioavailability due to EC 

dysfunction increases platelet adhesion, platelet aggregation, leukocyte adhesion and 
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infiltration, smooth muscle cell migration and proliferation, and vasoconstriction, which 

are the early features of cardiovascular diseases, such as atherosclerosis 15,53-55. 

 

2.2.4. Exercise / shear stress on endothelial function 

Physical inactivity is one of the modifiable risk factors for CVD diseases. 

Epidemiologic studies have reported that one third of adults are physically inactive, and 

over 3 million of preventable death are explained by the sedentary lifestyle worldwide 56.   

Beneficial effects of exercise on cardiovascular health have been reported in 

numerous animal and clinical studies. Exercise is known to reduce conventional CVD 

risk factors by lowering blood concentration of cholesterol, LDL, triglyceride and 

glucose, and facilitating weight loss, thereby decreasing the risk of CVDs, such as 

hypertension, atherosclerosis, and dilated heart failure 31-33,36,57. Especially, exercise is a 

well-known intervention to maintain vascular homeostasis by enhancing EC function and 

NO bioavailability. Higashi et al. (1999) firstly showed the effect of exercise on the 

endothelium in patients with hypertension. They reported that 12-week exercise increases 

endothelial function measured by acetylcholine (Ach)-induced vasodilation using the 

strain gauge plethysmography in both hypertensive and normotensive subjects 58. In 

addition, Sessa et al. (1994) showed that 10-day aerobic exercise increased endothelial-

dependent dilatory function in coronary artery of canines, and mRNA expression of 

eNOS was significantly elevated in coronary artery compared to sedentary dogs 59.  

Among the factors generated during exercise, shear stress has lots of salutary 

effects on the endothelium. Shear stress is a frictional force exerted on the EC surface 

generated by blood flow. Shear stress is proportional to viscosity of the blood and the 
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change of blood flow, and inversely proportional to third power of internal radius of 

vessel wall 21,60. Mechanosensors, such as G-protein, caveoli, ion-channels, and integrins, 

have been known to sense the change of shear stress transducing the mechanical force 

into biological signals, thereby inducing an adaptation process by an increase of 

transcription of salutary genes for EC homeostasis 61.  

Accumulating evidence have shown the underlying mechanism of beneficial 

effect of shear stress on eNOS expression and activity. Davis et al. (2002) reported that 

shear stress elevates eNOS production and up-regulates eNOS activity via thyrosine-

kinase c-Src 62. In addition, Davis et al. (2004) also reported the mechanism of shear 

stress-induced eNOS expression where shear stress activates nuclear factor kB (NF-kB) 

and its subunit, p50/p65, which then binds to GAGACC sequence of the promoter of 

eNOS resulting in increase of eNOS gene transcription 63. In addition, shear stress 

upregulates eNOS activity by increasing the expression of co-factors for eNOS enzymatic 

activity, such as heat-shock protein 90 (HSP90) in ECs. Garcia-Cardena et al. (1998) 

reported that shear stress increases the HSP90 protein expression also showing that 

HSP90-eNOS complex is necessary to increase eNOS activity 64. Furthermore, Brouet et 

al. (2001) reported that HSP90 also facilitates eNOS phosphorylation at ser1177 residue 

via Akt which is a known phosphorylation site for an increase of eNOS enzymatic 

activity 65. Moreover, shear stress also increases eNOS phosphorylation at ser1177 

mediated by the phosphatidylinositol 3′-kinase (PI3K)/protein kinase B (Akt) dependent 

pathway 66.  

Exercise also rescues the antioxidant systems in ECs thereby decreasing oxidative 

stress-mediated EC damage and rescuing eNOS bioavailability. Fukai et al. (2000) 
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reported that 3-week exercise increases eNOS and extracellular superoxide dismutase 

(exSOD) expression level in the mouse aorta 67. Moreover, Takeshita et al. (2000) 

reported that shear stress upregulates superoxide dismutase (SOD) and glutathione 

peroxidase 1 (GPx1) expressions in ECs 68, and Rush et al. (2002) reported that 16-19 

week exercise increased Cu/Zn SOD (SOD1) protein expression but decreased protein 

expression of p67phox, one of subunit of NADPH, in porcine aortic endothelium 69.  

Exercise is also known to decrease the factors that induce vasoconstriction. 

Higashi et al. (1999) reported that 12-week exercise decreases circulating LDL 

cholesterol and norepinephrine 58. In addition, Maeda et al. (2001) reported that exercise 

decreased circulating level of endothelin-1 (ET1) concentration 70.  

 

 

2.3. Endothelial mitochondria 

 

After Sagan (1967) firstly proposed the mitochondrial endosymbiosis theory that 

mitochondria are remnants of aerobic bacteria which invaded proto-eukaryotic cells a 

billion year ago 71, a huge body of studies have offered insight to the role of mitochondria 

in eukaryotic cells. Accumulating evidence over the past decades indicates that the role of 

mitochondria can be classified to three functions: 1) Bioenergetic function, well-known 

for ATP generation utilizing oxygen via oxidative phosphorylation (OXPHOS), 2) 

Biosynthetic function for generation of cellular components, 3) Signaling function for 

mediating intracellular processes by retrograde signaling molecules 72-78.   

Endothelial mitochondria  are also dynamic organelles playing a versatile 

functions for endothelial homeostasis (extensively reviewed in Kluge & Vita, 2013 75). 

The role of mitochondria within ECs has been somewhat neglected until recently, due to 
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observations in the previous literatures. Earlier literatures reported that mitochondrial 

volume is modest in ECs (5-11% of cell volume) compared to mitochondria in other cell 

types with higher metabolic demand, such as the hepatocyte (28%) and cardiac myocyte 

(32%) 75. In addition, ECs were well survived under a hypoxic condition as well as 

conditions with mitochondrial defects induced by electron transport chain (ETC) 

inhibitors showing sustained ATP supply with a higher glycolytic flux 79,80. However, 

recent emerging evidence has implicated that mitochondria-dependent metabolism is 

necessary to maintain EC homeostasis. For example, silencing of CPT1α, a rate-limiting 

enzyme of fatty acid β-oxidation (FAO), leads to vascular sprouting defects due to 

impaired de nova nucleotide synthesis for DNA replication and defective EC barrier 

function in vivo and in vitro 74. These results were attributable to impaired generation of 

FAO-derived carbons to supply TCA cycle and defective regeneration of the reduced 

nicotinamide adenine dinucleotide phosphate (NADPH) for glutathione reductase to 

convert oxidized glutathione (GSSG) to its reduced form (GSH), which is a key cellular 

antioxidant for EC redox balance 77. Furthermore, EC mitochondria have been known to 

be involved in intracellular signaling pathways as a signaling interface via mitochondrial 

calcium uniporter (MCU) for mitochondrial calcium regulation 81-83, mitochondrial 

apoptotic molecules 75,76,84, or mitochondria-derived signaling molecules such as 

mitochondrial ROS (mtROS), TCA cycle metabolites including acetyl-CoA, succinate, 

alpha-ketoglutarate (α-KG) etc 85,86. Moreover, EC mitochondria synthesize a variety of 

cellular components as a biosynthetic hub, such as heme 87,88, amino acids including 

glutamine, glutamate, alanine, proline, and aspartate 89, and nucleotides 74.  
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Therefore, dysfunction of EC mitochondria leads to a wide range of 

cardiovascular diseases, such that targeting EC mitochondria for CVD prevention and 

treatment has been widely investigated, suggesting the importance of maintaining EC 

mitochondria function for EC homeostasis and eventually for cardiovascular health. 

 

2.3.1. Mitochondria as signaling organelles 

A large body of evidence indicates that endothelial mitochondria act as signaling 

organelles for EC homeostasis involved in regulation of reactive oxygen species 

signaling, cytoplasmic calcium signaling, apoptosis responding to environmental cues 75. 

Mitochondria constantly communicates with other cellular compartments to initiate 

cellular events under homeostatic and stress conditions via multiple retrograde singling 

molecules, such as protein acetylation by mitochondria-driven acetyl-CoA, protein thiol 

oxidation by mitochondrial H2O2, post-transcriptional modification by TCA cycle 

metabolites/intermediate, calcium signaling by mitochondrial calcium uptake/release or 

membrane potential, AMPK activation by adenosine monophosphate (AMP)/ adenosine 

triphosphate (ATP) ratio, apoptosis by mitochondrial cytochrome c release, and cellular 

signaling transduction by mitochondrial dynamics etc 90. Therefore, altered mitochondrial 

function can also regulate host cell functions by the alternation of mitochondrial 

retrograde signaling. 

 

2.3.2. Mitochondrial Reactive oxygen species for signaling molecules 

Reactive oxygen species (ROS) is a highly reactive molecule generated from 

oxygen molecules. ROS had been regarded as a just harmful molecule in that excess 
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cellular levels of ROS cause damage to lipids, amino acids, enzymes, DNA etc, resulting 

in the cellular dysfunction 91. In addition, numerous pathological conditions including 

cardiovascular diseases are associated with an elevation of ROS production 92-94. 

However, a large body of studies have investigated that ROS production and elimination 

by antioxidants are tightly regulated, such that ROS can be a signaling molecule 

mediating numerous cellular processes. Indeed, previous studies have reported that ROS, 

as a signaling molecule, mediates a variety of cellular processes including, but not limited 

to, hypoxic adaptation, autophagy, differentiation, longevity. Hamanaka & Chandel 

(2010) reported that ROS mediates cellular processes by 1) stabilizing hypoxia-inducible 

factor (HIF), 2) activating nuclear factor kappa B (NF-kB), 3) activation of AMP-

activated kinase (AMPK), 4) activation of Ca2+ channel, 5) Nrf2, 6) inhibition of 

phosphatase etc. 85, suggesting that ROS-mediated signaling is important in cellular 

homeostasis in ECs.  

One of the sources of mitochondrial ROS in ECs is the electron transport chains 

(ETCs) located on the inner mitochondrial membrane. Electron flows through the ETCs 

following gradient, but some of them prematurely bind to oxygen molecule generating 

superoxide anion (O2
-). Complex I (NADH:ubiquinone oxidoreductase) and complex III 

(CoQH2:Cytochrome C reductase) have been well-known for ROS generation sites in 

ETCs 75. In addition, recently succinate dehydrogenase (complex II) is also reported as 

ROS production site. Complex I and II generates ROS only into matrix side, but complex 

III can generate ROS into both matrix and intermembrane space of mitochondria 95,96.  

Another source of mitochondrial ROS is p66shc, which is the growth factor 

adapter protein, and p66shc oxidizes cytochrome c generating hydrogen peroxide (H2O2). 
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In physiological condition, p66shc is usually contained in the high molecular-weight 

inhibitory complex in mitochondria or cytoplasm. Under the stimulation of proapoptotic 

signals, p66shc is released and migrate to the mitochondria intermembrane space. p66shc is 

also activated by the accumulation of reduced cytochrome c by inhibition of cytochrome 

c oxidase (complex IV) during hypoxia. In addition, p66shc is also activated by protein 

kinase CβII under the excessive glucose, which induce endothelial dysfunction under a 

hyperglycemic condition 75.  

Generated superoxide (O2
-) from ETCs are converted to H2O2 by SOD in 

mitochondria, especially by SOD1 in intermembrane space and SOD2 (MnSOD) in 

matrix. H2O2 from ETCs or directly from p66shc can act as a signaling molecule, and 

eventually catalyzed by peroxidases in mitochondria or cytosol 75. However, excessive 

ROS production or decreased antioxidant capacity can induce oxidative stress causing 

damage on mitochondrial structures including mtDNA and ETCs which establishes the 

vicious cycle facilitating more mitochondrial ROS production. Nishikawa et al. (2000) 

reported that because ECs have low metabolic demands, excessive substrates, such as 

high glucose concentration, induce excessive ROS production resulting in eNOS 

uncoupling and decreased nitric oxide (NO) bioavailability 97. In addition, Li & 

Forstermann (2013) reported that excessive ROS oxidizes BH4 (tetrahydrobiopterin, one 

of cofactors for eNOS activation) to BH2, which decrease eNOS activity and NO 

production. Further, ROS generates peroxynitrite (ONOO-) in conjugation of NO that 

decrease bioavailability of NO 98.  
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2.3.3. Mitochondria as organelles for calcium signaling regulation  

Mitochondria is also well-known as its calcium buffering capacity in ECs. 

Endoplasmic reticulum (ER) is the major organelle for calcium regulation. However, 

25% of calcium in a cell is stored in the mitochondria, and mitochondrial calcium uptake 

and extrusion are a crucial process for ER-calcium regulation and refilling of ER calcium 

storage. In this regard, mitochondria interacts in a close proximity with the specific sites 

of ER called mitochondria-associated membranes (MAMs) regulating calcium 

concentration of cytoplasm 81.  

Apart from signaling purpose, mitochondria need to uptake calcium from ER or 

cytosol to operate tricarboxylic cycle (TCA cycle, Krebs cycle) in that three 

dehydrogenase in TCA cycle including pyruvate dehydrogenase (PDH), NAD+-

dependent isocitrate dehydrogenase (IDH), and α-ketoglutarate dehydrogenase (2-

OGDH), requires calcium to be active form. Therefore, proper calcium uptake is 

necessary for intact mitochondrial bioenergetic function 81,99,100.  

Similar with other cells, calcium signaling is required for endothelial cellular 

homeostasis. For example, Cai et al. (2008) reported that calcium/calmodulin-dependent 

protein kinase II (CaMKII) induce the gene expression of eNOS and involves 

phosphorylation states of eNOS. In addition, CaMKII regulates actin skeleton that 

involves cell shape, motility, and permeability 72. To this perspective, mitochondrial 

calcium buffering is essential for cytosolic calcium signaling, such that dysfunction of 

mitochondria blunts the calcium-triggered signaling. Charoensina et al. (2017) reported 

that the knockdown of MCU and essential MCU regulator (EMRE) blunts calcium-
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triggered NO synthesis implying the importance of intact calcium buffering system of 

mitochondria 82.  

The calcium buffering by mitochondria is highly regulated. Kirichok et al. (2004) 

reported that calcium uptake by mitochondria is mediated by mitochondrial calcium 

uniporter (MCU) 83. Liu et al. (2016) reported that the structure of MCU consists of 40 

kDa pore-forming protein MCU, MCU paralog MCUb, a family of related EF-hand-

containing proteins such as mitochondrial calcium uptake protein 1, 2, 3 (MICU1, 

MICU2, MICU3 respectively), and a small 10 kDa protein essential MCU regulator 

(EMRE). In the study, inhibition of MICU1 induced cellular abnormality and growth 

defects due to disrupted cytosolic calcium regulation 101. In addition, Scheitlin et al. 

(2016) reported that inhibition of mitochondria ETCs or treatment with uncoupler or 

MCU knockdown decreased shear stress-induced calcium transition/oscillation in ECs 

102.  

Collectively, endothelial mitochondria are essential as signaling organelle, and 

dysfunctional mitochondria blunt cellular signaling that is necessary for EC homeostasis 

and survival leading to EC dysfunction.  

 

2.3.4. Endothelial mitochondria as mediator of apoptosis 

Mitochondria is a known-mediator of apoptotic cell death. Mitochondria is vastly 

sensitive to the environmental challenges, such as cardiovascular risk factors. Apoptotic 

stimulus activates BH3-only protein, which inhibits anti-apoptotic protein including B-

cell lymphoma 2 (Bcl-2) activating pro-apoptotic factors, such as Bcl-2-associated X 

protein (BAX) and Bcl-2 homologous antagonist/killer (BAK). The pro-apoptotic factors 
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open the mitochondrial permeability transition pore (called mPTP) and release 

mitochondrial proteins such as cytochrome c, secondary mitochondria-derived activator 

of caspases/DIABLO, HtrA2/omi, etc., leading to activation of caspases and eventually 

apoptosis 75,76,84. Because mitochondria are located in the middle of important cellular 

apoptotic process, dysfunctional mitochondria under the chronic exposure of 

cardiovascular risk factors are known to induce EC apoptosis.  

 

2.3.5. Mitochondrial quality control by biogenesis, dynamics, and mitophagy 

As described, endothelial mitochondria play essential roles in endothelial 

homeostasis participating in multiple cellular events. To this end, quality control of 

mitochondria is required for the healthy mitochondrial function and EC homeostasis.  

Mitochondrial biogenesis is the process in which new mitochondria is generated. 

It is reported that peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) is 

a key player for mitochondria biogenesis that involves replication of mitochondrial DNA 

(mtDNA) and nuclear & mitochondrial gene expression. PGC-1α activates nuclear 

respiratory factor 1 and 2 (Nrf1, Nrf2) that increase gene expression related to 

mitochondrial biogenesis in nucleus. PGC-1α also activates mitochondrial transcription 

factor A (TFAM) and mitochondrial transcription factor B (TFBM) for mitochondrial 

gene expression and replication 103.  

Mitochondria quality control can be achieved by dynamics processes. 

Mitochondria is also highly dynamic organelles changing its morphology by fusion and 

fission processes in response to environmental changes, known as mitochondrial 

dynamics. Mitochondria fusion involves large dynamin-related GTPase protein, such as 
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mitofusin 1 and 2 (Mfn1 and Mfn2) for outer membrane fusion and optic atrophy-1 

(OPA-1) for inner membrane fusion. Fusion is an important process for mixing contents 

in mitochondria, such that damaged component including mtDNA can be diluted in this 

step. For fission process, recruitment of dynamin-related protein 1 (Drp1) to four Drp1 

adaptor proteins including mitochondria fission protein 1 (Fis1), mitochondrial fission 

factor (Mff), mitochondrial dynamics protein of 49 kDa and 51 kDa (MiD49 and Mid51), 

induces the fission process. Fission process is critical for growing to divide or 

sequestrating the damaged parts of mitochondria to be eliminated by mitophagy 103.  

Mitophagy is a selective autophagy process targeting damaged mitochondria. 

Numerous cardiovascular diseases are associated with dysfunctional mitophagy process 

showing an accumulation of dysfunctional mitochondria and mtDNA damage 93,104-106. 

During the physiological condition of mitochondria with intact membrane potential, 

PTEN-induced protein kinase 1 (PINK1) is transported to the mitochondrial inner 

membrane through the translocase of outer membrane (TOM) and the translocase of inner 

membrane (TIM), where PINK1 is cleaved by PARL and degraded. However, in the 

condition of mitochondria with decreased membrane potential, PINK1 is accumulated on 

the outer membrane and recruits Parkin, E3 ligase. Parkin induces mitochondrial fission 

at the damaged site with ubiquitination of mitochondrial proteins on the membrane for 

recognition by autophagosome which resulting in mitophagy 107.  

Mitochondrial content and quality are tightly regulated by the balance between 

mitochondrial biogenesis, dynamics, and mitophagy. Imbalance of the regulation induces 

accumulation of damaged mitochondria leading to endothelial dysfunction and eventually 

vascular defects.  
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2.3.6. Biosynthetic function of mitochondria 

Mitochondria is a biosynthetic hub for cellular components. Mitochondria 

synthesize lots of essential molecules for cellular processes. TCA cycle is an important 

process for converting carbohydrates and amino acids to lipids, non-essential amino acid, 

glutathione, heme, nucleotide etc. For example, Schoors et al. (2015) reported that 

functional mitochondria are critical in proliferative ECs. They showed that even though 

major source of ATP generation in ECs is glycolysis, in proliferating ECs intact 

mitochondria function is required. In the study, they found that carbon sources were 

obtained from fatty acids by fatty acid beta-oxidation (FAO) process and used for 

replenishing TCA cycle intermediates. In addition, the carbon was used to synthesize 

aspartate (precursor for nucleotide), uridine monophosphate (precursor for pyrimidine 

nucleoside triphosphate), and DNA showing that required nucleotides for proliferation 

was supplied from mitochondria. As such, endothelial specific carnitine palmitoyl 

transferase 1A(CPT1A) knockout mice, a rate-limiting factor for FAO, induced 

angiogenic defects in the mice. Interestingly, acetate treatment (metabolized to acetyl-

CoA) in the mice attenuates CPT1A deletion-induced angiogenic defects 74.   

Heme is an important factor for ETC function and other enzymatic activity, such 

as the eNOS. Thus, the deficiency of heme can lead to dysfunctional ETCs, and eNOS 

uncoupling resulting in decreased NO bioavailability 52. Mitochondria is the site of heme 

synthesis. Heme synthesis begins with aminolevulinic acid (ALA) by ALA synthase-1 in 

mitochondria. ALA is then transported to the cytosol through inner mitochondrial 

membrane transport protein ATP binding cassette-mitochondrial erythroid (ABC-me), 

where ALA is converted to coproporphyrinogen III. Then, coproporphyrinogen III is 
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transported back into mitochondria and converted to protoporphyrin IX, where 

protoporphyrin IX binds to ferrous ion (Fe2+) to form heme. Heme is metabolized by 

heme oxygenase-1 to biliverdin, carbon monoxide, and Fe 75,76. In the context, Bourque et 

al. (2010) reported that inhibition of heme synthesis by succinylaceton (SA) induces 

oxidative stress and endothelial dysfunction 108. Therefore, dysfunctional mitochondria 

lead to reduced biosynthesis, thereby resulting in endothelial damage and dysfunction.  

 

2.4. Targeting mitochondria as a therapeutic target for CVD 

Rescuing or “reeducating” dysfunctional mitochondria can be a method to treat 

endothelial dysfunction observed in numerous cardiovascular diseases considering the 

versatile roles of mitochondria in EC homeostasis.  

One of the methods for targeting mitochondria is to use antioxidant molecules. 

Mitochondria is highly negatively charged organelle, thus lipophilic cation, such as 

triphenylphosphonium (TPP) can be used for the method. TPP can be linked to 

mitoquinone (MitoQ), which is metabolized to ubiquinol, or mitochondrial TEMPOL 

(mitoTEMPO). Rossman et al. (2018) reported that in 20 elderly aged between 60-79 

who have decreased endothelial dependent vasodilation were treated with MitoQ 

(20mg/day) for 6 week, and the treatment significantly increased endothelial-dependent 

vasodilation and attenuated vascular stiffness, and low oxidative stress measured plasma 

oxidized low density lipoprotein (ox-LDL) 109.   

PGC-1a is involved in mitochondrial biogenesis, but also has a protective role in 

ECs. Valle et al. (2005) reported that overexpression of PGC-1a induces increasing 

antioxidant enzymes, MnSOD, catalase, thioredoxin-2 (Trx2) with elevated eNOS 
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activity and NO production with a reduction of apoptosis. Inhibition of PGC-1a leads to 

the opposite effects 110. In addition, Schulz et al. (2008) reported that H2O2 stimulates 

AMPK and PGC-1a that induces antioxidant expression as a compensatory mechanism. 

As such, activation of PGC-1a by Sirt1 also has been regarded as a method for 

mitochondrial targeting therapy, such as resveratrol treatment 111.  

Exercise is a well-known non-pharmacological method to regulate mitochondrial 

function with intact endothelial function. Accumulating evidence have shown that 

chronic exercise training improves aortic endothelial function and prevent from vascular 

diseases through improved mitochondrial function. Chen et al. (2016) demonstrated that 

6-week daily treadmill exercise significantly aortic mitochondrial content in mouse 

thoracic aorta measured by complex I expression and mitochondrial DNA (mtDNA) copy 

number, in concomitant with an elevation of vasodilatory function and eNOS 

phosphorylation through an adenosine monophosphate-activated protein kinase α2 

(AMPKα2)-dependent manner 112. In addition, Gu et al. (2014) also showed that chronic 

aerobic exercise attenuated age-related aortic stiffening and endothelial dysfunction in 

aged rat aorta. This preventive effects of exercise were associated with preserved aortic 

mitochondrial function manifested by reduced mtROS production, increased 

mitochondrial content, elevated complex I and III activities, and an elevation of protein 

expressions involved in mitochondrial homeostasis, including uncoupling protein 2 

(UCP-2), PGC-1α, Mn-SOD in rat aorta 113. Kim et al. (2014) also reported that voluntary 

wheel-running exercise significantly increases mitochondrial biogenesis in endothelium 

of mouse abdominal aorta, and mRNA expressions of genes involved in mitochondrial 
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biogenesis, including PGC-1α, TFAM and Nrf1, were largely increased in abdominal 

aorta of exercised mice 23.  

 

2.5. Shear stress on endothelial mitochondria 

Previous studies which have tested the effect of shear stress on EC adaptation 

have shown that LSS and oscillatory shear stress (OSS) both as a mechanical stress elicit 

EC inflammatory stress response at an early phase as Hahn and Schwartz (2009) 

mentioned in their review 114. However, the inflammatory response in ECs comes to be 

attenuated after few hours under LSS, while the stress response is sustained under OSS 

implicating that LSS is adaptable for ECs but not OSS. A large body of studies has 

shown that similar patterns of the mitochondrial responses in line with EC’s stress 

responses to LSS and OSS have been observed (Table 3).  

 

2.5.1. Effect of fluid shear stress on mitochondrial biogenesis 

Mitochondrial biogenesis is a cellular process by which cells increase 

mitochondrial mass under the coordination of mitochondrial proteins transcribed from 

nuclear and mitochondrial DNA (mtDNA) 115,116. PGC-1α is a well-known molecule to 

facilitate mitochondrial biogenesis as a co-transcriptional regulation factor. PGC-1α 

activates other transcription factors, including Nrf1 and Nrf2, which subsequently 

regulate expression of the ETC subunits and other mitochondrial proteins as well as 

TFAM promoting mtDNA replication/transcription 115,117. Reduced mitochondrial mass 

with decreased expressions of the PGC-1α, Nrf1 & 2, TFAM has been regarded as a 

hallmark of mitochondrial biogenesis defects 118,119.  
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Increasing evidence has shown that prolonged LSS is known to induce 

mitochondrial biogenesis. Chen et al. (2010) reported that LSS (12 dyne/cm2, 16 hrs) 

increases the protein level of Sirt1, a NAD+-dependent deacetylase and elevates mRNA 

level of Nrf1 & PGC1α and also PGC1α protein expression that subsequently induces 

mitochondria biogenesis in Sirt1-dependent manner in human umbilical vein endothelial 

cells (HUVECs) 78. Kim et al. (2015) also reported that LSS (15 & 20 dyne/cm2, 36 hrs) 

increases Sirt1 expression as well as mitochondrial mass and mtDNA contents, and 

protein expression level of PGC1α and TFAM is also elevated under LSS in Sirt1-

dependent manner in HUVECs 24. Kim et al. (2014) also showed similar results that LSS 

(20 dyne/cm2, 48 hrs) increases mitochondrial mass with an elevation of Nrf1, TFAM 

transcription level and PGC1α protein expression with an increase in mtDNA contents 

compared to static control in human aortic endothelial cells (HAECs) 23. Recently, Wu et 

al. (2018) also reported that prolonged LSS (12 dyne/cm2, 12 hrs) increases PGC1α 

protein expression with an elevation of other factors involved in mitochondrial 

biogenesis, such as TFAM and Nrf1 in HUVECs 120. On the contrary, only one study 

showed the effect of OSS on mitochondrial biogenesis showing that OSS (1±4 dyne/cm2, 

1Hz, 16 hrs) elicited no change in mitochondrial mass with unchanged Sirt1 expression 

compared to static control in HUVECs 78.  

Collectively, these results indicate that prolonged LSS contributes to 

mitochondrial biogenesis via Sirt1-mediated PGC-1α, Nrf1, and TFAM expressions in 

ECs, whereas mitochondria biogenesis is not induced in ECs under OSS.  
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2.5.2. Effect of fluid shear stress on mitophagy capacity (Autophagic flux) 

Mitophagy is a selective form of autophagy working to eliminate damaged 

mitochondria as a mitochondrial quality control system to maintain the requisite number 

of functional mitochondria to meet the energy demands of the cell 121,122. In this regard, 

impairment of proper mitophagy process is associated with aging and a plethora of 

pathological conditions, such as neurodegenerative diseases, myopathies, metabolic 

disorders, inflammation and cancer 122 as well as CVDs 104.  

Mitophagy process can be achieved by several mitophagy mechanisms based on 

distinct cellular contexts in response to different stimuli 124. Mitophagy process is 

induced by PINK1-Parkin pathway or Parkin-independent pathway mediated by other 

ubiquitin E3 ligases, such as Gp78, SMURF1, SIAH1, MUL1, and ARIH1, both as 

ubiquitin-dependent pathways. Ubiquitin-independent pathway is mediated by mitophagy 

receptors, such as NIP3-like protein X (NIX), BCL2 interacting protein 3 (BNIP3) and 

FUN14 domain- containing protein 1 (FUNDC1), which directly interact with 

microtubule-associated protein 1A/1B-light chain 3 (LC3) and γ-aminobutyric acid type 

A (GABAA) receptor-associated protein (GABARAP) of autophagosomal membrane 

proteins 122. Increased local concentration of ubiquitin with poly-ubiquitination of several 

proteins on the outer membrane of the mitochondria (OMM) by activated Parkin or other 

ubiquitin E3 ligases is recognized by autophagy adaptors, such as Optineurin, nuclear dot 

protein 52 (NDP52), p62/SQSTM1(p62), neighbor of BRCA1gene 1 (NBR1), and Tax1-

binding protein 1 (TAX1BP1), which tethers ubiquitinated proteins to LC3 on the 

phagophore for engulfment 125,126 forming a double membrane structure, autophagosome 

126. After maturation of the autophagosome, the formed autophagosome fuses with a 
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lysosome containing lysosomal enzymes to degrade the contents in the autophagosome 

126,127. 

Even though mitophagy process under LSS and OSS has not been studied yet, 

recent studies have implicated intact mitophagy capacity determined by enhanced 

autophagic flux under LSS, but impaired mitophagy has been observed under OSS due to 

a defect in autophagic flux. Li et al. (2015) reported that OSS (±3 dyne/cm2, 1Hz, 4 hrs) 

contributes to a defect in autophagic flux measured by p62 accumulation even though 

autophagosome formation was intact under OSS showing higher mtDNA damage 

probably owing to defects in mitophagy induction in HAECs. In addition, their in vivo 

data showed that areas where LSS is present (e.g., thoracic aorta) have intact autophagic 

flux measured by p62 accumulation with low DNA damages, but elevated accumulation 

of p62 with higher DNA oxidative damage is shown at the lesser curvature of aortic arch 

implying the beneficial effects of LSS on mitophagy induction but not under OSS in 

HAECs 128. Liu et al. (2015) also demonstrated that LSS (12 & 20 dyne/cm2, 8-24 hrs) 

increases Sirt1 expression that in turn deacetylates forkhead box O1 (FoxO1, 

transcriptional factor) which increases nuclear transcriptional activity of FoxO1 and 

consequently induces gene expression related to autophagy process, such as beclin-1, 

Atg5, Atg7, Atg12, LC-3, BNIP3 in HUVECs 129. In addition, Vion et al. (2017) showed 

that LSS (20 dyne/cm2, 24 hrs) enhanced autophagy process measured by LC3 II/I ratio 

in HUVECs showing the protective effect on EC homeostasis. As such, the deficiency of 

autophagy induced by Atg5 deletion or shRNA-mediated inhibition in ECs increases 

endothelial apoptosis, senescence, inflammation, and defects in endothelial alignment 

showing dysfunctional and atheroprone phenotype 130.  
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Those findings indicate that LSS elevates autophagy-related gene expression by 

Sirt1-FoxO1 pathway allowing intact autophagic flux so that mitophagy can be achieved 

sufficiently by the enhanced autophagy capacity under stress conditions that ECs may 

encounter, which is crucial for maintaining intact mitochondria through the quality 

control system. However, under OSS, due to defects in autophagy flux, mitophagy may 

not be sufficiently achieved in ECs leading to an accumulation of damaged mitochondria, 

thereby eventually resulting in EC dysfunction. 

 

2.5.3. Effect of fluid shear stress on mitochondrial dynamics 

Mitochondria are highly active organelles showing different morphology 

depending on conditions in which they reside 131. Mitochondrial fission and fusion 

processes known as mitochondrial dynamics are essential in maintaining mitochondrial 

integrity 132,133. For fusion process, large dynamin-related GTPase proteins including 

mitochondrial fusion proteins mitofusin 1 and 2 (MFN1 & MFN2) for outer mitochondria 

membrane fusion and optic atrophy 1 (OPA1) for inner mitochondria membrane fusion 

are involved in the process 133. Mitochondrial fusion facilitates the mixing contents 

including mtDNA and prevents accumulation of impaired contents 134. With regard to 

mitochondria fission process, recruitment of dynamin-related protein 1 (Drp1) from the 

cytosol to the OMM is required at first, and then Drp1 binds to four Drp1 receptor 

proteins, mitochondrial fission 1 protein (FIS1), mitochondrial fission factor (Mff), 

mitochondrial dynamics proteins of 49 and 51 kDa (MID49 and MID51), which are 

present on the mitochondria outer membrane, resulting in the fission process by Drp1 

oligomerization and constriction in the presence of guanosine triphosphate (GTP) 133,135. 
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The fission process is also crucial for the distribution of the mitochondria in response to 

the local ATP demand and segregating functionally damaged parts by facilitating them to 

be removed through mitophagy process, maintaining proper mitochondrial structure and 

mitochondrial DNA (mtDNA) distribution 134,136.  

Disruptions of the dynamic processes is closely related to pathological conditions 

137, such that targeting mitochondrial dynamics is suggested as a therapeutic target in 

cardiovascular disease 93. Defected mitochondrial dynamics especially excessive 

mitochondrial fission was observed in various CVDs including diabetes mellitus 138 and 

angiotensin II-induced hypertension 139 showing upregulation of Drp1 expression with 

increased ROS production, apoptosis and decreased eNOS production in ECs 140. As 

described, fission is essential process for mitochondrial homeostasis, but disrupted 

mitochondrial dynamics toward excessive fission called fragmentation tends to represent 

mitochondrial defects contributing to dysfunction of the host cells. Indeed, Chen et al. 141 

demonstrated that cells lacking both MFN1 and MFN2 or OPA-1 completely blocked 

mitochondrial fusion showing fragmented shape of mitochondria concomitant with 

decreased cellular respiration and poor cell growth.  

EC mitochondria have been known to respond to the environmental stimuli to 

cope with the challenges by altering their morphology 21,120,142,143. Recently, 

morphological alteration of mitochondria in response to laminar shear stress (LSS) has 

been documented 120,142,143. Breton-Romero et al. (2014) reported the effect of shear stress 

at an early-phase (within 30min) on mitochondria morphology and bioenergetics 

responses. 12 dyne/cm2 laminar shear stress (LSS) using the cone-and-plate and the ibidi 

pump system was applied on bovine aortic endothelial cells (BAECs), HUVECs and 
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murine lung endothelial cells (MLECs). Results showed that LSS induced mitochondrial 

fragmentation in Drp-1 dependent-manner mediated by the influx of extracellular Ca2+. 

The morphological change in mitochondria was accompanied with a decrement in 

mitochondrial respiratory rate and increased mitochondrial ROS production, which led to 

peroxiredoxins (PRXs) activation 142. In addition, Giedt et al. (2011) demonstrated that 

LSS (12 dyne/cm2, 1 hr) as a mechanical stress at an early-phase leads to significant 

drp1-mediated mitochondrial fragmentation with an elevation of mtROS production in 

HUVECs under ischemia/reperfusion in vitro simulation 143. On the other hand, Wu et al 

(2018) reported the effect of LSS on mitochondria morphology at a relatively late-phase. 

They showed that LSS (12 dyne/cm2, 6-12 hrs) elicited an increase of mitochondrial 

fusion by enhanced Mfn2 expression and decreased mitochondria fission protein, Drp1 in 

HUVECs 120. From these findings, we can assume that LSS acts as a stress at an early 

phase resulting in mitochondrial fission, but mitochondrial morphology become 

elongated once ECs adapt to LSS. The transient disruption of mitochondrial homeostasis 

at an early-phase under LSS may act as signals to induce mitochondrial and endothelial 

adaptation to the stress increasing many salutary gene expressions to cope with the stress. 

However, morphology of mitochondria under OSS has not been studied yet.   

Recently, in vivo mitochondrial morphology in endothelium of the mice have 

been shown in Durand et al., (2018) 144 using the endothelial-specific photo-activatable 

mitochondria mice, introduced by Pham et al., (2012) 145. They showed that 

mitochondrial morphology in endothelium was shorter tubule shape compared to 

elongated and interconnected shape of primary cultured aortic endothelial cells in vitro. 

We confirmed the result using the same mouse line (Figure 5). More work will be 
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required to determine which factor induces the morphological difference between the 

mitochondria in endothelium in vivo and in primary cultured ECs housed in the incubator, 

and whether the morphology of endothelial mitochondria is different based on their 

location having different hemodynamic environment (i.e., lesser curvature of the aortic 

arch vs. descending thoracic aorta).  

 

 

Figure 5. Mitochondrial morphology in primarily-cultured aortic ECs from mouse 

thoracic aorta and ECs at mouse thoracic aorta. 
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2.5.4. Effect of fluid shear stress on mitochondrial redox balance 

One of the intracellular sources of reactive oxygen species (ROS) in ECs is 

mitochondria, especially electron transport chains (ETCs) located on the inner membrane 

of mitochondria. Electron flows from reduced substrates through the ETCs spontaneously 

moving from molecules that have higher energy state to ones that have lower energy 

state, but some of them prematurely bind to oxygen molecule generating superoxide 

anion (O2
-). Complex I (NADH:ubiquinone oxidoreductase) and complex III 

(CoQH2:Cytochrome C reductase) have been known for ROS generation sites in ETCs 75, 

and recently succinate dehydrogenase (complex II) is also reported as a mtROS 

production site 95,96. Complex I and II generates ROS only into a matrix side, but 

complex III can generate ROS into both matrix and intermembrane space of mitochondria 

95,96. In addition, p66shc, which is the growth factor adapter protein, is also known as the 

source of mtROS generating hydrogen peroxide (H2O2) by oxidizing cytochrome c 75.  

Generated superoxide (O2
-) from ETCs is converted into H2O2 by superoxide 

dismutase (SOD) in mitochondrial, especially by SOD1 (Cu/Zn SOD) in intermembrane 

space and SOD2 (MnSOD) in matrix. H2O2 from ETCs or H2O2 from directly p66shc can 

act as a signaling molecule, and eventually catalyzed by peroxidases in mitochondria or 

cytosol 75. However, excessive ROS production or decreased antioxidant capacity induces 

cellular oxidative stress causing damage on mitochondrial contents including mtDNA and 

ETCs which establishes a vicious cycle facilitating more ROS production from 

mitochondrial and cytosolic ROS sources. Therefore, a balance between mtROS 

production and antioxidant capacity is necessary to maintain mitochondrial and EC redox 

homeostasis.  
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Accumulating evidence have shown that early-phase LSS (10-23 dyne/cm2, 5 

min-4 hrs) 142,143,146,147 leads to an elevation of mtROS production transiently, which is 

attenuated by prolonged LSS (12 dyne/cm2, 6-12 hrs) 120. Moreover, LSS regardless of 

the duration is known to achieve redox balance in ECs by increasing the antioxidant 

capacity. The early-phase LSS (12 dyne/cm2, 5-30 min) 142 and also long-term LSS (12 

dyne/cm2, 6-12 hrs) 120 results in increases in mitochondrial antioxidant enzymes such as 

peroxiredoxin 3 & 6 (Prx3 & 6), thioredoxin-2 (Trx2), MnSOD as a compensatory 

mechanism. In addition, Kalucka et al. (2018) reported that LSS-induced quiescent 

endothelial cells (QEC) showed higher fatty acid oxidation (FAO) about 3-fold higher 

than proliferative ECs (PECs), which contributes to TCA cycle replenishment and 

eventually produce NADPH, which is a crucial factor for glutathione antioxidant system.  

Thus, endothelial specific CPT1A deletion induced severe oxidative damage and 

subsequent endothelial dysfunction 77. The beneficial effect of LSS on the redox balance 

can be also explained by PGC-1a-mediated antioxidant expression. Valle et al. (2005) 

reported that overexpression of PGC-1a induces increasing antioxidant enzymes, 

MnSOD, catalase, Trx2 with elevated eNOS activity and NO production in ECs 110. 

Schulz et al. (2008) also reported that antioxidant expression is regulated by AMP-

activated protein kinase (AMPK) and PGC-1α 111. Considering LSS induces an increase 

of PGC-1α expression and AMPK activation in ECs 78, the elevation of antioxidant 

proteins under LSS can be explained.  

OSS, as expected, is known to induce mtROS production 128,146,148. Takabe et al. 

(2010) in BAECs and Li et al. (2011) in HAECs both demonstrated that OSS (±3 

dyne/cm2, 30 min – 2 hrs) significantly elevates mtROS via NADPH oxidases (NOX) and 
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c-Jun N-terminal kinase (JNK) activation. Li et al. (2015) also showed the elevation of 

mtROS production under OSS (±3 dyne/cm2, 4 hrs) due to mtDNA damage by a defect in 

autophagy flux in HAECs 128. We confirmed the result using the mitoSOX mitochondrial 

specific superoxide probe showing a reduction of mtROS production under prolonged 

LSS (20 dyne/cm2, 48 hrs) and an elevation of mtROS under OSS (±5 dyne/cm2, 1HZ, 48 

hrs) in HAECs (Figure 6). 

 

 

Figure 6. Mitochondrial ROS (mtROS) production under LSS vs. OSS in HAECs. 

 

2.5.5. Effect of fluid shear stress on mitochondrial DNA integrity 

Distinct from other organelles present in eukaryotic cells, mitochondria contain its 

own genome (mitochondrial DNA, mtDNA) housed in the mitochondrial matrix which 

contains 37 genes that encode 13 proteins, 22 transfer RNAs, and 2 ribosomal RNAs, and 

the 13 mitochondrial gene-encoded proteins are produced and utilized as subunits of the 

enzyme complexes of electron transport chains (ETC), which enables mitochondria to act 

as the powerhouses of the cells 149.  



44 

It has been reported that prolonged LSS (20 dyne/cm2, 36h - 48 hrs) increases 

mtDNA copy number with an enhancement of TFAM expression compared to static 

control in HUVECs and HAECs 23,24. In addition, mtDNA damage measured by 8-OHdG 

staining, as a marker of oxidative DNA damage, was unchanged in HAECs exposed to 

LSS (23±8 dyne/cm2, 4 hrs), but there was significant mtDNA damage under OSS (±3 

dyne/cm2, 1Hz, 4 hrs) with a reduction of mitochondrial respiration rate in HAECs 128.   

Those results are corresponding to the mtROS production under LSS and OSS 

indicating a vicious cycle established under OSS by elevated mtROS production and 

mtDNA damage.  

 

2.5.6. Effect of fluid shear stress on ETC activity & oxidative phosphorylation & 

membrane potential 

Mitochondria are the powerhouse in the eukaryotic cells generating chemical 

energy ATP through OXPHOS. Electrons are delivered to the electron transport chain 

(ETC or respiratory chain), and mitochondrial complex, especially complex I, complex 

III, complex IV, pumps proton from mitochondrial matrix into the inter membrane space 

of mitochondria against the concentration gradient using the energy in the form of serial 

transmission of electrons. Complex V, mitochondrial ATP synthase (F1F0—type ATP 

synthase), generates ATP from adenosine diphosphate (ADP) utilizing the proton 

concentration gradient formed between the matrix and intermembrane space 150.    

In consistent with other mitochondrial responses under LSS and OSS, 

mitochondrial ETC activity & OHPHOS coupling have shown the similar patterns with 

the observations. Wu et al. (2018) reported that LSS (12 dyne/cm2, 6-12 hrs) increases 



45 

mitochondrial succinate dehydrogenase complex subunit A (SDHA) and cytochrome C 

subunit IV (COX-IV) protein levels showing an elevation of mitochondrial membrane 

potential (ΔΨm) and an increasement of endothelial ATP generation in HUVECs 120. 

Kim et al. (2014) also reported that LSS (20 dyne/cm2, 48 hrs) leads to increased 

mitochondrial oxygen consumption compared to static control in HAECs 23. In addition, 

Li et al. (2011) and Kudo et al. (2000) both showed that LSS significantly elevates 

mitochondrial membrane potential (ΔΨm) in HAECs and porcine aortic endothelial cells 

(PAECs) respectively suggesting elevated mitochondrial ETC function under LSS 128,151. 

Wu et al. (2017) also showed that ECs exposed to LSS (N/A dyne/cm2, 48 hrs) showed 

intact mitochondrial-dependent ATP production and higher oxygen consumption rate 

(OCR) in HAECs 123.  

On the other hand, studies reporting the effect of early-phase LSS (10-12 

dyne/cm2, 5-60 min) show reduced mitochondrial oxygen consumption and ETC 

complex activities 142,152. However, interestingly Yamamoto et al. (2018) demonstrated 

that brief exposure of LSS (1-8 dyne/cm2, 250 sec) transiently enhances mitochondrial 

ATP as a signaling molecules, and ECs release the ATP in the caveolae, which leads to 

subsequent purinergic receptors activation resulting in an influx of extracellular Ca2+ in to 

the ECs and resultant Ca2+ signaling in human pulmonary aortic ECs (HPAECs) 153. 

Similar with early-phase LSS, OSS also reduces mitochondrial respiration and ETC 

activities. Li et al. (2015) showed that OSS (±3 dyne/cm2, 1Hz, 4 hrs) decreases 

mitochondrial respiration and complex II activity in HAECs 128. In addition, Wu et al. 

(2017) also showed that ECs exposed to OSS (N/A dyne/cm2, 48 hrs) showed diminished 
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mitochondrial-dependent ATP production and also reduced oxygen consumption level 

(OCR) in HAECs 123.  

Collectively, it seems that mitochondria halt its ETC activity at an early-phase of 

LSS and OSS, but the ETC activity might be restored once ECs adapt to LSS by 

changing their morphology toward the direction of the flow. However, under OSS, 

mitochondrial ETC activity may not be restored in that ECs cannot adapt to bi-directional 

OSS resulting in a reduction of ETC activities.  

 

2.5.7. Effect of fluid shear stress on mitochondrial biosynthesis 

Mitochondria have been known as a central place for molecule biosynthesis such 

as Heme, amino acids, nucleotides, TCA cycle metabolites etc. However, the effect of 

fluid shear stress on the mitochondrial biosynthetic function has not been extensively 

studied so far. Recently, it has been shown that quiescent ECs increases mitochondria-

dependent metabolism which facilitates NADPH synthesis, such that endothelial redox 

balance has been achieved 77. LSS has been known to induce quiescent endothelial 

phenotype, such that LSS may upregulate EC redox balance via the NADPH-mediated 

mechanism. In addition, considering the morphological change and metabolic activity of 

EC mitochondria under LSS and OSS, their biosynthetic function may be also altered 

under the two different conditions. Future studies are in need to clarify the effect of shear 

stress on the mitochondrial biosynthesis.  
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Table 3. Mitochondrial adaptations to fluid shear stress in endothelial cells. 

Effect of fluid shear stress on mitochondrial biogenesis 

Author 

/Year 

 Shear stress  Cell type Effect 

Type Intensity 

(dyne/cm2) 

Duration 

Wu et al., 

2018 120 

LSS 12 6-12 hrs HUVEC Increased mitochondrial mass and protein expressions 

involved in mitochondrial biogenesis (PGC-1α, TFAM, 

Nrf1) 

Kim et al., 

2015 24 

LSS 5-20 36 hrs HUVEC Increased mitochondrial mass and enhanced protein 

expression of Sirt1, PGC-1α and TFAM 

Kim et al., 

2014 23 

LSS 20 48 hrs HAEC Increased mitochondrial mass and elevated PGC-1α  

expression 

Chen et 

al., 2010 78 

LSS 12 4-16 hrs HUVEC Increased mitochondrial biogenesis mediated by Sirt1 

expression 

OSS   1 ± 4 (1Hz) 4-16 hrs HUVEC No change in mitochondrial mass with unchanged Sirt1  

expression 

Effect of fluid shear stress on mitophagy capacity (Autophagic flux) 

Vion et al., 

2017 130 

LSS 20 24 hrs HUVEC Intact autophagy process  

Low 

LSS 

2 24 hrs HUVEC Defective autophagy process 

Liu et al., 

2015 129 

LSS 12, 20 8-24 hrs HUVEC Intact Sirt1-mediated autophagy process 

Li et al., 

2015 128 

OSS ± 3 (1 Hz) 4 hrs HAEC Impaired autophagic flux resulting in mtDNA damage 

Effect of fluid shear stress on mitochondrial dynamics 

Wu et al., 

2018 120 

LSS 12 6-12 hrs HUVEC Increased fusion; Increased Mfn2, L- & S-OPA1, 

protease YME1L; Reduced Drp1 expression and 

phosphorylation at ser616 of drp1 but enhanced 

phosphorylation of ser637 

Breton-

Romero et 

al., 2014 
142 

E-

LSS  

12 5-30 min BAEC 

and 

HUVEC 

Increased fission; Increased Drp1 accumulation on 

mitochondria 

Giedt et 

al., 2011 
143 

E-

LSS  

10 1 hrs HUVEC Increased Drp1 activation (enhanced oligomer 

formation) and phosphorylation at ser616. 

Chin et al., 

2011 154 

E-

LSS  

15 & 30  1-3 hrs HUVEC Increased fission.  

Effect of fluid shear stress on mitochondrial DNA integrity 

Li et al., 

2015 128 

LSS 23 ± 8 4 hrs HAEC Undamaged mtDNA by intact autophagy flux 

OSS  ± 3 (1 Hz) 4 hrs HAEC Increased mtDNA damage by reduced autophagic flux 

Kim et al., 

2015 24 

LSS 5-20 36 hrs HUVEC Increased mtDNA copy number 

Kim et al., 

2014 23 

LSS 20 48 hrs HAEC Enhanced mtDNA copy number 

Effect of fluid shear stress on mitochondrial redox balance 

Wu et al., 

2018 120 

LSS 12 6-12 hrs HUVEC Increased mitochondrial antioxidant enzymes MnSOD, 

Trx2, Prx3 and Prx6; Decreased intracellular ROS level 

Breton-

Romero et 

E-

LSS  

12 5-30 min BAEC 

and 

Increased mtROS production; Activation of antioxidant 

enzyme PRX3. 
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al., 2014 
142 

HUVEC 

Li et al., 

2011 146 

E-

LSS  

23 2 hrs BAEC 

and 

HAEC 

Increased mtROS production with elevated MnSOD 

expression 

OSS 0.02 ± 3 2 hrs BAEC 

and 

HAEC 

Increased mtROS production via NOX and JNK 

activation 

Giedt et 

al., 2011 
143 

E-

LSS  

10 1 hrs HUVEC Increased mtROS production 

Jones et 

al., 2008 
147 

E-

LSS  

10 30 min BAEC Increased mtROS production 

Li et al., 

2015 128 

OSS ± 3 (1 Hz) 4 hrs HAEC Increased mtROS production  

Takabe et 

al., 2011 
148 

OSS ± 3 0.5-2 hrs BAEC Increased NOX- and JNK-mediated mtROS production 

Effect of fluid shear stress on ETC activity / oxidative phosphorylation / membrane potential 

Wu et al., 

2018 120 

LSS 12 6-12 hrs HUVEC Increased SHDA and COX-IV expression; Increased 

membrane potential and ATP generation 

Kim et al., 

2014 23 

LSS 20 48 hrs HAEC Increased mitochondrial oxygen consumption 

Li et al., 

2011 146 

LSS 23 2-4 hrs BAEC 

and 

HAEC 

Increased membrane potential 

Kalucka et 

al., 2018 
155 

LSS 10 24 hrs HUVEC Increased CPT1A expression 

Kudo et 

al., 2000 
151 

LSS 10 48 hrs PAEC Increased membrane potential by 20% 

Wu et al., 

2017 123 

LSS Unknown 24-72 hrs HAEC Intact mitochondrial-dependent ATP production and 

OCR 

OSS Unknown 24-72 hrs HAEC Reduced mitochondrial-dependent ATP production and 

OCR 

Yamamoto 

et al., 2018 
153 

E-

LSS  

1, 3, 8 250 sec HPAEC Increased mitochondrial ATP level 

Breton-

Romero et 

al., 2014 
142 

E-

LSS  

12 5-30 min BAEC 

and 

HUVEC 

Decreased oxygen consumption and enhanced ECAR 

Han et al., 

2007 152 

E-

LSS  

10 5,15,60 min 

& 2,6,16 hrs 

HUVEC Reduced complex I through IV activities 

Li et al., 

2015 128 

OSS ± 3 (1 Hz) 4 hrs HAEC Reduced mitochondrial respiration and ETC complex II 

activity 

*HUVEC, Human umbilical vein endothelial cells. BAEC, Bovine aortic endothelial cells. HPAEC, Human 

pulmonary aortic ECs. PAEC, Porcine aortic endothelial cells. HAEC, Human aortic endothelial cells. LSS, 

Laminar shear stress. OSS, Oscillatory disturbed shear stress. E-LSS, Early phase of LSS. Low LSS, Low 

magnitude LSS. mtROS, mitochondrial reactive oxygen species. OCR, Oxygen consumption rate. MnSOD, 
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Manganese superoxide dismutase. PGC-1α, Peroxisome proliferator-activated receptor-gamma coactivator 

(PGC)-1alpha. TFAM, Transcription Factor A, Mitochondrial. Nrf1, Nuclear Respiratory Factor 1. SDHA, 

Succinate Dehydrogenase Complex Flavoprotein Subunit A. Trx, Thioredoxin. Prx, Peroxiredoxin. NOX, 

NADPH oxidase. JNK, c-Jun N-terminal kinase. 
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2.6. Shear stress on endothelial metabolism 

 

Recent studies have shown that metabolic shift from mitochondrial-dependent 

OXPHOS to glycolysis is a critical step for EC activation, such that inhibition of the 

metabolic transition is thought as a method to prevent the progression of vascular CVDs 

25,123.  

 

2.6.1. KLF2-mediated suppression of glycolysis under UF 

UF has been known to induce quiescent endothelial phenotype suppressing 

glycolytic flux but enhancing mitochondrial-dependent respiration. Kim et al. (2014) 

showed that UF (20 dyne/cm2, 48 hrs) reduced glycolysis-related gene expressions, 

including hexokinase-2 (HK2), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 

(PFKFB), with a reduction of lactate accumulation but an elevation of O2 consumption 

compared to static control in HAECs 23. Doddaballapur et al (2015) reported that athero-

protective UF increased Kruppel-like factor 2 (KLF-2) expression, which reduced 

glucose uptake and gene expressions of the key glycolysis enzymes, such as 6-

phosphofructo-2-kinase/fructose-2,6-biphosphatase-3 (PFKFB3), phosphofructokinase-1 

(PFK1), and HK2, resulting in EC quiescence phenotype in HUVECs. Recently, 

Venturini et al. (2019) showed using integrated proteomics and metabolomics analysis 

that LSS (20 dyne/cm2, 24 hrs) increases KLF-2 expression and leads to intact lipid 

metabolism, whereas low UF (5 dyne/cm2, 24 hrs) downregulates KLF-2 expression and 

lipid metabolism in HUVECs 156. In addition, Kalucka et al. (2018) also demonstrated 

that UF (20 dyne/cm2, 48 hrs) increases KLF-2 and CPT1A expression with enhanced 

fatty acid oxidation (FAO) compared to static control in HUVECs 77. 
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2.6.2. HIF-1α-mediated glycolysis under DF 

DF has been known to increase endothelial glycolysis and EC activation 157-160. 

Recent studies have demonstrated that DF promotes endothelial glycolytic flux through 

hypoxia-inducible factor 1α (HIF-1α) stabilization, a major regulator of glycolysis 25,123. 

Wu et al. (2017) demonstrated that DF altered EC metabolism toward glycolysis 

increasing glycolysis enzymes such as HK2, glucose transporter-1 (SLC2A1/GLUT1) 

and pyruvate dehydrogenase kinase-1 (PDK-1) via HIF-1α stabilization, which was 

mediated by an elevation of NAD(P)H oxidase-4 (NOX4)-derived reactive oxygen 

species (ROS) production in HAECs. Furthermore, inhibition of glycolytic metabolism 

under DF by knockdown of key glycolytic activators using siRNA, including HIF-1α, 

PDK1, NOX4 or SLC2A1, significantly reduced DF-induced glycolysis and subsequent 

EC activation 123. Furthermore, inhibition of HIF-1α by siRNA restored KLF-2 

expression 123. Feng et al. (2017) also reported the similar observation that low 

atheroprone UF (4-5 dyne/cm2, 72 hrs) induced glycolysis via HIF-1α stabilization, 

which enhanced inflammatory activation of ECs. In the study, HIF-1α was stabilized by 

transcriptional activity of nuclear factor-κB (NF-kB) and induction of the 

deubiquitinating enzyme Cezanne, which rescuing HIF-1α from degradation in HUVECs. 

As such, endothelial-specific HIF-1α KO mice attenuated partial-ligation-induced 

glycolysis and EC activation in the carotid artery 25. Importantly, both studies 

demonstrated in common that lesser curvature (LC) of aortic arch, which is a known-site 

frequently exposed to DF, showed higher HIF-1α expression with an elevation of 

glycolysis and EC activation compared to thoracic aorta, which is known to be exposed 

to UF, indicating that HIF-1α is a crucial mediator for glycolysis induction and EC 
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activation under DF in ECs. Indeed, Ajami et al. (2017) showed the results from the time-

series analysis of RNA-seq under LSS (12 ± 5 dyne/cm2, 24 hrs) and OSS (0.5 ± 5 

dyne/cm2, 24 hrs) confirming that KLF-2 & 4 mRNA expression were downregulated 

right after the OSS exposure, but HIF-1α gene expression was elevated under OSS in 

HUVECs 161. Esmerats et al. (2019) also recently showed enhanced pVHL ubiquitination 

and degradation by flow-sensitive ubiquitin E2 ligase C (UBE2C) and microRNA-483-3p 

(miR-483) leading to HIF-1α stabilization under OSS (±5 dyne/cm2, 24 hrs) in human 

aortic valve endothelial cells (HAVEC), but intact pVHL expression was shown under 

LSS with a downregulation of HIF-1α under LSS 162. Interestingly, Yang et al. (2018) 

demonstrated that OSS leads to EC glycolysis via protein kinase AMP-activated 

(PRKA)/AMP-activated protein kinases (AMPKs) pathway, and loss of endothelial 

Prkaa1 facilitates lipid deposition in mouse aorta 163, indicating that EC metabolic shift to 

glycolysis is a protective mechanism maybe in order to supply ATP in a rapid manner to 

escape stress conditions in which ECs reside at an acute phase, but prolonged glycolytic 

flux may bring the negative consequences inducing EC activation as a two-edged sword.  

Collectively, UF seems to induce EC quiescent phenotype suppressing glycolytic 

flux via KLF-2 with intact mitochondria-dependent respiration, while OSS is likely to 

enhance EC glycolysis via HIF-1α stabilization and HIF-1α-mediated KLF-2 

suppression, which seems to act as a protective mechanism under DF but eventually 

induces EC atherogenic phenotype owing to sustained stimuli (Figure 7 and Table 4).   
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Figure 7. EC glycolysis and known regulators under LSS and OSS 25,123,159,161 
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Table 4. Metabolic adaptation to fluid shear stress in endothelial cells. 

Author 

/Year 

Shear stress Cell type Effect 

Type Intensity 

(dyne/cm2) 

Duration 

Wu et al., 

2017 123 

LSS Unknown 24-72 hrs HAEC Reduced glycolysis but maintained mitochondrial-dependent 

respiration 

OSS Unknown 24-72 hrs HAEC Elevated glycolysis via NOX4-mediated HIF-1α stabilization. 

Disturbed flow stabilization of HIF-1α reduces KLF2. 

Feng et 

al., 2017 
25 

LSS 11-13 72 hrs HUVEC Reduced HIF-1α-mediated glycolysis 

Low 

LSS 

4-5 72 hrs HUVEC Elevated glycolysis via cezanne-mediated HIF-1α 

stabilization. 

Doddabal

lapur et 

al., 2014 
159 

LSS 20 72 hrs HUVEC Reduced glycolysis via KLF2-mediated PFKFB3 suppression 

Kim et 

al., 2014 
23 

LSS 20 48 hrs HAEC Reduced glycolysis-related gene expression; reduced lactate 

accumulation; but enhanced O2 consumption 

Venturini 

et al., 

2019 156 

LSS 15 24 hrs HUVEC Increased KLF2. Upregulated lipid metabolism; High LDLR 

with intact glycosylation 

Low 

LSS 

5 24 hrs HUVEC Reduced KLF2. Downregulated lipid metabolism. Low 

LDLR expression with low glycosylation.  

Kalucka 

et al., 

2018 155 

LSS 10 24 hrs HUVEC Increased KLF2 and CPT1A. Increased fatty acid oxidation 

(FAO) flux.  

Ajami et 

al., 2017 
161 

LSS 12 ± 5 1-24 

hr(s) 

HUVEC Enhanced KLF2 & KLF4 expression 

OSS 0.5 ± 5 1-24 

hr(s) 

HUVEC Enhanced HIF-1α expression beginning in 4 hrs and 

downregulated KLF2 & KLF4 

Esmerats 

et al., 

2019 162 

LSS 20 24 hrs HAVEC Downregulated HIF-1α stabilization with intact pVHL 

OSS ± 5 24 hrs HAVEC Elevated HIF-1α stabilization due to enhanced pVHL 

ubiquitination and degradation by UBE2C and miR-483 

Yang et 

al., 2018 
163 

LSS 15 24 hrs HUVEC Downregulated glycolysis showing reduced HIF-1α, slc2a1, 

PFKFB3 expression 

OSS ± 5 (1 Hz) 24 hrs HUVEC Elevated PRKAA1/AMPKα1-driven glycolysis showing 

enhanced HIF-1α, slc2a1, PFKFB3 expression 

Breton-

Romero 

et al., 

2014 142 

E-

LSS 

12 5-30 min BAEC 

and 

HUVEC 

Reduced oxygen consumption rate. Increased glycolysis.  

*HUVEC, Human umbilical vein endothelial cells. BAEC, Bovine aortic endothelial cells. HAEC, Human 

aortic endothelial cells. HAVEC, Human aortic valve endothelial cells. LSS, Laminar shear stress. OSS, 

Oscillatory disturbed shear stress. E-LSS, Early phase of LSS. Low LSS, Low magnitude LSS. UBE2C, 

ubiquitin E2 ligase C. miR-483, microRNA-483-3p. KLF2, Krüppel-like Factor 2. KLF4, Krüppel-like Factor 4. 

LDLR, Low density lipoprotein receptor. PFKFB3, 6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 3. 

NOX4, NADPH oxidase 4. pVHL, von Hippel-Lindau protein. Slc2a1, Glucose transporter 1 (GLUT1).  
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Figure 8. Summary of the mitochondrial and metabolic responses to exercise-

induced flow in endothelial cells. 
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2.7. PHD2 and HIF-1α 

 

For mammalian cell survival, cellular energy adenosine triphosphate (ATP) is 

constantly generated to meet cellular metabolic demand, and oxygen (O2) play a crucial 

role in mitochondria-dependent ATP generation by oxidative phosphorylation. Decreased 

level of O2 in the mammalian cell induces cellular hypoxic responses to cope with the 

oxygen tension by increasing gene expression involved in angiogenesis, erythropoiesis, 

cell survival, and glycolysis 164. Hypoxia-inducible factor 1 (HIF-1) is one of important 

element for the hypoxic response 165,166. HIF-1 is composed of hypoxic responsive alpha 

subunit (HIF-1α) and constitutively expressed beta subunit (HIF-1β) also known as aryl 

hydrocarbon receptor nuclear translocators (ARNT). In normoxic condition, HIF-1α is 

rapidly hydroxylated by a family of prolyl hydroxylases (PHD1-4), most prominently 

PHD2 (encoded by the EGLN1 gene) and degraded by von Hippel Lindau (VHL) E3 

ubiquitin ligase complex-dependent ubiquitin-26S proteasome pathway. The PHDs 

utilizes α-ketoglutarate along with ascorbate, ferrous (Fe2+) , and O2 as cofactors in order 

to hydroxylate HIF-1α at conserved proline residues producing carbon dioxide and 

succinate as a by-product 167. However, under hypoxic condition, due to attenuated PHD 

activity by a low oxygen level, HIF-1α is stabilized and heterodimerizes with HIF-1β 

subsequently translocating into the nucleus. The HIF-1 complex binds to hypoxia-

response elements (HREs) located in the enhancer or promoter regions of HIF-1 target 

gene and recruits transcriptional coactivators such as p300 and cAMP response element-

binding protein (CBP) activating target gene expression (Figure 9). PHD2 and PHD3 

(encoded by the EGLN3 gene) are one of the HIF target genes, which acts as negative 

feedback loops 165,167. Elevated HIFs have been reported in the pathologic conditions, 
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such as atherosclerosis, pulmonary hypertension, abdominal aortic aneurysm, diabetes 

mellitus etc. 165,168.  

 

 
Figure 9. Canonical regulation of HIF-1α stabilization by prolyl hydroxylases 

(PHDs) 169 

 

 

2.8. Mitochondrial retrograde signaling  

Mitochondria are well-known organelles to send signals to other cellular 

compartments such as nucleus and cytoplasm as a signaling mediator utilizing a variety 

of mitochondria-derived factors called retrograde signaling molecules, including but not 

limited to: TCA cycle intermediates, ROS, calcium uptake/release, AMP/ATP, 

membrane potential change, etc. 90. Minocherhomji et al. (2012) reported that 

mitochondria communicate with the nucleus regulating nuclear gene expression. 

De/methylation or de/acetylation of histone tails regulates gene expressions within the 

nucleus. Flavin adenine dinucleotide (FAD), acetyl-CoA, and α-ketoglutarate (α-KG) are 

important cofactors for the action of methyl- and acetyl-transferase. Interestingly, FAD, 

acetyl-CoA, and α-KG all are synthesized in the intact mitochondria 170. In this regard, 
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dysfunction of mitochondria decreases the synthesis of listed factors and changes the 

methylation and acetylation status of histone tails resulting in an alternation of gene 

expressions. Indeed, Siraglia et al. (2008) demonstrated that rho0 cells void of functional 

mitochondria showed aberrant DNA methylation profiles measured using restriction 

landmark genomic scanning (RLGS) 171, suggesting the epigenetic modifications by 

mitochondrial function.  

Furthermore, mitochondria also communicate with the cytosol via retrograde 

signaling molecules. Selek et al. (2005) reported the communication between 

mitochondria and the cytoplasm through one of the TCA cycle intermediates, succinate. 

They showed that succinate is accumulated by inhibition of succinate dehydrogenase 

(complex II) and is subsequently released to the cytoplasm, where succinate inhibits the 

activity of prolyl hydroxylase domain (PHD) that stabilizes hypoxia inducible factor 

(HIF). In the context, succinate is utilized for mitochondria to communicate with the 

cytosol by sending a signaling molecule that represents mitochondrial dysfunction in 

order to induce adequate cellular response 172.  

Collectively, mitochondria communicate with other cellular compartments via 

retrograde signaling molecules, which can be altered depending on mitochondrial 

function. Considering the alteration of retrograde singling by mitochondrial function, 

mitochondrial morphology also can modify the retrograde signaling in that mitochondrial 

morphology is highly associated with its function. Indeed, Picard et al. (2013) suggested 

that mitochondrial morphology transitions regulate intercellular signaling via retrograde 

signaling molecules derived from mitochondria due to modified mitochondrial function 
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manifested by altered mitochondrial permeability transition, respiratory properties, and 

reactive oxygen species production 86.  

 

2.9. Retrograde signaling and PHD2 activity 

 

Mitochondrial metabolites such as succinate are known to inhibit PHDs often by 

downregulating their enzymatic activity. Mitochondrial electron transport chain complex 

II, succinate dehydrogenase (SDH), consists of four subunits (SdhA, SdhB, SdhC, and 

SdhD) and five prosthetic groups 173. Defects of SdhB, SdhC, and SdhD except SdhA are 

known to induce normoxic HIF-1α stabilization 174, thus those are also regarded as tumor 

suppressors 175. Selak et al. 172 demonstrated that succinate dehydrogenase (SDH, 

Complex II of ETC) inhibition by siRNA directed to SdhD subunit (Di3 or Di4) 

increased succinate accumulation, which resulted in downregulation of PHD2 activity, 

thereby with HIF-1α stabilization. Succinate is known to mobilize between the cytoplasm 

and the mitochondria freely through the dicarboxylic acid translocator and the voltage-

dependent anion channel (VDAC/porin) to pass the mitochondrial inner membrane and 

the mitochondrial outer membrane respectively 172. 

Reactive oxygen species (ROS) is also known to regulate HIF-1α stabilization by 

inhibiting PHD2 activity. Ferrous (Fe2+) is an essential cofactor for PHD2 hydroxylation 

activity, and hydrogen peroxide (H2O2) is known to convert Fe2+ to Fe3+ decreasing Fe2+ 

availability and thereby resulting in HIF-1α stabilization 176. As such, inhibition of 

mitochondria-derived ROS production mitigates HIF-1α stabilization 177 (Figure 10).  
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Figure 10. Mitochondrial regulation of PHDs activity 177 

 

 

2.10. Mitochondria morphology and dynamics 

 

Mitochondrial morphology varies depending on cellular conditions and locations 

at which they reside 131. Mitochondrial fission and fusion process determine 

mitochondrial structure, which are essential in maintaining mitochondrial integrity 132. 

For example, mitochondrial fusion process alleviates mitochondrial stress and 

compensate mutation of mitochondrial DNA by combining the contents of partially 

impaired mitochondria with intact one 132, whereas the fission process is also crucial for 
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segregating functionally damaged parts by facilitating them to be removed through 

mitophagy 134, proper distribution of mitochondria throughout the cell in response to the 

energetic requirements of the cell 178, and maintaining proper mitochondrial DNA 

(mtDNA) distribution throughout the network 179. Therefore, disruptions of the 

mitochondrial dynamics is closely associated with pathological conditions 137.  

For fusion process, large dynamin-related GTPase proteins including 

mitochondrial fusion proteins mitofusin (MFN) 1 and 2 for outer mitochondria membrane 

fusion and optic atrophy 1 (OPA1) for inner mitochondria membrane fusion, are involved 

in the process 133. Regarding mitochondria fission process, dynamin-related protein 1 

(Drp1) and Drp1 receptor proteins present on the mitochondria outer membrane including 

mitochondrial fission 1 protein (FIS1), mitochondrial fission factor (Mff), mitochondrial 

dynamics proteins of 49 and 51 kDa (MID49 and MID51) modulate the fission process  

133,135.  

 

2.11. Dynamin-related protein 1 (Drp1) 

Mitochondrial structure is determined by regulatory machineries of fusion and 

fission process. Drp1 is a central player of the fission process. Drp1 is a cytosolic protein 

and translocated to the outer mitochondrial membrane (OMM) resulting in the fission 

process by oligomerization and constriction in the presence of GTP 180,181. Drp1 receptors 

includes mitochondrial fission 1 protein (FIS1), mitochondrial fission factor (Mff), 

mitochondrial dynamics proteins of 49 and 51 kDa (MID49 and MID51), which are 

present on OMM 133,135,182. Drp1 is composed of four distinct domains: the GTPase 

domain, middle domain, variable domain (VD), and the GTPase effector domain (GED) 
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183. GTPase activity of Drp1 determines its function, such that a mutation in the GTPase 

domain from a lysine to an alanine (K38A) inhibits Drp1 activity resulting in a 

downregulation of mitochondrial fission process 184. The GTPase domain interacts with 

the middle domain and GED promoting self-assembly through oligomerization 183,185,186. 

Mdivi-1, selective Drp1 inhibitor, is known to attenuate Drp1 GTPase activity with a 

decrease in mitochondrial fission process 187. Cassidy-Stone et al. 188 demonstrated that 

mdivi-1 binds to an allosteric site of Drp1 stabilizing an unassembled conformational 

form (T state) of Drp1 with significantly lower affinity to GTP. Thus, mdivi-1 blocks 

GTP-induced conformational changes in Drp1, which is necessary to promote self-

assembly and polymerization, resulting in an inhibition of Drp1 oligomeric assembly.  

Drp1 has multiple phosphorylation sites which determine its GTPase activity 189. For 

example, phosphorylation of Drp1 at serine 616 residues is known to increase Drp1 

activity, while phosphorylation at serine 637 residue decreases the Drp1 GTPase activity 

190-192. Thus, activation of kinases, such as Calcium/calmodulin-dependent protein kinase 

1α (CaMK1α), serine/threonine kinase ROCK1, cAMP-dependent protein kinase (PKA), 

mitotic kinase CDK1/cyclin B, or activation of phosphatases, such as calcineurin, protein 

phosphatase 2A (PP2A), is known to modify Drp1 GTPase activity via post-

transcriptional modification at the residues 178,193.  

 

2.12. Mitochondria dynamics in CVD 

 

Mitochondrial fission is required for mitochondrial homeostasis, including 

mitochondrial quality control through mitophagy, mitochondrial intracellular distribution, 

and intact mitochondrial DNA (mtDNA) maintenance 120,194,195. However, disruption of 
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the balance, especially toward excessive mitochondrial fission, often link to 

mitochondrial dysfunction manifested by reduced mitochondrial respiration and elevated 

mitochondrial reactive oxygen species (mtROS) production 86,196, which have been 

associated with various cardiovascular diseases (CVDs) 92,197,198 as well as murine models 

of CVDs 197,199-204. Mitochondria were more fragmented in pulmonary artery smooth 

muscle cells isolated from patients with pulmonary hypertension198 and venous ECs 

isolated from diabetic patients 92. In addition, mitochondrial fragmentation was frequently 

observed in animal CVD models, specifically endothelium in STZ-induced diabetic mice 

203, coronary ECs isolated from a mouse model of type-1 diabetes 202, the heart from a 

mouse with pressure overload-induced cardiac hypertrophy 205, the heart from a rat with a 

high salt chow-induced cardiac hypertrophy 204, and right ventricular fibroblasts from a 

rat with pulmonary arterial hypertension 200. Furthermore, CVD risk factors such as 

hyperglycemia 92, smoking 206, oxidized low-density lipoprotein (ox-LDL) 207, and 

inflammatory mediators including tumor necrosis factor alpha (TNFα) and 

lipopolysaccharide (LPS) 208, are known to induce excessive mitochondrial fission 

processes in ECs. In this perspective, there were numerous trials to alleviate CVD 

symptoms by modifying mitochondrial morphology, especially by inhibition of Drp1 

using mdivi-1 treatment. In the studies, inhibition of Drp1 by mdivi-1 attenuated 

mitochondrial fragmentation and pathological phenotype of mitochondria showing more 

protective cellular phenotype against CVD risk factors 94,140,198,200,203,208. For example, 

Wang et al (2017) reported that hyperglycemia induced mitochondria fragmentation in 

ECs increasing atherosclerotic lesions in diabetic ApoE-/- mice, and inhibition of 

mitochondrial fission by mdivi-1 treatment attenuated hyperglycemia-accelerated 
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atherosclerosis diminishing oxidative stress 203. The results suggest that mitochondrial 

fragmentation may be a crucial event for EC activation and subsequent CVD progression. 

 

2.13. Mitochondria morphology and oxidative phosphorylation 

 

Mitochondrial morphology is highly associated with its respiratory function. For 

instance, elongated mitochondria network is highly associated with enhanced oxidative 

phosphorylation (OXPHOS), while fragmented mitochondria are accompanied with 

reduced coupled respiration with an elevation of mitochondrial ROS (mtROS) production 

196,209.  

An association between mitochondrial morphology and its respiratory function 

has been extensively investigated in previous studies. Extended mitochondrial network 

via fusion is known to increase OXPHOS due to efficient Ca2+ supply from endoplasmic 

reticulum via Mitochondria-associated ER membranes (MAM) and mitochondrial 

calcium uniporter (MCU), which is essential for regulating citric acid cycle 81,99,100,210. 

For example, calcium activates pyruvate dehydrogenase, NAD+-dependent isocitrate 

dehydrogenase, and 2-oxoglutarate dehydrogenase, such that reduced calcium level in 

mitochondria decreases activity of TCA cycle 100. In addition, Rambold et al (2015) and 

Wa;lch et al (2015) showed that mitochondrial fusion is required to proper fatty acids 

(FAs) distribution & oxidation. Thus, inhibition of fusion resulted in fragmentation of 

mitochondrial network showing that only mitochondria proximal to lipid droplets were 

loaded 211,212. Furthermore, previous studies have shown that elongated mitochondrial 

network is associated with cristae reconfiguration called “supercomplexes” which 

determines efficiency of mitochondrial respiration, which promotes ATP synthesis 213-215. 
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In contrast, fragmented shape of mitochondria is closely associated with impaired 

OXPHOS 196,209,216. Indeed, mitochondrial fragmentation leads to decreased respiration 

by 20-80% with a higher apoptosis rate 86.  

 

 

3. INTRODUCTION 

The endothelium is the inner-most layer of the blood vessels and plays a variety 

of roles in maintaining vascular homeostasis.1 The luminal surface of the endothelium is 

continually exposed to remarkably dynamic blood flow patterns that often significantly 

influence immunometabolic phenotypes of the ECs 21,25,123,159. For example, it has been 

well characterized that unidirectional laminar flow (UF) induces quiescent EC 

phenotypes including a reduction of glycolysis and an elevation of oxidative 

phosphorylation (OXPHOS)-dependent ATP generation 123,153,159,217,218. In contrast, 

disturbed flow (DF) elicits proinflammatory endothelial activation and increases EC 

glycolysis with a reduction of OXPHOS 25,123,163. This transition is a critical step for EC 

activation such that inhibition of the metabolic reprogramming to glycolysis or 

enhancement of OXPHOS is considered as an effective strategy to prevent the 

progression of vascular inflammation 25,123,219.  

Until recently, the role of mitochondria in ECs was somewhat neglected due to 

the prevailing view of ECs as a glycolytic cell. However, emerging evidence has shown 

that endothelial mitochondria are highly active organelles, performing their bioenergetic, 

biosynthetic, and signaling functions for endothelial homeostasis 75,220-222. Indeed, 

malfunction of endothelial mitochondria leads to apoptosis and cell dysfunction 76. 
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However, the exact role of endothelial mitochondria under different flow patterns is not 

well understood.  

Mitochondrial morphology is dynamically controlled by a balance between 

fusion and fission processes, which is necessary for mitochondrial homeostasis 133. 

Mitochondrial fission is required for mitochondrial quality control through mitophagy, 

mitochondrial intracellular distribution, and intact mitochondrial DNA (mtDNA) 

maintenance 120,194,195. However, disruption of the balance, especially toward excessive 

mitochondrial fission, often link to mitochondrial dysfunction such as reduced 

mitochondrial respiration and elevated mitochondrial reactive oxygen species (mtROS) 

production86,196, which have been associated with various cardiovascular diseases (CVDs) 

92,197,198 as well as murine models of CVDs 197,199-204. Furthermore, CVD risk factors such 

as hyperglycemia 92, smoking 206, oxidized low-density lipoprotein (ox-LDL) 207, and 

inflammatory mediators including tumor necrosis factor alpha (TNFα) and 

lipopolysaccharide (LPS) 208, are known to induce excessive mitochondrial fission 

processes in ECs. As such, endothelial mitochondria are highly active organelles 

constantly altering their shape in response to environmental cues. 

Drp1 is a cytosolic large GTPase acting as a central player of mitochondrial 

fission. When activated, Drp1 is translocalized to the outer mitochondrial membrane 

(OMM), forming an oligomerized ring to constrict a mitochondrial tubule into daughter 

mitochondria in a guanosine-5'-triphosphate (GTP)-dependent manner 180, Drp1 has 

multiple phosphorylation sites which determine its GTPase activity 189. 

Dephosphorylation at the serine 637 residue is known to increase the Drp1 GTPase 

activity resulting in an increase of mitochondrial fission process 190.  
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Accumulating evidence have implicated that mitochondria can communicate with 

other compartments of the host cell as a signaling organelle, regulating various cellular 

events in the cells 90,222. For example, molecules generated in mitochondria, such as 

flavin adenine dinucleotide (FAD), acetyl-CoA, and α-ketoglutarate (α-KG), are involved 

in epigenetic modification of gene expression in the nucleus 170, and also mitochondria-

derived ROS (mtROS), tricarboxylic acid (TCA) cycle intermediates, mitochondrial 

ATP, amino acids, etc., act as mitochondria-derived signaling molecules to communicate 

with other cellular compartments 90.  

Emerging evidence strongly suggests that exercise, as a non-pharmacological 

treatment, reduces the progression and development of cardiovascular diseases 34 

especially by improving endothelial cell function 58, but the precise mechanisms have yet 

to be completely understood. It is known that the exercise significantly elevates 

magnitude of shear stress and eliminates flow oscillation in the human arteries 22,38,41,43, 

which may link exercise and its beneficial effects on EC function. 

 

4. PURPOSE OF THE STUDY 

The purpose of this study was to investigate the molecular mechanism of 

mitochondrial fragmentation under disturbed flow (DF) in endothelial cells and to 

determine the effect of the altered mitochondrial morphology on metabolic phenotypes of 

the cell. 
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5. SPECIFIC AIMS AND HYPHOTHESES 

The overarching hypothesis of Chapter 1 was that DF will increase Drp1 

expression/activity, which will induce mitochondrial fragmentation and also will increase 

glycolysis in endothelial cells. To address this study hypothesis, specific aims and 

hypotheses were proposed as follow: 

 

Aim 1. To determine the role of dynamin-related protein (Drp1) on disturbed flow-

mediated mitochondrial fragmentation in endothelial cells. 

Hypothesis 1.1. DF will increase a Drp1 protein expression/activity (de-, phosphorylation 

at Ser637 residue) level in HAECs. 

Hypothesis 1.2. DF will increase Drp1 expression/activity in ECs compared to UF in 

vivo. 

Hypothesis 1.3. DF will increase calcineurin activity as an upstream regulator of Drp1 

activation in HAECs.  

Hypothesis 1.4. Inhibition of Drp1 will decrease mitochondrial fragmentation under DF 

in HAECs. 

 

Aim 2. To determine the role of Drp1 on glucose metabolism in endothelial cells 

under DF. 

Hypothesis 2.1. Inhibition of Drp1 will decrease DF-induced glucose uptake in HAECs. 

Hypothesis 2.2. Inhibition of Drp1 will decrease DF-induced lactate production in 

HAECs. 

Hypothesis 2.3. Inhibition of Drp1 will decrease an mRNA expression level for 

glycolysis enzymes in HAECs under DF. 

 

6. SIGNIFICANCE OF THE STUDY 

This study is significant because this study demonstrates an important 

intracellular mechanism underscoring focal development of atherosclerosis, which may 
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shed a new light on developing a novel treatment for atherogenesis through mitochondrial 

targeting medicine. Also, this study provides novel insights into how a regular practice of 

physical activity (or exercise) benefits to endothelial mitochondrial metabolism and 

function. As well, this study is conceptually and technically innovative because this study 

addresses a novel mitochondrial mechanism underlying disturbed flow-mediated EC 

proinflammatory activation, and because such studies were delivered using a unique 

endothelial cell-specific photoactivatable mitochondria model system which allows cell-

specific investigation of mitochondria at a tissue level. 

 

7. METHODS 

7.1. Mouse breeding and endothelial-specific PhAM mouse (EC-PhAM) generation 

All mouse experiments were approved by the Temple University Animal Care 

and Use Committee (Appendix I). PhAM floxed mice (B6;129S-Gt(ROSA)26Sortm1(CAG-

COX8A/Dendra2)Dcc/J, #018385) and VE-Cadherin-Cre mice (B6;129-Tg(Cdh5-cre)1Spe/J) 

were purchased from the Jackson laboratory. The mice with conditional expression of 

mito-Dendra2 (PhAM mice), a mitochondrially localized version of the photo-convertible 

monomeric fluorescent protein Dendra2 (mito-Dendra2), were described previously 145. 

To label and visualize endothelial mitochondria, the PhAM floxed mice were bred with 

VE-cadherin-Cre mice to generate endothelial-specific PhAM mice (EC-PhAM). Breifly, 

Cre activity excises a poly (A) stop cassette, allowing stochastic expression of mito-

Dendra2 specifically in endothelial cells. All mice were fed a chow diet and water ad 

libitum under a 12-hour light/dark cycle. 
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Figure 11. Genotyping results of EC-PhAM mice. VE-Cre genotyping (Left, 345 bp) 

and PhAM fx/fx genotyping (Right, 376 bp only = fx/fx, 376 bp and 604 bp = fx/+, 604 

bp only = +/+) 

 

7.2. Blood vessel isolation 

Mice were anesthetized with isoflurane. The midline of the abdomen was cut and 

opened to expose the heart, and then the mice were perfused with 10 ml of cold- 

phosphate-buffered saline (PBS) at a pressure of approximately 100 mmHg with incision 

of right atrium to release the blood, which was followed by a perfusion with a fixative 

(10 ml of cold 2% paraformaldehyde, PFA). For en face staining, different regions of 

blood vessels including aortic arch, carotid artery, thoracic aorta, abdominal aorta, 

femoral artery, and mesenteric artery were isolated.  

 

7.3. En face immunostaining 

After a perfusion with 2% PFA described above, isolated blood vessels were post-

fixed at 0.4% PFA overnight at 4℃. The vessels were then washed three times with PBS 

and incubated with 0.1M Glycine in 2% BSA/PBS for 30 min at room temperature (RT). 
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Then, the vessels were permeabilized by incubating with 0.3% Triton-X in 2% BSA/PBS 

for 30 min at RT and were then incubated with primary antibodies in 2% BSA/PBS 

overnight at 4℃ with gentle agitation. After rinsing in 2% BSA/PBS three times, the 

vessels were incubated with secondary antibodies in 2% BSA/PBS for 2 hrs at RT. 

Immunostained vessels were placed on slide glass and cut longitudinally and mounted in 

DAPI Fluoromount-G (Southern Biotech). Mitochondrial morphology was imaged under 

a fluorescence microscope (Axioimager, Zeiss) with 20x and 63x oil objective lens. 

Endothelial specific mito-Dendra2 signal in EC-mitochondria was excited by the 488 nm 

laser. ECs were identified by co-staining with EC markers using anti-CD31 (Millipore) 

antibody or anti-VE-Cadherin (Invitrogen) antibody (Table 6). 

 

7.4. Carotid artery partial ligation  

EC-PhAM mice ranging from 12 - 14 weeks of age were utilized for partial 

ligation experiments. Partial ligation of the left carotid artery (LCA) was carried out to 

generate artificial disturbed flow as previously described 223. Briefly, mice were 

anesthetized by an intraperitoneal injection of xylazine (10 mg/kg) and ketamine (80 

mg/kg) mixture with saline. The incision area was disinfected with betadine, and a 

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

dissection, and three out of four branches of LCA (left external carotid, internal carotid, 

and occipital artery) were ligated with 6–0 silk sutures, while the superior thyroid artery 

was left intact (Figure 15A). The incision was then closed with interrupted sutures. After 

the surgery, mice were monitored until recovery in a chamber on a heating pad. 48 hrs 
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later, the mice were sacrificed, and intact right carotid artery (RCA) and partial ligated 

LCA were dissected for further analysis.  

 

7.5. Voluntary wheel running exercise protocol 

After three days of the acclimation period, EC-PhAM mice were randomly 

assigned to either sedentary (SED) (n= 5) or voluntary wheel running exercise (EX) (n= 

4) group. VW group animals were individually housed in a rat-sized cage with a metal 

wheel with a diameter of 11.5 cm (Prevue) fitted with digital magnetic counter for 

running distance measurement. SED group animals were singly housed in the same sized 

cage without the running wheel. All animals were given water and food (Purina chow) ad 

libitum under a 12-hour light/dark cycle. VW running exercise began at an age of 8-week 

and continued for 7 weeks.  

 

7.6. Cell culture 

Human aortic endothelial cells (HAECs) (Lonza) were cultured in M199 medium 

(Thermo Fisher, #11150067) supplemented with 20% fetal bovine serum (FBS, Thermo 

Fisher, #16000-044) and endothelial cell growth supplement (ECGS, Sigma-Aldrich, 

E2759) and maintained at 37°C in a 5% CO2 atmosphere. All experiments with HAECs 

were conducted between the 5–9 passages. Cells were exposed to either disturbed flow 

(+/- 5 dyne/cm2) or unidirectional laminar flow (20 dyne/cm2) for 48 hrs by ibidi in vitro 

flow system (ibidi, Germany) once they reach at 100% confluency. 
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7.7. Primary mouse aortic endothelial cell (MAEC) culture 

Primary MAECs were cultured from the aorta of EC-PhAM mice following the 

protocol described in previous study with slight modifications 224. Briefly, mice were 

anesthetized with isoflurane. The midline of the abdomen was cut and opened to expose 

the heart, and then the mice were perfused with 10 ml of PBS containing 1,000 U/ml of 

heparin followed by an incision of the right atrium to release the blood. The thoracic 

aorta (TA) was dissected and immersed in 20% FBS-M199 containing 1,000 U/ml of 

heparin. Under the microscope, connective tissues were removed rapidly, and then a 24- 

gauge cannula was introduced to the proximal portion of the aorta. The site where the 

cannula was positioned was ligated with a silk thread, and the inside of the lumen was 

washed with serum-free M199 media. After washing, the distal portion of the aorta was 

also ligated, and then the aorta was filled with collagenase type II solution (2 mg/ml, 

dissolved in serum-free M199). The aorta was incubated for 45 min at 37℃, and MAECs 

were dissociated from the aorta by flushing with 5ml of pre-warmed M199 containing 

20% FBS. The MAECs were collected by centrifugation at 1,200 rpm for 5 min. The 

cells were re-suspended with 100 µl of 20% FBS-M199 and seeded in µ-slide (ibidi, 

Germany) pre-coated with 0.1% gelatin in advance. After 2 hrs incubation at 37℃, the 

medium was changed to complete M199 medium with a high dose of ECGS (100 µg/ml).  

 

7.8. Shear stress application 

Ibidi pump system (Ibidi, Germany) was utilized for generating two different 

shear conditions, either disturbed flow (DF, +/- 5 dyne/cm2) or unidirectional laminar 

flow (UF, 20 dyne/cm2). The manufacturer’s protocol from ibidi was used for applying 
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the target intensity and type of shear stress. Briefly, one day before the shear application, 

a perfusion set was mounted on the fluidic unit, and media was filled into reservoir of the 

perfusion set. The fluidic units were connected to an air pressure pump, and the pump 

was run to eliminate bubbles in the CO2 incubator. The fluidic unit with the perfusion set 

and µ-slide were pre-incubated to equilibrate the gas. On D-day, calibration was 

performed, and information obtained from the calibration was input on the software. The 

µ-slides were coated with 0.1% gelatin for 30 min in the incubator prior to seeding the 

cells, and the slides were washed 3 times with pre-warmed DPBS, and then pre-warmed 

fresh growth media was added. After counting the number of cells, HAECs were seeded 

to the µ-slide (2.5 x 105 cells). The µ-Slide was incubated for cell adhesion for 30 min at 

37℃ 5% CO2 followed by an addition of 60 µl cell-free medium each reservoir of the µ-

Slide. After the process, the reservoirs were closed again and incubated for two more 

hours at 37℃, 5% CO2 incubator. When the cells formed a confluent cell layer, each type 

of shear stress was applied to the slides for 48 hrs (detailed protocol described in 

Appendix III). 

 

7.9. Live cell imaging  

Live cell imaging was performed for measuring mitochondrial morphology, 2-

NBDG uptake, BODIPY uptake, and MitoSOX intensity. HAECs or primary cultured 

MAECs from EC-PhAM mice were seeded into ibidi μ-slides and exposed to either UF 

or DF for 48 hours using the ibidi pump system. During live cell imaging, temperature 

and CO2 were maintained at 37°C and 5% CO2 by a stage-top incubation system (ibidi 

Germany). More than 30 images per each group were acquired for analysis using an 
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epifluorescence inverted microscope (ZEISS AxioVert.A1) with a 20x or 63x objective 

oil lens.  

 

7.10. Mitochondrial morphology quantification 

Mitochondrial morphology quantification analysis was performed based on the 

methods described previously 225,226. Briefly, obtained images were processed using 

Image J (NIH) to subtract backgrounds and subjected to kernel convolution (matrix h 

described below) to emphasize the edges of each mitochondrial particle and then 

subjected to binary conversion.  

(Koopman et al., 2005) 

After binary conversion, individual mitochondrial particles were analyzed using 

the [analyze particle] function of ImageJ for calculating circularity and major/minor axes. 

Form factor (FF: the reciprocal of circularity value/(perimeter2/4π*area)) and aspect ratio 

(AR: major axis/minor axis of an ellipse equivalent to the object) were calculated, and 

then a scatter plot of AR versus FF was generated for each image. AR, a measure of 

mitochondrial length, and FF, a measure of both mitochondrial length and branching, 

have a minimal value of 1 when it is a small perfect circle and the value increase as 

mitochondria become elongated and branched. Furthermore, mitochondrial morphology 

of each cell was categorized into either fragmented, tubular, or elongated (Figure 19). 
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Then, the number of cells in each category was counted and displayed as a percentage of 

the total cell number. Approximately over 200 cells were analyzed for each condition. 

Mitochondrial fragmentation counts (MFC) were calculated based on the method 

previously described 227. The mitochondrial fragmentation count (MFC) quantifies 

discrete mitochondrial particles and greater fission results in higher MFC values. After 

binary images, mitochondrial segments were identified, and continuous mitochondrial 

structures were counted with [analyze particles] function of ImageJ, and the number was 

normalized to the total mitochondrial area to obtain the MFC for each imaged cell 

(MFC=mitochondria number / total mitochondrial area).  

 

7.11. Glucose uptake measurement – 2-NBDG 

HAECs were seeded in μ-slides (ibidi), and either UF or DF was applied for 48 

hrs. Immediate after the flow applications, cells were subjected to glucose uptake assay 

using 2-NBDG glucose uptake assay kit (#K682-50, BioVision) following the instruction 

provided. Briefly, HAECs were incubated with 2-NBDG glucose uptake mix at 37℃for 

30 min. After the incubation, the cells were washed three times with pre-warmed PBS, 

and analysis buffer provided was added for live cell imaging. 488 nm excitation laser was 

used to detect 2-NBDG fluorescent signal. ImageJ (NIH) was used for quantification of 

fluorescent intensity.  

 

7.12. Fatty acid uptake measurement – BODIPY      

HAECs were seeded in μ-slides (ibidi), and either UF or DF was applied to ECs 

for 48 hrs. Immediate after the flow applications, cells were incubated with BODIPY (5 
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µM, C1-BODIPY 500/510 C12, D3823, Molecular probes) fatty acid probe at 37℃ for 

30 min. After the incubation, the cells were washed three times with pre-warmed PBS, 

and fatty uptake was visualized under an inverted fluorescent microscope with 532 nm 

excitation laser. ImageJ (NIH) was used for quantification of fluorescent intensity.  

 

7.13. Mitochondrial reactive oxygen species (mtROS) measurement 

Mitochondrial superoxide production was visualized in cultured HAECs using the 

fluorescent probe MitoSoxTM Red (M36008, Molecular Probes) which have 

excitation/emission of 510/580 nm. After removing medium and rinsing three times with 

pre-warmed PBS, HAECs were incubated with 5 µM of MitoSox for 30 min in pre-

warmed media and incubated at 37ºC. Then, HAECs were rinsed with pre-warmed PBS 

and observed under fluorescence microscope. ImageJ (NIH) was used for quantification 

of the fluorescence signal. 

 

7.14. Canine aorta sample  

Canine aortas were obtained from Dr. Fabio Recchia’s group at the 

Cardiovascular Research Center, Temple University. Animals were euthanized via 

Euthasol (390 mg/ml pentobarbital sodium and 50 mg/ml phenytoin sodium) at 1 ml/10 

lbs, IV injection. Freshly isolated canine aortas were obtained from one-year-old male 

dogs (n=3). The aortas were cut open and washed quickly with ice-cold PBS. A plastic 

mold was placed on the surface of vessel (EC side), and 200 µl of cold-PBS was added. 

EC surface was scraped by a scraper, and the cold-PBS containing ECs were collected. 

The collected PBS was centrifuged at 1,500 rpm for 5 min at 4ºC. Supernatant was 
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discarded and 100 µl RIPA lysis buffer (including protease inhibitor, phosphatase 

inhibitor) was added to the cell pellet. The lysed samples were frozen at -80ºC until use.  

 

7.15. Immunoblotting 

Immunoblotting was performed as described previously 23. Briefly, cells were 

washed three times with cold PBS, and RIPA buffer (10 mM Tris-HCl, 5 mM EDTA, 

150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% Deoxycholate, pH 7.5) was added to 

lyse the cells. Collected RIPA samples were centrifuged at 16,000g for 15 min at 4℃, 

and supernatants were collected and subjected to BCA protein assay (Pierce™ BCA 

Protein Assay Kit, #23225) to quantify protein concentrations. The resulting protein 

samples were subjected to SDS-PAGE and transferred to a polyvinylidene difluoride 

membrane. Subsequently, the membrane was blocked with 5% nonfat dry milk in Tris-

buffered saline-Tween 20 (TBST) for 20 min at room temperature and incubated 

overnight with respective primary antibodies (Table 6). The membranes were then 

washed twice in TBST and incubated with HRP-conjugated secondary antibodies for an 

hour followed by washing three times with TBST. Then, membranes were subjected to 

standard enhanced chemiluminescence (Thermo Fisher Scientific) method for 

visualization. 

 

7.16. Immunostaining    

Cells were fixed with 4% PFA in PBS for 15 min at room temperature (RT) and 

washed with PBS three times. The fixed cells were subjected to blocking with staining 

buffer (10% normal goat serum in PBS containing 0.3% Triton X-100) for 1 hour at RT, 

and then cells were incubated with primary antibody diluted in staining buffer at 4℃ 
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overnight. The cells were washed with PBS three times and subsequently incubated with 

secondary antibody for 2 hrs at RT. After washing with PBS three times, cells were 

mounted with DAPI-Fluoromount-G (SourternBiotech, 0100-20), and images were 

acquired using a fluorescence microscope (Axioimager, Zeiss).  

 

7.17. Expression levels of glycolytic genes in publicly-available RNAseq datasets 

Expression levels of glycolytic genes were determined in RNAseq datasets from 

Qiao et al. (2018; GSE83476)228 and Wu et al. (2017).123 Lists of the genes involved in 

glucose metabolism were obtained from online database of biological pathways, 

including Kyoto Encyclopedia of Genes and Genomes (KEGG; Glycolysis - Homo 

sapiens; N00731) and Reactome (Glycolysis - Homo sapiens; R-HAS-70171.6), and  

mRNA expression level of total 79 genes were evaluated in the datasets (Table 5). For 

the dataset of Qiao et al., Genevestigator software (NEBION AG) was used to check 

mRNA expression level of genes in the list. In the study, Cone & plate apparatus was 

utilized to apply either 15 dyne/cm2 UF or 5 dyne/cm2 DF (1Hz) on human coronary 

artery endothelial cells (HCAECs) for 24 hrs. For the dataset of Wu et al., the normalized 

dataset in supplementary material was utilized for further analyses. Either UF or DF was 

applied to human aortic endothelial cells (HAECs) for 24 hrs.  
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Table 5. A list of glycolysis genes used for in silico analysis. 

# Gene  

1 AAAS; Aladin 

2 ADPGK; ADP-dependent glucokinase 

3 ALDOA; aldolase, fructose-bisphosphate A 

4 ALDOB; aldolase, fructose-bisphosphate B 

5 ALDOC; aldolase, fructose-bisphosphate C 

6 BPGM; bisphosphoglycerate mutase 

7 ENO1; enolase 1 

8 ENO2; enolase 2 

9 ENO3; enolase 3 

10 ENO4; enolase 4 

11 GAPDH; glyceraldehyde-3-phosphate dehydrogenase 

12 GAPDHS; Glyceraldehyde-3-phosphate dehydrogenase, testis-specific 

13 GCK; Hexokinase-4 

14 GCKR; Glucokinase regulatory protein 

15 GNPDA1; Glucosamine-6-phosphate isomerase 1 

16 GNPDA2; Glucosamine-6-phosphate isomerase 2 

17 GPI; glucose-6-phosphate isomerase 

18 HK1; Hexokinase-1 

19 HK2; Hexokinase-2 

20 HK3; Hexokinase-3 

21 LDHA; lactate dehydrogenase A 

22 LDHAL6A; lactate dehydrogenase A like 6A 

23 LDHAL6B; lactate dehydrogenase A like 6B 

24 LDHB; lactate dehydrogenase B 

25 LDHC; lactate dehydrogenase C 

26 NDC1; Nucleoporin NDC1 

27 NUP107; Nuclear pore complex protein Nup107 

28 NUP133; Nuclear pore complex protein Nup133 

29 NUP153; Nuclear pore complex protein Nup153 

30 NUP155; Nuclear pore complex protein Nup155 

31 NUP160; Nuclear pore complex protein Nup160 

32 NUP188; Nucleoporin NUP188 

33 NUP205; Nuclear pore complex protein Nup205 

34 NUP210; Nuclear pore membrane glycoprotein 210 

35 NUP214; Nuclear pore complex protein Nup214 

36 NUP35; Nucleoporin NUP35 

37 NUP37; Nucleoporin Nup37 

38 NUP42; Nucleoporin NUP42 

39 NUP43; Nucleoporin Nup43 
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40 NUP50; Nuclear pore complex protein Nup50 

41 NUP54; Nucleoporin p54 

42 NUP58; Nucleoporin p58/p45 

43 NUP62; Nuclear pore glycoprotein p62 

44 NUP85; Nuclear pore complex protein Nup85 

45 NUP88; Nuclear pore complex protein Nup88 

46 NUP93; Nuclear pore complex protein Nup93 

47 NUP98; Nuclear pore complex protein Nup98-Nup96 

48 PFKFB1; 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 1 

49 PFKFB2; 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2 

50 PFKFB3; 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 

51 PFKFB4; 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 

52 PFKL; phosphofructokinase, liver type 

53 PFKM; phosphofructokinase, muscle 

54 PFKP; phosphofructokinase, platelet 

55 PGAM1; phosphoglycerate mutase 1 

56 PGAM2; phosphoglycerate mutase 2 

57 PGAM4; phosphoglycerate mutase family member 4 

58 PGK1; phosphoglycerate kinase 1 

59 PGK2; phosphoglycerate kinase 2 

60 PGM2L1; Glucose 1,6-bisphosphate synthase 

61 PGP; Glycerol-3-phosphate phosphatase 

62 PKLR; pyruvate kinase L/R 

63 PKM; pyruvate kinase M1/2 

64 POM121; Nuclear envelope pore membrane protein POM 121 

65 POM121C; Nuclear envelope pore membrane protein POM 121C 

66 PPP2CA; Serine/threonine-protein phosphatase 2A catalytic subunit alpha isoform 

67 PPP2CB; Serine/threonine-protein phosphatase 2A catalytic subunit beta isoform 

68 

PPP2R1A; Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha 

isoform 

69 

PPP2R1B; Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A beta 

isoform 

70 PPP2R5D; Serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit delta isoform 

71 PRKACA; cAMP-dependent protein kinase catalytic subunit alpha 

72 PRKACB; cAMP-dependent protein kinase catalytic subunit beta 

73 PRKACG; cAMP-dependent protein kinase catalytic subunit gamma 

74 RAE1; mRNA export factor 

75 RANBP2; Nuclear pore complex protein Nup153 

76 SEC13; Protein SEC13 homolog 

77 SEH1L; Nucleoporin SEH1 

78 TPI1; Triosephosphate isomerase 

79 TPR; Nucleoprotein TPR 
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7.18. Plasmid DNA transfection 

mCherry-Drp1 was a gift from Gia Voeltz (Addgene plasmid # 49152 ; 

http://n2t.net/addgene:49152 ; RRID:Addgene_49152). The plasmid DNA was purified 

using the QIAGEN Plasmid Mini Kit (#12123). Transfections of mCherry-Drp1 were 

performed using CytofectTM Endothelial Cell Transfection Kit (Cell Applications, INC, 

#TF101K) according to the manufacturer’s recommendation.  

 

7.19. Statistics 

Statistical analysis was performed using SPSS software ver. 18.0 (IBM, Armonk, 

NY, USA). The results are presented as mean ± SD. Depending on how many conditions 

were compared, either two tailed independent t-test analysis or one-way analysis of 

variance (ANOVA) with the Tukey’s post-hoc analysis was conducted. p<.05 was 

considered statistically significant for all analyses. 

 

 

 

 

 

 

 

 

 

 

 

 



83 

Table 6. Information of products utilized in the study 

Chemicals     

 Product Company Cat# 

1 Mdivi1 Sigma-Aldrich M0199 

Antibody       

 Product Company Cat# 

1 HIF-1 alpha Antibody Novus NB100-479 

2 

CD144 (VE-cadherin) Monoclonal 

Antibody  Invitrogen 14-1441-81  

3 Purified Mouse Anti-DLP1 BD Sciences 611112 

4 VE-cadherin Polyclonal Antibody Invitrogen 36-1900  

5 

Phospho-DRP1 (Ser616) (D9A1) Rabbit 

mAb 

Cell Signaling 

Technology 4494 

6 

Phospho-DRP1 (Ser637) (D3A4) Rabbit 

mAb 

Cell Signaling 

Technology 6319 

7 Anti-β-actin antibody Sigma-Aldrich A1978 

8 Purified Mouse Anti-OPA1 BD Sciences 612606 

9 VCAM-1 (E-10) Santa Cruz sc-13160 

10 

Purified Rat Anti-Mouse CD106 

(VCAM-1) BD Pharmingen  553330 

11 Hamster anti-mouse CD31 Millipore MAB1398Z 

Kits       

 Product Company Cat# 

1 

2-NBDG Glucose Uptake Assay Kit 

(Cell-Based) Biovision K682-50 

2 Pierce™ BCA Protein Assay Kit 

Pierce™ BCA Protein 

Assay Kit 23225 

Probes       

 Product Company Cat# 

1 

4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-

diaza-s-indacene-3-hexadecanoic acid 

(BODIPY® FL C16) Molecular Probes D-3821 

2 MitoSOX 

Invitrogen/Molecular 

Probes M36008 

3 MitoTracker Red FM 

Invitrogen/Molecular 

Probes M22425 

4 Dihydroethidium (DHE) 

Invitrogen/Molecular 

Probes D11347 

Cell       

 Product Company Cat# 

1 Human aortic endothelial cells (HAECs) Lonza  CC-2535 
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8. RERULTS 

8.1. Generation of endothelial specific PhAM mouse 

Initially, to analyze morphology of endothelial mitochondria at a tissue level, we 

generated endothelial specific photo-activatable mitochondria (EC-PhAM) mice by cross-

breeding PhAM floxed mice with VE-Cadherin-Cre mice expressing Cre driven by the 

VE-cadherin promoter, which is selectively active in endothelial cells (ECs). Cre activity 

excises a poly (A) stop cassette, allowing stochastic expression of a mitochondrial-

specific version of Dendra2 green/red photo switchable monomeric fluorescent protein in 

ECs (Figure 12A). The endothelial specific mito-dendra2 signal was confirmed with in 

vivo en face platelet/endothelial cell adhesion molecule-1 (PECAM-1, CD31) co-staining 

in the thoracic aorta of EC-PhAM mice (Figure 12B) and in aortic ring of the thoracic 

aorta from EC-PhAM (Figure 12C). In addition, primary cultured mouse aortic 

endothelial cells (MAEC) from the EC-PhAM mice showed stable mito-dendra2 signals 

(Figure 12D and E).  

 

 

Figure 12. Endothelial specific PhAM mouse was generated for endothelial 

mitochondria morphology study. (A) Schematic illustration for endothelial 
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mitochondria labeling. (B) Fluorescence microscopic image of mito-dendra2 signal 

(green) at the endothelium of the thoracic aorta (TA) from EC-PhAM mouse co-stained 

with CD31 (red) assessed by in vivo en face staining (63x). Scale bar = 20 µm. (C) 

Representative micrograph of frozen cryo-section of mouse thoracic aorta (63x). Dendra-

2 signal was observed at the endothelial layer of the vessel. Scale bar = 20 µm. (D) 

Representative phase contrast image of primary cultured mouse aortic endothelial cells 

isolated from EC-PhAM mice. Scale bar = 200 µm. (E) Representative image of mito-

dendra2 signals (green) co-stained with CD31 (red) in primary cultured mouse aortic 

endothelial cells (MAEC) isolated from EC-PhAM mice (63x). Scale bar = 50 µm. 

 

8.2. Excess mitochondrial fragmentation was observed in the DF-exposed vessel 

regions in vivo.  

Morphology of endothelial mitochondria in EC-PhAM mice were investigated 

using en face staining method. A total of 6 vessel segments of aorta and arteries including 

greater curvature of aortic arch (GC), lesser curvature of aortic arch (LC), bifurcation of 

aortic arch (BCA), thoracic aorta (TA), abdominal aorta (AA), and femoral artery (FA) 

were analyzed respectively. The morphology of endothelial mitochondria in the DF-

exposed segments (i.e., LC and BC) showed a shorter fragmented shape compared to 

those from UF-exposed vessels (i.e., GC, TA, AA, and FA) (Figure 13A and B). Also, 

morphology quantification by mitochondrial fission count (MFC) showed significantly 

higher values in the LC and BC compared to the TA (Figure 13C). 
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Figure 13. Excess mitochondrial fragmentation was observed in the DF-exposed 

vessel regions in vivo. (A) Representative micrographs of mitochondrial morphology at 

the different sites of aorta and arteries. Mitochondria morphology at bifurcation of artery 

(BC) and lesser curvature (LC) was more fragmented shape compared to other sites 

(n=8). Scale bar = 30 µm. (B) Quantification plot of mitochondrial morphology assessed 

by mitochondrial fission count (MFC = mitochondria number/total mitochondria area). 

MFC in LC and BC was significantly higher than TA (p<.01). (C) Fluorescence 

microscopic images of endothelial mitochondria at thoracic aorta (TA) and lesser 

curvature of aortic arch (LC) co-stained with VE-Cadherin (red) (63x). Mitochondria 

morphology at LC was more fragmented compared to TA. Scale bar = 20 µm. Data 

shown as means ± SD. GC, Greater Curvature. LC, Lesser Curvature. CA, Carotid 

Artery. BC, Bifurcation. TA, Thoracic Aorta. AA, Abdominal Aorta. FA, Femoral 

Artery. MA, Mesenteric Artery. **p<.01 compared to TA by one-way ANOVA followed 

by Tukey's post hoc test. A.U. = Arbitrary unit. 
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8.3. Disturbed flow increases mitochondrial fragmentation and instigates 

atheroprone endothelial phenotypes in vivo  

Compared to TA, LC showed higher total-Drp1 expression (p<.05) (Figure 14A 

and 14C) and decreased phosphorylation of Drp1 at Ser637 (p<.05), which has been 

reported as an inactivation site, implying elevated Drp1 activity in ECs (Figure 14B and 

14D). Furthermore, VCAM-1 (CD106) expression (p<.01), which is a pro-inflammatory 

activation marker of endothelium (Figure 14E and 14F), and reactive oxygen species 

(ROS) production measured by dihydroethidium (DHE) staining were significantly 

elevated at LC compared to TA (p<.05) (Figure 14G and 14H). In addition, we collected 

protein samples from ECs of aorta at LC and TA from 1-year-old canines (n=3) and then 

analyzed protein lysates (Figure 14I). Total-Drp1 expression was significantly elevated 

at LC (p<.01) with an elevation of glycolytic enzymes including hexokinase 2 (HK2) 

(p<.05) and pyruvate dehydrogenase 1 (PDK1) (p<.05) indicating elevated glycolysis at 

LC in line with previous studies (Figure 14J). Based on a previous study 27, ECs of these 

sites were known to be activated by DF and be prone to develop into atherosclerosis. 

From these in vivo results, we postulated that DF may induce the morphological 

difference of endothelial mitochondria at LC with atheroprone phenotypes (enhanced 

glycolysis and activation).               
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Figure 14. Disturbed flow increases mitochondrial fragmentation and instigates 

atheroprone endothelial phenotypes in vivo. (A) Representative immunofluorescent 

images of total-Drp1 in ECs of TA vs. LC. Scale bar = 20 µm. (n=6). (B) Representative 

immunofluorescent images of phosphor-Drp1 at Ser637 in ECs of TA vs. LC. Scale bar = 

20 µm. (n=7). (C) Quantification plots of T-Drp1 intensity. (D) Quantification plots of 

Drp1 dephosphorylation at Ser637. (E) Representative immunofluorescent images of 

VCAM-1 expression and mitochondrial morphology in ECs of TA vs. LC (n=7). Scale 
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bar = 20 µm. (F) Quantification plot of VCAM-1 intensity. VCAM-1 expression was 

quantified using ImageJ. (G) Representative images of DHE staining in ECs of TA vs. 

LC (n=5). Scale bar = 30 µm. (H) Quantification plot of DHE intensity. (I) 

Representative images of aorta from canines. (J) Representative immunoblot images. 

Protein expression of Drp1, HK2 and PDK1 at LC was significantly elevated in the aorta 

of canine (1 year old). (n=3). *p<.05. **p<.01 by two-tailed independent Student’s t-test. 

A.U.=Arbitrary Unit. 

 

8.4. DF causes excess mitochondrial fragmentation and elevated Drp1 activity and 

VCAM-1 expressions in a carotid artery partial ligation model 

To further test whether atheroprone DF induces mitochondrial fragmentation in 

vivo, we performed partial ligation surgery on the left carotid artery (LCA) of EC-PhAM 

mice, which is the known-surgical model to acutely induce disturbed flow 223. External 

carotid artery (ECA), internal carotid artery (ICA), and occipital artery (OA) of the left 

common carotid artery (LCA) were ligated, leaving the superior thyroid artery (STA) 

open (Figure 15A). Partial ligation-induced DF (48 hours) led to significant 

mitochondrial fragmentation in the LCA, evidenced by increased MFC value (p<.01) 

along with an elevation of VCAM-1 expression (p<.05) (Figure 15B~E). In addition, in 

line with the phenotype of ECs at LC, LCA showed higher total-Drp1 expression (p<.01) 

with enhanced Drp1 activity measured by phosphorylation of Drp1 at Ser637 compared 

to the intact RCA (p<.05) (Figure 15F~H).  



90 

 

Figure 15. DF causes excess mitochondrial fragmentation and elevated Drp1 activity 

and VCAM-1 expressions in a carotid artery partial ligation model. (A) Schematic 

illustration of carotid arteries and ligation sites for partial ligation surgery. The external 

carotid artery (ECA), internal carotid artery (ICA), and occipital artery (OA) of the left 

common carotid artery (LCA) were ligated, leaving the superior thyroid artery (STA) 

open. RSA: Right subclavian artery, LSA: left subclavian artery. (B) Representative 

fluorescence images of endothelial mitochondria in ligated LCA vs. intact RCA after 48h 

partial ligation (63x). Scale bar = 30 µm. (C) Quantification plot of mitochondrial 
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morphology. Mitochondrial morphology was quantified by mitochondrial fission count 

(MFC) (n=7). (D) Quantification plot of VCAM-1 expression. Bar graphs show the 

results of the fluorescence signal (n=7). (E) Representative images of VCAM-1 

expression in ligated LCA vs. intact RCA after 48h partial ligation (63x). Scale bar = 30 

µm. (F) Quantification plot of dephosphorylation of Drp1 at Ser637 in RCA vs. LCA 

(n=6). (G) Quantification plot of T-Drp1 in RCA vs. LCA (n=5). (H) Representative 

micrographs of total-Drp1 and phospho-Drp1 at Ser637 in RCA vs. LCA. Scale bar = 20 

µm. Data shown as means ± SD. *p<.05. **p<.01 by two-tailed independent Student’s t-

test. A.U. = Arbitrary unit. (I) Summary of the results. 

 

8.5. Disturbed flow induces mitochondrial fragmentation with an elevation of Drp1 

activity in vitro in primary endothelial cells  

Next, we isolated mouse aortic endothelial cells from EC-PhAM mice 

(MAECPhAM) and subjected them to either UF (20 dyne/cm2, UF) or DF (+/- 5 dyne/cm2, 

DF) for 48 hrs. As expected, we observed that EC morphology became gradually 

elongated in the direction of flow under UF, while ECs under DF showed rounded and 

cobble-stone shapes, which corresponded to the morphology of ECs at TA and LC, 

respectively (Figure 18). Next, based on the established mitochondrial morphological 

classification criteria (Figure 19), we analyzed mitochondrial shapes. Endothelial 

mitochondria under UF showed more elongated shapes stably, while mitochondria under 

DF showed more fragmented shapes throughout the DF exposure (Figure 16D). In 

addition, MFC (p<.01), AR (p<.01), FF (p<.01), and branch length (p<.05) also 

confirmed that mitochondria morphology became more fragmented in shape under DF 

than mitochondria under UF (Figure 16C). Next, in order to analyze transient changes in 

the mitochondrial shapes, we performed a live-cell imaging under switching flow 
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conditions. Initially, MAECPhAM was exposed to UF for 48 hrs, and then the flow pattern 

was switched to DF (Figure 16G). Mitochondria showed elongated morphology after 48 

hours UF, but the flow switched to DF gradually but noticeably changed mitochondrial 

morphology from an elongated shape to a fragmented shape. As well, these changes were 

confirmed with quantitative morphometrics such as a reduction of AR (p<.05), FF 

(p<.01), and branch length (p<.01) (Figure 16H). In addition, fragmented mitochondria 

under DF for 48 hrs were shifted to more elongated shape after changing flow to UF 

(Figure 17). In addition, Drp1 phosphorylation at Ser637 was significantly reduced in 

ECs under DF compared to ECs under UF (p<.05) (Figure 16E and 16F). Cytosolic 

phosphatase calcineurin is known to increase Drp1 dephosphorylation at Ser637, which 

enhances Drp1 activity. Inhibition of calcineurin activity by FK506 treatment (1µM) 

partially attenuates dephosphorylation of Drp1 under DF, but it seems that Drp1 

dephosphorylation at Ser637 under DF is not solely dependent on calcineurin (Figure 

20). 
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Figure 16. Disturbed flow induces mitochondrial fragmentation with an elevation of 

Drp1 activity in vitro in primary endothelial cells. (A) Representative phase contrast 

images of primary mouse aortic endothelial cells isolated from EC-PhAM mice 

(MAECPhAM) under UF vs. DF. (10x). Scale bar = 200 µm. (B) Representative 

fluorescence images of mitochondria morphology in MAECPhAM under UF vs. DF. Scale 
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bar = 20 µm. (C) Quantification plots of mitochondrial morphometric analysis. 

Mitochondrial fission counts (MFC, the number of particles / total area of mitochondria), 

branch length, aspect ratio (AR) and form factor (FF) were calculated (n=4-6). (C) 

Quantification plots of mitochondrial morphology classification. Mitochondria were 

classified into 3 categories. fragmented, tubular, elongated (Figure 19). (E) 

Representative immunoblot images for the protein expression of phospho-Drp1 at Ser637 

(n=5). (F) Quantification plots of phospho-Drp1 at Ser637 in HAECs under UF vs. DF 

(n=5). (G) Fluorescence micrographs of endothelial mitochondria under UF and 3 hrs 

after the flow transition from UF to DF (n=4). Scale bar = 20 µm. (H) Quantification 

plots of mitochondrial morphology analysis under UF and 3 hrs after the flow transition 

from UF to DF. Data shown as means ± SD. *p<.05, **p<.01 by two-tailed independent 

Student’s t-test. 

 

 
Figure 17. Mitochondrial morphology under the transition of flow pattern from DF 

to UF. Fragmented mitochondria under DF for 48 hours were gradually altered to 

elongated shape after the transition of the flow pattern from DF to UF. As well, this 

comes with a reduction of mitochondrial fission count (MFC). Green signal = 

mitochondria (mito-Dendra2 signal).  
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Figure 18. Comparison of endothelial cell morphology between primary mouse 

aortic endothelial cells from EC-PhAM under UF vs DF for 48h and endothelium at 

thoracic aorta (TA) & Lesser curvature. EC morphology under 48 hrs UF corresponds 

to the EC at thoracic aorta being exposed to UF, while EC morphology under 48 hrs DF 

corresponds to the EC shape at lesser curvature of aortic arch where DF is present. UF = 

unidirectional flow, DF = disturbed flow. 
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Figure 19. Mitochondrial morphology classification based on aspect ratio (AR) and 

form factor (FF). The endothelial mitochondria morphology was classified into three 

groups, fragmented, tubular, and elongated based on aspect ratio (AR) and form factor 

(FF). 
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Figure 20. Cytosolic phosphatase calcineurin is involved in DF-induced Drp1 

dephosphorylation at Ser637. (A) Representative phase contrast images of HAECs 

under UF vs. DF vs. DF+FK506 (1µM) for 48h. (B) Representative immunoblot image of 

P-Drp1 Ser637. α-tubulin was used as a loading control. (C) Bar graph is the result of 

relative P-Drp1 Ser637 protein expression. *p<.05, **p<.01 by one-way ANOVA 

followed by Tukey’s post-hoc test. 
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8.6. DF enhanced EC glycolysis and activation, which is facilitated by Drp1-induced 

mitochondrial fragmentation 

In order to test the effect of different flow patterns on endothelial metabolic 

phenotypes, we first measured glucose uptake determined by 2-NBDG, which is a 

fluorescent glucose analog that has been used to monitor glucose uptake. Interestingly, 

after 48 hrs DF, glucose uptake was significantly elevated compared to ECs under UF 

(p<.01) (Figure 21C and 21D). In contrast, fatty acid uptake measured by BODIPY 

probe was significantly decreased under DF compared to UF (p<.05) (Figure 21E and 

21F). Analysis of publicly-available RNAseq datasets also reveals that an increment of 

mRNA expression of glycolytic genes was dominant under DF relative to UF in ECs 

(Figure 22). Collectively, our data shows distinct metabolic phenotype of ECs with 

different mitochondrial morphology under two different shear conditions implying the 

close relationship between EC metabolic phenotype and mitochondrial morphology. 

To test the role of drp1-mediated mitochondria fragmentation on EC metabolic 

phenotype, we treated mdivi-1, which is a selective inhibitor of Drp1, on ECs under DF. 

Mdivi-1 treatment (25 µM) attenuated DF-induced glucose uptake (p<.05) (Figure 21C 

and 21D) and restored fatty acid uptake under DF (p<.01) (Figure 21E and 21F). 

Next, we also confirmed that DF significantly induced EC activation by 

measuring VCAM-1 expression (p<.01). Inhibition of mitochondrial fission by mdivi-1 

significantly decreased VCAM-1 expression (p<.05) (Figure 21G and 21H), suggesting 

that mitochondrial fragmentation may be an essential step for DF-induced endothelial 

activation.  
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Next, we conducted gain-of-function study using mCherry-Drp1 plasmid. 

HUVECs were transfected with mCherry-Drp1 plasmid, and mitochondrial morphology 

and glucose uptake were measured using MitoTracker Green probe and 2-NBDG probe 

respectively. mCherry-Drp1 positive HUVECs show higher mitochondrial fragmentation 

and glucose uptake compared to mCherry-Drp1 negative HUVECs (Figure 23).  

 

Figure 21. DF enhanced EC glycolysis and activation, which is facilitated by Drp1-

induced mitochondrial fragmentation. (A) Representative fluorescence images of 
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mitochondria morphology in MAECPhAM under UF vs. DF vs. DF+Mdivi1 (25 µM). 

Scale bar = 30 µm. (B) Quantification plots of mitochondrial morphology analysis using 

mitochondrial fission counts (MFC). (C) Representative fluorescence images of 2-NBDG 

uptake under UF vs. DF vs. DF+Mdivi1 (25 µM). (20x). Scale bar = 100 µm. (n=4). (D) 

Quantification plot of 2-NBDG signal. (E) Representative fluorescence images of bodipy 

uptake under UF vs. DF vs. DF+Mdivi1 (25 µM) in HAECs. Scale bar = 30 µm. (n=6). 

(F) Quantification plot of bodipy uptake. (G) Representative fluorescence images of 

VCAM-1 expression under UF vs. DF vs. DF+Mdivi1 (25 µM) in HAECs. Scale bar = 

30 µm. (n=4). (H) Quantification plot of VCAM-1 expression. Data shown as means ± 

SD. *p<.05, **p<.01 by one-way ANOVA followed by Tukey's post hoc test. A.U.= 

Arbitrary unit. UF = Unidirectional flow, DF = Disturbed flow. DF+M = Disturbed flow 

+ mdivi-1. 
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Figure 22. mRNA expression of glycolytic genes in publicly-available RNAseq datasets. mRNA expression levels of glycolytic 

genes were determined in RNAseq datasets from Qiao et al. (2018; GSE83476)228 and Wu et al. (2017)123. For the dataset of Qiao et 

al., Cone & plate apparatus was utilized to apply either 15 dyne/cm2 UF or 5 dyne/cm2 DF (1Hz) on human coronary artery 

endothelial cells (HCAECs) for 24 hrs. For the dataset of Wu et al., either UF or DF was applied to human aortic endothelial cells 

(HAECs) for 24 hrs. (A, C) Numbers and percentages of the total of 79 glycolytic genes that are increase, decrease, or unchanged. 

(DF vs. UF). (B, D, E, F) Heat maps and volcano plots in the Qiao et al. (2019) (B, E) and Wu et al. (2017) (D, F). The dot size of the 

volcano plots represents the product of log2fold change and −log10P values. (G) List of the metabolic genes changed in both datasets 

(DF vs. UF).  
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Figure 23. Drp1 overexpression elevates mitochondrial fragmentation and glucose 

uptake in HUVECs. (A) mCherry-Drp1 positive HUVECs (red) show higher 

mitochondrial fragmentation and (B) glucose uptake compared to mCherry-Drp1 

negative HUVECs. **p<.01 by two-tailed independent Student’s t-test. Scale bar = 30 

µm. 
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8.7. Disturbed flow-induced mitochondrial fragmentation contributes to HIF-1α 

stabilization and translocalization to nucleus 

Next, we tried to find a cytosolic regulator that mediates EC glycolysis and 

activation under DF, which is possibly regulated by mitochondria retrograde signaling. 

Recently, it has been reported that DF up-regulates EC glycolysis and activation through 

HIF-1α stabilization 25,123. HIF-1α stabilization is known to be regulated by prolyl 

hydroxylase domain-containing proteins (PHDs), especially PHD2 that utilizes α-

ketoglutarate (αKG) and oxygen with its cofactors, such as ferrous (Fe2+) and ascorbate, 

to hydroxylate HIF-1α producing succinate as a by-product 167. In addition, mitochondria-

derived factors such as succinate 173 and mitochondrial ROS 176 have been reported to 

regulate PHD2 enzymatic activity. Therefore, we investigated HIF-1a stabilization and its 

transcriptional activity by measuring its nuclear localization under the different flow 

conditions. Initially, as a positive control, we checked HIF-1α stabilization by western 

blot and nuclear localization by immunostaining under CoCl2 treatment, which is a well-

known inducer of HIF-1α stabilization (Figure 24). After that, we tested HIF-1α nuclear 

localization at LC and TA in vivo showing that HIF-1α nuclear localization was enriched 

at LC compared to TA in vivo (p<.01) (Figure 25A and 25B). In addition, when artificial 

DF was applied on LCA by partial ligation surgery, HIF-1α nuclear localization was also 

increased in LCA compared to intact RCA in vivo (p<.01) (Figure 25C and 25D). We 

confirmed the in vivo results in in vitro flow system showing increased HIF-1α 

stabilization (p<.05) (Figure 25G and 25H) and nuclear localization (p<.01) under DF 

(Figure 25E and 25F). In addition, mdivi-1 treatment (25 µM) significantly reduced 

HIF-1α stabilization (p<.05) (Figure 25G and 25H) and nuclear localization under DF 
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(p<.01) (Figure 25E and 25F) implying the possibility of communication between 

mitochondria and HIF-1α stabilization plausibly though the mitochondrial regulation of 

PHD2 activity. In addition, increased mtROS production (p<.01) and succinate 

concentration (p<.01) under DF was attenuated by mdivi-1 treatment (p<.05 both) 

(Figure 25I, 25J, and 25K) implying the possibility of mitochondrial regulation of HIF-

1α stabilization through a reduction of PHD2 activity by mitochondrial retrograde 

signaling molecules such as mtROS or succinate.   

 

 

Figure 24. HIF-1α stabilization and nuclear translocalization by CoCl2. (A) 

Representative immunoblot images of HIF-1α and α-tubulin. HIF-1α was stabilized by 

CoCl2 treatment in a dose-dependent manner. (B) Representative fluorescence images of 

HIF-1α and quantification plot. CoCl2 induced HIF-1α translocalization to nucleus. 

*p<.05 by two-tailed independent Student’s t-test. 
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Figure 25. Disturbed flow-induced mitochondrial fragmentation contributes to HIF-

1α stabilization and translocalization of HIF-1α to nucleus in vitro. (A) 

Representative images of HIF-1α and VE-Cadherin en face staining at TA vs. LC. Scale 

bar = 20 µm. (B) Quantification plot of HIF-1α nuclear intensity in TA vs. LC (n=6). (C) 

Representative images of HIF-1α and VE-Cadherin en face staining at RCA vs. LCA. 

Scale bar = 20 µm. (D) Quantification plot of HIF-1α nuclear intensity in RCA vs. LCA 

(n=6). (E) Representative fluorescence images of HIF-1α in ECs under UF vs. DF vs. 

DF+Mdivi1. Scale bar = 30 µm. (n=3). (F) Quantification plot represents HIF-1α nuclear 

intensity. (G) Representative immunoblot image of HIF-1α and β-actin. (H) 
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Quantification plot of relative HIF-1α stabilization (n= 5). (I) Representative images of 

mitoROS production measured by mitoSOX probe in UF vs. DF vs. DF+mdivi1. (J) 

Quantification plot of mitoSOX intensity. (F) Quantification plot of succinate assay. A.U. 

= Arbitrary unit. *p<.05, **p<.01 by two-tailed independent Student’s t-test (A and B) 

and by one-way ANOVA followed by Tukey's post hoc test (C~F). UF= Unidirectional 

flow, DF=Disturbed flow, DF+M = Disturbed flow + Mdivi1 treatment (25 µM). 

 

8.8. Exercise decreased the area where endothelial mitochondria altered to 

fragmentation and reduced VCAM-1 expression in vivo 

Exercise is known to decrease DF and increase UF in the arterial circulation 

22,38,40,41,43,44. To test the effect of voluntary physical activity on mitochondrial 

fragmentation in ECs, EC-PhAM mice were subjected to either voluntary-wheel running 

exercise (EX, n=4) or sedentary conditions (SED, n=5) as control for 7 weeks (Figure 

26A), and mitochondrial morphology and VCAM-1 expression were examined at LC 

(Figure 26B). In LC, the area of endothelium containing fragmented mitochondria was 

significantly decreased (p<.05) (Figure 26C and 26E) with reduced VCAM-1 expression 

in exercising mice compared to sedentary animal (p<.05) (Figure 26D and 26F).  
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Figure 26. Exercise decreased the area covered by fragmented mitochondria and 

VCAM-1 expression in vivo. (A) Average running distance of exercising mice during 7-

week voluntary running wheel intervention (km/day). (B) Illustration of the part of the 

vessel analyzed = lesser curvature of aortic arch (LC). (C) Representative fluorescent 

images of the area covered by fragmented mitochondria (yellow) at LC in SED vs. EX 

mice. (D) Representative fluorescent images of VCAM-1 expression at LC in SED vs. 

EX mice. (E) Quantification plot of the area of endothelium covered by fragmented 

mitochondria at LC in sedentary- (n=5) and exercised-PhAM mice (n=4). (F) 

Quantification plot of VCAM-1 expression at LC of aortic arch in sedentary (n=3) vs. 
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exercised mice (n=3). Data shown as means ± SD. *p<.05 by two-tailed independent 

Student’s t-test. Sed= sedentary, EX = Exercise group. LCA = Left common carotid 

artery, RCA = Right common carotid artery, RSA = Right subclavian artery, LSA = Left 

subclavian artery. 

 
Figure 27. Proposed mechanism of the role of disturbed flow-induced mitochondrial 

fragmentation on endothelial metabolic reprogramming and activation. Disturbed 

flow induces Drp1-mediated mitochondrial fragmentation, which may alter mitochondrial 

retrograde signaling including mitochondrial ROS (mtROS) or succinate that may 
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facilitate HIF-1a stabilization resulting in an elevation of EC glycolysis and endothelial 

activation. 

 

9. DISCUSSION 

In the present study, we demonstrated that mitochondrial morphology is altered 

by different patterns of flow exposed to the ECs, which is associated with alternations of 

EC immunometabolic phenotypes through possibly mitochondrial modification on PHDs-

HIF-1α axis (Figure 27). This study is the first to show, to our best of knowledge, that 

the DF-induced mitochondrial fragmentation is associated with EC activation and EC 

dysfunction. Our findings also showed that voluntary physical exercise significantly 

attenuated mitochondrial fragmentation and EC activation specifically at the DF-exposed 

vessel region.  

In other to address the flow-dependent endothelial mitochondrial morphological 

alteration, we employed an EC-PhAM mouse model which made the study capable of 

observing this phenomenon at the tissue level. Durand et al (2018) recently demonstrated 

the in vivo analysis of mitochondrial morphology utilizing the same mouse model (EC-

PhAM) showing morphological change of mitochondria into fragmented shape under 

stress conditions, such as streptozotocin (STZ)-induced hyperglycemia 144. Using this 

model, We, herein, demonstrated that ECs at the LC of the aortic arch and aortic 

bifurcations, which are frequently exposed to DF, showed elevated mitochondrial 

fragmentation using a unilateral carotid artery partial ligation model. Furthermore, these 

in vivo findings were confirmed by complementary in vitro microfluidics model and 

voluntary training experiments. 

Our findings with various small and large animals and in vitro models provide 
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comprehensive, time-dependent evidence of the flow pattern-dependent endothelial 

mitochondrial remodeling. Previous literatures have shown that endothelial mitochondria 

are highly active organelle responding to different flow conditions by altering its 

morphology 21,120,142,143. There are two seemingly contradicting results in the literatures. 

Breton-Romero et al (2014) reported the effect of shear stress on mitochondria 

morphology and bioenergetics responses at an early phase (within 30 min). They applied 

12 dyne/cm2 UF using a cone-and-plate and an ibidi pump system on bovine aortic 

endothelial cells (BAEC), human umbilical vein endothelial cells (HUVEC) and murine 

lung endothelial cells (MLEC). UF induced mitochondrial fragmentation in a Drp-1 

dependent-manner by the influx of extracellular Ca2+ showing a decrement in 

mitochondrial respiratory rate and increased mitochondrial ROS production 142. On the 

other hand, Wu et al (2018) reported the effect of UF on mitochondria morphology at a 

relatively late phase of UF (6-12 hrs) compared to the study of Breton-Romero et al 

(2014) mentioned above. They demonstrated that UF application led to mitochondrial 

fusion by increased mitochondrial fusion protein (Mfn2) and decreased mitochondria 

fission protein (Drp1) along with elevated proteins involved in mitochondrial biogenesis 

and redox homeostasis, including peroxisome proliferator-activated receptor-gamma 

coactivator (PGC)-1alpha (PGC-1a), transcription factor A, mitochondrial (TFAM), 

Nuclear respiratory factor 1(Nrf-1), mitochondrial antioxidant manganese superoxide 

dismutase (MnSOD) etc 120. From these findings, we can possibly assume that UF, as a 

mechanical stress, induces mitochondrial fragmentation with enhanced mtROS 

production at an early phase, but the transient disruption of mitochondrial homeostasis 

may act as a signal to induce endothelial adaptation to the stress increasing many salutary 
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factors to cope with the stress with mitochondrial elongation and biogenesis. This 

temporal responses of endothelial mitochondrial shapes to UF are consistent with what 

we observed using a time-lapse live-cell imaging. The mitochondrial responses to DF in 

their morphology have not been reported previously, but our data demonstrated that DF, 

as an unadaptable mechanical stress, induces mitochondrial fragmentation in EC. The 

biphasic temporal responses of EC mitochondria to UF and DF is somewhat similar to 

what has been reported previously by Hahn & Schwartz (2009). Their study described 

that UF transiently induces various inflammatory signaling pathways, such as an 

increment of reactive oxygen species (ROS) production and expression of 

proinflammatory mediators such as JUN N-terminal kinase (JNK), nuclear factor-kB 

(NF-kB), p21-activated kinase (PAK) and cytokines, but these responses are 

downregulated within 1 hour. In contrast, DF activates the same inflammatory pathways 

in a sustained manner leading to activated EC phenotype 114. These results recapitulate 

the mitochondrial morphological responses to UF and DF, which suggests the association 

between morphological alternations of endothelial mitochondria and the phenotypic 

changes of ECs under UF and DF. Indeed, our data demonstrated the association showing 

DF led to mitochondrial fragmentation with an elevation of VCAM-1 expression, and 

inhibition of mitochondrial fragmentation by mdivi-1 treatment attenuated DF-induced 

VCAM-1 expression (Figure 21).  

In our study, we observed that DF leads to an increase of Drp1 de-

phosphorylation at Ser637 in vivo in the LC and in vitro in HAECs under DF, which may 

induce mitochondrial fragmentation under DF. Among the putative upstream factors that 

may lead to mitochondrial fragmentation under DF, calcineurin (CaN), which is a 
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calcium and calmodulin dependent serine/threonine protein phosphatase and an important 

molecule for calcium-dependent signaling pathway (i.e. Ca2+/Calmodulin/Calcineurin), is 

a well-known inducer of mitochondrial fission by de-phosphorylation of Ser637 residue 

(inhibition site) 229. Green et al (2017) reported that DF enhanced an extracellular calcium 

influx by increasing P2X7 receptor, which is a receptor for ATP, such that ATP-mediated 

signaling is more frequent under DF, leading to more abundant calcium signals and 

thereby subsequent EC activation via p38 activation 230. Therefore, enhanced calcium 

signaling under DF may increase Drp1 activity through CaN-mediated de-

phosphorylation of drp1 at Ser637 resulting in mitochondrial fragmentation under DF. In 

addition, we observed that reactive oxygen species (ROS) production was also elevated at 

the region where DF is present. Previous studies have shown that NADPH oxidase 4 

(Nox4)-induced ROS contributed to mitochondrial fragmentation via CaN-induced Drp1 

de-phosphorylation at Ser637 residue in microglia, which results in an elevation of 

mitochondrial ROS production, facilitating cellular inflammation, and subsequently 

building up a vicious cycle 229. Furthermore, Wu et al (2017) recently reported on DF-

induced metabolic reprogramming in human and porcine vascular endothelium, where 

they showed that Nox4-derived ROS generation by DF causes activation of downstream 

molecule, hypoxia inducible factor-1α (HIF-1α), which increased glycolytic enzymes and 

inflammatory factors such as IL-8, VCAM-1, and chemokine ligand 2 (CCL2) 123. In this 

regard, Nox4-derived ROS in endothelium under DF may increase calcineurin activity 

resulting in Drp1 de-phosphorylation at the Ser637 residue, which may subsequently 

induce mitochondrial fragmentation and mtROS production facilitating inflammatory 

signaling and metabolic reprogramming in ECs. However, the putative upstream 
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mechanisms through which mitochondrial morphology alters under DF have not been 

tested in the present study, which need to be elucidated in future research.  

In this study, we observed the association of the DF-induced mitochondrial 

fragmentation with an elevation of inflammatory and glycolytic EC phenotypes using 

mdivi-1-treated ECs under different flow exposure, suggesting a causal relationship. For 

example, we showed that inhibition of mitochondrial fragmentation by mdivi-1 

significantly attenuated DF-induced glucose uptake, VCAM-1 expression, and ROS 

production and increased fatty acid uptake in ECs indicating that morphological changes 

in mitochondria are a critical step for the metabolic transition and EC activation 

processes. Recent studies have shown that metabolic transition from mitochondrial-

dependent OXPHOS to glycolysis is a critical step for EC proinflammatory activation 

such that inhibition of the metabolic shift to glycolysis is regarded as a method to prevent 

the progression of vascular diseases 25,123. Further, Xiao et al (2021) showed that 

stimulation of glycolysis promotes EC inflammation, whereas enhancement of OXPHOS 

suppresses inflammation in ECs upon inflammatory stimulation 219. Although, in this 

study, we presented both high-throughput and quantitative transcriptome profiling as 

surrogate supporting data (Figure 22), future study is warranted to further investigate the 

fate of metabolites and the consequences of the metabolic shift on the entire cell 

bioenergetics and biosynthetic function. 

There are several previous studies to note, which potentially explain the 

relationship between mitochondrial fusion/fission dynamics and cell metabolism that we 

observed in this study. Alternations in the cellular metabolic phenotypes via changes of 

mitochondrial morphology have been observed in various cell types including microglia 
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231, pulmonary arterial smooth muscle cells 232, and T cells 213. Parra et al (2017) reported 

that inhibition of mitochondrial fission by mdivi-1 prevented metabolic shift towards 

glycolysis during hypoxia, which reduced proliferation and apoptosis in pulmonary artery 

smooth muscle cells 232. In addition, Buck et al (2016) showed that mitochondrial 

morphology determines T cell fate through metabolic reprogramming to be activated 

effector T cells (TE) or quiescent memory T cells (TM). They showed that TE contains 

fragmented mitochondria showing reduced ETC efficiency and enhanced glycolysis, 

while TM carries elongated mitochondria shape accompanied with efficient ETC complex 

associations and favoring OXPHOS. Therefore, enhancing mitochondrial fusion by 

mdivi-1 in TE promoted generation of memory-like T cells in the study 213, implying the 

determination of cell fate by the alteration of cellular metabolism via morphological 

changes of mitochondria.  

In the present study, we observed an elevation of Drp1 expression/activity 

concomitant with mitochondrial fragmentation under DF, and inhibition of Drp1 activity 

by mdivi-1 attenuated DF-induced atheroprone EC phenotype. The phenotypic 

alternations of cells by mitochondrial morphology have also been observed in murine 

models of CVDs 92,198,200,201,203,204. In the studies, mitochondrial fragmentation with an 

elevation of Drp1 expression was shown along with pathological phenotypes of the cells, 

and reduction of Drp1 activity by treatment of mdivi-1 and resultant elongated 

mitochondria attenuated the pathological phenotype of the cells and CVD progression. 

For example, Wang et al (2017) reported that hyperglycemia induced mitochondria 

fragmentation in ECs increasing atherosclerotic lesions in diabetic ApoE-/- mice, and 

inhibition of mitochondrial fission by mdivi-1 treatment attenuated hyperglycemia-
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accelerated atherosclerosis diminishing oxidative stress 203. The results suggest that 

mitochondrial fragmentation may be a crucial event for EC activation and subsequent 

CVD progression. Based on the findings, we can imply that DF-induced atheroprone 

endothelial phenotype may be facilitated by the event of mitochondrial fragmentation and 

subsequent reduction of OXPHOS, which may promote vascular diseases.  

The underlying mechanism behind mitochondrial regulation of cellular 

phenotype could be potentially explained by altered mitochondrial respiratory function 

and retrograde signaling. Mitochondria morphology is highly relevant to its respiratory 

capacity. First, an extended mitochondrial network via elongation increases OXPHOS 

due to efficient Ca2+ supply from the endoplasmic reticulum (ER) via the mitochondria-

associated ER membranes (MAM) and mitochondrial calcium uniporter (MCU) in that 

mitochondrial Ca2+ is essential for regulating the tricarboxylic acid (TCA) cycle 

81,99,100,233,234. For example, Ca2+ activates three dehydrogenases in the TCA cycle 

including pyruvate dehydrogenase, NAD+-dependent isocitrate dehydrogenase, and 2-

oxoglutarate dehydrogenase, such that low calcium levels in mitochondria decrease 

activity of the TCA cycle 100. In addition, mitochondrial fusion is required for fatty acid 

(FAs) distribution & oxidation ensuring maximum oxidative metabolism. Thus, when 

mitochondrial fusion was inhibited showing fragmentation of the mitochondrial network, 

only mitochondria proximal to lipid droplets were loaded 211. Furthermore, an elongated 

mitochondrial network is associated with an efficient respiratory chain supercomplex 

showing enhanced mitochondrial respiration increasing ATP synthesis 213,215. On the 

other hand, due to the reasons described above, a disconnected mitochondrial network is 

associated with impaired OXPHOS 216, showing a reduction of mitochondrial respiration 
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by 20-80% with a higher cellular apoptosis rate 86. Therefore, mitochondrial 

morphological transitions could regulate mitochondrial function, which may 

subsequently alter mitochondrial retrograde signaling 86,90. In this regard, reduced 

OXPHOS in fragmented shape of mitochondria may alter retrograde signaling patterns by 

altering the generation of TCA cycle intermediates or mtROS production 86,90, in order to 

communicate with other cellular compartments to cope with environmental challenges 

that ECs are exposed to, which consequently increases glycolysis and thereby facilitate a 

proinflammatory phenotype of ECs.  

HIF-1α is known to expressed in atherosclerotic lesions, and is also known to 

promote atherosclerosis enhancing monocyte adhesion 235. Recently, Wu et al (2017) and 

Feng et al (2017) both showed that DF leads to HIF-1α stabilization, which subsequently 

enhanced glycolytic flux and inflammatory signaling in ECs. Feng et al (2017) explained 

that DF-mediated HIF-1α stabilization is induced by Nuclear factor kappa B (NF-κB)-

activation as well as induction of the deubiquitinating enzyme Cezanne that stabilized 

HIF1α protein by decreasing ubiquitination of HIF1α 25. In contrast, Wu et al (2017) 

showed DF-induced HIF-1α stabilization through NAD(P)H oxidase-4 (NOX4)-derived 

reactive oxygen species (ROS) mentioning the possibility of DF-induced HIF-1α 

stabilization by mitochondria-driven TCA cycle intermediates, such as succinate 123. Our 

data shows that DF-induced HIF-1α stabilization and nuclear translocation were 

significantly reduced by mdivi-1 treatment, suggesting a possible mechanism of DF-

induced HIF-1α stabilization by mitochondria-derived factors.  

Accumulating evidence has implicated that mitochondria can send signals to the 

nucleus and cytosol of host cell as a signaling organelle to communicate with them 
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through factors synthesized in mitochondria, regulating the events in the cells, such as 

protein post-transcriptional modifications, kinase activation etc 90,222. For example, flavin 

adenine dinucleotide (FAD), acetyl-CoA, and α-ketoglutarate (α-KG) are involved in 

epigenetic modification of gene expression in the nucleus, which are important cofactors 

in the processes of active de/methylation or de/acetylation 170. In addition, mitochondria-

derived ROS (mtROS), tricarboxylic acid (TCA) cycle intermediates, membrane 

potential, AMP/ATP, and amino acids, act as retrograde signaling molecules to 

communicate with other cellular compartments 90. Selak et al. (2005) showed 

mitochondrion-to-cytosol communication by succinate, which is one of TCA cycle 

intermediates 172. In the study, inhibition of SDH by siRNA of Di3 or Di4 (SDHD 

subunits) decreased SDH activity and increased succinate accumulation resulting in HIF-

1a stabilization, implying the link between mitochondrial dysfunction (manifested by 

decreased SDH activity) and transcriptional activity of HIF-1α. In addition, succinate, 

which accumulates as a result of SDH inhibition, and mtROS is known to inhibit PHD2 

activity in the cytosol, leading to stabilization and activation of HIF-1α. Furthermore, 

PHDs is also known to prevent the activation of nuclear factor‑κB (NF‑κB), a master 

regulator of inflammatory response, through their interaction with and inactivation of IkB 

kinases (IKKs) 236. Thus, the activity of PHDs, as a key regulator of glycolysis through 

HIF-1α stabilization as well as inflammatory process via IKKs-mediated NF-kB 

activation, may an essential downstream player for mitochondria-mediated EC adaptation 

to stress conditions such as DF. Indeed, our data shows that succinate concentration and 

mtROS production are elevated under DF, which was abrogated by mdivi-1 treatment 

(Figure 25I, 25J and 25K), suggesting the mitochondrial regulation of PHD2 activity via 
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succinate or mtROS. In the future study, the activities of ETC complexes and PHD2 

under UF and DF need to be examined to investigate the precise underlying mechanisms 

of mitochondria-mediated regulation of HIF-1α stabilization. 

Existing evidence has indicated that exercise reduces the risk of atherosclerosis 

development 237, but exact mechanisms have not been understood yet. Our data revealed 

that 7-week voluntary running wheel exercise significantly reduced the area of 

endothelium containing fragmented mitochondria and decreased VCAM-1 expression at 

the LC of the aortic arch in exercised EC-PhAM mice compared to sedentary control 

(Figure 26). Previous literatures demonstrated that exercise increases the magnitude of 

wall shear stress and significantly eliminates blood oscillation in human arterial system 

22,38,40,43. In addition, exercise-induced high laminar shear stress has been known to bring 

lots of salutary effects on endothelial homeostasis via mitochondrial adaptation 23,120. In 

the perspective, the current data suggest that exercise might alter the hemodynamics of 

blood flow, which may protect mitochondria from fragmentation, attenuating EC 

atheroprone phenotype.  

 

10. CONCLUSION 

Our data provide novel evidence for molecular mechanisms of mitochondria-

dependent alternations in endothelial phenotypes under different flow conditions. The 

present study demonstrated that the endothelial phenotype become more atheroprone 

under oscillatory disturbed flow, which is facilitated by Drp1-mediated mitochondrial 

fragmentation in ECs. In addition, this study showed a therapeutic potential of exercise 

on the prevention of endothelial activation at the atheroprone regions of the aorta. Future 
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study warrants to provide hints to the intersections between mechanobiology, 

mitochondrial dynamics and EC activation.  
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CHAPTER 2. 

MOLECULAR MECHANISMS FOR UNIDIRECTIONAL FLOW 

(UF)/EXERCISE-INDUCED IMPROVEMENT OF MITOCHONDRIAL 

INTEGRITY: FOCUS ON PHOSPHATASE AND TENSIN HOMOLOG (PTEN)-

INDUCED PUTATIVE KINASE 1 (PINK1)/PARKIN-DEPENDENT 

MITOCHONDRIAL AUTOPHAGY (MITOPHAGY) 
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1. ABSTRACT 

 
 

PURPOSE: Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 

(PINK1) is an essential molecule in the mitophagy process and is known to act as a 

cytoprotective protein involved in several cellular mechanisms in mammalian cells. It has 

been documented that the loss of PINK1 expression in mice and various cell types 

enhanced susceptibility to stress-induced cell damage, but overexpression of PINK1 

significantly attenuates stress-induced mitochondrial and cellular dysfunction. The 

purpose of this study was to determine PINK1 expression and its subcellular localization 

under an exercise-mimic laminar shear stress (LSS) condition in human primary 

endothelial cells and in endothelium of exercising mice, and its implication on 

endothelial homeostasis and CVDs prevention. 

METHODS & RESULTS: First, we measured full-length PINK1 (FL-PINK1) mRNA 

and protein expression in HAECs under LSS at 15 dyne/cm2 for 48 hrs. LSS significantly 

elevated FL-PINK1 mRNA and protein expression in HAECs compared to static control. 

In order to identify subcellular location of increased FL-PINK1, we conducted 

mitochondria fractionation assay, which revealed that FL-PINK1 accumulation on 

mitochondria, a feature of mitophagy induction, was decreased with an elevation of 

cytosolic FL-PINK1 level under LSS. Confocal analysis confirmed the increase of 

cytosolic PINK1 under LSS. Quantification of mitophagy flux in ECs transfected with 

mtKeima plasmid showed decreased mitophagy flux under LSS. Mitochondrial 

morphology analysis and mitochondrial membrane potential measurement by JC-1 probe 

showed that mitochondrial function was intact under LSS, which was in line with a 

reduction of mitophagy flux under LSS, suggesting that an elevation of cytosolic PINK1 
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is not for an immediate induction of mitophagy. Based on this observations, we further 

hypothesized that the elevation of a cytosolic pool of FL-PINK1 would increase 

mitophagic sensitivity towoard dysfunctional mitochondria under a pathological 

condition. Preconditioned ECs with LSS showed lower mtDNA lesions under angiotensin 

II stimulation. Moreover, LSS-preconditioned ECs showed rapid Parkin recruitment and 

mitophagy induction in response to mitochondrial toxin (i.e., CCCP) treatment compared 

to the control. We measured PINK1 expression at ECs of the thoracic aorta in exercised 

mice, a physiological LSS-enhanced model, which was significantly elevated compared 

to sedentary animals. In addition, exercise-preconditioned mice were more protective 

against angiotensin II-induced mtDNA lesion formation in the mouse abdominal aorta 

than sedentary mice, suggesting a potential protective mechanism of exercise in a 

PINK1-dependent manner. 

CONCLUSION: LSS increases FL-PINK1 expression in the cytosol, which may elevate 

the mitophagic sensitivity toward dysfunctional mitochondria or activates other 

cytoprotective mechanisms in ECs. Our data suggest that exercise may support 

mitochondrial homeostasis in vascular ECs by enhancing PINK1-dependent cell 

protection mechanisms.  

 

Key Words: PTEN-induced putative kinase 1 (PINK1)  laminar shear stress  

exercise  mitophagy  endothelial cells 
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2. LITERATURE REVIEW 

 

2.1. Autophagy and Cardiovascular diseases 

2.1.1 Autophagy 

Autophagy is a process of cellular self-digestion, which is an evolutionarily 

conserved process from yeasts to human 238. Beclin1 is a central player in the autophagy 

process. B-cell lymphoma-2 (BCL-2) binds both Beclin 1 and activating molecule in 

Beclin1-regulated autophagy protein 1 (AMBRA1), which prevents the induction of 

autophagy by reducing Beclin-1’s capacity to induce autophagy. BH3-only proteins 

competitively disrupt the inhibitory interaction between Beclin 1, BCL-2 and AMBRA1, 

which liberates Beclin 1 and AMBRA 127 and subsequently induces activation of the 

BECLIN1–vacuolar protein sorting (VPS) 34–VPS15 complex that initiates phagophore 

formation called nucleation 126. Subsequent elongation of the phagophore membrane is 

modulated by two ubiquitin-like conjugation systems composed of autophagy protein 

(ATG)12-ATG5-ATG16L complex and microtubule-associated protein 1 light chain 3 

(LC3)-II that is formed from the conjugation of LC3-I with phosphatidylethanolamine 

(PE). The phagophore expansion continues until each edge of the phagophore fuses 

around its targets forming a double membrane structure, called autophagosome 126. After 

maturation of the autophagosome, the formed autophagosome fuses with a lysosome 

containing lysosomal enzymes to degrade the contents in the autophagosome 126,127 

(Figure 28).  
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Figure 28. Autophagy process 126 
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2.1.2. Autophagy impairment in cardiovascular diseases 

 

A large body of evidence suggests that impairment of autophagy process has been 

implicated in cardiovascular diseases. Atherosclerosis is a chronic inflammatory disease 

in the vasculature characterized by the accumulation of LDL and lipid-laden macrophage 

called foam cells with activated smooth muscle cells (SMCs) showing high inflammation 

16. Reduced or dysfunctional autophagy has been reported in atherosclerotic plaques. 

Razani et al. (2012) reported that p62/SQSTM1 level, as a surrogate marker of autophagy 

status that is inversely correlated with autophagy flux due to its degradation after 

engulfment by the autolysosome, was significantly elevated in atherosclerotic aortas 

implying a dysfunctional autophagy flux. In addition, macrophage-specific ATG5-null 

mice, as a common model of autophagy deficiency, had increased plaques formation in 

the aorta in association with proatherogenic inflammasome activation 239. In addition, 

p62-deficeint mice exhibited higher plaque formation in the aortic root and the whole 

aorta as well with enriched interleukin-1β (IL-1β) abundance and increased apoptotic 

area 240. Furthermore, autophagic marker MAP1LC3B (also known as LC3B) expression 

level was significantly reduced in destabilized plaque at the carotid artery from 

symptomatic patients 241. Deficiency of autophagy also affect mitochondrial quality 

control system exacerbating plaque generation in the aortic vasculature. Nahapetyan et al. 

(2019) reported that apolipoprotein E-deficient (ApoE−/−) mice having a VSMC-specific 

deletion of the essential autophagy gene Atg7 (Atg7F/F Tagln-Cre+, ApoE−/− mice), which 

inhibits mitophagy flux, showed an unstable plaque phenotype of vascular smooth 

muscles cells (VSCMs) increasing plaque area in the aorta. In addition, aortic VSMCs 

isolated from the mice had altered mitochondrial network and reduced bioenergetic 
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functions enhancing apoptosis compared to VSMCs from control mice 242. The 

importance of basal autophagy in ECs in terms of atherosclerosis development is also 

highlighted in many studies. Endothelial specific Atg7-null/ApoE KO mice 

(Atg7endo/ApoE KO) had higher rate of lipid deposition and plaque development in the 

aorta 243, and autophagy-deficient ECs from endothelial-specific-Atg5-null/ApoE-/- mice 

had higher apoptosis, senescence, and inflammation with impaired EC alignment to LSS. 

In addition, the mice showed elevated atherosclerotic plaque generation even at the 

atheroprotective regions in addition to the known-atheroprone regions 130. These findings 

highlight a vital role of basal levels of autophagy in vascular ECs in terms of prevention 

of the atherosclerosis development.  

In addition to atherosclerosis, basal autophagy process is required for CVD 

prevention in that autophagy process protects cardiac tissues from hypoxic stress during 

ischemia/reperfusion (I/R) injury 244, cardiac hypertrophy and failure 245, and pulmonary 

hypertension 246.   

 

2.2. PINK1 and Mitophagy in Cardiovascular Diseases 

 

2.2.1. Mitophagy 

Mitophagy is a selective form of autophagy working to eliminate damaged 

mitochondria as a quality control system to maintain the requisite number of functional 

mitochondria to meet the energy demands of the cell 121,122. 

Mitophagy can be achieved by different stimuli through several mitophagy 

mechanisms based on distinct cellular contexts 124. Mitophagy process is classified as 

ubiquitin-dependent or – independent pathway 122.  
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The ubiquitin-dependent pathway is composed of PINK1-Parkin-mediated 

mitophagy and Parkin-independent mitophagy that is mediated by other ubiquitin E3 

ligases, such as Glycoprotein 78 (Gp78), Smad ubiquitin regulatory factor 1 (SMURF1), 

Siah E3 Ubiquitin Protein Ligase 1 (SIAH1), Mulan (MUL1), and Ariadne RBR E3 

ubiquitin protein ligase 1 (ARIH1).  

The ubiquitin-independent mitophagy is mediated by mitophagy receptors, such 

as NIP3-like protein X (NIX), BCL2 interacting protein 3 (BNIP3) and FUN14 domain-

containing protein 1 (FUNDC1), which interact directly with LC3 and GABA Type A 

Receptor-Associated Protein (GABARAP) of autophagosomal membrane proteins 122. 

Here, PINK1-Parkin-mediated mitophagy, one of ubiquitin-dependent mitophagy, was 

mostly focused (Figure 29).  

 

 



129 

 
Figure 29. PINK1/Parkin-mediated mitophagy process. (A) PINK1 import 

mechanisms into healthy or damaged mitochondria. (B) Positive feedback cycles promote 

rapid parkin recruitment. (C) Model of autophagosome biogenesis during PINK1/Parkin 

Mitophagy 125 
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2.2.2. Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1) and 

PINK1/Parkin-mediated mitophagy 

PINK1 is a type I transmembrane protein composed of 581 amino acids including 

a putative serine/threonine kinase domain and positively-charged mitochondrial targeting 

sequence (MTS) at the N-terminus 247. Synthesized full-length PINK1 (FL-PINK1) is 

imported into inner mitochondrial membrane (IMM) through translocase of the outer 

membrane (OMM) and inner membrane (IMM) of mitochondria (TOM and TIM, 

respectively) under an intact mitochondrial membrane potential. Subsequently, the MTS 

at the N-terminus of the imported FL-PINK1 is proteolytically cleaved by matrix 

processing peptidase (MPP) in the matrix and by presenilin-associated rhomboid-like 

protein (PARL) in the IMM between amino acids Ala103 and Phe104 producing products 

of ~55 kDa (Δ1-PINK1) and ~45 kDa (Δ2-PINK1) 248,249. After the N-terminal deletion, 

N-terminal-deleted PINK1 is released into the cytosol in which the N-terminal 

phenylalanine generated by the cleavage is recognized by the N-degron type-2 E3 

ubiquitin ligases based on the N-end rule targeting PINK1 to the ubiquitin proteasome 250.  

However, upon depolarization of mitochondria, PINK1 import and cleavage are 

reduced and starts to accumulate on the outer mitochondrial membrane undergoing 

autophosphorylation, which is required for its kinase activity and subsequently recruiting 

and activating the cytosolic E3 ligase Parkin through phosphorylation at serine 65 residue 

(pS65) of ubiquitin basically linked to OMM proteins as well as ubiquitin-like domain 

(UBL) of Parkin 251.  

Ubiquitin can be utilized as PINK1’s substrate to initialize the pathway, thus 

accumulated PINK1 on OMM starts to phosphorylate basal OMM ubiquitin at S65, 
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which recruits Parkin from the cytosol to the OMM in that Parkin has a high affinity for 

pS65-Ub 252. The recruitment of Parkin on S65-Ub complex of the OMM proteins then 

ubiquitinates mitochondrial proteins such as VDAC1, mitofusin-1(MFN1), mitofusin-2 

(MFN2), and MIRO 126, which provides more ubiquitin substrate for PINK1 to 

phosphorylate recruiting additional Parkin onto OMM proteins creating a positive 

feedback loop with an amplification of the signals that drive mitophagy process 125. 

Increased local concentration of ubiquitin with poly-ubiquitination of several OMM 

proteins by activated Parkin is recognized by autophagy adaptors, such as Optineurin, 

nuclear dot protein 52 (NDP52), p62/SQSTM1(p62), neighbor of BRCA1gene 1 (NBR1), 

and Tax1-binding protein 1 (TAX1BP1), which tethers ubiquitinated proteins to LC3 on 

the phagophore for engulfment 125,126. 

 

2.2.3. PINK1 mutation or deficiency in cardiovascular diseases 

 

Mutations of PINK1 can lead to loss of PINK1 serine/threonine kinase activity, 

failing to phosphorylate E3 ubiquitin ligase Parkin to be recruited on mitochondria, 

which increases accumulation of dysfunctional mitochondria 248. As important causes of 

recessive Parkinson disease (PD), Morais et al. (2009) demonstrated that PINK1 

deficiency or clinical mutations result in mitochondrial depolarization and apoptotic 

stress in mammalian cells, showing malfunction of complex I (NADH:ubiquinone 

oxidoreductase) of the mitochondrial electron transport chain (ETC) 253. In contrast, 

overexpression of wild-type PINK1 significantly reduced mitochondrial-dependent 

apoptotic signals, showing cyto-protective effects under both basal and staurosporine-

induced stress conditions in murine neuronal cells 254.  
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The role of PINK1 has also been highlighted in the progression and development 

of cardiovascular diseases. Billia et al. (2010) reported that PINK1 protein levels are 

significantly reduced in end-stage human heart failure, and PINK1-/- mice shows a 

development of left ventricular (LV) dysfunction with pathological cardiac hypertrophy, 

displaying greater oxidative stress levels and impaired bioenergetic function of 

mitochondria 255. In addition, Siddall et al. (2013) demonstrated that overexpression of 

PINK1 in HL-1 cardiac cells was protective toward acute ischemia reperfusion injury 

(IRI), and myocardial infarction size was increased in PINK1-/- mice subjected to IRI 

compared to PINK1+/+ and PINK1+/- mice. Furthermore, cardiomyocytes isolated from the 

PINK1-/- mice showed more susceptible to IRI, displaying reduced mitochondrial 

membrane potential and respiration compared to cells isolated from PINK1+/+ mice 256, 

implying the vital role of PINK1 in maintaining cardiac homeostasis and adaptation to 

stress.  

Gain- and Loss-of –function study of PINK1 in the vasculature have been also 

conducted in previous literatures. Swiader et al. (2016) reported that oxidized low-density 

lipoproteins (LDL), as one of the atherogenic stressors, induces PINK1-Parkin-mediated 

mitophagy as a safeguard mechanism in human vascular smooth muscle cells (VSMC). 

Thus, silencing of PINK1 impaired mitophagy flux and enhanced oxidized LDL-induced 

VSMC apoptosis, while overexpression of PINK1 was protective attenuating LDL-

induced VSMC apoptosis 257. Similar results have been reported in ECs. Zhang et al. 

(2014) reported that mouse lung endothelial cells (MLEC) isolated from PINK1-/- mice 

shows more susceptible to hypoxic stress compared to MLEC from wild-type mice, 

whereas overexpression of PINK1 attenuates hypoxia-induced apoptosis in MLEC 258. In 
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addition, Wu et al. (2015) showed that mitochondrial damage induced by palmitic acid 

(PA)-induced metabolic stress was significantly elevated in PINK1-deficient ECs, while 

overexpression of WT-PINK1 attenuated PA-induced mitochondrial damage measured 

by mtROS production in HAECs 259. 

In summary, PINK1 plays a vital role in maintaining mitochondrial homeostasis 

preventing the development of CVDs. However, PINK1-dependent mitophagy process 

under laminar shear stress condition in human ECs has not been understood yet.  

 

2.3. PINK1 functions beyond mitophagy  

 

A large body of evidence indicates that PINK1 has multiple functions apart from 

mitophagy induction.  

First, PINK1 has been known to regulate mitochondrial complex I activity. 

Morais et al. (2014) reported that deficiency of PINK1 showed decreased complex I 

activity leading to a decrease in the mitochondrial membrane potential. In addition, 

phospho-proteome analysis in PINK1-/- mice showed specific loss of phosphorylation of 

serine-250 residue in complex I subunit NdufA10, which is necessary for ubiquinone 

reduction 260.  

Second, PINK1 also plays an essential role in regulation of mitochondrial calcium 

efflux via the mitochondrial Na+/Ca2+ exchanger. Therefore, deficiency of PINK1 leads 

to mitochondrial calcium accumulation resulting in mitochondrial calcium overload 

which subsequently induces ROS production by NADPH oxidase and inhibits substrate 

delivery lowering the threshold of the mitochondrial permeability transition pore (mPTP) 

opening 261. 
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Third, PINK1 regulates mitochondrial trafficking along microtubules by forming 

a multi-protein complex with the atypical GTPase Miro and the adaptor protein Milton 262 

and also by regulating Miro protein level 263. In addition, Miro, which is known to anchor 

the motor protein kinesin to the mitochondrial surface, is phosphorylated by 

PINK1/Parkin complex that activates proteasomal degradation of Miro resulting in 

detachment of kinesin from mitochondria and in turn preventing mitochondrial 

trafficking 264. 

Fourth, PINK1 can also regulate Mitophagy process in the cytosol. Fedorowicz et 

al. (2013) reported that cleaved PINK1 (ΔN-PINK1) by mitochondrial proteases is 

released to cytosol and binds to Parkin repressing Parkin translocation to the 

mitochondria and subsequent mitophagy process 265. 

Fifth, PINK1 has an influence on regulating nuclear activity by regulating nuclear 

proteins via post-transcriptional modifications. Quantitative phospho-proteomic profiling 

of PINK1-deficient cells showed reduced basal levels of phosphorylation events of 

nuclear proteins including several transcription factors involved in DNA metabolism, 

RNA processing, cell cycle and cellular response to stress, implying PINK1-dependent 

alteration of nuclear activity 266. 

  

2.4. Mitophagy and autophagy under shear stress 

 

Modulation of autophagy process under hemodynamic shear stress conditions has 

been extensively studied. Liu et al. (2015) demonstrated that UF, but not oscillatory or 

low-magnitude flow, promotes autophagy process via Sirtuin 1 (Sirt1), a redox-sensitive 

regulator, which activates FoxO1 by deacetylation resulting in an increase in its 
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transcriptional activity, in turn enhancing the expression levels of autophagy-related 

proteins including beclin-1, Atg5, LC3A 129. In addition, Vion et al. (2017) showed that 

atheroprotective UF enhanced autophagy process in human ECs showing the protective 

effect on cellular homeostasis. On the contrary, the deficiency of autophagy induced by 

Atg5 deletion or shRNA-mediated inhibition in ECs increases endothelial apoptosis, 

senescence, inflammation, and defects in endothelial alignment concomitantly showing 

EC dysfunction and atheroprone phenotype. Therefore, genetic inhibition of endothelial 

autophagy in endothelial-specific Atg5 knockout mice increases EC apoptosis and 

senescence with an elevation of plaque burden in the areas that are normally exposed to 

UF and resistant to atherosclerotic plaque development 130. Furthermore, Li et al. (2015) 

reported that UF induces the intact autophagic flux in vitro in ECs, whereas DF impairs 

autophagic flux determined by p62 accumulation resulting in an increase in mtDNA 

damage compared to ECs exposed to UF 128. Yao et al. (2016) also reported that 15 

dyne/cm2 UF significantly elevated autophagic markers, including Beclin 1 and LC3-II 

with a reduction of p62 level in HUVEC via Rab4, a member of small GTPases. Thus, 

inhibition of Rab4 by siRNA attenuated the increased level of Beclin 1 and LC3-II 

concomitantly showing a reduction of autophagy process determined by an increase of 

p62 level 267.  

Collectively, those findings indicate that UF elevates autophagy-related gene 

expressions by Sirt1-FoxO1 pathway allowing intact autophagic flux in ECs. However, 

PINK1/Parkin-dependent mitophagy process in ECs under flow conditions has not been 

studied yet, but we can assume from the previous observations in the literatures that 

mitophagy process may be achieved sufficiently in UF-exposed ECs, which is crucial for 
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maintaining an intact mitochondria pool through the quality control system. However, 

under DF, due to defects in autophagy flux, mitophagy process may not be sufficiently 

achieved in ECs, resulting in an accumulation of damaged mitochondria, which may 

subsequently lead to EC dysfunction.  

 

2.5. CCCP, mitochondrial uncoupler, and mitophagy 

Carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP) and Carbonyl 

cyanide 3-chlorophenylhydrazone (CCCP) are well-known synthetic mitochondrial 

uncouplers, which are lipophilic weak acids acting as protonophores 268,269. These 

compounds can freely move across the lipid membranes allowing the protons to cross the 

membranes in the similarity with uncoupling protein-1 (UCP-1) decreasing mitochondrial 

membrane potential 268. Therefore, CCCP treatment significantly reduces mitochondrial 

membrane potential and thereby increases mitophagy induction showing an accumulation 

of PINK1 on defective mitochondria, which is commonly demonstrated by 

immunostaining displaying an elevation of colocalization between PINK1 and 

mitochondria 251,270-273.  

 

2.6. The role of cytosolic PINK1 

 

 The subcellular location of PINK1 has been extensively investigated by previous 

studies. Increasing evidence has shown that endogenous 63 kDa full-length PINK1 (FL-

PINK1) is observed in the cytoplasm 249,274, and the cytosolic pools of PINK1 acts as a 

pro-survival, trophic and cytoprotective protein 248,254,256-258,274,275. Haque et al. (2007) 

found that a mutant PINK1 containing a deletion of the putative mitochondrial targeting 

motif, which is targeted to the cytoplasm, as well as wild-type PINK1 protected neuronal 
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cells from 1-methyl-4-phenylpyridine (MPP+)/1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-induced toxicity compared to cells containing the G309D 

mutant PINK1 or depletion of PINK1 by RNAi 274. In addition, Dagda et al. (2014) also 

reported that transiently transfected neuronal cells with N111-PINK1 construct that is 

designed to target to the cytosol promoted dendrite outgrowth and restored the decreased 

dendritic arborization in PINK1-deficient neurons activating protein kinase A (PKA, a 

Serine/Threonine protein kinase) signaling 276, which suggests the vital role of 

cytoplasmic PINK1 in neuronal homeostasis. Furthermore, Murata et al. (2010) revealed 

that cytoplasmic PINK1 activates mammalian target of rapamycin (mTOR) complex 2 

(mTORC2) by phosphorylating a specific component of mTORC2, Rictor, which 

subsequently phosphorylates Akt at Ser-473 (also known as protein kinase B) showing 

protective role in SH-Sy5Y cells against various cytotoxic agents, suggesting that PINK1 

is a cytoprotective protein not only in mitochondria but also in the cytoplasm through a 

mTORC2-Akt signaling mechanism 277.  

 However, the subcellular location of PINK1 in ECs under flow conditions and the 

role of cytosolic PINK1 in endothelial homeostasis have not been well understood.  
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3. INTRODUCTION 

Ample evidence indicates that endothelial mitochondria play a variety of roles in 

endothelial homeostasis not only supplying adenosine triphosphate (ATP) via oxidative 

phosphorylation (OXPHOS) as bioenergetic organelles 79,222, but also acting as a 

signaling interface 75,222, and biosynthetic hub 74,77. Thus, dysfunctional endothelial 

mitochondria, manifested by increased mitochondrial reactive oxygen species (mtROS) 

production, mitochondrial DNA (mtDNA) damage, decreased OXPHOS, imbalance in 

mitochondrial dynamics, have been implicated in defects in the vasculature, which is 

known to facilitate the progression of cardiovascular diseases 73,76. The results emphasize 

the necessity of a mitochondrial quality control system for vascular health.   

Mitophagy is a selective form of autophagy working to eliminate damaged 

mitochondria as a quality control system to maintain the requisite number of functional 

mitochondria to meet the energy demands of the cell 121,122. In this regard, impairment of 

proper mitophagy processes is associated with aging and a plethora of pathological 

conditions, such as neurodegenerative diseases, myopathies, metabolic disorders, 

inflammation and cancer 122, and cardiovascular diseases (CVDs) 104. 

Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1) is a 

type I transmembrane protein composed of 581 amino acids including a putative 

serine/threonine kinase domain and mitochondrial targeting sequence (MTS) at the N-

terminus 247. Synthesized full-length PINK1 (FL-PINK1) in the cytosol is imported into 

the inner mitochondrial membrane (IMM) through translocase of the OMM and IMM 

(TOM and TIM, respectively) under an intact membrane potential. The MTS at the N-

terminus of the imported FL-PINK1 is proteolytically cleaved by matrix processing 
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peptidase (MPP) in the matrix and presenilin-associated rhomboid-like protein (PARL) in 

the IMM, producing products of ~54 kDa (Δ1-PINK1) and ~45 kDa (Δ2-PINK1) 248,249. 

After the N-terminal deletion, PINK1 is released into the cytosol in which the N-terminal 

phenylalanine exposed by the cleavage is recognized by the N-degron type-2 E3 ubiquitin 

ligases based on the N-end rule, targeting PINK1 to the ubiquitin-proteasome 250. 

However, upon depolarization of the mitochondria, PINK1 imports and cleavages are 

reduced, and PINK1 starts to accumulate on the outer mitochondrial membrane (OMM) 

and recruits the cytosolic E3 ubiquitin ligase, Parkin, through phosphorylation at Ser65 of 

both ubiquitin-like domain (UBL) of Parkin and ubiquitin that is basally linked to 

proteins on the OMM 251. Ubiquitin can be utilized as PINK1’s substrate to initialize the 

pathway, such that accumulated PINK1 on the OMM starts to phosphorylate basal OMM 

ubiquitin at Ser65 (pS65-Ub), which recruits Parkin from the cytosol to the OMM 

because Parkin has a high affinity for pS65-Ub 252. The recruitment of Parkin on the 

pS65-Ub complex of the OMM proteins then ubiquitinates mitochondrial proteins such as 

voltage-dependent anion channel 1 (VDAC1), mitofusin-1 (MFN1), mitofusin-2 (MFN2), 

and mitochondrial rho GTPase (Miro) 126, which provides more ubiquitin substrates for 

PINK1 to phosphorylate recruiting additional Parkin onto OMM proteins resulting in an 

amplification of the signals that drive mitophagy 125 125,126. Likewise, PINK1 

continuously monitors mitochondrial health in the first line of mitochondrial quality 

control system 125. 

A large body of evidence indicates that PINK1 is a multifunctional protein apart 

from sensing mitochondrial damage and subsequent mitophagy induction. Endogenous 

63 kDa full-length PINK1 (FL-PINK1) is observed in the cytoplasm 249,274 and the 
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cytosolic pools of PINK1 is known to act as a pro-survival, trophic, and cytoprotective 

protein 248,254,256-258,274,275. For example, a mutant PINK1, which is targeted to the 

cytoplasm, protected neuronal cells from cellular stress 274 and promoted dendrite 

outgrowth and dendritic arborization 276. In addition, PINK1 is also known to be involved 

in a variety of cellular processes. PINK1 is known to regulate mitochondrial complex I 

activity through phosphorylation of the serine-250 residue in complex I subunit 

NdufA10, which is necessary for ubiquinone reduction 260, and plays an essential role in 

the regulation of mitochondrial calcium efflux via the mitochondrial Na+/Ca2+ exchanger 

261. Furthermore, PINK1 regulates mitochondrial trafficking along microtubules by 

forming a multiprotein complex with the atypical GTPase, Miro, and the adaptor protein, 

Milton 262, and is also known to regulate Miro protein level and its phosphorylation 264 

265. Additionally, PINK1 affects the regulation of nuclear activity by regulating 

phosphorylation of nuclear proteins including several transcription factors involved in 

DNA metabolism, RNA processing, cell cycle, and cellular stress responses 266. 

Therefore, because of the indispensable roles of PINK1, mutation or deficiency of PINK1 

leads cellular dysfunction 275,278.   

Emerging evidence strongly suggests that exercise, as a non-pharmacological 

treatment, reduces the progression and development of CVDs 34 especially by improving 

EC function 58,279, but the precise mechanisms are not yet completely defined. Laminar 

shear stress, known to be elevated in the circulation under exercise conditions 22,38,41, is a 

factor that links exercise and its beneficial effects on ECs. Exercise-induced LSS is 

known to maintain mitochondrial homeostasis through inducing mitochondrial biogenesis 

23,24, attenuating mitochondrial ROS (mtROS) generation 120 and mitochondria-dependent 
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apoptosis 280, maintaining mitochondrial contents 23, and enhancing mitochondrial 

respiration 123. However, the effects of laminar shear stress (exercise mimetic) or exercise 

on PINK1 expression and its subcellular localization in ECs have not yet been 

understood.  

Therefore, the purpose of this study was to determine PINK1 expression and its 

subcellular localization under an exercise-mimicking laminar shear stress model in 

human primary ECs and in the endothelium of mice subjected to exercise, and its 

implication on endothelial homeostasis and CVD prevention. 

 

4. PURPOSE OF THE STUDY 

The purpose of this study was to investigate the PINK1-dependent mitophagy 

process under unidirectional laminar shear stress (UF) condition in vitro in endothelial 

cells. In addition, PINK1-dependent mitophagy process was investigated in endothelium 

of aorta from mice subjected to exercise. 

 

5. SPECIFIC AIMS AND HYPHOTHESES 

The overarching hypothesis of the study was that UF will increase PINK1-

dependent mitophagy process through which UF-preconditioned ECs will be more 

protective to each angiotensin II- and rotenone-induced mtDNA damage. To address this 

study hypothesis, specific aims and hypotheses were proposed as follow: 

 

AIM 1. To determine the role of PINK1 on UF-induced improvement of 

mitochondrial DNA integrity in ECs.  

Hypothesis 1.1. UF will increase mitophagy induction in ECs. 
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Hypothesis 1.2. UF-preconditioning will decrease each angiotensin II- and rotenone-

induced mitochondrial DNA (mtDNA) lesion in ECs.   

Hypothesis 1.3. Genetic inhibition of PINK1 by small interfering RNA will increase each 

angiotensin II- and rotenone-induced mitochondrial DNA (mtDNA) lesion in UF-

preconditioned ECs.   

Hypothesis 1.4. UF-preconditioning will increase the kinetics of Parkin in response to 

mitochondrial uncoupler, CCCP stimulation in ECs.  

Hypothesis 1.5. Inhibition of PINK1 will decrease the kinetics of Parkin in response to 

CCCP stimulation in UF-preconditioned ECs.  

 

AIM 2. To determine the effect of exercise on PINK1 expression and mitochondrial 

DNA integrity in vivo in ECs of the mouse aorta.  

Hypothesis 2.1. Voluntary wheel running exercise will increase a PINK1 protein 

expression level in ECs of mouse aorta. 

Hypothesis 2.2. Voluntary wheel running exercise will increase mitophagy induction in 

ECs of mouse aorta. 

Hypothesis 2.3. Voluntary wheel running exercise will decrease angiotensin II-induced 

mtDNA lesion in mouse aorta. 

 

 

6. SIGNIFICANCE OF THE STUDY 

This study is significant because this study elucidates molecular mechanisms 

underlying exercise-induced prevention of vascular disease, which may shed light on the 

role of lifestyle intervention in the prevention of cardiovascular diseases.    
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7. METHODS 

7.1. Mitochondrial fractionation assay 

Mitochondrial fractions were isolated using a mitochondria isolation kit for 

cultured cells (Thermo Fisher Scientific, #89874) following the protocol provided. 

Amicon Ultra-0.5 Centrifugal Filter Unit (Millipore, UFC501096) was utilized to get a 

concentrated cytosolic protein. Each isolation fraction was lysed with RIPA buffer 

containing 10 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 

1% Deoxycholate, pH 7.5 and centrifuged at 16,000g for 15 min at 4℃. Then, 

supernatants were collected and subjected to BCA protein assay and immunoblotting.  

 

7.2. Immunoblotting 

Immunoblotting was conducted as previously described.23 Briefly, cells were 

washed three times with ice-cold PBS, RIPA buffer was added, and then cells were 

rapidly scraped. Collected RIPA samples were centrifuged at 16,000g for 15 min at 4℃, 

and supernatants were collected and subjected to BCA protein assay (Pierce™ BCA 

Protein Assay Kit, #23225) to quantify protein concentrations. The protein samples were 

subjected to SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) 

membrane. Subsequently, the membrane was incubated with 5% nonfat dry milk in Tris-

buffered saline-Tween 20 (TBST) for 20 min at room temperature and then incubated 

overnight with respective diluted primary antibodies. The membrane was washed three 

times in TBST and incubated with respective HRP-conjugated secondary antibodies for 1 

hr. Then, the membrane was washed with TBST and subjected to the standard enhanced 

chemiluminescence method (Thermo Fisher Scientific) for visualization. 
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7.3. Immunostaining    

Cells were fixed with 4% PFA for 15 min at room temperature (RT) and washed 

with PBS three times. After being blocked for 1 hr at RT with staining buffer (10% 

normal goat serum in PBS containing 0.3% Triton X-100), the primary antibody in the 

staining buffer was incubated overnight at 4℃. After washing with PBS three times, the 

secondary antibody in the staining buffer was incubated for 2 hrs at RT. After washing 

with PBS three times, cells were mounted on DAPI fluoromount-G (SouthernBiotech, 

0100-20), and images were acquired under a fluorescence microscope (ZEISS Axio 

Vert.A1) and a confocal laser scanning microscope (SP8, Leica).  

 

7.4. Mitochondrial membrane potential measurement 

To measure mitochondrial membrane potential, JC-1 dye (Molecular probes, 

T3168) was used. In healthy cells, JC‐1 enters the energized mitochondria and forms 

aggregates that show intense red fluorescence. Unhealthy or apoptotic cells have low 

∆ψm. JC‐1 does not form aggregates in mitochondria with low ∆ψm and remains in 

monomeric form and exhibits green fluorescence. Briefly, 10 µg/ml of JC-1 dye in 

complete media was incubated for 10 min at 37℃ and then washed three times with pre-

warmed PBS. Then, pre-warmed complete media was added for imaging. Images were 

acquired under a fluorescence microscope (Axio Observer.Z1, Zeiss) 

 

7.5. Mitochondrial DNA lesion assay 

Long Q-PCR was conducted using GeneAmp XL PCR Kit (Applied Biosystems, 

N808-0192) as described by Janine Santos et al (2006).281 Two sets of primer pairs for 

long Q-PCR are provided below: 
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      248 bp short mitochondrial fragment amplicon qPCR primers  

               Forward: 5’ - CCCCACAAACCCCATTACTAAACCCA - 3’ 

               Reverse: 5’ - TTTCATCATGCGGAGATGTTGGATGG - 3’ 

      8.9 kb long mitochondrial fragment amplicon qPCR primers  

               Forward: 5’ - TCTAAGCCTCCTTATTCGAGCCGA - 3’ 

               Reverse: 5’ - TTTCATCATGCGGAGATGTTGGATGG - 3’ 

 

PCR products were quantified by a fluorimetric method using PicoGreen 

(Invitrogen, P7581) double-strand DNA (dsDNA) quantitation reagent, which is known 

to exhibit over a 1000-fold increase in fluorescence signal when binding to double-

stranded DNA (dsDNA). The fluorescence signal was detected using a fluorescence 

reader with 485 nm excitation and 535 nm emission.  

Mitochondrial DNA (mtDNA) damage is displayed as lesions per kilobase (kb) 

mathematically by assuming a Poisson distribution of lesions. Assuming the Poisson 

equation is defined as f(x) = e-λ λx/x! (zero class, x = 0, molecules exhibiting no damage) 

and a random distribution of lesions, amplification is directly proportional to the fraction 

of undamaged DNA templates. Therefore, the average lesion frequency per strand = -

lnAD/AO, where AD represents the amount of amplification of the damaged template and 

AO is the amplification product from undamaged DNA.282 
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7.6. Animals 

PhAM floxed mice (B6;129S-Gt (ROSA)26Sortm1(CAG-COX8A/Dendra2)Dcc/J, #018385) 

and VE-Cadherin-Cre mice (B6;129-Tg(Cdh5-cre)1Spe/J, #017968) were purchased 

from the Jackson Laboratory. The mice line, which shows a conditional expression of a 

mitochondrially localized version of the photo-convertible fluorescent protein Dendra2 

(mito-Dendra2), was described previously.145 To visualize the endothelial mitochondria 

structure, we bred the PhAM floxed mice with VE-cadherin-Cre mice to generate 

endothelial-specific PhAM mice (EC-PhAM), which allowed visualization of 

mitochondria specifically in the endothelium of blood vessels. All mice were fed a chow 

diet and water ad libitum under a 12-hour light/dark cycle. All mouse experiments were 

approved by the Temple University Animal Care and Use Committee (Appendix I). 

 

7.7. Blood vessel isolation and en face immunostaining 

Mice were anesthetized with isoflurane, and then the midline of the abdomen was 

cut and opened to expose the heart. Then, the mice were perfused with 10 ml of ice cold-

PBS at a pressure of approximately 100 mmHg with an incision of the right atrium to 

release the blood followed by perfusion with 10 ml of ice-cold 2% paraformaldehyde 

(PFA). For en face staining, the thoracic aorta was isolated and post-fixed with 0.4% PFA 

overnight at 4℃. The vessel was then washed three times with PBS and incubated with 

0.1M Glycine in 2% BSA/PBS for 30 min at room temperature (RT). Then, the vessel 

was permeabilized by incubating with 0.3% Triton-X in 2% BSA/PBS for 30 min at RT 

followed by incubation with primary antibodies in 2% BSA/PBS overnight at 4℃ with 

gentle agitation. After rinsing in 2% BSA/PBS three times, the vessel was incubated with 
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corresponding secondary antibodies for 2 hrs at RT followed by washing with PBS three 

times. The vessel was then placed on a slide glass, cut longitudinally, and mounted in 

DAPI-Fluoromount-G (SouthernBiotech, #0100-20). A fluorescence microscope 

(Axioimager, ZEISS) with a 63X oil objective lens was used for imaging.  

 

7.8. Voluntary running wheel exercise protocol 

After the three-day acclimation period, EC-PhAM mice described above (total 

n=11) were randomly assigned to either the sedentary (SED) (n= 5) or voluntary wheel 

running exercise (EX) (n= 6) group. EX group animals were individually housed in rat-

sized cages with a metal wheel with a diameter of 11.5 cm (Prevue) fitted with a digital 

magnetic counter for running distance measurement, while SED group animals were 

singly housed in the same sized cage without the running wheel for 7 weeks. All animals 

were given food (Purina chow) and water ad libitum under a 12-hour light/dark cycle. 

Voluntary wheel running exercise began at 8-week-old and continued for 7 weeks.  

 

7.9. Angiotensin II infusion   

Angiotensin II (Ang II, 1 mg/kg/day) was infused to mice using micro-osmotic 

pumps (Alzet, #1002) for 2 weeks following 5 weeks of sedentary or voluntary wheel 

running period. After 2 weeks of Ang II infusion, mice were sacrificed, and the 

abdominal aorta was harvested. 

 

 

 



148 

7.10. Cell culture 

Human aortic endothelial cells (HAECs) (Lonza) and human umbilical vein 

endothelial cells (HUVECs) (Lonza) were cultured in EGM-2 (EBMTM Basal Medium, 

Lonza, CC-3121 / EGMTM Endothelial Cell Growth Medium BulletKitTM, Lonza, CC-

3124) under a standard culture condition (37°C under a humidified atmosphere 

containing 5% CO2). All experiments with HAECs were conducted between the 5–8 

passages and HUVECs between 4-7 passages. Cells were subjected to either static or 

unidirectional laminar flow (UF, 15 dyne/cm2) for 48 hrs by an ibidi flow system or 10 

µM of Carbonyl cyanide m-chlorophenyl hydrazine (CCCP, Sigma-Aldrich, #555-60-2) 

for 1~3 hours once they reach 100% confluency.  

 

7.11. Shear stress application 

The ibidi pump system (ibidi, Germany) was utilized for applying unidirectional 

laminar flow (LSS, 15 dyne/cm2). The provided protocol from ibidi was used for 

applying the target intensity. Briefly, one day before the shear stress application, fluidic 

units with perfusion sets and µ-slides were pre-incubated at 37℃, 5% CO2 for the 

equilibrium of gas. On D-day, calibration was performed, and information obtained from 

the calibration was input into the software. The µ-slides were coated with 0.1% gelatin 

for 30 min at 37℃ before seeding of the cells, and the slides were washed three times 

with pre-warmed PBS, and then pre-warmed fresh growth media was added. HAECs or 

HUVECs were seeded onto each µ-slide and incubated for cell adhesion at 37℃ and 5% 

CO2. When the cells formed a confluent cell layer, UF was applied to the slides for 48 hrs. 
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7.12. Plasmid DNA transfection 

mCherry-Parkin was a gift from Richard Youle (Addgene plasmid # 23956; 

http://n2t.net/addgene:23956; RRID:Addgene 23956).283 mKeima-Red-Mito-7 was a gift 

from Michael Davidson (Addgene plasmid # 56018; http://n2t.net/addgene:56018; 

RRID:Addgene_56018). The plasmid DNA was purified using the QIAGEN Plasmid 

Mini Kit (#12123). Transfections of mCherry-Parkin or mKeima-Red-Mito-7 plasmid 

were performed using Effectene transfection reagent (QIAGEN, #301425) according to 

the manufacturer’s recommendation.  

 

7.13. Mitochondrial morphology quantification 

Mitochondrial morphometric analysis was performed based on the methods 

described previously.225,226 Briefly, obtained images were processed using Image J (NIH) 

to subtract backgrounds and subjected to kernel convolution (matrix h described below) 

to emphasize the edges of each mitochondrial particle. Then, images were subjected to 

binary conversion.  

(Koopman et al., 2005) 225 

After binary conversion, mitochondrial fragmentation counts (MFC) were 

calculated based on the method previously described 227. The mitochondrial 

fragmentation count (MFC) quantifies discrete mitochondrial particles, and greater 
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fission of mitochondria results in higher MFC values. After binary images, mitochondrial 

segments were identified, and continuous mitochondrial structures were counted with the 

‘analyze particles’ function of ImageJ, and the number was normalized to the total 

mitochondrial area to obtain the MFC for each imaged cell (MFC = mitochondria number 

/ total mitochondrial area).  

 

7.14. Mitochondrial reactive oxygen species (mtROS) measurement 

Production of cellular and mitochondrial superoxide was visualized in cultured 

HAECs using the fluorescent probe MitoSoxTM Red (Molecular Probes, M36008) which 

has an excitation/emission of 510/580 nm. After removing the media followed by rinsing 

three times with pre-warmed PBS, HAECs were incubated with 5 µM of MitoSox probe 

in pre-warmed media for 10 min at 37ºC. Then, HAECs were rinsed with pre-warmed 

PBS three times and observed under a fluorescence microscope (ZEISS Axio Vert.A1). 

ImageJ (NIH) was used for signal quantification. 

 

7.15. mRNA isolation, cDNA synthesis, and real-time PCR.  

Cells were lysed using RNA lysis binding buffer (1M Tris-HCL ph7.5, 5M LiCi, 

0.5M EDTA pH8.0, 10% LiDS, 0.1M DTT). mRNAs were isolated with the use of 

Dynabeads direct kit (Invitrogen, #61011), and cDNA synthesis were performed on poly-

dT magnetic beads by reverse transcription using superscript II (Invitrogen, #18064014). 

mRNA expression levels were quantified by real-time PCR using SYBR green 

fluorescence. Cycle threshold (Ct) values were normalized to the housekeeping genes. 

The primer sequences used are described below: 
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hPINK1:     Forward: 5’ - CGTGAGACAGTTGGTGAGGG - 3’ 

         Reverse: 5’ - TGAAGCACATTTGCGGCTAC - 3’ 

hTIF:        Forward: 5’ - GACACAAGTCTCCAGAACGGC - 3’ 

   Reverse: 5’ - TGGTCTCAAAGTCATCGGGAA - 3’ 

 

7.16. Antibodies   

Antibodies used in western blot analysis and immunostaining were as follows: 

anti-PINK1 (Cell Signaling, #6946) and (Novus, BC100-494SS), anti-VDAC (Porin) 

(Abcam, ab15895), anti-HSP60 (H-1) (Santa Cruz, sc-13115), anti-alpha-tubulin (Sigma-

Aldrich, T9026), anti-total-eNOS (BD Biosciences, #610296), anti-BNIP3 (Sigma-

Aldrich, #B7931), anti-p62 (Sigma-Aldrich, P0067), anti-LC3 (Santa Cruz, #sc-

2716291), anti-Parkin (Cell Signaling, #2132), anti-LAMP1 (Invitrogen, #14-1071-82). 

 

7.17. Statistics 

Statistical analysis was performed using SPSS software ver. 18.0 (IBM, Armonk, 

NY, USA). The results are presented as mean ± SD. Depending on how many conditions 

were compared, either a two-tailed independent t-test analysis or one-way ANOVA with 

the Tukey’s post hoc analysis was conducted. p<.05 was considered statistically 

significant for all analyses. 
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8. RERULTS 

8.1. FL-PINK1 mRNA and protein expression were significantly enhanced under 

laminar shear stress in HAECs  

First, exercise-mimicking unidirectional laminar shear stress (LSS) was applied to 

confluent HAECs using an ibidi in vitro flow system for 48 hrs. Full length PINK1 

protein (FL-PINK1, 63 kDa) expression was measured by western blot. Total eNOS (T-

eNOS) expression, as a marker of endothelial response to LSS, was also measured to 

confirm that LSS was well applied to HAECs. FL-PINK1 expression was significantly 

enhanced under 5 and 15 dyne/cm2 LSS conditions compared to static control (Figure 

30B and 30C). Since PINK1 is known as an important mediator of mitophagy process, 

we initially hypothesized that elevated FL-PINK1 in ECs under LSS may be due to 

elevated mitophagy flux. To test this hypothesis, we utilized Carbonyl cyanide m-

chlorophenyl hydrazine (CCCP), which is synthetic mitochondrial uncouplers and 

lipophilic weak acids acting as protonophores which are a well-known positive control of 

mitophagy induction 268,269. These compounds can freely move across the lipid 

membranes allowing the protons to cross the membranes in similarity with uncoupling 

protein-1 (UCP-1) depolarizing mitochondrial membrane potential 268, increasing PINK1-

Parkin-dependent mitophagy and showing an accumulation of PINK1 on mitochondria 

251,270-273. Similar with ECs under LSS, 10 µM of CCCP treatment for 3 hrs significantly 

increased FL-PINK1 expression in HAECs in a time-dependent manner (Figure 30E and 

30F). However, a quantitative PCR study revealed that the increase of PINK1 protein 

expression in ECs under LSS was attributable to enhanced PINK1 mRNA expression, but 

mRNA expression of PINK1 was not enhanced in ECs treated with CCCP (Figure 30D), 
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implying an elevation of mitochondrial accumulation of PINK1 and a resultant reduction 

of PINK1 degradation in response to CCCP treatment. The results suggest that elevation 

of PINK1 protein levels under LSS may be attributable not to mitophagy induction 

shown in CCCP-treated ECs, but to an elevation of PINK1 mRNA expression. Elevation 

of PINK1 mRNA expression under LSS was also confirmed in RNAseq datasets from 

GSE83476 (Qiao et al., 2018)228 and GSE87534 (Xu et al., 2018)284 showing an 

significant elevation of PINK1 mRNA expression level under LSS relative to static 

control in ECs (Figure 31).  
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Figure 30. FL-PINK1 mRNA and protein expression were significantly enhanced 

under laminar shear in HAECs. (A) Representative phase contrast images of human 

aortic endothelial cells (HAECs) under static, 5 dyne/cm2 LSS, and 15 dyne/cm2 LSS. 

Arrows represent flow direction. Scale bar = 200 µm. (B) Representative immunoblot 

images for the protein expression of full-length PINK1 (FL-PINK1) and total endothelial 

nitric oxide synthase (T-eNOS). alpha-tubulin (α-tubulin) was used as a loading control 

(n=3/per group). (C) Quantification plots for T-eNOS and FL-PINK1 protein 



155 

expressions. (D) Quantification plot for PINK1 mRNA expression. Value was normalized 

by the housekeeping gene eukaryotic translation initiation factor eIF3f (TIF) as an 

internal control (n=4/per group). (E) Representative immunoblot images for the protein 

expression of FL-PINK1 and α-tubulin (n=3/per group). (F) Quantification plot for FL-

PINK1 protein expression. α-tubulin was used as a loading control. Data is shown as 

mean ± SD. *p<.05. **p<.01 by one-way ANOVA followed by Tukey's post hoc test. 

A.U., Arbitrary Unit. 

 

 

 

Figure 31. PINK1 mRNA expression in publicly-available RNAseq datasets. (A) 

PINK1 mRNA expression in RNAseq datasets from GSE83476 and GSE87534. (B) 

Detailed information of the RNAseq datasets. Data shown as means ± SD. **p<.01 by 

two-tailed independent Student’s t-test. A.U., Arbitrary Unit. 
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Figure 32. Mitophagy- and autophagy-related protein expressions under LSS. (A) 

Representative immunoblot images for the protein expression of p62, Beclin-1, BNIP3, 

LC3-I, LC3-II, and Parkin. α-tubulin was used as a loading control (n=3/per group). (B) 

Quantification plots for p62, Beclin-1, BNIP3, LC3-I, LC3-II, and Parkin protein 

expression. Western blot analysis revealed that LSS does not enhance mitophagy 

induction measured by p62 and Parkin expressions as well as ubiquitin-independent 

mitophagy measured by BNIP3, but LSS significantly increase autophagy process 

measured by an LC3-II expression level. Data is shown as mean ± SD. ns, not significant. 

*p<.05. **p<.01 by one-way ANOVA followed by Tukey's post hoc test. 
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8.2. LSS increases the cytosolic portion of FL-PINK1 in HAECs 

Next, we tested the subcellular localization of PINK1 in HAECs. Mitochondria 

and cytosol fraction were isolated from the HAECs under either static, LSS or CCCP 

treatment, and PINK1 subcellular localization in the ECs was analyzed by Western blot. 

CCCP treatment significantly increases FL-PINK1 accumulation on the mitochondria, 

which is a known indicator of mitophagy induction. In contrast, LSS decreases PINK1 

accumulation on mitochondria but increases the cytosolic portion of FL-PINK1 (Figure 

33A). LSS also elevates cleaved PINK1 (ΔN-PINK1) levels, indicating an elevation of 

PINK1 import and cleavage due to intact mitochondrial membrane potential (Δψm) under 

LSS (Figure 35). PINK1 subcellular localization was confirmed by immunostaining and 

confocal microscopy analysis, which showed that LSS increases cytosolic PINK1 level 

but not mitochondrial PINK1 accumulation, showing a reduction of colocalization signals 

between PINK1 and mitochondria, thereby resulting in a lower Pearson’s correlation 

coefficient (PCC) compared to static control. In contrast, CCCP treatment enhanced 

PINK1 accumulation on mitochondria with increased colocalization signals (Figure 33B 

and C). In addition, the percentage of cytosolic PINK1 levels (% of a total PINK1, % 

Total) was highly enhanced under LSS compared to static controls (Figure 33D).  
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Figure 33. LSS increases cytosolic FL-PINK1 with reduced accumulation on 

mitochondria. (A) Representative immunoblot images for FL-PINK1 in the cytosol and 

mitochondria isolated from ECs under static (STT), 15 dyne/cm2 laminar shear stress 

(LSS), CCCP treatment (CP, 10 µM). Porin (VDAC) and α-tubulin were used as a 

loading control (n=3/per group). (B) Representative confocal images of PINK1 and 

mitochondria (stained with HSP60) in HAECs under static, LSS, and CCCP treatment 

(n=3/per group). Scale bar = 20 µm. (C) Quantification plot of colocalization coefficient 

between PINK1 and mitochondria. Colocalization was quantified from the confocal 

images by Pearson’s correlation coefficient using ImageJ software. (D) Quantification 

plot of cytosolic PINK1 (%total). Cytosolic PINK1 was quantified from the confocal 

images by masking PINK1 signals with mitochondrial signals. Data is shown as mean ± 

SD. **p<.01 by two-tailed independent Student’s t-test. 
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8.3. Mitochondria function under LSS is intact with less mitophagy flux 

Next, we tested the mitochondrial phenotype under LSS in ECs in that the fate of 

PINK1 is dependent on mitochondrial function. Initially, mitochondrial morphology was 

analyzed by confocal microscopy in ECs, which showed that mitochondria displayed 

elongated and interconnected shape under LSS, but fragmented and disconnected 

mitochondrial shape were shown in response to CCCP treatment (Figure 34A) resulting 

in higher mitochondrial fission count (MFC) (Figure 34B). The result implies 

dysfunctional mitochondria under CCCP but intact mitochondrial function under LSS 

condition. 

Based on the morphology analysis, we hypothesized that mitochondrial function 

would be different under these various conditions. To test this, mitochondrial function 

was measured using the JC-1 probe which tests mitochondrial membrane potential. LSS 

significantly increases the Red/Green ratio of JC-1, indicating an increase of 

mitochondrial membrane potential under LSS. On the contrary, CCCP treatment 

completely reduced the red signal with an increase of the green signal throughout the 

cytoplasm showing a reduced Red/Green ratio, indicating reduced mitochondrial 

membrane potential (Figure 35A and B). Indeed, quantification of mitophagy flux using 

ECs transfected with mtKeima plasmid showed decreased Red/Green ratio under LSS 

indicating reduced mitophagy flux (Figure 36A and B), which is consistent with reduced 

mitochondrial PINK1 and an elevation of ΔN-PINK1 under LSS. These results suggest 

that FL-PINK1 protein expression increases due to elevated PINK1 mRNA expression 

under LSS, while CCCP increases FL-PINK1 protein expression by an elevation of 

PINK1 accumulation on the mitochondria and a resultant reduction of PINK1 
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degradation due to reduced membrane potential. These results suggest that PINK1 

expression increases under LSS not for immediate mitophagy induction, but for other 

functions. 

 

 

Figure 34. Mitochondrial morphology is intact under LSS showing an elongated 

shape. (A) Representative confocal images of mitochondria stained with HSP60. 

Mitochondrial morphology analysis showed different morphology of mitochondria under 

LSS and CCCP treatment in HAECs. Scale bar = 30 µm. (B) Quantification plot for 

mitochondrial fission count (MFC = mitochondria number / mitochondrial area). Data 

shown as means ± SD. *p<.05. **p<.01 by one-way ANOVA followed by Tukey's post 

hoc test. A.U., Arbitrary Unit. 
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Figure 35. Mitochondrial membrane potential under static vs LSS vs CCCP. (A) 

Representative fluorescence microscopic images of JC-1 staining. As a positive control of 

mitochondrial depolarization, CCCP treatment (10 µM) significantly reduced red signal 

of JC-1 dye increasing green signal with a diffusion of the green signal to cytoplasm 

implying diminished mitochondrial membrane potential. In contrast, 48 hrs LSS 

significantly increased red signal with a reduction of green signal compared to static 

control implying higher mitochondrial membrane potential under LSS. Scale bar = 30 µm 

and 10 µm (magnified). (B) Quantification plot of JC-1 signal by calculating Red/Green 

signal ratio. Data shown as means ± SD. *p<.05. **p<.01 by one-way ANOVA followed 

by Tukey's post hoc test. 
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Figure 36. Mitophagy induction under static vs LSS vs CCCP. (A) Representative 

confocal image of mtKeima. Mitophagic flux was monitored using ECs transfected with 

mtKeima plasmid. Red signal represents mitochondria under mitophagy process, and 

green signal represent mitochondria in normal condition. Scale bar = 30 µm. (B) 

Quantification plot of mtKeima signal. Red/Green ratio was calculated. Data shown as 

means ± SD. *p<.05. **p<.01 by one-way ANOVA followed by Tukey's post hoc test. 
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Figure 37. Schematic figure of PINK1 intracellular localization. A cytosolic pool of 

FL-PINK1 increases under LSS due to elevated mRNA expression of PINK1. In addition, 

LSS also elevates cleaved form of PINK1 (△N-PINK1) due to intact mitochondrial 

function under LSS. In contrast, CCCP treatment elevates FL-PINK1 accumulation onto 

the outer mitochondrial membrane and reduces PINK1 cleavage and degradation due to 

reduced membrane potential. 
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8.4. LSS-preconditioned endothelial cells showed lower mtDNA damage under 

angiotensin II stimulation in HAECs 

Based on the results that LSS increased a cytosolic pool of PINK1 with enhanced 

mitochondrial membrane potential and reduced mitophagic flux, we further hypothesized 

that increased cytosolic pool of the FL-PINK1 under LSS would increase bioavailability 

of PINK1 to monitor mitochondrial function, which may enhance mitophagic sensitivity 

to damaged mitochondria under pathological conditions. To test the hypothesis, we 

preconditioned HAECs cells under LSS for 48 hrs and stimulated them with angiotensin 

II (100 nM, 6 hrs) which is a well-known vasoconstricting peptide hormone that induces 

mitochondrial DNA damage and dysfunction. Mitochondrial DNA damage was measured 

by a mtDNA lesion assay (# of lesions per 10 kb) (Figure 38A). Angiotensin II treatment 

significantly increases mtDNA lesion compared to static controls, but LSS-

preconditioning significantly reduced the angiotensin II-induced mitochondrial DNA 

damage indicating that preconditioned cells with shear stress are more protective against 

mitochondrial damage (Figure 38B). 
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Figure 38. LSS-preconditioned endothelial cells showed lower mtDNA damage 

under angiotensin II stimulation in HAECs. (A) Study design. HAECs were 

preconditioned under LSS for 48 hrs and stimulated with angiotensin II (100 nM, 6 hrs) 

followed by mtDNA lesion assay (# of lesions per 10kb). (B) Quantification plot of 

mtDNA lesion assay (Number of mtDNA lesion / 10 kb in HAECs). LSS-preconditioned 

endothelial cells showed lower mtDNA damage under angiotensin II stimulation in 

HAECs. Bars represent mean ± SD. *p<.01 by one-way ANOVA followed by Tukey's 

post hoc test. 

  

8.5. Parkin recruitment and mitophagy induction were elevated in response to 

CCCP in LSS-preconditioned HUVEC compared to static-HUVEC 

Based on the observation that LSS-preconditioned ECs showed lower mtDNA 

damage under angiotensin II stimulation in HAECs, we hypothesized that the elevation of 

cytosolic PINK1 may increase the mitophagy sensitivity to dysfunctional mitochondria, 

which may allow ECs to maintain a healthy pool of functional mitochondria for survival. 

To test this hypothesis, we transfected human umbilical vein endothelial cells (HUVECs) 

with the mCherry-Parkin plasmid, and those cells were subjected to static or LSS 

condition (15 dyne/cm2) for 48 hrs. The pre-conditioned HUVECs were treated with 
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CCCP (10 µM) for 45 min, and Parkin recruitment was observed and quantified. The 

result showed that Parkin recruitment in response to CCCP was greater in LSS-

preconditioned ECs relative to static-ECs (Figure 39A and B). Next, we tested whether 

LSS-preconditioned ECs induce mitophagy induction rapidly in response to CCCP 

treatment compared to ECs under static conditions. HUVECs were transfected with 

mtKeima plasmid, and those cells were subjected to static or LSS conditions (15 

dyne/cm2) for 48 hrs. The pre-conditioned HUVECs were treated with CCCP (10 µM) 

for 90 min, and mitophagy induction was quantified by calculating the Red/Green ratio of 

the mtKeima signals. Indeed, mitophagy induction was significantly elevated in response 

to CCCP in LSS-preconditioned ECs compared to static-ECs (Figure 39C and D).  
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Figure 39. Elevated parkin recruitment and mitophagy induction in response to 

CCCP in LSS-preconditioned HUVEC compared to static HUVEC. (A) 

Representative micrographs of mCherry-Parkin signal in static- or LSS-preconditioned 

HUVEC. Parkin recruitment in response to CCCP (10 µM, 45 min) was greater in LSS-

preconditioned HUVEC relative to static-HUVEC. Scale bar = 30 µm. (B) Bar graph are 

the result of total area of Parkin recruitment. (C) Representative fluorescence images of 

mtKeima signal in static- or LSS-preconditioned HUVEC. Mitophagy induction in 

response to CCCP (10 µM, 90 min) was greater in LSS-preconditioned HUVEC 

compared to static-HUVEC. Scale bar = 10 µm. (D) Bar graph are the result of red/green 

ratio of mtKeima signal. Data shown as means ± SD. **p<.01 by two-tailed independent 

Student’s t-test.  
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8.6. Cytosolic PINK1 expression was elevated in the endothelium of thoracic aorta 

(TA) from EC-PhAM mice subjected to voluntary running wheel exercise in vivo 

To confirm the observations of the in vitro cell study in mice in vivo, we 

generated endothelial-specific dendra-2 expression mice (EC-PhAM) which shows the 

endothelial specific mitochondrial fluorescent signals in the mouse blood vessel. The EC-

PhAM mice were randomly assigned and subject to either sedentary (n=5) or voluntary 

running wheel exercise (n=6) for 7 weeks (Figure 40A), and then PINK1 expression in 

the endothelium was measured by en face immunostaining (Figure 40B). 7-week 

voluntary running wheel exercise significantly increases PINK1 expression in the 

endothelium of EC-PhAM mice which was mostly cytosolic PINK1 compared to 

sedentary mice (Figure 40C and D). 
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Figure 40. PINK1 expression at the endothelium of thoracic aorta (TA) in sedentary 

vs. exercise mice. (A) Study design of in vivo voluntary wheel running exercise protocol 

using endothelial-specific Dendra-2 mice (EC-PhAM). (B) Illustration of en face staining 

method. (C) Representative micrographs of PINK1 and mitochondria (Dendra-2) in 

endothelium of TA from sedentary (SED) vs. Exercised (EX) mice. PINK1 expression at 

the endothelium of TA from EC-PhAM in EX (EX, n=6, 7-week) was significantly 

elevated compared to one in SED (SED, n=5). Scale bar = 5 µm. (D) Quantification plot 

of relative PINK1 intensity in ECs of TA in SED vs. EX. **p<.01 by two-tailed 

independent Student’s t-test. 

 

8.7. Angiotensin II-induced mtDNA lesion was attenuated in abdominal aorta of 

exercise-trained mice relative to sedentary mice 

 Considering the elevation of PINK1 expression in aorta of exercised mice, we 

hypothesized that exercised mice may be more resistant to CVD risk factors. To test this, 

wild-type mice were randomly assigned to either sedentary (SED) or voluntary wheel-
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running exercise (EX) group. Angiotensin II was infused to the mice for 2 weeks of total 

7-week intervention (Figure 41A). Angiotensin II induced-mtDNA lesions were 

significantly reduced in the abdominal aorta of exercised mice compared to sedentary 

mice (Figure 41B). In addition, exercise-preconditioning elevated mitophagy induction 

in response to angiotensin II stimulation in endothelium of mouse thoracic aorta 

measured by co-immunostaining of lysosomal marker LAMP1 and mitochondrial marker 

HSP60 using en face staining (Figure 41C).  

 

 
Figure 41. Exercise training elevates mitophagy induction in endothelium of mouse 

thoracic aorta and attenuated angiotensin II-induced mtDNA lesion in abdominal 

aorta of exercise-trained mice relative to sedentary mice. (A) A schematic illustration 

of experimental design. (B) Bar graphs are the result of mtDNA lesion per 10 kb in 

mouse abdominal aorta. (C) Representative confocal images of mitophagy induction in 
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endothelium of the thoracic aorta in SED- or EX-preconditioned mice in response to 

angiotesin II stimulation. Bar graph is the number of colocalization puncta between 

LAMP1 and HSP60 per cell. Scale bar = 20 µm. *p<.05 by two-tailed independent 

Student’s t-test.  

8.8. PINK1 knockdown decreases eNOS expression with an increase of apoptosis 

and cell senescence in HUVECs 

 Apart from mitophagy induction, PINK1 is known to have a variety of functions 

for cellular homeostasis. To test the role of PINK1 in endothelial cells, HUVECs were 

transfected with Pink1 siRNA, and then EC morphology, total-eNOS expression, 

apoptosis, and cell senescence were measured. Endothelial morphology became abnormal 

in PINK1-knockdown ECs (Figure 42A), and total-eNOS expression, a marker of intact 

endothelial function, was significantly reduced in PINK1-knockdown ECs (Figure 42B). 

In addition, EC apoptosis measured by Annexin V staining (Figure 42C) and senescence 

measured by β-gal staining (Figure 42D) were significantly enhanced in PINK1-

knockdown ECs. The results imply that PINK1 is essential in EC homeostasis.  
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Figure 42. PINK1 knockdown decreases eNOS expression with an increase of 

apoptosis and cell senescence in HUVECs. (A) Representative phase-contrast 

micrographs for morphological analysis. Scale bar = 200 µm. (B) Western blot images of 

PINK1 and eNOS protein expressions. Bar graphs are results of densitometry analyses 

(n=4-5). (C) Representative images of Annexin V staining (n=6). Scale bar = 30 µm. (D) 

Representative images of β-gal staining (n=6). Scale bar = 200 µm. (E) Bar graphs are 

the results of analyses for Annexin V positive area (Left) and for β-gal positive cells 

(Right) respectively. **p<.01 compared to scramble by two-tailed independent Student’s 

t-test.  

 

8.9. PINK1 knockdown induces mitochondrial fragmentation and increases 

mitochondrial ROS production in HUVECs 

 We observed that an elevation of PINK1 expression increases mitophagic 

sensitivity to dysfunctional mitochondria, maintaining a healthy pool of functional 

mitochondria in ECs. To test, mitochondrial phenotype in PINK1-knockdown ECs, 

HUVECs were transfected with PINK1 siRNA, and mitochondrial morphology and 
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mitochondrial reactive oxygen species (mtROS) were measured using mitoTracker and 

mitoSOX probes respectively. Mitochondrial morphology was more fragmented and 

smaller in PINK1-knockdown ECs relative to scramble-treated ECs (Figure 43A). In 

addition, in line with morphology analysis, mtROS production was significantly elevated 

in PINK1-knockdown ECs compared to scramble (Figure 43B). The results indicate that 

PINK1 is a crucial factor for mitochondrial and endothelial homeostasis, and an elevation 

of PINK1 expression is protective to mitochondrial damage/dysfunction.  

 

 
Figure 43. PINK1 knockdown induces mitochondrial fragmentation and increases 

mitochondrial ROS production in HUVEC. (A) Representative micrographs of 

MitoTracker staining. Bar graphs show the results of morphological analyses of 

mitochondria including count of fragmented mitochondria (MFC), aspect ratio, form 

factor, branch length (n=8). Scale bar = 30 µm. (B) Representative micrographs of 

MitoSox staining. Bar graph shows quantitative analysis of the fluorescence signal (n=8). 
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**p<.01 compared to scramble by two-tailed independent Student’s t-test. Scale bar = 30 

µm. 

 

 

Figure 44. Proposed mechanism of laminar flow mediated-PINK1 expression and its 

implication. Laminar shear stress and exercise enhance a cytosolic pool of FL-PINK1 

expression, which may increase mitophagic sensitivity on dysfunctional mitochondria 

under stress conditions, thereby maintaining a healthy pool of mitochondria in ECs. 
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9. DISCUSSION 

In this study, we demonstrated that LSS increases the cytosolic pool of FL-

PINK1, which is attributable to an elevation of PINK1 mRNA expression in ECs. In 

addition, LSS-preconditioned ECs showed attenuated angiotensin II-induced mtDNA 

lesions, rapid Parkin recruitment, and mitophagy induction in response to CCCP 

stimulation, which implies that elevated cytosolic PINK1 expression may enhance 

mitophagic sensitivity to dysfunctional mitochondria and thereby induce more rapid 

mitophagy induction. Furthermore, exercise training significantly enhanced PINK1 

expression in the endothelium of mouse aorta in vivo in line with in vitro observation. 

The results demonstrate the beneficial effect of exercise-induced LSS on EC homeostasis 

by increasing cytosolic PINK1 expression, such that mitophagy can be achieved rapidly 

before dysfunctional mitochondria set up a vicious cycle inducing EC disease-prone 

phenotype, which may account for the underlying mechanism of exercise-mediated 

prevention of CVD progression in the vasculature.  

The vital role of PINK1 has been highlighted in several studies in association 

with the progression and development of cardiovascular diseases. Billia et al. (2010) 

reported that PINK1 protein levels are significantly reduced in end-stage human heart 

failure. In addition, PINK1-/- mice show development of left ventricular (LV) dysfunction 

with pathological cardiac hypertrophy displaying greater oxidative stress level and 

impaired bioenergetic mitochondrial function in mouse hearts 255. In addition, Siddall et 

al. (2013) demonstrated that overexpression of PINK1 in HL-1 cardiac cells was 

protective toward acute ischemia-reperfusion injuries (IRI), and myocardial infarction 

size induced by IRI was increased in PINK1-/- mice compared to PINK1+/+ and PINK1+/- 
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mice. Furthermore, cardiomyocytes isolated from the PINK1-/- mice showed higher 

susceptibility to IRI with lower membrane potential and reduced mitochondrial 

respiration compared to PINK1+/+ cells 256. Collectively, these findings indicate the vital 

role of PINK1 in acellular homeostasis.  

Gain- and loss-of-function studies of PINK1 in the vasculature and ECs have 

also been documented. Swiader et al. (2016) reported that oxidized low-density 

lipoproteins (LDL), as one of the atherogenic stressors, induce PINK1-Parkin-mediated 

mitophagy as a safeguard mechanism in human vascular smooth muscle cells (VSMC). 

Thus, silencing PINK1 impaired mitophagy flux and enhanced oxidized LDL-induced 

VSMC apoptosis, while overexpression of PINK1 was protective by attenuating VSMC 

apoptosis 257. Similar results have been reported in ECs. Zhang et al. (2014) reported that 

PINK1-silenced mouse lung endothelial cells (MLEC) show increased susceptibility to 

hypoxic stress compared to cells from the lung of wild-type mice, while overexpression 

of PINK1 in MLEC attenuates hypoxia-induced apoptosis in MLEC 258. In addition, Wu 

et al. (2015) showed that mitochondrial damage caused by palmitic acid (PA)-induced 

metabolic stress was significantly elevated by PINK1 silencing, while overexpression of 

WT-PINK1 attenuated PA-induced mitochondrial damage measured by mtROS 

production in HAECs 259. Taken together, these findings indicate that PINK1 plays a vital 

role in maintaining mitochondrial homeostasis and preventing the development of CVD. 

In addition, overexpression of PINK1 in different cell types was cytoprotective against a 

variety of stresses. In consistent with the literatures, our data reveals that FL-PINK1 

expression was significantly elevated in ECs under LSS compared to static controls 

(Figure 30B and 30C), and LSS-preconditioned ECs were more protective against Ang 
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II-induced mtDNA lesions (Figure 38A and 38B). In addition, exercise, which is known 

to elevate LSS in the circulation, also significantly increased PINK1 expression in the 

endothelium of the thoracic aorta in mice (Figure 40C and 40D), and exercise-

preconditioned mice showed a reduction of Ang II-induced mtDNA lesions in the 

abdominal aorta (Figure 41).  

One of the possible upstream factors that may be responsible for the PINK1 

expression in ECs under LSS is nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB). Duan et al. (2014) reported the regulation of PINK1 gene expression by 

NF-κB showing that four functional cis-acting NF-κB-binding sites within the PINK1 

promoter were identified. Therefore, overexpression of NF-kB or a treatment of 

lipopolysaccharide (LPS), which is a strong activator of NF-κB, significantly elevated 

PINK1 expression in SH-SY5Y cells 247. Laminar shear stress (LSS) is also known to 

activate NF-κB pathway by phosphorylation of IkappaB kinase (IkK), which is the kinase 

that induces inhibitor kappa B-alpha (IkappaB-alpha, IkBα) phosphorylation and 

degradation 63 implying increased PINK1 expression by enhanced NF-kB transcriptional 

activity under LSS. An elevation of mitochondrial reactive oxygen species (mtROS) 

production is known to activate inhibitor kappa B-alpha (IkappaB-alpha, IkBα) kinase 

(IkK) by inducing intermolecular covalent linkage of NF-κB essential modulator 

(NEMO) through disulfide bonds formed by Cys54 and Cys347, which promoting the 

transcriptional potential of the p65 subunit of NF-κB 285. However, the activation of NF-

kB pathway and mtROS production under LSS is transient responses which are down-

regulated over time periods within one to several hours returning to the baseline levels 

due to the ability of ECs to adapt to LSS 114. Therefore, underlying mechanism of PINK1 
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expression elevated under LSS will need to be examined with further and careful detail in 

the future studies.  

Previously, accumulating evidence has shown that the autophagy process was 

significantly elevated under LSS in ECs. Liu et al. (2015) demonstrated that LSS, but not 

oscillatory or low magnitude flow, which is known to promote atherosclerotic plaque 

development, promotes autophagy process via Sirtuin 1 (SIRT1), which subsequently 

activates FoxO1 by deacetylation increasing its transcriptional activity and thereby 

enhancing the expression levels of genes related to autophagy processes, such as beclin-1, 

Atg5, and LC3A 129. In addition, Vion et al. (2017) showed that LSS enhanced autophagy 

processes in human ECs showing the protective effect on cellular homeostasis. To this 

end, the deficiency of autophagy in ECs increases endothelial apoptosis, senescence, 

inflammation, and defects in endothelial alignment leading to EC dysfunction and an 

atheroprone phenotype 130. Furthermore, Li et al. (2015) reported the intact autophagic 

flux in ECs exposed to LSS both in vitro and in vivo and showed less mtDNA damage 

compared to ECs exposed to atheroprone oscillatory flow 128. Considering enhanced 

autophagy processes and an increase of PINK1 expression under LSS, we initially 

expected an elevation of the mitophagy process under LSS in ECs. However, our data 

demonstrated that mitophagy flux was reduced under LSS, which was attributed to intact 

mitochondrial function under LSS in ECs (Figure 34, 35 and 36). In addition, our results 

from mitochondrial fractionation assay and immunostaining with confocal microscopy 

analysis supported the observation that elevated FL-PINK1 protein under LSS is not 

accumulated on mitochondria as an initial step of the PINK1-dependent mitophagy 

process, but a cytosolic pool of FL-PINK1 was significantly enhanced (Figure 33), 
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which is also supported by in vivo en face staining data of endothelium from exercised 

mice showing elevated cytosolic PINK1 (Figure 40C and 40D). Collectively, these data 

suggest that increased FL-PINK1 expression under LSS is not enhanced to induce 

immediate mitophagy process due to intact mitochondria under LSS. However, the FL-

PINK1 may increase bioavailability of PINK1 for more sensitive tests on mitochondrial 

function and resultant rapid mitophagy induction when mitophagy process is required to 

eliminate damaged mitochondria before they start to accumulate and set up a vicious 

cycle leading to an EC dysfunction. Narendra et al. (2009) demonstrated that HeLa cells 

transfected with mCherry-Parkin and PINK1 overexpression vector showed more rapid 

Parkin translocation to mitochondria in response to CCCP stimulation relative to the cells 

transfected mCherry-Parkin only, implying the potential role of the elevation of cytosolic 

FL-PINK1 on mitophagy induction via Parkin recruitment 272. Indeed, we showed that 

LSS-preconditioned HAECs showed rapid Parkin recruitment and mitophagy induction 

in response to CCCP stimulation (Figure 39), which may be attributable to the elevation 

of cytosolic FL-PINK1 under LSS in ECs. 

Another possibility of the role of increased cytosolic PINK1 under LSS is that 

PINK1 can act as a cytoplasmic signaling mediator in the cytoplasm. Indeed, the 

subcellular location of PINK1 and its role in the cytoplasm has been extensively 

investigated by previous studies. It has been found that endogenous 63kDa full-length 

PINK1 (FL-PINK1) is observed in the cytoplasm 249,274 and is known to act as a 

cytoprotective protein 248,254,256-258,274,275. Haque et al. (2007) found that a mutant PINK1 

containing a deletion of the putative mitochondrial targeting motif, which is targeted to 

the cytoplasm, protected neuronal cells from 1-methyl-4-phenylpyridine (MPP+)/1-
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methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced toxicity compared to cells 

containing the G309D mutant PINK1 (Parkinson's disease-associated) or depletion of 

PINK1 by RNAi 274. In addition, Dagda et al. (2014) also reported that transiently 

transfected neuronal cells with a N111-PINK1 construct that is designed to target PINK1 

to the cytosol promoted dendrite outgrowth and restored the decreased dendritic 

arborization (also known as dendritic branching) by activating PKA (a Ser/Thr kinase) 

signaling 276, which suggests the vital role of cytoplasmic PINK1 in neuronal 

homeostasis. Furthermore, it has been suggested that PINK1 acts as a cytosolic mediator 

by utilizing its kinase activity. Murata et al. (2010) revealed that cytoplasmic PINK1 

activates mammalian target of rapamycin complex 2 (mTORC2) by phosphorylating a 

specific component of mTORC2, Rictor, which subsequently phosphorylates Akt at Ser-

473 (also known as protein kinase B) showing a protective role in SH-Sy5Y cells from 

various cytotoxic agents, which suggests that PINK1 can act as a cytoprotective protein 

not only in mitochondria but also in the cytoplasm through a mTORC2-Akt signaling 

mechanism 277. Considering these data showing a cytoprotective role of PINK1, increased 

cytosolic PINK1 under LSS may account for the beneficial role of exercise-induced LSS 

on endothelial homeostasis, which has been documented in previous literature 

11,58,279,286,287.  

 

10. CONCLUSION 

LSS increases cytosolic FL-PINK1 expression, which seems to elevate 

mitophagic sensitivity toward dysfunctional mitochondria or elicit other cytoprotective 

signaling in the cytoplasm. Our data suggest that exercise may support mitochondrial 
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homeostasis in vascular ECs by enhancing PINK1-dependent cell protection mechanisms. 

Further studies on the precise role of cytosolic FL-PINK1 and cytoplasmic signaling 

events regulated by FL-PINK1 under LSS are warranted to expand our understanding of 

PINK1 function and its role in CVDs.  
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APPENDIX B. EN FACE IMMUNOSTAINING PROTOCOL 
 

En face immunostaining protocol 

 

Materials: 

1) Bovine Serum Albumin (Sigma, #A3059) 

2) Glycine (Sigma, #G7126, MW: 75.07) 

3) Triton X-100 (Fisher Scientific, #9002-93-1) 

4) Dulbecco’s PBS (DPBS, gibco, #14190-144) 

5) 16% Paraformaldehyde (PFA, Electron Microscopy Sciences) 

6) Fluoromount-G® (Sourtern BioTech, #0100-01) 

 

Mouse Dissection and Vessel Isolation 

 

1) Prepare fresh 2% and 0.4% PFA and put them on ice.  

 

2) PBS perfusion – Insert a butterfly syringe to the end of left ventricle, and then cut the 

right atrium. Perfuse ice-cold DPBS (10 ml). 

 

3) Fixation – Replace the syringe with a syringe containing 2% paraformaldehyde (in 

PBS) and perfuse the 2% PFA (10 ml). 

 

4) Collect aorta under the surgical microscope  

 

5) Clean the vessel up - remove fatty tissues in a PBS-containing 35 mm dish  

 

6) Post fixation – Transfer the dissected vessel to a 1.5 ml tube containing 0.4 % 

paraformaldehyde (in PBS) and incubate O/N at 4℃ with a gentle shaking.  

 

7) Next day, transfer the vessel to a 1.5 ml tube containing ice-cold PBS. (Okay up to 

several months).  

 

En face immunostaining 

 

1) Rinse - in 1x PBS, 10 min with a gentle shaking (x3) 

 

2) Incubation with 0.1 M Glycine in 2% BSA/PBS, for 30 min at RT with a gentle 

shaking  

 

3) Permeabilization and blocking: 0.3% Triton X 100 in 2% BSA/PBS, for 30 min at RT 

with a gentle shaking. 

 

4) Primary antibody incubation – in 2% BSA/PBS, O/N incubation at 4 ºC with a gentle 

shaking 

 

5) Rinse – in 2% BSA/PBS, for 10 min at RT with a gentle shaking (x3)  
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6) Secondary antibody incubation – in 2% BSA/PBS, 2 hr incubation at RT with a gentle 

shaking  

 

7) Rinse – in 1x PBS, for 10 min (x3) 

 

8) Mounting - place vessel on a positively charged side of slide glass. Put several drops 

of Fluoromount-G® and submerge the vessel in the mounting reagent. Cut the vessel 

longitudinally in a single motion using a scissor under the surgical microscope. Cover a 

coverslide (You do not need to seal the coverslide in that Fluoromount-G® is solidified at 

RT).  

 

9) Place the slide on a clean Kimwipe on the bench and cover the slide with two pieces of 

laboratory Kimwipe. Gently place 3.5 kg of weight (e.g., use a bottle of water on a thick 

book.) on the slide for a maximum of 5 min to flatten the en face blood vessel sample. 

 

10) Remove the weight and wipe off excess solution around the coverslip. 

 

11) Place the slide in the sample box for 1-2 hours and perform microscopy. 
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APPENDIX C. IBIDI PUMP SYSTEM PROTOCOL 

 
Protocol: Applying Shear-Stress on Endothelial Cells Using Ibidi Pump System 

 

Ibidi system is a pump system for cell-based flow experiments. Various physiological 

flows, which are continuous unidirectional, oscillating, and pulsatile flow, can be applied 

to confluent endothelial cells cultured in µ-slides using the pump system. 

 

*This protocol is made based on the manufactural manual from ibidi company 

(ibidi Pump System Instructions Ver. 1.5.2).  

 

<Material> 

1) micro slides (µ-slides): 0.2, 0.4, 0.6 Luer µ-Slides 

2) ibidi pump system 

- Air pressure pump  

- Fluidic units 

- Perfusion sets (Red or Green) 

- a hose clip 

- a drying bottle and beads 

- a computer containing the control program  

3) Endothelial cells (e.g., HAEC, HUVEC, iMAEC etc.) 

4) Endothelial cell growth medium 

5) 0.1% gelatin  

<Procedure> 

(D-2) 

1) Review your experimental design and prepare right size of µ-slides and perfusion sets 

(Figure 43). 

*Perfusion set red can be used for a typical flow application. Perfusion set green can be 

used for a live cell imaging due to its longer tube length. 

2) Thaw and seed endothelial cells onto a 100 mm dish and take care of them until 70-80% 

confluency prior to your experiment. 

3) Check a cell incubator that you will use for the flow experiment whether it is working 

well and whether the air tubing and power cables in the cell incubator can be connected 

to the ibidi air pump located outside the incubator. 
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Figure 45. Information of µ-slides and perfusion sets 

 

(D-1) 

4) Setup electrical cables and tubes of the ibidi system in the incubator following Figure 

44 and Appendix III-A.  

5) Mount a perfusion set on a fluidic unit and add 13 ml of media into the one side of 

reservoir. 

6) Connect the fluidic unit with the air pressure pump and run the pump to get rid of 

bubbles in the perfusion set. 

7) Incubate the fluidic unit with the perfusion set and µ-slides that you will use in a cell 

incubator for equilibrium of gas overnight. 
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Figure 46. Schematic setup of ibidi pump system 

 

 

(D-day) 

10) Unpack the pre-incubated µ-slides under the hood and coat the slide with 0.1% 

gelatin for 30 min in the incubator, and wash 3 times with pre-warmed DPBS, and then 

add pre-warmed growth media. 

11) Check the confluency of your cells (70-80%). 

12) Resuspend the cells and prepare the given number of cells suggested below. 

a) We need 1 x 105 cells/cm2  

b) We use µ-Slides (0.2, 0.4, and 0.6 Luer), and growth area (cm2) of all µ-slides is 2.5 

cm2. Thus, we need 2.5 x 105 cells for 0.2, 0.4, 0.6 Luer µ-Slides. 

c) The channel volume of µ-slides is different. The channel volume of 0.2, 0.4, 0.6 

Luer µ -Slide is 50, 100, 150 µl respectively. Considering the channel volume, 

calculate the cell number.  

13) Prepare the cell, and add 50, 100, or 150 µl cell suspension into the 0.2, 0.4, or 0.6 

Luer µ-Slide respectively by putting the pipet tip directly onto the channel’s inlet. To help 

the suspension flow through the channel you may incline the slide slightly 

14) Put the caps on the Luer adapters.  

15) Incubate µ-Slide for cell adhesion for 30 min at 37℃ 5% CO2. 

16) Fill the reservoirs with additional 60 µl cell-free medium each.  

AVOID POINTING THE PIPET TIP DIRECTILY ONTO THE CHANNEL’S 

INLET 

17) After that, close the reservoirs again and incubate for two hours at 37℃, 5% CO2.  

18) Check the cells. The cells should have formed a confluent cell layer. 

1 

2 

3 
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THIS IS IMPORTANT BECAUSE THE CONFLUENCE OF THE LAYER IS A 

CRUCIAL POINT IN THE ABILITY OF THE CELLS TO RESIST THE SHEAR 

STRESS. 

IF THE CELLS ARE STRESSED, IT MAY BE BETTER TO LET THEM 

RECOVER FOR A WHILE AND STARTING THE FLOW LATER 

IF YOU WANT TO CULTIVATE THE CELLS FOR MORE THAN ONE DAY 

UNDER STATIC CONDITIONS, A COMPLETE MEDIUM EXCHANGE HAS TO 

BE MADE EVERY 24 HOURS! 

19) Place the fluidic unit loaded with the perfusion set under the sterile work bench and 

pinch off the Perfusion set tubes near the valve using the plastic clip. 

20) Put the µ-Slide on the working surface, take off the caps and fill the reservoirs with 

medium until there is a small hump of liquid to avoid inclusion of bubbles. 

21) Pull out the first male Luer adapter from the middle connector holding it upwards to 

make sure there are no air bubbles remaining inside.  

22) Connect it to the female Luer on the slide tipping it cautiously. 

TAKE CARE YOU WORK AS FAST AND CAREFUL AS POSSIBLE. THE 

CELLS ARE STRESSED AT ANY DISTURBANCE AND WILL DETACH IF 

THERE IS TOO MUCH AGITATION.  

23) Place back the whole assembly in the incubator and connect the fluidic unit to the 

pump. 

24) Start the flow by switching on the air pressure pump using the ibidi pump control 

software. 

*To observe your cells on the microscope, switch off the pump at that moment the level 

in the reservoirs is equilibrated. Then, detach the air pressure tubing and the electric cable 

from the fluidic unit.  

24) Check the points described below.  

a) whether there are any leakages from the slides and whether each fluidic unit work well. 

Check the system carefully for at least 30min.   

b) whether the flow rate on the software is actually the same with the flow rate in the 

syringe. You can check this following the process below. 

 

How to calibrate the system 

1) Initially, the system needs to be calibrated. For calibration, input the information on 

the ibidi software (Fluidic unit setup: Perfusion set selection, Slide selection, viscosity 

(0.007 (dyn*s)/cm2), current calibration factor where you just type 1 as a default. Flow 

parameters: just type shear stress value between 10-20 dyn/cm2, switching times = 10-15 

sec), and start the flow by clicking a play button (green).  

2) Initially, the level of media between right and left syringes needs to be balanced at 

around 5 ml line.  
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3) Start the flow and measure how long it takes the media to run from 4 ml to 6 ml line 

(total duration of movement of 2 ml media). It is sufficient to use the markers on the 

reservoirs to reach the accuracy of the system.  

4) Conduct at least four measurements and calculate the mean value.  

5) To calculate the flow rate [ml/min], insert the time that was measured in the formula 

below. (Simply, 120 / measured time (sec) = flow rate (ml/min)) 

 

 

6) As the flow rate is strongly influenced by temperature and media components, it is 

recommended to perform this measurement under later experiment conditions.  

7) Click [Recalibration factor] in the Fluidic Unit Setup and type the given flow rate from 

the software (you can get the flow rate when you type shear stress magnitude) and the 

flow rate you calculated. Then, the software automatically calculates calibration factor 

(Figure 47).  
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[Appendix C-I] Basic Set-up of ibidi system (from ibidi pump system instructions 

Ver.1.5.2) 

 
Figure 47. Basic Set-up of ibidi system  

 

(A) 1 ibidi pump 

(B) 1 External Power Supply (Country specific) for the ibidi pump 

(C) 1 USB cable to connect the pump to the PC 

(D) 1 USB thumb drive with the latest PumpControl software 

(E) 1 to 4 Fluidic Unit(s) 

(F) 1 to 4 Electric cable(s) to connect Fluidic Unit and Pump (length 2 m) 

(G) 1 to 4 Non-sterile Perfusion Set(s) 

(H) 2 Drying bottles filled with orange Silica beads 

(I) 1 Connection cap for the drying bottle 

(J) 1 Air pressure tubing (2 m) to connect the pump to the Fluidic Unit (positive 

pressure) 

(K) 1 Short yellow marked air pressure tube (0.6 m); rigid air tube to connect the 

pump to the drying bottle 

(L) 1 Long black marked air pressure tubing (2.1 m); rigid air tube to connect the 

drying bottle to the inside of the incubator. 

(M) 1 Filter for the drying bottle (inside the bottle, not shown) 

(N) 1 to 4 sterile replacement filter(s) for the Fluidic Unit(s) 

(O) 1 to 4 Hose clip(s) 

(P) Air Pressure Splitter Set for 2 Fluidic Units (not shown) 

(Q) Air Pressure Splitter Set for 3 Fluidic Units (not shown) 

(R) Air Pressure Splitter Set for 4 Fluidic Units (not shown) 

(S) Oscillating Flow Kit for 2 Fluidic Units (not shown) 

(T) Oscillating Flow Kit for 4 Fluidic Units (not shown) 

 

Optional. 

(U) Notebook with preinstalled PumpControl software 

(V) Sterile Perfusion Sets 

(W) Sterile µ-Slide Luer Type 
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[Appendix C-II] Basic method for pump control software (from ibidi PumpControl 

Instruction Manual Ver.1.5.2) 

 

- Overview: The right side of the PumpControl v1.5.2 panel (Automatic Control) is made 

for running automated flow assays, as shown in Figure 46. It’s designed to make 

experiment setup easy. 

 
Figure 48. PumpControl Program 

 

1) Start the PumpControl program after connecting the pump and fluidic units to be 

recognized by the program.   

 

2) Insert the information of your perfusion set selection, slide selection, viscosity of your 

media.  

 

3) Calibrate your system in your experiment setting, and then insert the calculated flow 

rate into [Measured flow rate], then calibration factor will be automatically calculated, as 

shown in Figure 47.  
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Figure 49. Calibration dialog 

 

4) Click, [Apply new setting] button. IF YOU FORGET TO CLICK THIS BUTTON, 

YOU WILL LOSE THE INFORMATION YOU INSERTED.  

 

5) Then, you will see actual settings of your experiment, as shown in Figure 48.  

 

 
Figure 50. Fluidic Unit Setup and calibration 

 

6) Click the [Flow Parameters] section, and then insert one of the information (If you 

insert one, the others will be automatically calculated) 
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Figure 51. Set up for flow parameters 

 

7) After making sure that all connections are fine, you can start the experiment by 

clicking the start button.  

 

 

 

 

 


