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ABSTRACT 

 

EXERCISE-MEDIATED HIGH WALL SHEAR STRESS MEDIATES 

MITOCHONDRIAL ADAPTATIONS IN VASCULAR ENDOTHELIUM 

 

By Boa Kim 
Doctor of Philosophy 

Temple University, May 2014 
 

Advisor: Dr. Joon-Young Park 
 

Purpose/hypothesis: Regular practice of exercise is the most effective non-

pharmacological intervention that improves vascular health, which is thought to be 

mediated by a repeated exposure of vessel walls to increased hemodynamic shear stress 

(SS). Mitochondria have been shown to be essential cellular structures responsible for a 

wide variety of vascular functions, and its impairment is often associated with 

cardiovascular disease. However, researches on vascular mitochondrial adaptations to SS 

are in a very early stage and many questions remain unresolved. The objective of this 

study is to investigate the effect of exercise preconditioning on endothelial mitochondria 

in an angiotensin (Ang) II-induced hypertension model. It was hypothesized that exercise 

preconditioning prevents Ang II induced-hypertensive phenotypes by improving 

mitochondrial homeostasis in the endothelium. 

Methods:  High-magnitude laminar SS (LSS) (20 dyne/cm2) was applied to 

human aortic endothelial cells (HAECs) using a cone-and-plate shear apparatus for 48 

hours. Either LSS-preconditioned or static flow-situated HAECs were incubated with 

Ang II. In in vivo experiments, C57BL/6J mice were singly housed with or without a 
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voluntary running wheel for 7 weeks. Ang II or saline was infused in a constant rate 

using an implantable osmotic pump for the last 2 weeks of the experimental period. 

Mitochondrial membrane potential (ΔΨm) and mitoROS production were measured 

using fluorochrome molecular probe-based microscopic techniques, and mtDNA damage 

was assessed by a long amplicon quantitative PCR (LA-QPCR) method.   

Results: In HAECs, LSS preconditioning attenuated Ang II-induced 

mitochondrial dysfunction, which was evidenced by decreased mitoROS generation, 

increased ΔΨm, and reduced mtDNA damage. Likewise, in aortic tissues, Ang II-induced 

mitochondrial phenotypic changes (i.e. mitoROS production, mtDNA damage and ΔΨm 

reduction) were significantly reduced in exercise-preconditioned mice compared to 

sedentary controls. Moreover, Ang II-induced blood pressure elevation was completely 

blocked in exercise preconditioned animals.  

Conclusion: Taken together, high-magnitude LSS improves endothelial function 

by enhancing mtDNA integrity and mitochondrial function. These findings further 

support the idea that aerobic exercise is a prominent life-style modification strategy to 

prevent hypertension by targeting dysfunctional mitochondria in the vessel wall 
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EXERCISE-MEDIATED HIGH WALL SHEAR STRESS INCREASES  

MITOCHONDRIAL BIOGENESIS IN VASCULAR ENDOTHELIUM 
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1.1 Abstract 

Objective — Enhancing structural and functional integrity of mitochondria is an 

emerging target for modulating pathogenesis of endothelial dysfunction. We sought to 

investigate the effect of unidirectional laminar shear stress on mitochondrial biogenic 

process in endothelial cells (ECs), and to further examine whether exercise increases 

mitochondrial biogenesis in the vascular endothelium in vivo.   

Methods and Results — Human aortic- and human umbilical vein-derived ECs 

were exposed to a physiological level of shear stress (20 dyne/cm2) using a cone-and-

plate shear apparatus for various times (24-48 hours). We observed significant increase in 

the expression levels of key genes related to mitochondrial biogenesis (i.e. PGC1-α, 

NRF-1, TFAM, p53R2, MnSOD, VDAC, and COX IV), dynamics (Mfn1, Mfn2, Opa1, 

and Fis1), mtDNA content (mtDNA/nDNA ratio), and mitochondrial mass (2-fold, P < 

0.01) in the shear-exposed cells. For in vivo experiment, mice were subjected to a 

voluntary wheel running exercise for 5 weeks, and mitochondrial biogenesis was 

determined by en face staining in the endothelium from different anatomic locations 

(greater and lesser curvatures of aortic arch, thoracic aorta, and femoral and mesenteric 

arteries). There was a significantly higher mitochondrial content in most conduit and the 

muscle feed arteries from exercise-trained mice compared to the sedentary controls (N = 

10, P < 0.01). Interestingly, however, this mitochondrial adaptation was not observed in 

mesenteric artery where the blood flow is presumably decreased during exercise based on 

a well-known exercise-induced blood flow redistribution mechanism.  

Conclusion — Taken together, our findings provide the first evidence that 

exercise enhances mitochondrial biogenesis in the vascular endothelium through a shear 
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stress-dependent mechanism, introducing a novel pathway by which a chronic exercise 

benefits to the vascular health. 

 

1.2 Review of Literature 

 

1.2.1 Vascular Endothelium and Wall Shear Stress 

Endothelium is the innermost layer of blood vessel walls. Because of its unique 

location, endothelial cells (ECs) are in direct contact with flowing blood which is highly 

dynamic. The ability of ECs to sense and transmit the hemodynamic stimuli into the 

interior of the cells and even deeper to media layer of blood vessel walls allows them to 

play a central role in controlling vascular function. A myriad of responses at the cellular 

and/or molecular level triggered by ECs help maintain vascular homeostasis [1]. 

Shear stress, a friction force created by tangential component of blood flow, is 

one of the biomechanical forces acting on the lumen side of the endothelium. Various 

types of wall shear stress (WSS) exist in the vascular system, which can be largely 

divided into two different categories: atheroprotective versus atheroprone.  

The type of WSS that is unidirectional with high velocity laminar flow is defined 

as atheroprotective flow which typically occurs in the straight parts of arterial system. At 

regions in the arterial tree with bifurcations, branches, and curvatures, on the other hand, 

atheroprone flow which is characterized by oscillatory and disrupted flow with low 

magnitude occurs leaving those areas susceptible to vascular diseases development [2-8]. 

In oscillatory flow, the time-averaged fluctuations in shear stress are very low or zero due 

to forward-reverse flow cycles. Disrupted flow is defined as irregular and nonuniform 
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pattern of flow which is exhibited in the regions where flow separation, recirculation, and 

reattachment occurs [4]. 

The magnitude (Ʈ) of WSS can be expressed in units of force/unit area as a result 

of the formula stated below; where μ is the viscosity of blood, Q is the rate of blood flow, 

and r is the radius of vessel.  

Ʈ = 4μQ/πr3 

In straight arteries, magnitude of WSS is known to range from 10 to 70 dyne/cm2 

with variations over the cardiac cycle. Generally, flow with lower magnitude (< 4 

dyne/cm2) is associated with atheroprone flow, whereas higher magnitude (> 15 

dyne/cm2) is considered to be atheroprotective. 

Different types of hemodynamic shear stress in terms of pattern and magnitude 

are known to induce differential responses in ECs. Figure 1.1A shows the typical EC 

morphologies under two different types of prototypic blood flow in mouse aortic arch in 

vivo. Elongated and aligned ECs are observed in greater curvature (GC) where 

atheroprotective flow occurs, and cobblestone shaped ECs are shown in lesser curvature 

(LC) where atheroprone flow occurs. Other than the morphology, differences in 

intracellular and molecular adaptations ubder different types of flow have been 

extensively studied for more than a decade. 

Atheroprone flow mediates endothelial responses, such as activation of a number 

of atherogenic genes, induction of ROS production, and apoptosis, driving these areas 

towards pathological conditions. On the other hand, atheroprotective flow is recognized 

to lead to favorable consequences by down-regulating atherogenic genes and up-

regulating antioxidant and growth arrest genes.    
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1.2.2 Exercise and Vascular Health 

 

Cardiovascular disease (CVD) is a leading cause of morbidity and mortality 

worldwide. It is a readily accepted concept that aerobic exercise is the most effective 

non-pharmacological intervention that can prevent CVD and improves cardiovascular 

function. For the last two decades, corresponding to this concept, studies have examined 

the beneficial effects of exercise on modulating hemodynamic condition, endothelial 

function, and vascular wall structure [9-21]. 
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1.2.2.1 Effect of Exercise on Wall Shear Stress 

 

The effects of exercise on vascular health are suggested to be mediated mainly by 

ameliorating adverse hemodynamic conditions such as oscillatory, disturbed and low 

magnitude shear stress [22-28]. Table 1.1 shows studies that have assessed blood flow 

and/or wall shear stress characteristics in various human arterial trees during exercise. 

For the first time, Taylor et al. reported that moderate intensity lower limb acute exercise 

eliminates the flow reversal and regions with low wall shear stress (WSS) which occurs 

in the resting human abdominal aorta [28]. Cheng et al. have shown that acute lower limb 

exercise (150% of resting HR) at light to moderate intensity removed oscillations in flow 

and increased WSS in abdominal aorta in old human subjects compared to their resting 

state [23]. The effect of aerobic exercise on increasing WSS in human is also observed in 

peripheral vasculature including superficial femoral artery (SFA) [25]. Together, these 

studies suggest a mechanism by which aerobic exercise eliminates adverse characteristics 

of flow and increase WSS, and thus contributing to the vascular health.  
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1.2.2.2 Effect of Exercise on Endothelial Function and Vascular Structure 

 

Exercise training has also been consistently demonstrated to improve vascular 

function in subjects with cardiovascular risk factors and/or disease [29-31]. Since flow 

mediated dilation (FMD) has been introduced, it has been used as a surrogate marker to 

examine endothelium-dependent vasodilatory function in vivo in a non-invasive manner. 

Studies have shown that exercise training improves endothelium-dependent vasodilation 

and endothelial dysfunction in elderly and CVD patients. Impaired endothelial function 

shown in aged mice was also reported to be restored to a level similar to that is observed 

in young mice. The well-known effect of aerobic exercise training on reducing blood 

pressure is at least in part due to the improvement in endothelium-dependent 

vasodilation. The underlying molecular mechanisms of improving endothelial function by 

exercise mainly involve increasing nitric oxide (NO) bioavailability. Increased shear 

stress in response to exercise training stimulates NO production by modulating gene 

expression and post-translational modification related to NO bioavailability. 

Additionally, reduced vascular oxidative stress has been considered as one of the 

generally demonstrated molecular mechanisms. 

There is also evidence showing that exercise mediates arterial wall structural 

remodeling. An article published by Thijssen et al. [21] shows that exercise intervention 

was effective on abolishing the increase in conduit artery (carotid artery and superficial 

femoral artery) wall thickness caused by a 60 days of bed rest. 
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1.2.2.3 in vitro Shear Stress Modulation 

 

Several in vitro shear systems have been developed as an attempt to investigate 

underlying mechanisms of EC response to shear stress, and to better understand the effect 

of hemodynamics in endothelial/vascular health in vivo. A cone-and-plate viscometer 

system was invented in 1980’s. This device has been widely used, allowing researchers to 

produce a wide range of magnitude of uniform shear stress and study the 

molecular/cellular response to shear stress in ECs. Flow is generated by rotating the cone 

in a perpendicular axis which is placed slightly above the surface of cell culture dish. 

As discussed in section 1.2.2.1, aerobic exercise modulates the magnitude of 

shear stress. It is reported that, during moderate exercise, shear stress ranges from 15 to 

30 dyne/cm2 in human [32]. In the in vitro setting of this study, therefore, 20 dyne/cm2 of 

high LSS will be adopted as a flow mimicking exercising condition and the effects were 

compared with statically cultured ECs. The effects of different magnitudes of waveforms 

have been replicated in numerous in vitro studies, and the findings are consistent with 

those determined by in vivo studies [4]. LSS with high magnitude benefits ECs by 

modulating a number of responses. When cultured endothelial cells are subjected to a 

high magnitude arterial level LSS in vitro, cells undergo morphological changes that are 

comparable with those seen in aortas exposed to high WSS in vivo. Figure 1.1B shows 

that high LSS-exposed ECs are aligned in the direction of LSS with elongation, whereas 

a cobble stone shape is shown in ECs under static condition without LSS. Other 

endothelial adaptations to high LSS on molecular signaling, gene expression, structure, 

and function as well as morphology have been studied extensively. 
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1.2.3 Mitochondrial Biogenesis 

 

Mitochondrial content varies depending on type, function, and metabolic 

characteristics of the cells where they are housed. Mitochondrial content in ECs is 

comparatively modest as they only comprise less than 5% of total cell volume, whereas 

other cell types such as cardiac myocytes have over 30% of their volume made up of 

mitochondria [33].  

Increasing evidence suggests that maintaining the mass of functional 

mitochondria is important for cardiovascular health, and studies have described defective 

mitochondrial biogenesis as a hallmark of high cardiovascular risk. In this regard, lower 

mitochondrial content was observed in endothelial cells of the patients with pulmonary 

hypertension and diabetes mellitus [34]. In addition, a study with proteomic analysis 

revealed that the expression of a cluster of mitochondrial enzymes was abnormal in 

dysfunctional microvasculature suggesting that mitochondrial mass is an early target of 

endothelial dysfunction [35]. Therefore, interventions that increase functional 

mitochondrial content are likely to mitigate cardiovascular dysfunction. 
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1.3 Introduction 

 

Mitochondria are multifunctional organelles. Not only are they metabolic hubs, 

but they are also involved in other vital cellular processes (i.e. apoptosis, intracellular 

Ca2+ handling and multiple cellular signaling pathways). Accordingly, despite the fact 

that endothelial cells are highly anaerobic covering over two-thirds of their energy 

demands through glycolytic pathway, emerging evidence suggests that mitochondria are 

essential for maintaining endothelial function [35-43]. In addition, alterations in 

mitochondrial structure and function are responsible for a range of cardiovascular 

diseases, intimately related with endothelial dysfunction such as hypertension and 

atherosclerosis [36-38, 42-47]. Thus, it is imperative to identify an effective intervention 

to manipulate mitochondrial networks in the endothelium. 

The regular practice of physical activity is the single most effective intervention 

for improving endothelial function. During last two decades, beneficial effect of exercise 

on modulating endothelial dysfunction has been extensively studied [9-21]. Collectively, 

exercise improves endothelium-dependent vasodilation, and renders anti-inflammatory, 

anti-thrombotic, and anti-apoptotic endothelial phenotype.  Whilst exercise-induced 

uniaxial laminar flow is thought to be one of the central healing mechanisms for 

endothelial dysfunction [22-28], a direct impact of this flow pattern on endothelial 

mitochondrial adaptations in vivo is unknown. 

Mitochondrial biogenesis is a complex process involving the replication of 

mitochondrial DNA and the expression of mitochondrial proteins encoded by nuclear and 

mitochondrial genomes. Through proper fusion/fission dynamics coordinated with the 
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contents amplification, new daughter mitochondria are formed [48]. Upon biogenic 

stimulation, peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) 

transcriptionally activates nuclear respiratory factor 1 (NRF-1) which, in turn, 

transactivates mitochondrial DNA transcription factor A (TFAM) that directly affects 

mtDNA transcription and replication. Potential upstream activation mechanism for PGC-

1α involves dual-posttranslational modifications by AMP-activated protein kinase 

(AMPK) and NAD-dependent protein deacetylase, sirtuin 1 (SIRT1), but the specific 

regulatory mechanism remains controversial [49, 50]. p53-inducible ribonucleotide 

reductase (p53R2) plays a crucial role in a salvage pathway to supply dNTPs for mtDNA 

synthesis [51]. In addition, replication of mtDNA and upregulation of subunits of 

respiratory complexes, mitochondria-localized antioxidant enzymes (i.e. manganese 

superoxide dismutase, catalase, and peroxiredoxin 5), and membrane potential 

modulators (i.e. UCP2), are necessary for successful mitochondrial proliferation without 

contents dilution or oxidative damages. Mitochondrial dynamics plays a crucial role in 

mitochondrial biogenesis. Mitochondrial fission is achieved through the actions of a set 

of proteins, including the dynamin-related protein Drp1 and an outer-membrane receptor-

like protein termed Fis1; and mitochondria fusion involves mitofusins (MFN) 1 and 2 of 

the outer membrane and the inner membrane protein Opa1 [52].  

Recently, potential link between shear stress and mitochondrial biogenesis in 

endothelial cells has been suggested [53-56]. Chen et al. reported that pulsatile flow, 

generated by a reciprocating syringe pump, upregulates the key mitochondrial biogenic 

regulators including PGC-1α and as well as the Mitotracker Green signals in shear-

exposed ECs [53]. In addition, a recent study reported that a short-term forced exercise 
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on a motorized treadmill significantly altered mitochondrial dynamic protein profiles in 

the rat aortic tissues in a NO-dependent fashion [54]. Here, we report that h-flow laminar 

shear stress increased mitochondrial biogenesis/dynamics and mtDNA content, and 

modulate their respiratory function in human endothelial cells. We also found that 

chronic voluntary running exercise increased mitochondrial density in mouse 

endothelium in a shear stress-dependent manner. Findings from this study will help 

understand the effects of aerobic exercise-mediated high WSS on enhancing 

mitochondrial contents which might be a guide of therapeutic approach for improving 

cardiovascular health. 
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1.4 Materials and Methods 

Cell culture and Laminar Shear Stress protocol. Human umbilical vein 

endothelial cells (HUVECs) and human aortic endothelial cells (HAECs) (Lonza, 

Walkersville, MD) were cultured as we previously described. Cells were exposed to 

laminar shear stress (LSS) for various time points by using a cone-and-plate shear system 

once they reach at 100% confluency. Overview of the LSS protocol is outlined in Fig. 

1.2. All HUVEC and HAEC experiments were conducted between the fourth and seventh 

passages.  

Immunoblotting. Cells were washed three times with cold DPBS and lysed in 

RIPA buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% 

SDS, 1% Deoxycholate, pH 7.5). Following precipitation of insoluble fraction of the 

RIPA samples by centrifugation (16,000 g for 15 min at 4 °C), supernatants were 

collected and subjected to Bradford assay to quantify protein concentrations. The 

resulting protein samples underwent SDS-PAGE and were transferred to Immobilon-P 

membrane (Millipore). Subsequently, the membrane was blocked with 5 % nonfat dry 

milk in TBST for 20 min at room temperature and incubated overnight with respective 

primary antibodies. Antibodies were purchased from the following sources: rabbit 

polyclonal anti-PGC-1α (Novus), mouse polyclonal anti-mtTFA (novus), goat polyclonal 

anti-p53R2 (Santa Cruz), mouse monoclonal anti-SOD2 (AB frontier), rabbit polyclonal 

anti-AMPKα (Cell signaling), rabbit polyclonal anti-phospho-AMPKα (Cell signaling), 

mouse monoclonal α-tubulin (Sigma-Aldrich), mouse monoclonal anti-porin (anti-

VDAC) (Invitrogen). The membranes were then washed twice in TBST and incubated 

with HRP-conjugated secondary antibodies for an hour followed by washing three times 
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with TBST. Then, membranes were subjected to standard enhanced chemiluminescence 

(Thermo Fisher Scientific) method for visualization.  

 

mRNA isolation, cDNA synthesis, and  real-time PCR. mRNAs were isolated 

using Dynabeads direct kit, and cDNA synthesis were performed on poly-dT magnetic 

beads by reverse transcription using superscript II (Invitrogen). mRNA expression levels 

were quantified by real-time PCR using SYBR green fluorescence. Cycle threshold (Ct) 

values were normalized to the housekeeping gene HPRT1. mRNA expression levels of 

NRF-1, TFAM, and COX IV were assessed. Primer sequences used are described below:  

NRF-1 (sense, 5’ – CCAAGTGAATTATTCTGCCG – 3’; antisense, 5’ – 

TGACTGCGCTGTCTGATATCC – 3’),  

TFAM (sense, 5’ – AGCTAAGGGTGATTCACCGC – 3’; antisense, 5’- 

GCAGAAGTCCATGAGCTGAA – 3’),  

COX IV (sense, 5’ – ACGAGCTCATGAAAGTGTTGTG – 3’; antisense, 5’ – 

AATGCGATACAACTCGACTTTCTC – 3’)  

HPRT1 (sense, 5’ – GACACTGGCAAAACAATGCAG – 3’; antisense, 5’ – 

AGTCTATAGGCTCATAGTGC – 3’).  

 

mtDNA Content Quantification. Total genomic DNAs of ECs and blood vessels 

were isolated by using the DNeasy kit (QIAGEN). Their mtDNA contents were assessed 

by semi-quantitative PCR. The relative ratio between mitochondrial DNA (ND II; NADH 

dehydrogenase subunit 2) compared to nuclear DNA (18s rRNA) amount was calculated. 

Primer sequences were as follows:  
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COXI 

Sense, 5’- CATAGGAGGCTTCATTCACTG – 3’ 

Antisense, 5’- CAGGTTTATGGAGGGTTCTTC – 3’ 

COXII 

Sense, 5’- CCATAGGGCACCAATGATACTG – 3’ 

Antisense, 5’- AGTCGGCCTGGGATGGCATC – 3’ 

NDII  

Sense, 5’- CCTATCACCCTTGCCATCAT – 3’ 

Antisense, 5’- GAGGCTGTTGCTTGTGTGAC – 3’ 

18s rRNA  

Sense, 5’-CTTAGAGGGACAAGTGGCGTTC-3’ 

Antisense, 5’-CGCTGAGCCAGTCAGTGTAG-3’ 

 

Repeated h-flow Exposure and Mitochondrial Respiration. HUVECs were 

randomly categorized to either repeated h-flow or static groups. The h-flow group was 

subjected to 24 hr of h-flow (20 dynes/cm2) in each passage before subculture for six 

consecutive passages, total of 6 times of 24 hr h-flow exposure, while the static group 

maintained without flow for the duration of experiments with regular passaging schedule. 

After the 6th h-flow exposure, HUVECs, at 90 % confluency, were harvested and the 

oxygen consumption was measured using a Clark-type oxygen electrode in complete 

media. Final oxygen consumption was normalized to the number of cells (nmol 

O2/min/108 HUVECs). 
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MitoTracker staining.  Mitochondrial contents were assessed by using a 

mitochondrial mass dependent fluorescent dye, MitoTracker Green (Invitrogen) in the 

presence or absence of shear stress. Shear medium was removed and 200 nM of pre-

warmed MitoTracker Green staining reagent was incubated for 30 min at 37 ºC. Staining 

reagent was washed three times with pre-warmed PBS prior to mounting. Fluorescent 

microscope (Nikon-E400) with 100x oil objective lens was used to analyze fluorescence. 

Approximately 100 different fields were analyzed for each condition. The MitoTracker 

Green signal intensities have been calculated using Image J (NIH) software.  

Experimental animals and voluntary cage wheel exercise. All experiments were 

performed using procedures approved by the Temple University Institutional Animal 

Care and Use Committee. After three days of acclimation period, twenty inbred C57Bl/6J 

mice were randomly assigned to either sedentary (SED) (n=10) or voluntary wheel (VW) 

exercise (n=10) 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. SED group animals were singly housed in the same sized cage without the 

running wheel. The digital counter measures maximum running speed, total distance run, 

and total time run. Daily exercise values for time and distance run were recorded for each 

exercised animal throughout the duration of the exercise period. All animals were given 

water and food (Purina chow) ad libitum. VW running exercise began at an age of 8to10-

week-old mice and continued running for 5 weeks. 

Vessel Isolation.  Both SED and VW group animals were euthanized by 

isoflurane inhalation two days after the end of 5-weeks of VW exercise period. Several 

different regions of blood vessels including aortic arch, thoracic aorta, femoral artery, and 
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mesenteric artery were isolated after whole body perfusion with PBS and 2% 

paraformaldehyde at a pressure of approximately 100 mm Hg.  

en face immunostaining. Isolated vessels were post-fixed at 0.4 % 

paraformaldehyde overnight at room temperature. The vessels were then washed five 

times with PBS and permeabilized by using 0.3 % Triton-X in 2 % BSA/PBS. 

Mitochondrial contents were assessed by using anti-VDAC (1:100) (Abcam) antibody 

and Alexafluor488-conjugated anti-rabbit secondary antibody (Invitrogen) (green). EC 

were identified by co-staining using anti-CD31 (1:100) (Millipore) antibody conjugated 

to the Alexafluor647-conjugated anti-hamster secondary antibody (Jackson 

ImmunoResearch) (red). Primary antibodies were incubated overnight at 4 ºC with gentle 

agitation. After rinsing in 2% BSA/PBS, secondary antibodies were incubated for 2 hours 

at room temperature. Immunostained vessels were placed on slide glass and cut 

longitudinally and mounted in ProlongGold with DAPI solution (Invitrogen). The 

fluorescence was analyzed under fluorescence microscope (Axioimager, Zeiss) with 64x 

oil objective lens. 

Statistics.  The results are presented as mean ± SE (unless otherwise indicated) for 

a minimum of three independent experiments in triplicate. All comparisons were made to 

the control conditions (Static or Sedentary) for each variable using either One-way 

ANOVA or a two tailed t-test analysis depending on how many conditions were 

compared in each experiment. The significance level was set at P < 0.05. 
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1.5 Results 

Increased expressions of mitochondrial biogenesis markers by h-flow LSS in 

vitro.  

HUVECs. We analyzed mRNA and protein expression levels of mitochondrial 

biogenesis-related genes under static, l-flow, h-flow, and l-flow recovery period. Protein 

expression of the peroxisome proliferator activated receptor r coactivator 1- α (PGC-1α), 

a master regulator of mitochondrial biogenesis, was increased after 24 hours of h-flow 

and keep increasing during 24 hours of recovery period. LSS also increased mRNA 

expression of nuclear respiratory factor-1 (NRF-1), which is one of the well-known 

downstream genes of PGC-1α. mRNA expression of mitochondrial transcription factor A 

(TFAM) which is known to be regulated by NRF-1 was also increased during recovery 

period. In accordance with its enhanced mRNA expression level, protein expression of 

TFAM was increased after h-low and during recovery. Reflecting upregulations of genes 

that are required for mitochondrial biogenesis pathway, the mitochondrial structural 

proteins, voltage-dependent anion channel (VDAC) and COX IV showed about 2-fold 

increase in protein and mRNA expressions, respectively, during h-flow and following 

recovery. 

HAECs. In experiments with HAECs, slightly modified shear protocol composed 

of 48 hours h-flow and followed by 24 hours of l-flow recovery was applied as they 

required longer duration of h-flow exposure to elicit similar level of mitochondrial 

adaption to LSS compared to HUVECs (data not shown). Figure 1.2 shows that protein 

expression of the PGC-1α is keep increasing upto two-fold throughout the 48 hours of h-

flow and 24 hours of recovery. Manganese superoxide dismutase (MnSOD), a 
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mitochondrial antioxidant enzyme that scavenges reactive oxygen species (ROS), was 

also increased upto three-fold throughout the LSS period compared to static condition 

(STT). LSS also increased protein expression of one of the indirect mitochondrial 

biogenesis markers, p53-inducible ribonucleotide reductase (p53R2, RRM2B) which 

delivers DNA nucleotides to mitochondria for mtDNA replication up to seven-fold. 

Lastly, protein expression of VDAC was also two-fold increased by LSS. 
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Increased mitochondrial DNA contents by LSS in vitro. Increased TFAM 

expression by LSS (Fig.1.2) raised a question of whether enhanced mitochondrial DNA 

(mtDNA) content would also be accompanied as gene expression of TFAM which is 

known to be an important regulator for mtDNA transcription was upregulated.  To 

examine whether LSS increases mtDNA content in endothelial cells, HUVECs and 

HAECs were collected in the presence and absence of LSS exposure as indicated in 

Figure 1.3. COX I and II genes were used as markers of mtDNA and we found that 

relative mtDNA content to genomic DNA for both of these genes were increased by LSS 

compared to STT.  
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Increased mitochondrial density by LSS in vitro. In order to visually prove h-

flow LSS-induced increase in mitochondrial biogenesis, we stained HUVECs with 

MitoTracker Green, a mitochondrial mass dependent green fluorescent dye which 

appears to localize to mitochondria regardless of mitochondrial membrane potential. We 

found two-fold increase in the integrative density of MitoTracker Green fluorescence in 

LSS-exposed cells compared to STT.  
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Increased mitochondrial respiration by LSS in vitro. We examined whether LSS 

enhances mitochondrial respiratory function in HUVECs. The h-flow group was 

subjected to 24 hours of h-flow for six consecutive passages while STT group was 

maintained under non-shear condition with regular passagings. When normalized to the 

number of cells, significantly increased oxygen consumption was observed in repeated h-

flow exposed cells compared to static. Repeated exposure to h-flow resulted in a 

significant improvement of mitochondrial function.  

 

 

Five weeks of VW exercise induces the mitochondrial biogenesis in blood 

vessel. To investigate whether the increase in mitochondrial biogenesis by h-flow actually 

occurs in vivo, we analyzed some protein levels related to mitochondrial biogenesis and 

mtDNA contents in isolated abdominal aorta of sedentary (SED) and 5-weeks of 
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voluntary wheel (VW) run mice. As shown in Figure 1.6A, AMP-activated protein kinase 

(AMPK) α, potential initiator of mitochondrial biogenesis, was three-fold activated in 

VW run mice compared to SED. Mitochondrial structural protein VDAC was also three-

fold increased in VW run mice compared to SED. Furthermore, Figure 1.6B demonstrates 

that mtDNA content relative to their genomic DNA contents is higher in VW run mice 

compared to SED control group.  
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Exercise-mediated high WSS modulates mitochondrial biogenesis in mouse 

endothelium. Given our observation that high WSS is positively related to mitochondrial 

biogenesis in vitro, we hypothesized that exercise-mediated high WSS would also 

increase mitochondrial biogenesis in mouse endothelium. We predicted that differential 

regulation of hemodynamic flow exists in vivo may lead distinct response reflecting their 

geometrical location in vascular tree. Consistent with other data in this study, en face 

staining experiment revealed that the level of VDAC protein in greater curvature (GC), 

lesser curvature (LC), thoracic aorta (TA), and femoral artery (FA) was higher in VW run 

mice compared to those remained SED. Figure 1.7 demonstrates that VW elicited greater 

mitochondrial adaptation in LC compared to GC, and FA showed the greatest adaptation. 

Interestingly, in MA where endothelial cells are exposed to decreased WSS during 

exercise, a decreased level of VDAC was detected in VW compared to SED group. 
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1.6 Discussion 

Here, we hypothesized that exercise enhances mitochondrial biogenesis in 

vascular endothelium and this effect is mediated specifically by high laminar flow. In 

order to address this hypothesis and be clearer on exploring endothelium-specific 

mitochondrial adaptation to high wall sear stress, we conducted en face staining in 

several different arterial segments that are exposed to differential hemodynamic 

conditions. 

In this study, we provide a wide array of evidence which support a notion that 

high-WSS modulates mitochondrial biogenesis in endothelium. Here, we also report that 

h-flow LSS in vitro increased expression of mitochondrial biogenesis markers, 

mitochondrial DNA (mtDNA) contents, mitochondrial respiratory function, and 

mitochondrial density. Also, voluntary wheel (VW) running exercise in mice increased 

mitochondrial contents in endothelium of all five different geometrical regions of artery 

assessed except for mesenteric artery (MA) where the cells are expected to be exposed to 

decreased WSS during exercise. This is the first study, to our knowledge, directly 

investigating the role of exercise-induced high WSS on mitochondrial biogenesis in 

endothelium.  

Increased mitochondrial biogenesis in aortic arch: adaptation in greater/lesser 

curvature. We observed increased mitochondrial biogenesis in both greater curvature 

(GC) and lesser curvature (LC) of mice aortic arch by 5-weeks of VW running. In 

sedentary (SED) mice, mitochondrial content was higher in GC compared to the amount 

shown in LC. This difference observed between outer and inner curvature of aortic arch 

in the SED group might be affected by distinct hemodynamic WSS characteristics in 
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these two different regions. Different vascular beds exhibit varying characteristics in their 

structure and function and are exposed to WSS with different characteristics in magnitude 

and patterns. Also it needs to be noted that the effect of exercise on hemodynamics is 

likely to vary by vascular bed. As previously reported, GC is exposed to a high 

magnitude with unidirectional WSS as opposed to LC where it is exposed to low 

magnitude with highly oscillatory WSS over the cardiac cycle [8]. What is more 

interesting is that the response to VW exercise on mitochondrial biogenesis was greater 

in LC compared to GC. A potential explanation is that the highly variable atheroprone 

type of hemodynamics that exists in LC might be improved to a greater degree by VW 

exercise. We believe, of course, the absolute WSS magnitude at LC must still be lower 

than GC during exercise. However, there is literature supporting that the changes in WSS 

magnitude is more important than absolute magnitude.  

Increased mitochondrial biogenesis in conduit artery: adaptation in TA and FA. 

We also found that 5 weeks of VW exercise significantly increased mitochondrial 

biogenesis in thoracic aorta (TA) and femoral artery (FA). The result in TA may 

represent the adaptive response in conduit artery like abdominal aorta. Considering its 

straightened structure without curvature, this result may solely explain the effect of 

exercise-mediated increase in WSS magnitude on mitochondrial adaptation in 

endothelium.  

Taking a closer look at the results in FA, the greatest mitochondrial contents were 

shown in this region in each of SED and VW group. Moreover, the greatest response to 5 

weeks of VW running occurred in FA. Blood flow to skeletal muscle is highly dynamic 

and increases markedly with exercise in order to meet the elevated oxygen demand. 
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Indeed, up to 80-fold increase of blood flow was reported in white muscles during 

exercise [57, 58]. Several vasodilators, including nitric oxide, prostacyclin, ATP, 

adenosine, potassium, and other compounds associated with the endothelium-derived 

hyperpolarizing factor (EDHF), have been proposed to be of importance for muscle blood 

flow regulation. Therefore, during exercise, in arteries running through skeletal muscle 

(SKM), such as femoral artery (FA), a dramatic increase in WSS is strongly expected 

[59, 60]. 

Reduced mitochondrial contents in MA: redistribution of blood during exercise. It 

is possible to question that the increased mitochondrial biogenesis in endothelium by 

aerobic exercise might be due to increased systemic metabolic needs not due to enhanced 

WSS. In order to address this doubt, mesenteric artery (MA) was included as a negative 

control in this study. It is well known that a process termed ‘blood redistribution’ occurs 

during exercise to meet the need of the organs where it is needed most such as skeletal 

muscle and heart [61, 62]. In human, at rest, only 15-20% of cardiac output is redirected 

to SKM and the majority of it goes to the liver (27%) and the kidney (22%). Once 

exercise commence, however, 87% of blood is redirected to SKM (1200 ml/min to 

12,500 ml/min in human). It has been reported that, corresponding to this concept, 

amount of blood extracted by the celiac, mesenteric, and renal arteries decrease while 

exercising [28, 61-64]. During this blood redistribution regulation, sympathetic nervous 

system plays a major role. Increased sympathetic stimulation in MA may lead 

vasoconstriction and blood flow going to intestines might be restricted allowing blood to 

be redistributed to other organs mainly to skeletal muscle. As shown in Figure 1.7, it was 

found that the mitochondrial content of MA was decreased in VW exercise group 
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compared to SED control group. This result strongly supports our hypothesis on exercise-

mediated increase in WSS and mitochondrial biogenesis. 

Together, the vascular tree is exposed to a diverse hemodynamic environment, 

and it is likely that subcellular or molecular adaptations that are mediated by ECs in 

response to exercise might also be heterogeneous depending on the geometry of vascular 

tree [40, 65, 66].  

Targeting mitochondria as a therapeutic strategy: Recently, drug therapies which 

target mitochondria started to shed new light on as a strategy for improving vascular 

health. A recent work investigated the effect of an agent called MitoQ which accumulates 

in mitochondria and decreases oxidative damage in human atherosclerosis [67].  In 

addition, Dikalova et al. (2010) reported the role of mitochondria-targeted antioxidant 

mitoTEMPO on decreasing the level of oxidative stress and attenuating hypertension in 

mice [38]. Interestingly, they were able to demonstrate these similar effects in transgenic 

mice overexpressing manganese SOD (SOD2), whereas they were not able to recapitulate 

this by using non-targeted TEMPOL.  Furthermore, Dai et al. (2011) investigated the role 

of mitochondrial-targeted antioxidant as a prevention and treatment of hypertensive 

cardiomyopathy [68]. This study reported that mice overexpressing catalase targeted to 

mitochondria effectively ameliorate cardiac hypertrophy as opposed to the effect in mice 

overexpressing wild type catalase which targets peroxisome.     

Although pharmacological treatments targeting mitochondria have been very 

effective to reverse cardiovascular dysfunction, those are approaches preventing the bad 

consequences from mitochondrial damage/dysfunction not eliminating the problem per 

se. Exercise is definitely the most potent non-pharmacological therapeutic intervention 
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against cardiovascular dysfunction. It is not just effective as a secondary treatment but 

also important as a preventive medicine. A recent study by Safdar et al. (2011) 

demonstrated that long-term endurance exercise was an effective therapeutic approach 

leading systemic mitochondrial rejuvenation in mice lacking mitochondrial DNA 

proofreading activity [69].  The findings from our study support an idea that exercise is a 

life-style modification which is beneficial on maintaining mitochondrial homeostasis in 

endothelium. Modulating high WSS appears to be a way of activating pathways towards 

mitochondrial biogenesis and probably for enhancing mitochondrial function and 

eventually protect endothelial cells against endothelial dysfunction. In addition, our 

observations suggest one of the potential effects of chronic exercise on improving 

pathophysiology of cardiovascular diseases by modulating mitochondrial content.  
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EFFECTS OF LAMINAR SHEAR STRESS ON  

MITOCHONDRIAL DNA INTEGRITY IN ENDOTHELIAL CELLS 
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2.1 Overview 

Exercise is known to be one of the most effective therapeutic strategies that 

improves vascular health in various beneficial ways. During aerobic exercise, laminar 

shear stress (LSS), the friction force on blood vessel wall, increases along the blood 

vessel. The increased unidirectional LSS during exercise has been considered to be 

vasoprotective by modulating endothelial function with respect to anti-inflammatory, 

anti-proliferative, and anti-apoptotic phenotypes, and eventually, it helps to maintain 

vascular homeostasis [7, 9, 10, 12, 32, 70-73]. Despite the importance of mitochondria in 

the prevalence of cardiovascular disease (CVD), research on vascular mitochondrial 

adaptations to LSS is in a very early stage and many questions remain unresolved. To 

date, few studies have investigated the effect of LSS on endothelial mitochondrial 

adaptations [53].  

Human mitochondrial DNA (mtDNA) is known to be a naked compact DNA 

molecule without adequate protection by histones and proofreading mechanisms. These 

characteristics render the mtDNA sensitive to oxidative damage, and thereby being 

compromised by exposing mtDNA to prolonged oxidative stress [74-78]. Over the years, 

studies have identified that oxidative stress constitutes a major pathogenic mechanism in 

the development of hypertension [79, 80]. Supporting this notion, studies are emerging in 

which in vitro angiotensin II (Ang II)-mediated hypertension models present increased 

mtDNA damage [68, 81-85]. In this study, we extended this concept and investigated 

whether LSS improves mtDNA integrity in Ang II-exposed human aortic endothelial 

cells (HAECs) and to determine whether aerobic exercise preconditioning improves 

mtDNA integrity in Ang II-induced hypertensive mice. 
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2.2 Review of Literature 

 

2.2.1 Mitochondrial Homeostasis in Cardiovascular Health and Disease 

A number of studies suggest that mitochondria are not just victims in 

cardiovascular pathology, but also are important regulators of cardiovascular function. 

Mitochondria in blood vessel have been reported to be essential for integrating a wide 

variety of endothelial functions by regulating redox state, calcium handling, and vascular 

contractility [86-88]. Therefore, preserving endothelial mitochondrial homeostasis is 

believed to be crucial for normal cardiovascular function. The involvement of 

mitochondrial dysfunction in the pathogenesis of cardiovascular damage has recently 

been investigated. This section reviews the key aspects of mitochondrial biology in the 

endothelium with emphasis on the importance of mitochondrial quality control by fusion-

fission dynamics and mitophagy, and mtDNA integrity in relation to cardiovascular 

health.  

 

2.2.1.1 Mitochondria in Endothelium 

 

Mitochondria are double membranous multifunctional intracellular organelles 

which are believed to have arisen from bacterial endosymbiosis more than a billion years 

ago. Around hundreds to thousands of mitochondria in each cell perform diverse cellular 

functions such as adenosine triphosphate (ATP) generation via oxidative 

phosphorylation, calcium homeostasis, cell death regulation, thermoregulation and redox 

balancing.  
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Preservation of these functions is necessary to maintain cell and life balance and 

impaired mitochondrial function is known to lead to many diseases including metabolic 

syndrome and CVD. Because they are the major organelles which generate the source of 

cellular energy ATP, they often are described as powerhouses of the cell. However, the 

central role of mitochondria is tissue-specific and highly dependent upon the environment 

of the cell where they are housed [89-92]. For instance, the cells with higher energy 

demands such as skeletal muscle and cardiac myocytes, creating ATP is the primary role 

of mitochondria. In vascular ECs which are known to be highly anaerobic and cover over 

two-thirds of their energy demands through the glycolysis pathway, on the other hand, 

ATP production may not be the major role of mitochondria because of their low energy 

requirements [40, 41, 89, 90, 92]. 

Nevertheless, mitochondria are considered to be important in endothelial 

physiology and pathophysiology. Maintaining mitochondrial homeostasis including 

biogenesis, dynamics, subcellular distribution, and their function is crucial for endothelial 

health, and impaired structure and function of mitochondria predispose to clinical 

manifestations of vascular diseases such as hypertension and atherosclerosis [40]. Recent 

studies reported that hypertension is associated with systemic deterioration of 

mitochondrial structure/function of various tissues [93]. In addition, increasing studies 

have reported alterations of mitochondria in atherosclerosis. Electron microscopic 

analysis of human atherosclerotic lesions show high variability in the appearance of 

mitochondria which include vacuole-like structures and myelin-like structures within 

swollen mitochondria and a damaged cristae structure [45, 47]. 
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In this section, the importance of maintaining mitochondrial biogenesis, 

dynamics, and mtDNA integrity, all of which are closely interrelated in relation to 

regulating mitochondrial homeostasis, are highlighted. 

 

2.2.1.2 Mitochondrial Dynamics (fusion and fission) 

 

Mitochondria are highly dynamic organelles which undergo fusion and fission 

continuously and change their shape, size and distribution. Fusion-fission dynamics is 

critical for cellular health as it influences nearly every aspect of maintaining 

mitochondrial function [94, 95]. The importance of mitochondrial dynamics has been 

implicated in cell division, development, mitophagy, respiration, metabolism, calcium 

buffering, and apoptosis [96]. Fusion occurs when neighboring two different 

mitochondria meet and become a single mitochondrion. The mitofusions (Mfn1 and 

Mfn2) and optic atrophy 1 (OPA1) mediate fusion of the mitochondrial outer and inner 

membranes, respectively. On the other hand, the process by which a single 

mitochondrion is cleaved into more than one mitochondrion is called mitochondrial 

fission and mediated mainly by dynamin-1-like protein (Drp1) and fission 1 (Fis1).   

Studies have suggested an emerging role of mitochondrial dynamics in vascular 

health and disease [46, 97-99]. One of the beneficial consequences of undergoing fusion 

and fission is that these enhance mitochondrial quality control [100-102]. Fusion allows 

mitochondrion to mix their intraorganellar contents with neighboring mitochondria 

thereby facilitating distribution and equilibration of matrix metabolites, mitochondrial 

proteins, and mtDNA copies [103]. This process renders mitochondrial content to be 
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quickly exchanged as evidenced by multiple studies; one of which showed that matrix-

targeted GFP tagging in small fraction of mitochondria reaches equilibration within 1 

hour [96]. Therefore, mitochondria with accumulated damage can be mixed with normal 

mitochondria by undergoing fusion so that the detrimental effect from dysfunctional 

mitochondria can be diluted. On the other hand, fission separates impaired daughter units 

out and allows elimination of senescent mitochondria by mitophagy [96]. Mitophagy 

refers to as the selective autophagy of mitochondria which can selectively remove 

damaged mitochondria [96, 104-106].  

Since fusion-fission networks help with mitochondrial quality control, the proper 

regulation of mitochondrial dynamics is thought to be a mechanism that reduces the 

detrimental effect from mitochondrial damage, thereby protecting cells; in contrast, 

altered mitochondrial fusion-fission dynamics is considered as a potential cause of CVD. 

 

2.2.1.3 Mitochondrial DNA Integrity (mtDNA mutation and damage) 

 

It is believed that mitochondria possess their own genome as a result of an 

evolutionary event known as endosymbiosis of prokaryotes. mtDNA is circular shaped, 

intron-free small size (16,569 bp in humans) genome which present in all types of cells 

[107, 108]. Each mitochondrion contains multiple copies (5-10 copies) of mtDNA and 

therefore, each mammalian somatic cell possesses 103 to 104 copies of mtDNAs [109].  

Despite the fact that the majority of the mitochondrial proteins (approximately 

2000 in total) are encoded by nuclear DNA, mtDNA is necessary for appropriate 

mitochondrial function. Each mtDNA is composed of 37 genes; 13 genes encode 
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polypeptides that are involved in subunits of OXPHOS system, and 2 rRNAs (12S and 

16S) and 22 tRNAs are required for the synthesis of the 13 proteins [109, 110]. These 

mitochondrial-encoded proteins constitute part of complexes I, III, IV and V of the 

electron transport chain (ETC) and all the subunits of complex II (succinate 

dehydrogenase) are encoded only by nuclear DNA. 

Compared to nuclear DNAs, mtDNAs are known to be more prone to mutations 

and damage mainly due to their proximity to ETC, lack of protection by histone-like 

proteins, and limited repair system [42, 111-113]. Indeed, up to a 7-fold higher rate of 

oxidative lesions was observed in mtDNA compared to those in nuclear DNA under 

normal physiological condition [113, 114]. Instead of floating in the mitochondrial 

matrix, mtDNAs form nucleoprotein complexes called nucleoids with several proteins 

bound to the matrix side of the mitochondrial inner membrane where the OXPHOS 

proteins, the major generator of free radicals, are embedded [113, 115-117]. Therefore, 

mtDNA is more likely to be exposed to oxidative damages compared to nuclear DNA. 

Furthermore, as opposed to nuclear DNAs being protected by histones and chromatin, 

mtDNAs lack this protection. In addition, the DNA repair mechanism in mitochondria is 

less efficient compared to the system that exists for nuclear DNA. Alterations in mtDNA 

include single- and double-strand breaks, damages to deoxyribose or base, and nucleotide 

substitutions/deletions [74, 76, 77, 85]. 

mtDNA damage: When damage to mtDNA is not properly repaired, as shown in 

Figure 2.1, it blocks the progression of polymerase and decrease mitochondrial RNA 

(mtRNA) transcripts which results in reduction of mitochondrial protein synthesis and 

ultimately the loss of mitochondrial function [42, 118, 119]. Considering the high 
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transcription rate of mtDNA (5 to 30% of total cellular DNA) under normal condition 

[120], mtDNA damage likely leads to critical alterations in endothelial function partially 

due to reducing transcription and translation of mitochondrial proteins. In accordance 

with this, a study reported that inhibition of mitochondrial protein synthesis results in 

greater EC susceptibility to apoptosis via increasing oxidant production [121].  

mtDNA mutation: Characteristics of mitochondrial genome discussed above 

renders mtDNA to have significantly higher mutation rates compared to nuclear DNA. 

Indeed, more than 200 of mtDNA mutation-related mitochondrial diseases have currently 

been identified. mtDNA mutations including point mutations and deletions are introduced 

by either oxidative damage or errors of DNA polymerase γ (POLG) during mtDNA 

replication process. Although, the majority of these disappear by turnover/mitophagy or 

repair processes, some mutations accumulate to high levels when not eliminated 

accordingly [122]. As shown in Figure 2.1, mutated mtDNA copies are known to clonally 

expand to a point where it may exceed threshold and become pathogenic [122]. When 

mutations occur within 13 structural genes which constitute ETC, it may result in the 

detrimental effect by miscoding mitochondrial proteins. Mutations within 2 rRNAs and 

22 tRNAs are also going to drive defective result as they are critical for translation of the 

13 genes.   
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2.2.1.3.1 Heteroplasmy in relation to mtDNA mutation 

The phenomenon of having mixtures of wild-type and mutant mtDNA genomes 

coexist in the same mitochondria is referred to as ‘heteroplasmy’ [122-124]. It needs to 

be noted that mitochondrial dysfunction and pathogenic phenotype do not occur until a 

certain threshold of mutant mtDNA proportion is reached [122, 124, 125]. Studies have 

identified that expression of disease phenotype relies on the percentage of alleles bearing 

mutations. Overall, it is estimated that mutantation rate of mtDNA greater than 50% is 

required for a clinical manifestations of mitochondrial disorders [45]. Interestingly, the 

mutation threshold observed in blood vessels with atherosclerotic lesion is considerably 

lower (range of 18% - 66%) compared to mitochondrial diseases in other tissues [126].  
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2.2.1.3.2 mtDNA Replication/Transcription 

Unlike nuclear DNA, mtDNA replication and turnover continuously occurs 

independent of the cell cycle [127, 128]. Replication of mtDNA is proceeded by DNA-

protein complex, nucleoid. Although nucleoid structure of mtDNA has not been fully 

identified, TFAM and POLG have been reported as its major protein components. TFAM 

regulates mtDNA replication and transcription, and is absolutely required for mtDNA 

maintenance and mitochondrial function [129]. POLG is well-established as the only 

mtDNA polymerase. It is therefore responsible for the replication and repair of all 

mtDNA. It also plays a role as an exonuclease along with polymerase during mtDNA 

repair mechanisms [130]. Studies using POLG inhibitors or genetic models have 

examined the importance of mtDNA integrity on determining cell fate [131]. 

Mitochondrial mutator mouse possessing a homozygous knock-in mutation in the 

proofreading domain of POLG showed premature aging phenotype with up to 5-fold 

increased mtDNA point mutation rate [131]. Likewise, damage to any of the components 

involved in mtDNA maintenance may induce deleterious effect.   

 

2.2.1.3.3 DNA Repair System in Mitochondria 

mtDNA damage persists longer than nuclear DNA damage because the repair 

mechanisms are limited to base excision repair (BER), double-strand break repair, and 

mismatch repair (which correct mispaired bases). Some specific DNA repair pathways 

that are present in the nucleus such as nucleotide excision repair (which processes bulky 

lesions) and recombination repair lack in mitochondria [132]. Mitochondria, instead, rely 

on rather basic DNA repair process, such as BER, which removes smaller adducts 
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including alkylation, deamination, or oxidation. In fact, the BER is the major repair 

machinery for the maintenance of mtDNA stability coping with the repair of smaller 

lesions produced by oxidative stress [113, 133]. Although BER is not the only repair 

mechanism that exists in mitochondria, it is the one that is the best described. Based on 

the fact that mtDNAs are located closely to the source of ROS-generation sites and 

possess higher chance to be oxidized, it is evident that BER is a crucial mechanism to 

avoid mtDNA instability [113]. Four enzymes which are coded by nuclear genes (DNA 

glycosylase, AP-endonuclease, POLG, and DNA ligase) are required for a complete 

mitochondrial BER pathway [113, 134-136]. Briefly, the DNA glycosylase first 

recognizes the damaged base and initiates the reactions that cleavage the N-glycosidic 

bond thereby creating an abasic site. This site is then processed by an AP-endonuclease 

(APE) which allows the cleavage of the DNA backbone and creates a strand break with 

3’-hydroxyl and 5’-phosphate residue. POLG fills the nucleotide gap and also serves as 

3’-5’ exonuclease. Repair is then completed by DNA ligase sealing the nick created. 

When successfully processed, BER removes the lesion and restores the stability of 

mtDNA. 
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2.2.1.3.4 Importance of mtDNA Integrity in Relation to CVD 

 Destabilized mtDNA results in alteration of mitochondrial protein complexes. 

mtDNA damage leads to decreased expression of ETC components, and mtDNA 

mutation results in expression of faulty respiratory components, both of which result in 

dysfunction of respiratory chain, and produce more reactive oxygen species (ROS). 

Every ETC complex except for 

Complex II contain subunits coded for 

by the mitochondrial genome and are 

liable to damaged and/or mutated 

mtDNA. Alterations in Complexes I, 

III, and IV decrease mitochondrial 

membrane potential, and disruption in 

Complex V reduce ATP synthesis 

[119]. If mtDNA is not restored by 

repair machinery, apoptosis and 

senescence, which are key processes in 

the development of CVD, are 

promoted. In relation to this concept, 

evidence exists of mitocheckpoint 

which senses mitochondrial 

dysfunction and triggers cell cycle arrest [137]. 
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Numerous reports have related mtDNA damage to CVD risk factors and disease 

development [138, 139]. For instance, increased mtDNA deletion was observed in 

atherosclerotic lesions and leucocytes of human patients with coronary artery disease and 

also in the mice with cardiac hypertrophy. In addition, increased levels of mtDNA lesions 

and reduction in mitochondrial proteins and function in vascular cells and tissues in 

relation to atherosclerosis have been observed [118, 126, 139]. It was also reported that 

an accumulation of mtDNA damage precedes atherogenesis. More interestingly, it was 

recently revealed that alterations in mtDNA are not just correlated with, or a consequence 

of, atherosclerosis, but also a causal factor that initiate atherosclerotic plaque. Yu et al. 

[132] demonstrated that defective mtDNA integrity and mitochondrial function can 

directly promote atherosclerosis development in POLG KO mice.  

Together, the mitochondrial genome can ultimately influence and account for 

endothelial function, and endothelial mtDNA integrity may serve as an indicator of 

endothelial health. A schematic diagram in Figure 2.2 summarizes the involvement of 

endothelial mtDNA integrity on regulating mitochondrial homeostasis and maintaining 

cardiovascular health.  

 

2.2.2  Importance of Oxidative Stress in CV Function 

Altered levels of oxidative stress are integral in the development of CVD [42]. In 

blood vessel, all vascular cell types produce ROS including superoxide (O2-), hydrogen 

peroxide (H2O2), hydroxyl anion (OH-), and reactive nitrogen species (RNS) via multiple 

sources such as NAD(P)H oxidase, xanthine oxidase, uncoupled NO synthase, 

myeloperoxidase, and mitochondria [42, 140, 141]. Oxidative stress, under normal 
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conditions, is not always deleterious, and actually, it is necessary for normal vascular 

physiology [142]. Tightly regulated ROS act as signaling molecules that are important for 

vascular integrity [140, 141, 143]. However, when the generation and elimination of 

oxidants are imbalanced, the overproduced oxidants cause deleterious outcomes that are 

associated with development of CVD including hypertension, atherosclerosis and 

metabolic syndrome by mediating endothelial dysfunction, vascular smooth muscle cell 

(VSMC) growth, inflammation, apoptosis, and extracellular matrix alteration [80, 140]. 

This section discusses the importance of oxidative stress on the development of CVD 

with particular attention to mitochondria as both source and target of ROS-mediated 

damages. Then, literature related to Ang II-mediated oxidative stress and its impact on 

mitochondrial damage are reviewed.  

 

2.2.2.1 Oxidative Stress and CVD 

 

CVD has been the leading cause of mortality worldwide for the last two decades. 

It is generally accepted that excessive oxidative stress and associated oxidative damage 

are among the most potent causes of vascular injury and inflammation in CVD 

development [37, 42, 141, 144-148].  

Compelling evidence has indicated an association of oxidative stress with 

hypertension [80, 140, 141]. Increased oxidative stress and dysfunctional antioxidant 

defense system have been observed in various types of hypertensive models including 

experimentally-induced hypertension (i.e., Ang II-mediated hypertension, obesity-

associated hypertension), genetic forms of hypertension (spontaneously hypertensive rat) 
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and human hypertensions [140, 141, 149-154]. For example, researchers found that 

human hypertensive patients possess increased oxidative stress and lipid peroxidation 

shown by the level of plasma thiobarbituric acid-reactive substances (TBAR) and 8-epi-

isoprostanes [153, 154]. Furthermore, blood vessels isolated from both hypertensive rats 

and humans showed increased ROS production and decreased antioxidant capacity. 

Therefore, elevated oxidative stress is now being considered as an important molecular 

marker of hypertension [141]. It has also been clearly demonstrated that various signaling 

pathways that are activated by oxidative stress contribute to atherogenesis supporting the 

oxidative stress hypotheses of atherosclerosis [42]. Oxidative stress-mediated activation 

of inflammatory signals and increase in EC injury are the initiators for lipid accumulation 

to atherosclerosis development. 

 

2.2.2.2 Mitochondria and Oxidative Stress 

Recently, a primary role of mitochondria within ECs as a key regulator of oxidant 

generation has been proposed [80]. In this section, the importance of endothelial 

mitochondria, as both a source and target of oxidative stress related to CVD development 

is reviewed.  

Mitochondria are one of the major sources of endogenous oxidants caused by 

leaked electrons from ETC. Normally, as much as 95% of superoxide anions are 

generated by ETC as byproduct of oxidative phosphorylation [155]. The primary site of 

oxygen consumption in mitochondria is complex IV (cytochrome c oxidase), and the 

majority of oxygen consumed is converted to water [156-158]. However, up to 2% of 

oxygen consumed is converted to superoxide anions at the ubiquinone site of complex I 
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and flavin mononucleotide group of complex III by picking up electrons [37, 155, 159, 

160]. As well as superoxide (O2-),  in mitochondria, other forms of ROS exist, such as 

H2O2, peroxynitrite anion (ONOO-), and OH- exist [160]. O2- that is generated from 

mitochondria can be converted to H2O2 or ONOO- [160]. H2O2 is generated by 

mitochondrial antioxidant MnSOD and can either diffuse across membranes to play a role 

as a signaling molecule or can be converted to OH- by transition metals [37, 160-162]. 

ONOO- is generated by reaction of O2- with NO and also known to mediate deleterious 

reactions [37, 118, 163]. In summary, mitochondria are highly vulnerable to oxidative 

stress, and ROS-induced mtDNA damages exacerbate this condition.  

When mtDNA is exposed to oxidative stress, it results not only in nucleotide 

substitution or mutation. Rather, a large number of DNA lesions (including DNA base 

oxidation and abasic sites formation), as well as single strand breaks, are the common 

oxidative stress-induced alterations of mtDNA, all of which interfere with mtDNA 

replication and transcription by blocking DNA polymerase and mitochondrial RNA 

polymerase [85, 118, 164, 165]. Indeed, studies showing ROS-induced immediate (i.e., 

ND5: within 30 min of the initial sign of mtDNA damage) and dramatic reduction of 

mtRNA levels exist. The non-coding regulatory D-loop region serves as a promoter for 

the initiation of mtDNA replication and transcription [128, 166]. The fact that it is the 

only promoter for the transcription/replication of whole mitochondrial genome makes 

mtDNA damage more critical and cytotoxic event. Theoretically, a single damage to 

mtDNA can block the expressions of all the other genes that are located downstream of 

the point where the damage occurred, and could result in decreasing the expression of 

mitochondrial proteins that make up the ETC [85]. In addition, studies also demonstrated 
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that mtDNA damage-mediated decline in mtRNA results in decreased expression of 

mtDNA-encoded proteins and function of ETC, and ultimately increase in mitochondrial 

ROS generation which is at the focal point of the vicious cycle. Due to the deleterious 

effects caused by oxidative damage in mtDNA, it is now emerging as an etiological factor 

in CVD [119, 167]. Much of mtDNA damage can also be a cause of mtDNA mutations 

by promoting POLG to mispair bases during DNA replication [113, 168, 169]. In fact, 

POLG frequently miscodes adenine to a position complementary to 8-OHdG during 

replication [85, 170]. Then, the number of mutated mtDNA copies increase by clonal 

expansion as discussed in section 1.4.4. To summarize, damage/mutation to mtDNA 

directly affects the formation and function of mtDNA-encoded proteins which are 

necessary for maintaining mitochondrial homeostasis. 

Besides mtDNA, mitochondrial proteins that make up the ETC, 

replication/transcription machinery, and repair system are also targets of ROS [171]. 

Direct damage to mitochondrial proteins that are involved in mtDNA maintenance such 

as POLG protein also affect mtDNA replication/transcription. In this regard, it has been 

reported that function of POLG is very sensitive to oxidation presenting significantly 

decreased DNA binding efficiency. Oxidized POLG protein experience errors during 

replication process and this can provide another source of mtDNA defects including 

mutations and deletions. Damaged mitochondrial proteins other than POLG also disrupt 

normal physiological function of mitochondria as it alters mitochondrial membrane 

potential which drives excess production of mitochondrial ROS. Alterations in membrane 

potential, depolarization or hyperpolarization, elevate ROS production by increasing the 

activity of complexes I and III, or electron leakage, respectively [41]. Dysfunctional 
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mitochondria fail to regulate redox homeostasis and result in generating excessive 

amount of oxidative stress by a process termed ROS-induced ROS release [156, 172]. 

Excessive production of ROS from mitochondria per se, by damages on mtDNA and 

proteins, will initiate vicious cycle which further triggers ROS production from 

mitochondria and cause even greater injury and disruption to the already disrupted 

mitochondrial component [41].  

The very initial role of endosymbiont organ mitochondria over a billion years ago 

must be protecting the host cell from the highly toxic environment with dramatic increase 

in atmospheric oxygen tension. Mitochondria have multiple layers of defensive system 

that fight against oxidative stress to prevent injury. The antioxidant enzymes and 

regulatory proteins that exist in mitochondria include manganese superoxide dismutase 

(MnSOD), peroxiredoxin 3 and 5 (Prx 3 and Prx 5, respectively), glutathione (GSH) and 

thioredoxin (Trx) system, UCP-2, and catalase. MnSOD, located in the mitochondrial 

matrix, defends against mitochondrial superoxide by catalyzing the conversion of 

superoxide anion to hydrogen peroxide. UCP-2 can reduce mitochondrial oxidant 

formation by modulating the proton leak across the inner membrane preventing 

mitochondrial membrane from being hyperpolarized [37]. Prx3 and Prx5 are the two 

mammalian Prdxs that locate within mitochondria. Especially, Prx5 is primarily 

addressed to mitochondria and the effect of mitochondrial Prx5 overexpression on 

reducing mtDNA damage was demonstrated. Overexpression of these proteins has been 

shown to be protective against oxidative stress [37, 173-175]. 

In addition to the protection by their antioxidant system, unlike the nucleus, 

mitochondria can remove poorly performing mitochondria via mitophagy. It has been 
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reported that, although the regulation of mitophagy is not fully characterized, deteriorated 

mitochondrial fractions which present altered mitochondrial membrane potential (Δѱm) 

are tagged for degradation and then, sorted out by fusion-fission and mitophagy 

machinery [96, 176, 177].  

As shown in Figure 2.3, to summarize, endothelial mtDNA is at the focal site of 

vicious cycle which is activated by oxidative stress by which injured mtDNAs alter 

mitochondrial protein synthesis, and mitochondrial function. These deleterious effects 

can be reversed by i) mtDNA repair mechanism, ii) mitochondrial defensive system 

which regulates oxidant levels, and/or by iii) quality control machinery which involves 

fusion-fission and mitophagy pathways to segregate dysfunctional or damaged 

mitochondrial component from their mitochondria web.  
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Hence, mitochondrial damage may lead to the impairment of various aspects of 

vascular function and predisposes to clinical manifestations of vascular disease [178]. 

Indeed, literature discussing the association of mitochondrial dysfunction with CVD is 

increasing (Table 2.1). As reviewed in previous section, a few reports exist that link 

mtDNA integrity to atherosclerosis. However, there is a substantial knowledge gap on 

mtDNA stability in relation to hypertension although studies, investigating the role of 

mitochondrial-derived ROS in hypertension, increase the possibility of mtDNA integrity 

being involved in hypertension. [179] 
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2.2.2.3 Angiotensin II-Mediated Oxidative Stress and Mitochondrial Damage 

 

Activation of the renin-angiotensin system is a feature of many forms of 

hypertension. Ang II infusion is a frequently used animal hypertensive model to induce 

hypertension in rodents [82]. It is well known that Ang II increase ROS production 

through pathways involving a cross-talk between NAD(P)H oxidase and mitochondria 

[39, 180]. Due to the fact that Ang II-mediated detrimental responses involve 

mitochondrial oxidative damage, Ang II-induced hypertension was thought to be 

appropriate model to examine the link between hypertension and mtDNA integrity. 

 

The Figure 2.4 describes the mechanism of Ang II-mediated increase in ROS 

production [39]. In the vessel wall, Ang II binds to the Ang II type 1 receptor (AT1-R) 

and activates NAD(P)H oxidase by protein kinase C dependent mechanisms. Activated 

NAD(P)H, then, rapidly generates superoxide and some of those form peroxinitrite by the 
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reaction with NO. Both superoxide and peroxinitrite act on mitochondria and lead 

mitochondrial ROS generation which results in mitochondrial dysfunction. ROS 

generated from dysfunctional mitochondria then further activate NAD(P)H oxidase and 

its own ROS generation initiating vicious cycle which amplifies the toxicity of Ang II. 

Hence, Ang II increases mitochondrial ROS production in an NADPH oxidase-dependent 

manner and vice versa.  

Indeed, a number of studies which examined Ang II-induced increase in 

mitochondrial-derived ROS have been published. Ang II treatment increases 

mitochondrial superoxide measured by mitoSOX in various types of cells such as ECs, 

VSMCs, and cardiomyocytes. A study in isolated neonatal rat cardiomyocytes showed 

that addition of Ang II initiated a rapid increase of mitochondrial superoxide levels that 

reached a steady-state maximum (3-fold) within 2-3 hours [85]. Interestingly, a study 

with mild dose of Ang II infusion was shown to be enough to increase oxidative stress in 

skeletal muscle and reduce exercise capacity via mitochondrial impairment [181].   

Studies also demonstrated the effect of Ang II-induced mitochondrial ROS on 

vascular function and health. Human VSMCs-treated by Ang II in vitro underwent 

mitochondrial ROS-mediated premature senescence and it was abrogated by 

mitoTEMPO co-treatment suggesting a necessity of mitochondrial superoxide in this 

pathway. Ang II infusion at subpressor doses (infusion: 0.1 mg/kg per day for 7 days) did 

not cause either vascular dysfunction or elevated blood pressure in mice [182]. However, 

mice-treated with higher dose of Ang II (infusion: 0.7 mg/kg per day for 14 days) showed 

increased vascular superoxide level and impaired endothelial-dependent relaxation with 

hypertensive phenotype. Interestingly, chemical and genetical interventions which target 
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mitochondrial superoxide attenuated Ang II-induced hypertension [38]. Ang II infusion 

in Sprague-Dawley rats also increased blood pressure and decreased vascular function in 

an ROS-dependent manner [82].  

Considering that mtDNAs are challenged by ROS, it is likely that Ang II 

treatment-induced increase in oxidative stress results in diminishing mtDNA integrity and 

mitochondrial function which in turn further feed the vicious cycle amplifying the 

toxicity of Ang II-mediated oxidative stress. Evidence supporting that Ang II is involved 

in the accumulation of oxidative lesion in mtDNA have been rising. Ang II treatment 

increased mtDNA lesions in isolated neonatal cardiomyocytes in association with 

impairment in mitochondrial protein expression and function [85]. In addition, Ang II-

induced cardiac hypertrophy (infusion: 1.1 mg/kg per day for 4 wks) in mice was 

accompanied by increased mtDNA deletions in cardiac tissue mainly due to increased 

mitochondrial ROS [68].  

A list of Ang II-mediated various mitochondrial alterations on mitochondrial ROS 

level, mitochondrial function, mitochondrial membrane potential, mtDNA integrity, is 

summarized in Table 2.2. Despite the fact that almost all Ang II infusion studies in rodent 

yielded vascular dysfunction and hypertensive phenotype, the effect of Ang II on mtDNA 

integrity in blood vessel in relation to hypertension has never been investigated. Studies 

which established the role of mitochondrial ROS in hypertension strongly suggest that 

hypertension may mirror reduced mtDNA integrity and mitochondrial dysfunction in 

blood vessel.  

[183, 184] 
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2.2.3 Modulation of Endothelial Mitochondria as a Therapeutic Strategy to CVD 

 

As discussed above, it is apparent that mitochondria play an important role in 

cardiovascular health. Mitochondrial dysfunction, such as decrease in mitochondrial 

number, abnormal morphology, and defects in oxidative capacity followed by reduced 

ATP synthesis, are strongly related to endothelial dysfunction and the progression of 

CVD. Considering the importance of mitochondria in cardiovascular health, however, 

there is a substantial gap in the knowledge base about interventions improving 

mitochondrial function in vasculature.  

 

2.2.3.1 Chemical/Molecular Interventions 

 

Since mitochondria are at the focal site of various cellular signaling affecting 

endothelial function, chemical interventions that restore mitochondrial function in ECs 

have gained attention as a promising therapeutic target to cure vascular diseases. 

Pharmacological treatments targeting mitochondria have already shown great promise on 

reversing cardiovascular dysfunction, whereas commonly used antioxidants have proven 

ineffective in many clinical trials [38].  

Reducing mitochondrial ROS to physiological levels by using interventions 

delivering mitochondrial-targeted antioxidant compounds or over-expressing 

mitochondrial-targeted antioxidant enzymes started to shed new light as a strategy for 

improving vascular health [43]. Mitoquinone (MitoQ), a mitochondrial-targeted 

ubiquinone that accumulates in mitochondria, has been shown to have favorable effects 
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on ameliorating vascular pathophysiology [67]. Graham et al. [185] reported its effect on 

lowering blood pressure in hypertensive rats. MitoTempol is a similar approach which 

mimics SOD and targets mitochondria. Dikalova et al. (2010) reported the role of 

mitoTEMPO on decreasing the level of oxidative stress and attenuating hypertension in 

mice suggesting a causal role of mitochondrial superoxide in the development of 

hypertension [38]. Supporting this notion, these authors were able to demonstrate these 

similar effects in transgenic mice overexpressing manganese SOD (SOD2), whereas they 

were not able to recapitulate this effect by using non-targeted TEMPOL. Furthermore, 

Dai et al. (2011) investigated the role of mitochondrial-targeted antioxidant enzyme as a 

prevention and treatment of hypertensive cardiomyopathy [68]. They found that mice 

overexpressing catalase targeted to mitochondria were effective to ameliorate cardiac 

hypertrophy as opposed to the no effect shown in mice overexpressing wild type catalase 

which targets peroxisome.     

Evidence on the protective effect of mitochondrial remodeling in blood vessels 

are also increasing. A recent study reported that PGC-1α deficient mice with subpressor 

dose of Ang II treatment (infusion: 0.1 mg/kg per day for 7 days) develop endothelial 

dysfunction and vascular inflammation suggesting the importance of mitochondrial 

biogenesis in vascular health [182]. In addition, there was a pilot study which showed 

protective effect of PGC-1α overexpresion against Ang II-induced hypertension [186]. A 

study, although not conducted in blood vessel, also demonstrated that mitochondrial 

remodeling by caloric restriction ameliorates Ang II-induced cardiac hypertrophy [187]. 
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2.2.3.2 Exercise Intervention to Modulate Endothelial Mitochondria  

 

The literature reviewed above suggests a possibility that interventions or 

therapeutics which can pre-condition or modulate endothelial mitochondria might be 

protective against CVD [188]. Exercise is definitely the most potent non-pharmacological 

therapeutic intervention against cardiovascular dysfunction. Unlike chemical 

interventions, exercise is not just effective as a secondary treatment but also important as 

a preventive medicine, thereby being expected to be an optimistic tool to cure and 

prevent CVD.  

A recent study by Safdar et al. (2011) demonstrated that 5 months of long-term 

endurance exercise was an effective therapeutic approach leading systemic mitochondrial 

rejuvenation in mtDNA mutator mice which harbor lacking of mtDNA proofreading 

activity in POLG and exhibits aging phenotypes with mitochondrial dysfunction [69].  

 However, the effect of exercise on restoring cardiovascular health in an Ang II-

induced hypertensive model in association with mtDNA integrity has never been 

investigated. Preliminary data consistently support that high flow modulates 

mitochondrial structural integrity and antioxidant defensive system. Protein expression of 

various markers for mitochondrial biogenesis which have been screened by performing 

western blotting and real-time PCR, respectively, showed that high WSS increases 

mitochondrial biogenesis. It was also found that LSS regulates mitochondrial dynamics 

along with mitochondrial biogenesis. In addition, up-regulated mRNA expressions of 

mitochondrial antioxidant markers which are important for mtDNA stability were 

observed. Based on these preliminary findings which strongly suggest the effect of high 
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LSS on improving mtDNA stability and endothelial function, this concept was extended 

to examine the effect of in vitro LSS and in vivo exercise preconditioning on restoring 

mtDNA homeostasis in hypertension. 

 

 

2.3 Specific Aims and Relevance of the Research 

2.3.1 Statement of Purpose  

The effect of exercise-induced high WSS on stabilizing mtDNA in endothelial 

cells and its role in development and progression of CVD has never been investigated. 

The objective of this study is to investigate the effect of exercise preconditioning on 

endothelial mtDNA integrity in an Ang II-induced hypertension model. 

The study is innovative because it will be the first attempt to investigate the effect 

of exercise on endothelial mtDNA integrity which is considered as a focal point of the 

mitochondrial vicious cycle. Furthermore, the findings from this study may provide 

fundamental knowledge underscoring the importance of the relationship between 

hemodynamic shear stress, mitochondrial genomic stability and cardiovascular 

homeostasis. In addition, the complementary in vivo and in vitro experimental design is a 

novel approach to assess physiological and molecular mechanisms underlying vascular 

adaptations to exercise in hypertensive conditions.  

These results may have clinical significance because the findings from this study 

may provide guidance to conceptualize a new therapeutic strategy for improving 

cardiovascular health by reducing mtDNA mutation/damage. 
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2.3.2 Hypothesis  

There is emerging evidence showing that oxidative stress induces mtDNA 

damage which is recognized as one of the molecular characteristics observed in 

hypertension. For example, Ang II treatment has been often associated with mtDNA 

damage and mitochondrial dysfunction which is exaggerated by the overproduction of 

mitochondrial ROS under suboptimal conditions in dysfunctional endothelium [68, 83-

85, 189, 190]. It is a readily accepted concept that exercise-mediated vasoprotective flow 

improves vascular redox state, however, the role of exercise in endothelial mtDNA 

integrity has never been investigated. 

Our preliminary data strongly suggested that a high magnitude of unidirectional 

LSS improves mitochondrial homeostasis through enhancing mitochondrial structural 

integrity and mitochondrial antioxidant functions; as well, aerobic exercise 

preconditioning improves mitochondrial biogenic process in the endothelium. Therefore, 

the central hypothesis of this study is that exercise preconditioning improves endothelial 

mtDNA integrity and prevents Ang II induced-hypertension.  

 

2.3.3 Specific Aims  

To test the central hypothesis the following specific aims have been proposed: 

Aim 1. Investigate whether high LSS-preconditioning improves mtDNA integrity 

in HAECs. High magnitude of unidirectional LSS was applied to pre-condition HAECs 

by using a cone-and-plate shear apparatus. Then, HAECs were treated with Ang II under 

either LSS preconditioned or static control condition.  
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Working hypothesis 1.1. LSS improves mitochondrial redox homeostasis in 

endothelial cells: The effect of high LSS preconditioning on gene expression of 

mitochondrial antioxidant enzymes such as MnSOD, Prx3, Prx5, Trx, and 

catalase, and UCP2 were analyzed. Cellular and mitochondrial superoxide levels 

were measured by using fluorescence probes, dihydroethidium (DHE) and 

MitoSOX, respectively.  

 

Working hypothesis 1.2. LSS modulates expression of genes that are related to 

mtDNA maintenance/repair system in ECs: The effect of high LSS 

preconditioning on the genes regulating mtDNA maintenance and repair 

machinery were analyzed. 

 

Working hypothesis 1.3. LSS enhances mtDNA integrity in ECs: The effect of 

high LSS preconditioning on mtDNA content was assessed by calculating the 

ratio between mtDNA compared to nuclear DNA amount, and mtDNA lesion was 

assessed using long Q-PCR analysis. 

 

Aim 2. Determine whether aerobic exercise preconditioning improves mtDNA 

integrity in Ang II-induced hypertensive mice. Ang II was infused to induce ROS-induced 

hypertension in mice. Mice in the exercise groups underwent a voluntary wheel (VW) 

running for 5 weeks.  
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Working hypothesis 2.1. Exercise preconditioning improves vascular homeostasis 

in terms of regulating redox balance: The effect of high LSS preconditioning on 

gene expression of mitochondrial antioxidant enzymes was analyzed. Cellular and 

mitochondrial superoxide levels were measured by using fluorescence probes, 

DHE and MitoSOX, respectively.  

 

Working hypothesis 2.2. Exercise preconditioning modulates expression of genes 

that are related to mtDNA maintenance/repair system in the blood vessel: The 

effect of high LSS preconditioning on the genes regulating mtDNA maintenance 

and repair machinery was tested. 

 

Working hypothesis 2.3. Exercise preconditioning improves mtDNA integrity in 

the blood vessel: mtDNA integrity was measured by mtDNA copy number assay 

(to measure mtDNA contents) and long Q-PCR analysis (to measure mtDNA 

lesion). 
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2.4 Materials and Methods 

HAECs culture and Ang II treatment. HAECs were purchased from Lonza 

(Walkersville, MD) and grown in EGM-2 medium on 0.1% gelatin-coated 100 mm 

dishes. HAECs from passage 4 to 7 were used for this study. Cells were maintained in a 

standard humidified incubator (37 ºC, 21% O2, 5% CO2). HAECs at 100% confluency 

were exposed to LSS using a cone-and-plate shear system. High LSS was addressed by 

rotating a cone at 20 dyne/cm² for 48 hrs. HAECs were pre-starved in serum free EGM-2 

medium for 24 hours prior to Ang II (100 nM) treatment following either static or LSS 

condition. Control cells were maintained in EGM-2 medium without Ang II following 

either static or LSS condition.  

ROS measure in HAECs. Production of cellular and mitochondrial superoxide was 

visualized in cultured HAECs using the fluorescent probe DHE and mitoSox, 

respectively, both of which have excitation/emission of 510/580 nm. After removing 

medium and rinsing three times with pre-warmed HBSS, HAECs were incubated with 5 

uM of DHE for 30 min or 5 uM of mitoSox for 10 min in pre-warmed HBSS and 

incubated at 37 ºC. Then, HAECs were rinsed with pre-warmed HBSS and observed 

under fluorescence microscope. 

Overview of mouse work. C56Bl6/J male mice were purchased from Jackson 

laboratory. All mice were maintained and handled in accordance with Temple University 

Animal Care and Use Committee. Mice were maintained in barrier facilities with sterile 

food, water, and bedding on a 12-hour light/dark (6 AM/6PM) cycle and were allowed 

free access to food. The experimental groups include (1) SED, (2) SED + Ang II, (3) 

VW, and (4) VW + Ang II. Mice in the VW and VW + Ang II groups were pre-
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conditioned with voluntary wheel running for 5 weeks prior to the Ang II minipump 

implantation. Following the 5-week aerobic exercise conditioning or sedentary condition, 

mice received a separate minipump for infusion of either Ang II or saline. Ang II induces 

hypertension by increasing mitochondrial ROS production in endothelial cells. Both VW 

and VW + Ang II group mice continued exercise training during 14 days of infusion 

period. Eight mice were assigned each group and total 32 mice were used for this study. 

At the end of experiment, the mice were anesthetized by isoflurane inhalation and 

abdominal aorta was isolated for analysis after perfusion with 40 ml of ice-cold PBS. 

Voluntary wheel running. VW and VW + SED group mice 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. SED group mice were singly housed in the same sized 

cage without the running wheel. The digital counter measures maximum running speed, 

total distance run, and total time run. Daily exercise values for time and distance run were 

recorded for each exercised animal throughout the duration of the exercise period. VW 

running exercise began at an age of 10-week-old mice and continued running for 5 

weeks.  

Osmotic pump implantation. For the mice in SED + Ang II and VW + Ang II 

groups, Ang II (1 mg/kg per day) was infused for 2 weeks. Those mice were implanted 

with osmotic minipumps containing Ang II following 5 weeks of sedentary or voluntary 

wheel running-preconditioning period. Mice in SED and VW control groups underwent 

sham surgery.  

Blood pressure recording. In a subset of n=3 mice per group, blood pressure was 

monitored via implantation of a telemetric pressure catheter in the left carotid artery 
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(Data Sciences International, St. Paul, USA). Surgery was carried out two weeks after 

Ang II pump implantation or sham surgery under sterile conditions after anesthesia with 

intraperitoneal ketamin/xylazine injection. Blood pressure was continuously recorded for 

up to 3 days using receiver platforms (DSI). 

Fluorescent stainings on transverse cryosections of blood vessel. Unfixed 

abdominal aorta and carotid artery are mounted in OCT and snap frozen on dry ice. Serial 

sections of vessels were made at 30 um by using cryostat. Sections on slides were 

equilibrated in Krebs-HEPES buffer for 30 min at 37 ºC. Fresh buffer containing either 

DHE (2 uM), mitoSox (2 uM), or mitotracker Red (200 nM) was applied topically onto 

each transverse aortic cryosections, which was then coverslipped and incubated for 10 

min in a light protected, humidified chamber at 37 ºC. DHE and mitoSox produce 

orange-green fluorescence when oxidized to ethidium by superoxide and mitochondrial-

generated superoxide, respectively. 

en face immunostaining. Following perfusion with cold PBS, 2% 

paraformaldehyde was perfused throughout the body. AA was isolated and post-fixed at 

0.4 % paraformaldehyde overnight at room temperature. The vessels were then washed 

five times with PBS and permeabilized by using 0.3 % Triton-X in 2 % BSA/PBS. 

Mitochondrial contents were assessed by using anti-VDAC (1:100) (Abcam) antibody 

and Alexafluor488-conjugated anti-rabbit secondary antibody (Invitrogen) (green). ECs 

were identified by co-staining using anti-CD31 (1:100) (Millipore) antibody conjugated 

to the Alexafluor647-conjugated anti-hamster secondary antibody (Jackson 

ImmunoResearch) (red). Primary antibodies were incubated overnight at 4 ºC with gentle 

agitation. After rinsing in 2% BSA/PBS, secondary antibodies were incubated for 2 hours 
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at room temperature. Immunostained vessels were placed on slide glass and cut 

longitudinally and mounted in ProlongGold with DAPI solution (Invitrogen). The 

fluorescence was analyzed under fluorescence microscope (Axioimager, Zeiss) with 64x 

oil objective lens. 

DNA isolation. Total genomic DNA (gDNA) was isolated from collected HAECs 

and digested AA. Genomic Tip and Genomic DNA buffer kit (QIAGEN, 10223 and 

19060, respectively) was used for gDNA isolation as this method has been optimized as 

to preserve the intactness gDNA to the best. As shown in Figure 2.5, the other different 

DNA extraction methods such as QIAGEN DNeasy kit and phenol-chloroform manual 

procedures resulted in lower intactness of total gDNA compared to Genomic Tip method. 

 

mtDNA content analysis.  mtDNA content was assessed by semi-quantitative 

PCR. The relative ratio between mitochondrial DNA (COX I and COX II) compared to 

nuclear DNA (18s rRNA) amount was calculated. Primer sequences for the genes are 

described below. 

Nuclear genomic DNA for both human and mouse  

18s rRNA_F: 5’-CTTAGAGGGACAAGTGGCGTTC-3’ 
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18s rRNA_R: 5’-CGCTGAGCCAGTCAGTGTAG-3’ 

Mitochondrial DNA 

For human: 

COXI_F: 5’-CATAGGAGGCTTCATTCACTG-3’ 

COXI_R: 5’-CAGGTTTATGGAGGGTTCTTC-3’ 

COXII_F: 5’- CCATAGGGCACCAATGATACTG -3’ 

COXII_R: 5’- AGTCGGCCTGGGATGGCATC -3’ 

For mouse: 

mNDII_F: 5’- CCTATCACCCTTGCCATCAT -3’ 

mNDII_R: 5’- GAGGCTGTTGCTTGTGTGAC -3’ 

 

Long Q-PCR mtDNA damage detection assay.  

Principles and advantages. It is now becoming clear that not all oxidative damage 

to mtDNA results in mutation but results in single strand breaks as well as abasic sites 

which are common forms of oxidative mtDNA damage [15]. Therefore, we also 

performed a gene-specific quantitative polymerase chain reaction (QPCR)-based assay 

for the measurement of DNA damage, using amplification of long DNA target. This 

assay is based on the principle that many kinds of DNA lesion can slow down or block 

the progression of DNA polymerase on the template. Because only a single lesion per 

strand is required to block the polymerase, this assay effectively measures the fraction of 

template molecules that are undamaged. This has been extensively used to measure the 

integrity of mitochondrial genomes and has been proved particularly valuable in 

identifying ROS-mediated mtDNA damage. One of the main strengths of this assay is 
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that it permits monitoring the integrity of mtDNA directly from total genomic DNA 

without the need for isolating mitochondria and purifying mtDNA steps. Another 

advantage is that this assay is highly sensitive as very low levels of lesions (approx 1 per 

105 kb) can be detected because of the use of ‘long’ PCR methodology over 10 kb in 

length. 

Procedures. Long Q-PCR was performed by using GeneAmp XL PCR Kit 

(Applied Biosystems) as described by Janine Santos et al (2006). PCR products were 

quantified fluorimetrically by using PicoGreen (Invitrogen, P7581) double strand DNA 

(dsDNA) quantitation reagent. This PicoGreen dye is known to exhibit > 1000-fold 

increase in fluorescence signal on binding to dsDNA. Fluorescence signal was read by 

using a Fluorescence reader (with 485 nm excitation and 535 nm emission). The 

sequences for the two different primer pairs for long Q-PCR are provided below: 

Set #1: 

mitoDNA15149_F: 5’ - TGAGGCCAAATATCATTCTGAGGGGC - 3’ 

mitoDNA14841_R: 5’ - TTTCATCATGCGGAGATGTTGGATGG - 3’ 

Set #2: 

mitoDNA 5999_F: 5’ - TCTAAGCCTCCTTATTCGAGCCGA - 3’ 

mitoDNA14841_R: 5’ - TTTCATCATGCGGAGATGTTGGATGG - 3’ 

mtDNA damages are expressed in terms of lesions per kilobase mathematically, by 

assuming a Poisson distribution of lesions. The Poisson equation is defined as f(x) = e-

λλx/x!, and amplification is directly proportional to the fraction of undamaged DNA 

templates (zero class, x = 0). Therefore, the average lesion frequency per strand = -ln 
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AD/AO, where AD represents the amount of amplification of the damaged template and 

AO is the amplification product from undamaged DNA. 

 

Statistical Analysis. For in vitro study, minimum of three cell culture experiments 

were conducted, and in vivo study, three to six mice were included in each group for each 

analysis. Results are represented as mean ± SE. Differences across experimental 

conditions were analyzed using the Student t test for pairwise comparison or ANOVA 

with Fisher’s least significant difference (LSD) post hoc analysis for multiple 

comparisons following a normal distribution. P levels of < 0.05 were considered 

significant. 
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2.5 Results 

Effects of LSS on Gene Expression of Mitochondrial Dynamics Markers in 

Endothelial Cells. Over the years, studies have demonstrated that stimulation of 

mitochondrial fusion/fission dynamics improves mitochondrial quality control by 

enhancing the interplay between mitochondrial compartmentalization and mitophagy. 

Thus, properly balanced mitochondrial fission and fusion activities may be an essential 

subcellular mechanism by which endothelial dysfunction caused by damaged 

mitochondria can be prevented. In this point of view, it was hypothesized that high LSS 

benefits to the endothelial health by activating fusion/fission dynamics. Gene expression 

levels of mitochondrial dynamics-related markers were analyzed by RT-PCR. As shown 

in Figure 2.6, expression of both fusion-regulating genes (Mfn1 and Mfn2) and fission-

regulating genes (Drp1 and Fis1) were significantly increased in HAECs after exposed to 

high LSS. These data suggest that high LSS activates mitochondrial dynamics activities. 
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Effect of LSS on Gene Expression of mtDNA Repair Markers. As evidenced in 

Figure 2.7, mRNA expressions of the potential mtDNA maintenance regulators, for 

instance, TP53, POLG, and TFAM were significantly increased by high LSS.   

 

 

 

Effect of LSS on the Abundance of Mitochondrial Antioxidant Enzymes in 

ECs. mtDNA integrity and mitochondrial homeostasis are challenged by oxidative stress. 

Mitochondria have their own antioxidant systems, which include UCP-2, MnSOD, Prx3, 

Prx5, Trx and catalase, and they fight to reduce the level of ROS production. Here, it was 

hypothesized that high LSS increases multiple layer of mitochondrial antioxidant enzyme 

systems. As shown in Figure 2.8, mRNA expressions of UCP-2, MnSOD, Prx3, Prx5, 

Trx and catalase were significantly upregulated under high LSS in HAECs. Protein 

expression of MnSOD, the primary mitochondrial superoxide scavenger was dramatically 

increased in both HUVECs and HAECs.  
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Effect of LSS on Attenuating Ang II-induced Increase in ROS in HAECs. 

Although it has been well described that Ang II treatment leads to ROS generation and 

high LSS results in reducing ROS levels, it is important to determine if high LSS 

preconditioning will protect HAECs from Ang II-induced ROS. To monitor cellular and 

mitochondrial form of superoxides in intact HAECs, dihydroethidium (DHE) and 

mitoSox staining, respectively, were performed. As expected, there was dramatic increase 

in both DHE and mitoSOX fluorescence intensity in 100 nM of Ang II-treated HAECs 

cultured under static condition, as shown in Figure 2.9. Interestingly, however, LSS 
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preconditioning (20 dynes/cm2, for 48 hrs) completely blocked Ang II-mediated 

induction of superoxide. These data are consistent with increased gene expression of 

antioxidant enzymes by LSS shown in Figure 2.8.  

 

 

 

 

 

 

 



78 
 

Effect of LSS on Ang II-induced mtDNA Depletion.  Six hours of Ang II 

treatment (100 nM) resulted in a significant reduction of mtDNA content, but LSS 

preconditioning completely prevented HAECs from reducing mtDNA contents upon Ang 

II treatment.  
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Effect of LSS on Attenuating Ang II-induced mtDNA Damage. Long Q-PCR 

analysis was performed to assess mtDNA damage. Ang II treatment to HAEC under STT 

condition significantly elevated the number of mtDNA lesions. Interestingly, 48 hours of 

high LSS preconditioning at 20 dynes/cm2 attenuated the Ang II-induced mtDNA 

damage.  
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As described above, in vitro study indicates that LSS prevents Ang II-induced 

impairment of mtDNA integrity. Therefore, whether aerobic exercise preconditioning in 

vivo would ameliorate the effect of Ang II on vasculature was further investigated. 

Voluntary wheel running distance and duration were monitored on a daily basis. 

On average, mice ran 5.45 km and 3.67 hours each day on the wheel. After 2 weeks of 

Ang II infusion, in VW + Ang II group mice, both running distance and duration was 

decreased compared to those before infusion (Pre_Ang II vs Post_Ang II) (Table 2.3).  

 

 

 

As shown in table 2.4, body mass and the weights of heart and several different 

skeletal muscles were measured. No significant changes in body weights were observed 

among all four groups. VW group mice showed greater skeletal muscle mass compared to 

SED group mice and the increased muscle weights were also observed in VW + Ang II 

group.  
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Antihypertensive Effect of VW Running. Blood pressure was recorded via 

implanted indwelling telemetry catheters. Following 2 weeks of Ang II infusion at 1 

mg/kg per day, systolic blood pressure reached 191.9 (+/- 10.9) mm Hg, diastolic blood 

pressure reached 133.1 (+/- 2.7) mm Hg, and mean arterial pressure reached 160.5 (+/-

2.1) mm Hg. Interestingly, however, VW running for 5 weeks prior to Ang II infusion 

completely abolished the increase in blood pressure that was shown in SED + Ang II 

group mice. 
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mtDNA Repair Gene Expression. As shown in Figure 2.13, mRNA expressions 

of some of the potential mtDNA maintenance regulators, POLG, TFAM, and p53R2 were 

analyzed. No changes of POLG were observed among all four groups. TFAM expression 

was significantly higher in VW group compared to SED. p53R2 expression was higher in 

SED + Ang II and VW group compared to SED. 

 

 

 

 

Effect of VW Preconditioning on the Abundance of Vascular Mitochondrial 

Antioxidant Enzymes. mRNA expression of antioxidant enzymes were analyzed by RT-

PCR. Although there were similar levels of MnSOD, FXDR, Prdx3, and Prdx5 

(normalized to the house keeping gene, TIF) expression among all four different groups, 
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HO-1, UCP2, and Catalase expressions were significantly higher in VW group compared 

to SED. Higher expressions of HO1 and UCP2 were also observed in SED + AngII group 

compared to SED. 
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Effect of VW Running on Ang II-induced Increase in Vascular ROS. Cellular 

and mitochondrial ROS level were examined in abdominal aorta (AA) to assess the 

functional consequences of mtDNA damage. ROS production was significantly increased 

in SED + Ang II mice compared to SED group as measured by DHE and mitoSox 

staining. In VW + Ang II group mice, interestingly, no induction of DHE and mitoSOX 

staining was observed compared to VW group. Similar results were found in additional 

experiments with carotid artery (CA). It was interesting that the absolute fluorescence 

intensity of both DHE and mitoSox were lower in CA compared to AA, and no reduction 

of those superoxide levels by VW running was observed in CA. Mitochondrial membrane 

potential measured by mitotracker red (mitoRed) staining was negatively associated with 

superoxides levels measured by DHE and mitoSox staining. MitoRed fluorescence 

intensity was significantly lower in SED + Ang II group mice in both AA and CA. 

Mitochondrial membrane potential in AA in all four different groups were lower than the 

ones measured in CA further supporting the negative relationship of membrane potential 

and level of oxidative stress. 
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Effect of VW Running on mtDNA Integrity. mtDNA damage occurred in the 

blood vessel in Ang II-infused sedentary mice. On the other hand, however, Ang II 

infusion did not induce mtDNA defects in voluntary wheel run mice that are 

normotensive. Together, Ang II infusion-induced mtDNA damage was observed only in 

SED mice, correlating with the prevalence of hypertension. Blood vessels isolated from 

hypertensive mice showed increased mtDNA damage compared with the vessels from 

normotensive mice. Increased levels of mtDNA content were found in both VW and VW 

+ Ang II group whereas no change was observed in SED + Ang II compared to SED.  
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Effect of VW Running on mitochondrial RNA (mtRNA) Transcription. mtRNA 

expression of mtDNA-encoded genes, ND1 and COX2, were examined by RT-PCR. 

mtRNA expression of ND1 gene was lower in SED + Ang II group compared to SED.  

Interestingly, VW running completely blocked Ang II-induced reduction in mtRNA 

transcripts.  
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Analysis of the Mitochondrial Biogenesis Markers. mRNA expression of 

mitochondrial biogenesis-related genes which include PGC1α, PGC1β, SCO1, SCO2, 

CYCS, NRF1, and NRF2 were analyzed in AA by RT-PCR. Increased expression of 

PGC1α and NRF2 were observed in SED + Ang II group mice compared to SED group. 

Expressions of PGC1α, SCO1, NRF1 and NRF2 were elevated in VW group mice 

compared to SED group (Fig. 2.8). Consistent with the increased mRNA gene expression 

of mitochondrial biogenesis markers, en face staining experiment shows that the level of 

VDAC protein in thoracic aorta is higher in SED + Ang II, VW, and VW + Ang II group 

mice compared to SED group mice (Fig. 2.19).  
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2.6 Discussion 

mtDNA damage has recently been implicated in association with atherosclerosis. 

Despite the fact that hypertension is closely related to elevated mitochondrial dysfunction 

and mitochondrial ROS, the relationship between hypertension and mtDNA integrity in 

blood vessels has never been investigated.  In this study, we showed that mtDNA damage 

of blood vessels is associated with hypertension. mtDNA defects were identified in 

AngII-infused sedentary mice in association with increased mitochondrial dysfunction 

which is characterized by an increase in ROS and decrease in mitochondrial membrane 

potential. Interestingly, however, exercise pre-conditioned mice did not develop mtDNA 

damage after 2 wks of Ang II infusion. This is the first study which characterizes the 

mtDNA damage and mitochondrial dysfunction in an Ang II–induced hypertensive 

model. This study suggests that exercise preconditioning is effective approach to prevent 

deleterious effects of Ang II on hypertension associated with defective mitochondria. 

VW running significantly transactivated key nuclear-encoded mitochondrial 

biogenesis regulating genes such as PGC1α, SCO1, NRF1, NRF2, TFAM, and p53R2. 

Interestingly, this elevated gene expression of a couple of mitochondrial biogenesis 

markers which include PGC1α and NRF2 was also observed in SED + Ang II group 

mice. In addition, increased protein content of a nuclear-encoded mitochondrial protein, 

VDAC, was observed in the endothelium of SED + Ang II group mice by en face staining 

compared to SED group mice. PGC1α is transcriptionally upregulated by ROS, and Ang 

II-induced elevation of PGC1α and concomitant increase in expression of its target genes 

were recently reported in cardiomyocytes as a compensatory mechanism [68]. Despite the 

increased expressions of mitochondrial biogenesis genes in SED + Ang II group, a 
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decline in mitochondrial function was observed based on MitoSOX and MitoTracker Red 

staining. These mitochondrial functional defects might be derived from mtDNA damage 

which affects mtDNA replication and mtRNA transcription that are identified by 

measuring mtDNA content and mtRNA (ND1 and COX2) expression levels, 

respectively. In order to compensate for the loss of mitochondrial function by the damage 

of mtDNA, and also due to increase in the ROS, mitochondrial biogenesis signaling from 

the nucleus might have been activated. Future study of measuring respiration, 

mitochondrial electron transport chain complex activities, or ATP generation from aortic 

tissue will further support this notion that mitochondrial dysfunction is the consequence 

of mtDNA damage. It is expected that reductions on those outcome variables will be 

observed regardless of increased mitochondrial biogenesis-related gene expressions. 

It is unclear whether mtDNA damage directly causes hypertension or is a 

consequence of hypertension-induced vascular dysfunction. Further studies using a 

mouse model with endothelium-specific knock out of certain genes which control 

mtDNA integrity (i.e. POLG, TFAM, or p53) would help clarifying whether hypertension 

is attributable to attenuated mtDNA integrity. POLG KO mice possess a defect in 

exonuclease activity of mtDNA polymerase. TFAM is important for mtDNA 

transcription and maintenance, and its absence is directly related to mtDNA contents. p53 

also is an important regulator of mtDNA integrity by interacting with TFAM. 

This study demonstrates that high blood pressure is related to decreased mtDNA 

integrity, impaired mitochondrial function, and high ROS, all of which might promote 

hypertension. It is therefore unclear whether hypertension is mediated only through 

impaired mtDNA integrity, and further research is still needed to fully understand. The 
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fact that this study cannot solely address the effect of mtDNA integrity in hypertension 

and/or isolate mtDNA integrity from the other components is one of the limitations of 

this study. Since those three components are closely interrelated and constitute a loop in 

which mtDNA damage results in attenuation of mitochondrial function, leading to ROS 

generation, which in turn further damages mitochondria, it is difficult to isolate mtDNA 

integrity from the vicious cycle. In addition, since ROS almost always comes with 

hypertension, it is impossible to eliminate the ROS compartment out of hypertension 

study. Also, in order to clarify whether mitochondria are the major source of superoxide 

generation, an additional experiment with overexpressing mitochondrial antioxidant 

enzyme or treating chemical mitochondrial-targeted antioxidant needs to be conducted. 

It is also unclear whether the vasculature is the only target of mtDNA damage in 

hypertension. Hypertension is associated with elevated ROS of the various other organs 

which control blood pressure such as the kidneys, and central nervous system; also Ang 

II-induced hypertension is developed not only by local effects on blood vessel but also 

systemic effects through the body. Therefore, it would be interesting to investigate 

whether mtDNA damage occur in other organs such as heart, kidneys, skeletal muscle in 

association with hypertension.  

The most astonishing finding from this study would be that 5 weeks of voluntary 

exercise completely blocked 2 weeks of Ang II-infusion induced hypertension 

development. The dose of Ang II infusion that was used in this study was 1 mg/kg per 

day which is high enough to elevate systolic blood pressure to over 150 mmHg within 

only 3 days. The blood pressure in VW + Ang II group mice, surprisingly, was 

maintained in the normotensive range after 2 weeks of continuous Ang II infusion. 
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Considering the fact that even transgenic mice which overexpress the mitochondrial form 

of SOD, MnSOD, which are critical to protect against excessive production of 

superoxide, could not completely block the hypertensive response and just partially 

attenuated/delayed the increase in blood pressure in the Ang II infusion model [38], this 

finding is even more intriguing. Voluntary running-induced mitochondrial remodeling in 

the blood vessel might have a therapeutic benefit beyond improving just antioxidant 

capacity. Our data strongly indicate that aerobic exercise indeed is a potent therapeutic to 

hypertension which modulates vascular mtDNA quality and mitochondrial function. 

Protection for mtDNA integrity and mitochondrial function in the blood vessel remain as 

a potential therapeutic strategy to prevent high blood pressure.  

This study shows that 5 weeks of pre-conditioning can prevent Ang II-induced 

hypertension development. However, it is remained unclear whether exercise after the 

onset of hypertension would also be effective to reduce the progression. 

The findings from this study support an idea that exercise is a life-style 

modification which is beneficial to the mitochondrial remodeling in the endothelium. 

Modulating high WSS appears to be a way of activating pathways towards increasing 

mtDNA integrity and enhancing mitochondrial function and eventually protecting 

endothelial cells against CVD development. In other words, our observations suggest that 

one of the potential effects of chronic exercise is improving endothelial mitochondria in 

terms of mtDNA, protein, and structural integrity which contribute to the prevention of 

CVD. 
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CHAPTER 3.  

INHIBITION OF DRP1-DEPENDENT MITOCHONDRIAL DIVISION  

IMPAIRS MYOGENIC DIFFERENTIATION 
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3.1 Abstract 

Mitochondria are dynamic organelles forming a tubular network that is 

continuously fusing and dividing to control their morphology and functions. Recent 

literature has shed new light on a potential link between the dynamic behavior of 

mitochondria and muscle development. In this study, we investigate the role of 

mitochondrial fission factor, dynamin-related protein 1 (Drp1), in myogenic 

differentiation. We found that differentiation of C2C12 myoblasts induced by serum 

starvation was accompanied by a gradual increase in Drp1 protein expression (to ~350% 

up to 3 days) and a fast reduction of Drp1 phosphorylation at Ser-637 (to ~30%) resulting 

in translocation of Drp1 protein from the cytosol to mitochondria. During differentiation, 

treatment of myoblasts with mdivi-1, a specific inhibitor of Drp1 GTPase activity, caused 

extensive formation of elongated mitochondria, which coincided with increased apoptosis 

evidenced by both enhanced caspase-3 activity and increased number of TUNEL-positive 

cells. Furthermore, the mdivi-1 treated myotubes (day 3 in differentiation media) showed 

a reduction in mitochondrial DNA content, mitochondrial mass and membrane potential 

in a dose-dependent manner indicating defects in mitochondrial biogenesis during 

myogenic differentiation. Most interestingly, mdivi-1 treatment significantly suppressed 

myotube formation in both C2C12 cells and primary myoblasts. Likewise, stable 

overexpression of a dominant negative mutant Drp1 (K38A) dramatically reduced 

myogenic differentiation. These data suggest that Drp-1-dependent mitochondrial 

division is a necessary step for successful myogenic differentiation, and perturbation of 

mitochondrial dynamics hinders normal mitochondrial adaptations during muscle 
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development. Therefore, in the present study, we report a novel physiological role of 

mitochondrial dynamics in myogenic differentiation.  

Key words: myogenesis; mitochondrial dynamics; dynamin-related protein 1; 

mdivi-1 

 

3.2 Introduction 

 

Muscle precursor cells (or myoblasts) are adult muscle stem cells which have 

significant therapeutic potential to treat cardiovascular disease, muscle dystrophy and 

severe skeletal muscle trauma [191-193]. Upon activation, they recapitulate embryonic 

muscle development, which involves proliferation, cell cycle withdrawal, and subsequent 

differentiation to fuse into multinucleated syncytial myotubes [194, 195]. During this 

highly orchestrated multi-step process, mitochondria undergo extensive remodeling in 

their morphology, activity, and content [196-198] suggesting an essential role of 

mitochondria in successful myogenic progression. 

Mitochondria are dynamic organelles forming an interconnected network that is 

continuously moving, fusing and dividing in response to changes in cellular demands. 

These processes are regulated by several key mitochondrial fusion and fission proteins. 

Fusion between the mitochondrial outer and inner membranes is mediated by mitofusin 1 

and 2 (Mfn1 and Mfn2) and optic atrophy 1 (OPA1), respectively. Fission is mediated by 

dynamin related protein 1 (Drp1) and fission protein 1 (Fis1) [199]. Growing evidence 

suggests that the balance between the rates of fission and fusion contributes to 

mitochondrial quality control and response to stress, influencing cell survival and death 
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via maintaining mitochondrial homeostasis [200, 201]. Mitochondrial dynamics has also 

been implicated in the regulation of intracellular ROS production [202].  Recently, the 

physiological importance of the mitochondrial dynamics in normal muscle development 

has begun to be elucidated [203]. 

Drp1, a master fission mediator, is a cytosolic dynamin GTPase which is 

translocalized to the mitochondrial outer membrane forming constricting spirals around 

mitochondria to facilitate mitochondrial division. The activity of Drp1 is regulated 

predominantly by post-translational modifications [204]. Dephosphorylation at Ser 637 

has been shown to promote translocation of the cytosolic Drp1 to mitochondria and 

fission events [205, 206]. Drp1 also plays an important role in the regulation of cell 

survival, apoptosis, and mitophagy [207, 208]. For instance, Drp1-mediated 

mitochondrial fission is suggested to be essential for cell survival by clearing 

dysfunctional mitochondria and maintaining cellular homeostasis through mitophagy 

[208]. In one study, Drp1-depleted cells displayed increased apoptosis and reduced 

mitochondrial membrane potential [207]. Despite the importance of proper regulation of 

Drp1 in cell survival and mitochondrial quality control, its role in muscle development is 

less well understood. 

Therefore, we investigated the role of Drp1-dependent mitochondrial fission in 

myogenic differentiation using a mitochondrial division inhibitor, mdivi-1. Mdivi-1 is 

well characterized and the most efficacious inhibitor for Drp1 GTPase activity and its 

assembly on the mitochondrial outer membrane [209, 210]. Here, we demonstrated that 

inhibition of Drp1 and the consequent imbalance between mitochondrial fusion and 

division events suppressed myotube formation under myogenic stimulation, which was 
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accompanied by a reduction in cell survival and mitochondrial biogenesis. Together, our 

findings suggest that mitochondrial fission and fusion events play a crucial physiological 

role in myogenic differentiation and potentially in the differentiation of muscle stem cells 

during muscle regeneration. 

 

3.3 Materials and Methods 

 

Cell culture and differentiation.  C2C12 mouse myoblasts (American Type 

Culture Collection) were grown in growth medium (GM) consisting of Dulbecco’s 

modified Eagle‘s medium (DMEM) supplemented with 10% fetal bovine serum (Gibco) 

and 1% penicillin/streptomycin at 37°C and 5% CO2. Primary myoblasts were isolated 

from hindlimb muscles of two-week-old pups as we previously described [211].  

Myogenecity determined by Pax-7 staining was over 90 % of total number of cells in 

each culture (Data not shown). Myoblast differentiation was initiated when they reached 

90 - 95% confluency by incubating the cells in differentiation media (DM) consisting of 

DMEM supplemented with 2% horse serum (Invitrogen) and 1% penicillin/streptomycin. 

For some experiments, C2C12 myoblasts were maintained in DM supplemented with 

small molecule mitochondrial division inhibitor (mdivi-1, between 1 - 20 μM in DMSO, 

DMSO final conc. = 0.2%) and insulin (1 μg/ml) for the indicated period of time. IC50 of 

mdivi-1 is ~10 μM. Control cells were treated with 0.2% DMSO in DM. For some 

experiments, DM was supplemented with ROS scavengers Mito-TEMPO (25 μM) (Enzo 

Life Sciences) and N-Acetyl-L-Cysteine (NAC) (500 μM) (Sigma-Aldrich) in the 
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presence or absence of mdivi-1 (10 μM). During differentiation, media was changed 

every 24 hours. 

Transfection.  C2C12 cells were stably transfected with pcDNA3-Drp1-GFP or 

pcDNA3-Drp1(K38A) using FuGENE 6 (Promega) according to the manufacturer’s 

instruction. Selectively generated stable transfectants were maintained for more than 

three weeks in G418 (200 μg/ml) containing medium. G418 was added to all media used 

for the following experiments. 

Subcellular fractionation.  For Drp1 translocation assay and creatine kinase 

activity assay, subcellular fractionation was performed using a protocol modified from 

Frezza et al. (2007) [212]. Briefly, the cell pellet was resuspended in isolation buffer (320 

mM Sucrose, 1 mM EGTA, 10 mM Tris-HCl, pH 7.4) and disrupted using a Dounce 

homogenizer. To remove precipitated nuclei, membranes and non-disturbed large cell 

debris, the homogenized sample was initially centrifuged at 1,000 g for 10 min at 4 °C.  

Then, the supernatant was centrifuged at 10,000 g for 15 min at 4°C. Subsequently, the 

subfractioned mitochondrial pellet and cytosolic fractions were lysed in RIPA buffer and 

subjected to a Bradford assay for protein quantification. 

Immunoblotting.   Cells were washed three times with cold DPBS and lysed in 

RIPA buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% 

SDS, 1% Deoxycholate, pH 7.5). Following precipitation of insoluble fraction of the 

RIPA samples by centrifugation (16,000 g for 15 min at 4 °C), supernatants were 

collected and subjected to Bradford assay to quantify protein concentrations. For sample 

preparation for Drp1 translocation assay, please see subcellular fractionation section 

above. The resulting protein samples underwent SDS-PAGE and were transferred to 
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Immobilon-P membrane (Millipore). Subsequently, the membrane was blocked with 5 % 

nonfat dry milk in TBST for 20 min at room temperature and incubated overnight with 

respective primary antibodies. Antibodies were purchased from the following sources: 

mouse monoclonal anti-Drp1 (BD Biosciences), rabbit polyclonal anti-phospho-Drp1 

(Ser 637) (Cell signaling), mouse monoclonal α-tubulin (Sigma-Aldrich), mouse 

monoclonal anti-porin (anti-VDAC) (Invitrogen), rabbit polyclonal anti-caspase-3 (Cell 

signaling). The MF 20 monoclonal antibody developed by Dr. Donald A. Fischman 

(Cornell University Medical College, New York, NY) was obtained from the 

Developmental Studies Hybridoma Bank developed under the auspices of the NICHD 

and maintained by The University of Iowa, Department of Biology, Iowa City, IA 52242. 

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. 

Mitochondrial staining.   Mitochondrial morphology and activity were monitored 

by using MitoTracker Red CMXRos (Molecular Probes) [213]. Briefly, at the indicated 

differentiation time points, cells were incubated with 200 nM of MitoTracker Red in pre-

warmed medium for 20 min in a 37 °C cell culture incubator. After three washes in PBS, 

3.7 % paraformaldehyde solution in cell medium was applied to the cells for 20 min. The 

fluorescence intensity and mitochondrial morphology were analyzed and quantified using 

the Image J software (NIH). 

Mitochondrial morphometric analyses.   Morphometric analysis of mitochondria 

was performed using methods described previously [214, 215]. Briefly, microscopic 
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images were processed using Image J (NIH) to enhance brightness and contrast and 

subjected to convolutions to emphasize the edges of each mitochondrial particle. After 

modifying the threshold, individual mitochondrial particles were analyzed for circularity 

and major/minor axes. Form factor (FF: the reciprocal of circularity value) and aspect 

ratio (AR: major axis/minor axis of an ellipse equivalent to the object) were calculated 

and a scatter plot of AR vs FF was generated for each image. Both parameters have a 

minimal value of 1 when it is a small perfect circle and the value increase as 

mitochondria become elongated. Specifically, AR is a measure of mitochondrial length, 

and FF represents both mitochondrial length and branching. Furthermore, mitochondrial 

morphology of each cell was categorized into either normal (tubular), elongated, or 

fragmented.  Then, the number of cells in each category were counted and summarized as 

a percentage of the total cell number. Approximately 200 cells were analyzed for each 

condition. The analyses were performed blinded in triplicate by at least two individuals. 

Immunocytochemistry.  For myosin heavy chain staining, myotubes were fixed in 

ice-cold methanol for 5 min and rehydrated in PBS. After blocking for 30 min at room 

temperature, anti-sarcomeric myosin antibody MF-20 in 2% BSA/PBS was incubated for 

2 hours. Final concentration of 2 μg/ml of Alexa 488 secondary antibody was incubated 

for 1 hour at room temperature. Coverslips were mounted on Prolong-Gold with DAPI 

(Molecular Probes) and micrographs were acquired using a fluorescence microscope 

(Axioimager, Zeiss). In order to quantify the densities of differentiated myotubes, the 

number of myonuclei was estimated by determining the average myonuclei number 

within a given field. MHC-positive-stained areas having a minimum number of three 

nuclei were considered to be differentiated myotubes. 
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TUNEL staining. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end 

labeling (TUNEL) staining (Roche Applied Science) was performed to determine 

apoptotic nuclei during C2C12 differentiation with mdivi-1 treatment according to the 

manufacturer’s instructions. After 24 hours of mdivi-1 treatment (0, 1, 10, or 20 μM) in 

DM, cells were fixed in 4% paraformaldehyde for 1 hour. Cells were then permeabilized 

(0.1% Triton X-100 and 0.1% sodium citrate) for 2 min on ice. TUNEL reaction mixture 

was added to cells and incubated for 1 hour at 37 °C in a humidified incubator with 

occasional mixing. Cells were mounted in Prolong Gold with DAPI (Invitrogen) to label 

all nuclei. Stained nuclei were analyzed under a fluorescent microscope. Numbers of 

TUNEL-positive nuclei were counted in each condition and time point. DNase I-treated 

C2C12 cells were used as a positive control and those without terminal transferase 

enzyme were used as a negative control. 

Creatine Kinase activity assay.   Creatine kinase (CK) activity was measured in 

isolated cytosolic supernatants using EnzyChromTM CK Assay Kit. For sample 

preparation for the CK assay, please see subcellular fractionation section above. The 

assay was performed according to the manufacturer's instructions (BioAssay Systems). 

The values were normalized to protein concentration measured by Bradford assay. The 

activities were presented as Unit values. One unit of creatine kinase activity is equal to 

the activity required to transfer 1 μmole of phosphate from phosphocreatine to ADP per 

minute at pH of 6.0. 

mtDNA Content Quantification.  Total genomic DNAs of C2C12s which had been 

treated in DM with indicated concentration of mdivi-1 were isolated by using the DNeasy 

kit (QIAGEN). Their mtDNA content were assessed by semi-quantitative PCR. The 
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relative ratio between mitochondrial DNA (ND II; NADH dehydrogenase subunit 2) 

compared to nuclear DNA (18s rRNA) amount was calculated. Primer sequences were as 

follows:  

NDII  

Sense, 5’- CCTATCACCCTTGCCATCAT – 3’ 

Antisense, 5’- GAGGCTGTTGCTTGTGTGAC – 3’ 

18s rRNA  

Sense, 5’-CTTAGAGGGACAAGTGGCGTTC-3’ 

Antisense, 5’-CGCTGAGCCAGTCAGTGTAG-3’ 

mRNA isolation, cDNA synthesis, and Semi-quantitative PCR.   mRNAs were 

isolated using Dynabeads direct kit, and cDNA synthesis were performed on poly-dT 

magnetic beads by reverse transcription using superscript II (Invitrogen). mRNA 

expression levels for muscle differentiation markers were measured by semi-quantitative 

PCR. Three housekeeping genes TIF1, HPRT1, and GAPDH were used as controls to 

ensure reliability of the assay. The primer sequences used are described in Table 3.1. 
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Statistics.   The results are presented as mean ± SD (unless otherwise indicated) 

for a minimum of three independent experiments in triplicate. All comparisons were 

made to the control conditions (Sub-confluent or 0 μM mdivi-1) for each variable using 

either One-way ANOVA or a two tailed t-test analysis depending on how many 

conditions were compared in each experiment. One-way ANOVA was followed by 

Tukey’s post hoc test. The significance level was set at P < 0.05. 
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3.4 Results 

 

Increased Drp1 expression and translocation to mitochondria during C2C12 

myotube differentiation.  To examine the importance of Drp1 during myogenic 

differentiation, we assessed Drp1 protein expression level in subconfluent myoblasts and 

differentiating myotubes. When C2C12 cells reached between 90-95% confluency, 

myotube differentiation was induced by replacing GM with DM as described above. The 

majority of myoblasts were differentiated and fused to form multinucleated syncytial 

myotubes indicated by myonuclei per field of ~ 60% within three days in DM (Fig 3.1A). 

During the three day differentiation period, protein expression of Drp1 was significantly 

and gradually upregulated (to ~350% in 3 days) (Fig. 3.1B). This observation raised a 

question as to whether the increased cytosolic Drp1 translocated to mitochondria and 

participated in mitochondrial remodeling during muscle differentiation. Therefore, we 

next assessed the phosphorylation state at Ser 637 residue of Drp1. As shown in Fig. 

3.1C, there was a fast reduction of Drp1 phosphorylation (to ~30%) which was initiated 

as early as 30 min after DM exposure. The dephosphorylation state of Drp1 was 

maintained during the entire experimental period of up to 3 days (Data not shown). As 

the changes in phosphorylation state at Ser 637 are associated with mitochondrial 

localization of Drp1, we next examined the abundance of Drp1 protein in subfractionated 

cytosolic and mitochondrial portions in differentiating C2C12 cells. Expectedly, we 

found that the level of Drp1 protein in mitochondria fraction increased during C2C12 

myotube differentiation and there was no complementary reduction in the amount of 

cytosolic Drp1 (Fig. 3.1D, left panel). The mitochondrial to cytosolic Drp1 protein ratio 
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peaked on the second day of myogenic differentiation (Fig. 3.1D, right panel). These data 

indicate that Drp1 protein expression is upregulated and rapidly translocalized to 

mitochondrial compartment during C2C12 myotube differentiation. 
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Inhibition of mitochondrial division by mdivi-1.  We analyzed mitochondrial 

morphology at the single cell level by an objective systematic quantification method as 

described previously [214, 215]. As shown in Figure 3.2A, each C2C12 cell within a 

given micrograph field showed a distinct mitochondrial morphology which was 

confirmed by a morphometric analysis (right panel), and we categorized them into either 

normal (tubular)-, elongated- or fragmented-shaped mitochondria containing cells. A 

large number of cells (~70%) presented a  tubular shape under the no treatment condition 

whereas the frequency of elongated mitochondria-containing cells was dramatically 

increased with mdivi-1 treatment in a dose-dependent manner (from 26.8% to 61.7%) 

(Fig. 3.2B). 
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Drp1 inhibition and myotube differentiation.  To further assess a role of Drp1 in 

myogenic differentiation, we performed pharmacological inhibition studies using mdivi-

1. We examined mRNA expression levels of key myogenic regulatory factors (MRFs) 

(i.e. MyoD and Myogenin) by semi-quantitative PCR. MyoD is required for the 

formation, propagation, and survival of skeletal muscle myoblasts, and myogenin acts 

later in the program likely as differentiation factor [216]. The mRNA expression levels of 

MyoD and Myogenin were significantly suppressed by mdivi-1 treatment in 

differentiating C2C12 cells (Fig. 3.3A and 3.3B). Also, the muscle fiber specific gene 

MHC I mRNA level was remarkably decreased in the presence of mdivi-1 (Fig. 3.3A and 

3.3B). We also measured CK activity in the differentiating myotubes. CK activity was 

significantly diminished in mdivi-1 treated differentiating myotubes compared to the 

control (Fig. 3.3C). Accordingly, immunostaining showed a dramatic decrease in total 

myosin expression levels in mdivi-1 treated myotubes derived from both C2C12 cells and 

primary myoblasts (Day 3) (Fig. 3.4A, top panel). Analysis of the number of myonuclei 

per field indicated significantly less multinucleated myotube formations in mdivi-1 

treated cells (Fig. 3.4A, bottom panel). As low as 1 μM concentration of mdivi-1 was 

sufficient to cause the comparatively slower myogenesis than non-treated cells, and 10 
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μM and 20 μM of mdivi-1 resulted in further reduction of myotube formation. Likewise, 

stable overexpression of a dominant negative mutant Drp1-K38A decreased myotube 

differentiation compared to the control (Fig. 3.4B). 
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Inhibition of Drp1-dependent mitochondrial division and apoptosis.  To assess 

whether inhibition of Drp1 increase cell death, we assessed the activated form of caspase-

3, an executioner caspase. A 3.5-fold increase in caspase-3 activation was observed 

shortly after induction of myogenic differentiation (Figure 3.5A). Under the Drp1 

inhibited condition, increased caspase-3 activation was observed at 6 and 9 hours of 

differentiation (Fig. 3.5B). Also, we observed a dramatic increase in number of floating 

dead cells in mdivi-1 treated condition over the entire experimental period in a dose-

dependent manner as shown in the phase-contrast micrographs (Fig. 3.5C). Furthermore, 

mdivi-1 significantly increased the number of TUNEL-positive cells (up to 10-fold) in a 

dose-dependent manner (Fig. 3.5D). 
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Inhibition of Drp1-dependent mitochondrial division and mitochondrial 

biogenesis. We first measured mtDNA copy number as a surrogate marker for 

mitochondrial content in differentiating myotubes which were cultured in mdivi-1 or 

DMSO supplemented DM for 3 days. There was a significant increase in mtDNA copy 

number in 0 μM of mdivi-1 treated myotubes compared to the subconfluent myoblasts. In 

addition, we observed a significant and dose-dependent reduction of mtDNA copy 

number in mdivi-1 treated myotubes. Interestingly, differentiation-mediated 

mitochondrial biogenesis was completely blocked by 20 μM of mdivi-1 treated myotubes 

(Fig. 3.6D). To confirm the observed difference in mitochondrial biogenesis, we stained 

cells with MitoTracker Red (Fig. 3.6A), a lipophilic cation dye which is sensitive to the 

mitochondrial membrane potential, and determined mitochondrial content and 

mitochondrial membrane potential by measuring percent red fluorescence positive pixels 
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(Fig. 3.6B) and fluorescence intensity (Fig. 3.6C) [217], respectively. Mdivi-1 treated 

differentiating C2C12 cells displayed significantly lower percentage of fluorescence 

positive pixels. In addition, the MitoTracker Red fluorescence intensity was also 

significantly decreased (~70% reduction) in the mdivi-1 treated myotubes (Fig. 3.6C). 
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ROS and myotube differentiation. Mitochondrial fission has been associated with 

elevated production of ROS [202]. Therefore, we used a mitochondrial-targeted 

superoxide scavenger, Mito-TEMPO and N-Acetyl-L-cystein (NAC), to determine a 

possible role of ROS in C2C12 myotube differentiation. As shown in Fig. 3.7, we 

observed that both Mito-TEMPO and NAC treatment impaired myotube formation.  NAC 

treatment decreased myotube formation to a greater extent compared to Mito-TEMPO. 

Co-treatment of the antioxidants with mdivi-1 further decreased the myotube formation 

compared to their (-) mdivi-1. 
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3.5 Discussion 

Although mitochondrial fusion/fission events have been consistently documented 

in muscle cells, the physiological importance of these processes in myogenesis remains 

unclear. In the present study, we report an essential role of Drp1, a master fission 

mediator, in myotube differentiation. We observed dephosphorylation of Drp1 (Ser 637) 

and consequent translocalization to mitochondria in the early phase of differentiation. 

Genetic and pharmacological inhibitions of Drp1 led to an impaired myotube formation 

which coincided with increased apoptosis and defects in mitochondrial biogenesis. These 

data suggest that mitochondrial dynamic events are crucial for myogenic differentiation 

through regulating mitochondrial remodeling. 

Drp1 and apoptosis 

The present study indicates that mitochondrial fission plays a critical role in 

myogenesis through several distinct pathways. First, we observed that a disruption of 

mitochondrial division led to an elevation of apoptotic potential indicated by the 

increases in active caspase-3 (cleaved), floating dead cells and TUNEL-positive cells 

(Fig. 3.5). Apoptosis concurrently occurs during myogenic differentiation through at least 

three different apoptotic pathways previously described (i.e. extrinsic death receptor, 

intrinsic mitochondrial, and ER stress-mediated) [218-221]. In muscle progenitor cells, 

the dysregulation of apoptosis contributes to the low regeneration capability of aging 

skeletal muscle [222] and poor outcomes of stem-cell-based therapy [223, 224]. On the 

other hand, the mitochondrial fission process has been recognized as an important initial 

step to induce apoptosis through modulating mitochondrial outer membrane 

permeabilization and cytochrome c release [201, 225]. Thus, we initially hypothesized 
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that inhibition of Drp1 would decrease apoptosis. Surprisingly, however, we observed 

that inhibition of Drp1-mediated mitochondrial fission led to increased apoptosis with 

only a transient reduction of cytochrome c release (unpublished data). To this end, 

although a link between mitochondrial fission and apoptosis has been evidenced in some 

models, the concept of a direct relationship between these two processes has been 

recently challenged. For instance, apoptotic stimuli induce expression of pro-fission 

molecules and their mitochondrial translocalization, and suppression of Drp1 desensitizes 

cells to apoptotic insults [226, 227]; however, in other cell culture systems, Drp1 

depletion led to a higher rate of cytochrome c release and increased apoptosis of these 

cells [207]. 

Drp1 and mitochondrial biogenesis 

We found that the imbalance between mitochondrial fission and fusion events 

hinders successful mitochondrial remodeling during myogenic differentiation (Fig. 3.6). 

During myogenic differentiation, mitochondria undergo extensive remodeling in terms of 

their size, content, and activity through a process referred to as mitochondrial biogenesis 

[196, 197]. A number of studies demonstrated that the mitochondrial biogenesis is a 

necessary step in successful muscle development. For instance, enhancing [228-230] or 

suppressing [231, 232] mitochondrial biogenesis potently alters myogenic differentiation 

of myoblasts in culture and animal models. The formation of myotube was severely 

impaired in PGC-1β knockdown model or mtDNA-depleted myoblasts [231]. Moreover, 

previous studies showed that defects in mitochondrial fusion and fission processes were 

associated with failure of normal mitochondrial proliferation [199]. Therefore, our data 

suggest that mitochondrial division protein Drp1 may participate in C2C12 differentiation 
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through, at least in part,  regulation of mitochondrial remodeling. Further studies are 

needed to identify the upstream mechanism of Drp1 activation during myogenic 

differentiation and the possible downstream function of Drp1-dependent mitochondrial 

division responsible for mitochondrial quality control during myogenic differentiation. 

Drp1 and mitochondrial ROS 

Mitochondrial fusion/fission dynamics are closely related to intracellular redox 

state. In particular, our data [233] as well as others [234] showed that inhibition of 

mitochondrial fission is associated with reduced ROS generation under certain stress 

conditions. Therefore, we hypothesized that the impaired myogenesis observed in mdivi-1 

treatment condition is associated with limiting essential mitochondrial ROS. To test this 

hypothesis, we treated cells with NAC or Mito-TEMPO and determined if these 

antioxidants caused similar myogenic dysregulation. As shown in Fig. 3.7, 

supplementation of these ROS scavengers in DM significantly reduced myotube 

formation, and the presence of mdivi-1 in each condition further decreased myogenesis. 

ROS, generally, is thought to be cytotoxic when excessive amount is produced and 

sustained. However, ROS at low concentrations has been shown to serve as an important 

intracellular signaling molecule mediating cellular responses. Malinska et al. (2012) 

reported a significant increase in ROS production during myogenic differentiation and 

the authors speculated that this might be related to metabolic remodeling during myotube 

formation [235]. Furthermore, it has been shown that both genetic and pharmacological 

inhibition of NADPH oxidase [236] or antioxidants [237] inhibit C2C12 muscle 

differentiation. Activation of the ROS sensing transcription factor, NF-κB, and its 

downstream target (i.e. iNOS) has been shown to be responsible for the positive 
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regulatory effect of ROS in myogenic process [238, 239]. There is, however, discrepancy 

regarding the exact role played by ROS in the differentiation process. Thus, further 

research is warranted in order to identify the specific role of mitochondrial fission-

mediated ROS generation during myogenic differentiation. 

Mitochondrial dynamics and myogenesis 

This is the first study, to our knowledge, directly targeting the core mitochondrial 

dynamics machinery to examine a crucial physiological role played by mitochondrial 

dynamics during myogenic differentiation. In this study, we found that the disruption of 

intrinsic fusion/fission events resulted in mitochondrial dysregulation and programmed 

cell death, suggesting that mitochondrial retrograde signaling pathways are potentially 

involved in myogenesis.  

Studies have demonstrated that impairment of mitochondrial function and activity 

blocks myogenic differentiation. For instance, inhibition of a necessary metabolic shift 

from glycolysis to oxidative phosphorylation inhibits myogenesis [196, 197]. Thus, the 

failure of mitochondrial biogenesis and enlargement of mitochondrial networks, that we 

observed here, may contribute to the switching off the normal differentiation program. 

Moreover, mitochondrial dynamics has been shown to be precisely coupled with cell 

cycle progression such that antagonistic and balanced activities of fission/fusion proteins 

were critical for cell proliferation and normal embryonic development [240, 241]. 

Recently, mitochondrial fission/fusion dynamics have been linked to S-phase entry 

during cell cycle progression [242]. The levels of Drp1 are regulated in a cell cycle-

dependent manner [243, 244], and cells with down-regulated expression of Drp1 did not 

exit the cell cycle and failed to progress to differentiation [245]. As cell cycle withdrawal 
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is a prerequisite for muscle cell differentiation [246], disruption of mitochondrial 

dynamics may block initiation of a terminal differentiation program by altering cell cycle 

progression. 

Interestingly, a recent study by De Palma et al. (2010) [247] reported that 

enhanced Drp1 activity and the resultant excessive mitochondrial fragmentation delays 

myogenic differentiation, especially in the early phase of differentiation (3 - 12 hours in 

DM). This study [247] elegantly demonstrated that, using a specific nitric oxide (NO) 

synthase inhibitor, inhibition of NO/cGMP pathway increases Drp1 GTPase activity, 

translocation and binding to mitochondria, which is accompanied by downregulation of 

the key myogenic regulatory factors. These results suggest that NO-dependent inhibition 

of Drp1 is an important step during early myogenic differentiation, which is seemingly 

contradictory to our finding that inhibition of Drp1 activity impairs myogenic 

differentiation. Although further researches are needed to fully appreciate this 

discrepancy, it appears that either over-activation or inhibition of endogenous Drp1 

results in delaying myogenic differentiation. Collectively, these findings suggest that 

tight regulation of Drp1 activity, and most importantly, maintaining an intrinsic 

mitochondrial fission and fusion dynamics is crucial for progression of myogenic 

differentiation. 

Mdivi-1 and myogenic differentiation 

In this study, we used the Drp1 specific inhibitor mdivi-1 to examine whether the 

functional impairment of Drp1 would directly modulate C2C12 myotube differentiation. 

The mdivi-1 targets the allosteric site of Drp1 and suppresses its conformational change 

which is necessary for Drp1 self-assembly and GTPase activity [209]. It has been shown 
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that mdivi-1 inhibits mitochondrial division to a similar extent as that of the dominant 

negative mutation, Drp1 K38A [209, 227]. Based on the previous study, we expected that 

the introduction of mdivi-1  could be used as a reliable tool to dissect the exact role of 

Drp1 throughout myogenic differentiation as it has already proven to be a selective, 

rapid, and reversible inhibitor of Drp1 with reduced indirect effects as opposed to 

genetically modified models using mutant, knockout cells, or RNAi techniques [210]. 

Recently, mdivi-1 has emerged as a potential novel therapeutic compound for heart 

failure, cardiac ischemia-reperfusion injury, pulmonary hypertension, and Parkinson’s 

disease [210, 248-251]. While it is too early to be conclusive, the results from our study 

provide an important insight into a potential adverse effect of mdivi-1 in myogenic 

differentiation. 

Perspectives and Significance 

In the present study, we report a novel physiological role of Drp1-dependent 

mitochondrial division in myoblasts survival and mitochondrial remodeling during 

myogenic differentiation. Further investigation is warranted to determine whether the 

Drp1 and mitochondrial fission process is a critical component in muscle regeneration in 

adult skeletal muscles. Furthermore, there seems to be a logical necessity of examining 

potential adverse effects of mdivi-1 treatment in vivo on muscle development and 

regeneration, particularly under pathological conditions such as severe muscle injuries. 
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