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Purpose: The world population is growing exponentially older. The age-related loss of muscle 

mass and strength, termed sarcopenia, leads to loss of function and independence, disability, and 

increased mortality. Declining endothelial function during aging may increase dysfunction in 

muscle. Exercise may partly rescue muscle vascular function. High intensity interval training 

(HIIT) is a form of exercise that involves short bursts of intense exercise alternated with low 

intensity recovery periods. The main purpose of this study was to investigate the impact of age on 

endothelial response to HIIT. We also sought to determine the impact of HIIT on capillarization 

in both adult and older adult mice. Homogenized gastrocnemius C57BL/6 mice samples were used. 

The study randomly assigned C57BL/6 mice to a 13-week program of HIIT, with an additional 

sedentary control group. Randomized mice were adult ages (aged 6 months to 10 months) or older 

adult ages (aged 22 months to 26 months). Due to complications incurred during the SARS-CoV-

2 epidemic, 28-months old mice served as the sedentary control group (28m). The functional 

ability of each mouse was measured pre- and post-training using our comprehensive functional 



   

 

 
 

assessment battery (CFAB) composite scoring system, consisting of five validated tests. 

Sarcopenia was measured through analyses of body composition (EchoMRI) and post-training 

muscle wet mass. Western immunoblots were performed using gastrocnemius homogenates to 

determine expression of vascular endothelial growth factor (VEGF), a potent angiogenic promoter, 

and immunohistochemistry was performed to determine the capillary to fiber ratio. We observed 

no statistically significant differences in VEGF expression with either age or exercise status 

compared to controls two days after the final training session, comparing means with a 1-Way 

ANOVA. However, due to large individual sample variation limiting power in the ANOVA, we 

used independent samples t-test, finding older mice had significantly less baseline VEGF 

expression, VEGF in older mice HIIT group tended to be elevated compared to controls, and HIIT 

restored VEGF levels to baseline levels of young adult mice. Immunohistochemistry results 

showed no statistical difference in capillarization between groups (HIIT, CON) in the older adult 

mice, albeit with a low n=3 per group. Results from the present study suggest that a HIIT training 

mode may not lead to chronically elevated VEGF levels within muscle in adults but may do so in 

older adults. This suggests that incorporating HIIT may enhance endothelial health in older adults. 

Future work is needed to determine if VEGF increased transiently after acute exercise bouts, and 

whether age plays a role in this response.  
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Chapter I: Introduction 

The world population is steadily growing older. The number of individuals over the age of 

60 was predicted to increase 10-fold from 1950 to 2050 to over 2 billion worldwide (United 

Nations, 2015), and currently there are roughly 703 million adults aged 60 or over. The dramatic 

increase in the proportion of older adults worldwide has brought attention to age-related 

impairments. While multimorbidity can develop at any age, the number and complexity of 

comorbid conditions usually increase with advancing age. These include increases in the risk of 

chronic diseases such as type 2 diabetes, arthritis, cancer, and cardiovascular disease (CVD). 

Cardiovascular disease ranks first in terms of global mortality and morbidity (Tsao et al., 2023). 

More than 70% of adults develop CVD by the age of 70 years, among whom more than two thirds 

also develop non-CVD comorbidities (Dunlay & Chamberlain, 2016). Older adults are more prone 

to developing CVD because age plays a key role in impairing the optimal functionality of the 

cardiovascular system. Other comorbidities may result from age-related declines in physiological 

and physical function. Exercise capacity also declines and together these factors increase risk for 

development of sarcopenia (age-related loss of muscle mass and strength) and frailty (inability of 

body to thrive and maintain homeostasis) (Fleg, 2012). This may contribute to increased sedentary 

time for older adults. A sedentary lifestyle increases all-cause mortality and the risks for diabetes 

mellitus, CVD, hypertension, and cancers that may accelerate a loss of independence (Patterson et 

al., 2018).  It is important to find factors which reduce the risk of dependence in basic activities of 

daily living.  

Chronic diseases create a burden for older adults, especially because they frequently suffer 

from multiple comorbidities. As the world population grows older, it becomes increasingly 

important to find ways to improve or mitigate chronic disease. Higher cardiorespiratory fitness 
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(CRF) is associated with improved survival and decreased incidence of CVD and other 

comorbidities (Al-Mallah et al., 2018). Endurance exercise has been demonstrated to improve 

cardiorespiratory fitness. Endurance exercise may also enhance endothelial health (Ferrari et al., 

2019). Proper endothelial cell function is essential to ensure maintenance of vascular homeostasis. 

Through exercise, endothelial cells can signal the growth of new capillaries. The most central 

angiogenic factor in skeletal muscle capillary growth is VEGF. During muscle contraction, VEGF 

increases in the muscle interstitium, acts on VEGF receptors on the capillary endothelium, and 

thereby stimulates angiogenic processes (Gavin et al., 2017). This enhances the cardiovascular 

system as capillaries have the important function of delivering oxygen, nutrients, and hormones in 

tissues. Recently, HIIT has been recognized as a safe and effective alternative to moderate-

intensity continuous training (MICT) for older patients with CVD in cardiac rehabilitation settings 

to improve health outcomes (Dun et al., 2019). The effect of HIIT on underlying mechanisms and 

specific HIIT protocols for older patients has not been adequately reviewed. By investigating the 

effects of HIIT, this study will contribute to the knowledge needed to effectively design and 

implement proper interventions of exercise for improving or mitigating endothelial dysfunction in 

older individuals. 

 

 

Purpose  

This study's main purpose was to investigate the impact of age on the vascular endothelial 

baseline response, including expression of the potent angiogenic factor VEGF to HIIT. Second, 

this study sought to determine the impact that age and training modes had on the amount of 
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(VEGF-mediated) capillarization in the gastrocnemius muscle. For this purpose, homogenized 

C57BL/6 mice samples from the study by Pajski et al. (2021) were used. 

 

Hypothesis  

We hypothesized that a prescribed endurance exercise program, in the form of HIIT, would 

better improve endothelial (vascular) health compared to sedentary controls. The parameter to 

measure vascular health will be VEGF expression and capillarization. Furthermore, our secondary 

hypothesis was that older mice would receive less benefit from a similar volume of exercise than 

adult mice. This study will examine the role of exercise intensity on vascularity (endothelial health) 

in muscle. A better understanding of how exercise intensity affects endothelial health would be 

expected to result not only in a better comprehension of physiological adaptations, but also 

improve the body of knowledge for prescribing more effective exercise interventions.  

  



 

   

 

   

 

Chapter II: Review of the Literature 

Life expectancy has increased over the past century (Crimmons, 2015). While this 

represents a fundamental triumph in human achievement, there are health challenges that impact 

older adults. Chronic diseases represent a major problem which is not only associated with health 

specific concerns, but which also impact quality of life and independence. Exercise interventions 

can improve CVD, but the best mode of exercise for enhanced vascular improvements is not well 

known. High intensity interval training is an underutilized tool for improving or mitigating CVD 

that may serve as an alternative to or in conjunction with endurance protocols. This study 

investigated the effects of age and HIIT on endothelial health (VEGF levels and capillarization). 

This review of literature will examine the following topics: cardiovascular aging, endurance 

exercise, endothelial function, VEGF, capillarization, influence of exercise intensity and 

difference in physiological adaptations to exercise in adults versus older adults.  

 

Cardiovascular Aging  

Cardiovascular aging is a highly dynamic process that has prominent effects on the heart, 

arterial system, and endothelium (Xu et al., 2017). Aging lowers the threshold for CVD by 

promoting adverse changes in cardiac function and structure, related to a decline in the 

cardioprotective molecular mechanisms (Xu et al., 2017). Vascular aging describes a process of 

endothelial dysfunction and vascular remodeling. Vascular aging is also characterized by 

pathological alterations including increased arterial stiffness, plaque formation luminal 

enlargement, wall thickening, hypertrophy, and more (Obas & Vasan, 2018). These detrimental 

effects may lead to hypertension, stroke, atherosclerosis, and myocardial infarction (Obas & 

Vasan, 2018). However, cardiovascular structural and functional changes can still be modulated 
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even in older adults. Lifelong exercise is associated with fewer age-related changes in the heart 

(Maessen et al., 2016). In available studies, vigorous physical activity was related to increased 

stroke volume and inversely correlated to vascular stiffness (Heiss & Haendeler, 2018). However, 

significant gaps remain in our understanding of the molecular mechanisms underlying the diverse 

functional and structural changes involved in cardiac aging. 

 

Endurance Exercise 

Exercise is known to positively affect endothelial function (Nystoriak et al., 2018). In older 

adults, prevention of cardiovascular disease by physical exercise plays not only a beneficial effect 

on physical function, but also adds to the preservation of overall quality of life. Aerobic exercise 

training leads to many physiological and biochemical adaptations in the cardiovascular system, 

endothelium, and skeletal muscle tissue. Major systemic cardiovascular adaptations include 

increased cardiac output through improvements in cardiac structure and function, and enhanced 

blood volume (Nystoriak et al., 2018). Peripheral adaptations in response to training include 

increases in oxidative and glycolytic enzymes, mitochondrial content, and increased capillarization 

in skeletal muscle (Nystoriak et al., 2018). The systemic cardiovascular adaptations increase 

maximal skeletal muscle perfusion capacity during whole body work, whereas the peripheral 

adaptations improve oxygen diffusion capacity and oxygen utilization. It has been proposed that a 

high proportion of cases of late life dementia can be attributed to cardiovascular risk factors (e.g., 

hypertension, diabetes, and obesity), which are the main modifiable factors that can be targeted 

for intervention. Endurance exercise has been shown to mitigate cardiovascular disease (Maessen 

et al., 2016).  
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Endothelial Function 

Endothelial function is a common cardiovascular parameter to measure healthy vascular 

aging (Verma & Anderson, 2003). Endothelial function is essential in ensuring proper maintenance 

of vascular homeostasis (Godo & Shimokawa, 2017). The endothelium is a thin membrane that 

lines the inside of the heart and blood vessels. A healthy endothelium helps regulate cardiovascular 

physiology by fine tuning vascular tone, tissue perfusion and oxygenation, resistance to 

thrombosis, inhibition of underlying smooth muscle cell proliferation, and adhesion of 

inflammatory cells to vessel wall (Godo & Shimokawa, 2017).  

The endothelium regulates vascular tone by synthesizing and releasing various 

endothelium-derived relaxing factors including nitric oxide (NO). Nitric oxide is a potent 

vasodilator that also plays roles in inhibiting vascular inflammation and preventing clots 

(Heffernan et al., 2010). As endothelial cells age, there is a reduction in endothelial nitric oxide 

synthetase (eNOS) activity, in turn reducing the abundance of endothelial-derived NO (Davies et 

al., 2009). The release of NO by the endothelial cells can be chronically upregulated by VEGF, 

dietary factors, and exercise (Davies et al., 2009). This can also be downregulated by oxidative 

stress, smoking, and pollution, and is also reduced with aging and vascular disease. Hemodynamic 

shear stress, the frictional force acting on endothelial cell surface from blood flow, is one of the 

most potent inducers of eNOS activity (Davies et al., 2009). As the blood vessels age, there is a 

decline in NO due to the endothelial cells becoming less responsive to shear stress (Seals et al., 

2011). This is one of the many physiologic differences that may lead to enhanced adaptations from 

exercise in younger adults versus older adults.  

The endothelium also plays a role in regulating inflammation. Low grade chronic 

inflammation can increase the risk of atherosclerosis and insulin resistance which are the leading 
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mechanisms in the development of frailty and CVD (Soysal et al., 2020). The risk of CVD is higher 

in older people with frailty and the risk of frailty is higher in patients with CVD, there may be 

relationship between inflammation and the development of CVD and frailty. Concurrent diseases 

like these may impair older population and lead to losing independence, increasing sedentary 

behavior (Hassan et al., 2021).  

  On the other hand, endothelial dysfunction is the hallmark of a wide range of 

cardiovascular diseases associated with pathological conditions that can cause vasoconstriction, 

thrombosis, and inflammatory state (Godo & Shimokawa, 2017). Endothelial dysfunction is 

caused, in part, by reduced production or the action of endothelium-derived relaxing factors and 

could be an initial step toward CVD. Endothelial dysfunction can also occur due to arterial 

thickening and stiffness that occurs with aging of the vasculature. Vascular dysfunction associated 

with aging leads to a variety of age-related pathologies, including loss of adequate tissue perfusion, 

insufficient vascular growth or regression, or excessive growth and remodeling (Rajendran et al., 

2013).  

Endothelial function is a common cardiovascular parameter to measure healthy vascular 

aging and was used for this study. A healthy endothelium helps regulate cardiovascular physiology 

by ensuring proper maintenance of vascular homeostasis. It does so by fine tuning vascular tone, 

tissue perfusion and oxygenation, resistance to thrombosis, and more. The endothelium plays a 

key role by synthesizing and releasing an array of endothelium-derived factors. These angiogenic 

factors like VEGF or NO can serve as indices of vascular health (Davies et al., 2009). 
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Vascular Endothelial Growth Factor 

Vascular endothelial growth factor represents a potent angiogenic factor that is essential in 

the regulation of physiological angiogenesis like capillarization (Melincovici et al., 2018). 

Capillarization is the growth process of new capillaries from existing capillaries in response to a 

change in the mechanical and/or metabolic environment. Capillaries have a vital role in delivering 

oxygen, hormones, and nutrients throughout the body. Increasing capillary numbers are important 

for achieving full exercise capacity (Olfert et al., 2009). Higher cardiorespiratory fitness (CRF) is 

associated with improved survival and decreased incidence of CVD and other comorbidities (Al-

Mallah et al., 2018). In this way, this expansion of the capillary network supports vascular health.  

VEGF is necessary for regulating both cardiac and skeletal muscle capillarity, and a 

reduced number of VEGF-dependent muscle capillaries limits aerobic exercise capacity (Olfert et 

al., 2009). An early study researched the organ-specific functional role of VEGF. To explore this 

issue, Olfert et al. (2009) engineered skeletal muscle-targeted VEGF deficient mice. VEGF protein 

levels were reduced up to 90% in gastrocnemius muscle. This was accompanied by 48% and 39% 

decreases in the capillary-to-fiber ratio and capillary density, respectively, in the gastrocnemius 

and a 61% decrease in cardiac muscle capillary density. After the depletion, aerobic exercise 

capacity decreased. Maximal running speed and endurance running capacity were reduced by 34% 

and 81%, respectively, in mVEGF−/− mice compared to control mice. Since then, meta-analysis 

has supported the organ-specific role of VEGF in regulating cardiac and skeletal muscle capillarity 

(Hoier et al. 2014). 

Muscle VEGF expression is upregulated by exercise. At least three physiological factors 

are thought to be involved in exercise-induced angiogenesis in skeletal muscle: (i) increased blood 

flow and thereby shear stress; (ii) mechanical stretch of the tissue; and (iii) enhanced metabolism 
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(Brown & Hudlicka, 2003). It is well established that aerobic training has an angiogenetic effect 

promoting skeletal muscle oxidative adaptation and increasing the expression of VEGF which is a 

major growth factor involved in the proliferation and stabilization of endothelial cells (Gavin, et 

al., 2017). Increased VEGF mRNA and protein expression are also stimulated by resistance 

exercise training, and the acute effect of resistance exercise training on angiogenic growth factors 

seems to be comparable to that of endurance exercise. The focus of this study was to investigate 

VEGF protein expression and capillarization within the muscle in response to HIIT.  

 

The Effect of Exercise Type on VEGF Concentrations 

Studies have analyzed the effects of exercise on VEGF concentrations in the older adult 

population (Adams et al., 2004; Park et al., 2010; Sandri et al., 2011, 2005). The results indicated 

exercise increases VEGF concentrations (Adams et al., 2004; Park et al., 2010; Sandri et al., 2011, 

2005). Physical exercise promotes many alterations in the cardiovascular components that could 

be the mechanisms leading to increased VEGF expressions (Melincovici et al., 2018). These 

include increasing shear rate, tension, systolic volume, or local hyperemia, and an increase in nitric 

oxide. The type and duration of exercise will have different effects on VEGF concentrations. 

Aerobic exercise promotes an increase in VEGF expression compared to resistance 

training. One study observed that resistance exercises of high and low intensity in a young 

population resulted in no increase in VEGF concentrations (Rojas et al., 2010). Comparable results 

were observed for an elderly group who performed a resistance training protocol. The study 

observed no increase in VEGF (Ogawa et al., 2010). Another study observed that a combined 

exercise training consisting of aerobic exercise, band exercise, and yoga exercise for 70 minutes 

three times per week observed an increase on VEGF concentrations (Park et al., 2010). Each 
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session reserved 40 minutes for aerobic exercise. Another study analyzed the effects of acute 

aerobic exercise on VEGF levels. This study found that 4-hours after a submaximal test, the VEGF 

levels were increased in sedentary men and women compared to baseline VEGF levels pre 

submaximal exercise test (Croley et al., 2005). 

Acute aerobic exercise may promote an increase in VEGF concentrations. However, there 

is no consensus on whether VEGF levels are chronically elevated. An interesting observation was 

reported in a study on mice, where VEGF protein levels were elevated after seven days of 

voluntary treadmill running (Olenich et al., 2013). One study observed an increase in VEGF 

concentrations in humans following a short 4-week protocol consisting of endurance based aerobic 

activities (Sandri et al., 2005). However, another study in humans demonstrated that high intensity 

intermittent training induced capillary growth while finding no significant changes in VEGF levels 

after a 4-week training program (Jensen et al., 2004). On the other hand, Park et al. (2010) found 

an increase in levels of VEGF after 12 weeks (about 3 months) of physical exercise. Aerobic 

training protocols may increase VEGF concentrations, but the role of intensity on VEGF is still 

inconclusive. Further studies using an aerobic protocol should be done to elucidate the association 

between intensity of aerobic exercise and VEGF concentrations. 

 

Exercise Induced Capillary Growth 

Exercise training expands the capillary network (Hoier et al., 2014). The vasculature is 

normally quiescent. In skeletal muscles, an increase in capillary numbers is a hallmark of 

adaptation to endurance exercise training, contributing to increased aerobic capacity. This has been 

shown in both young and elderly humans based usually on the analysis of invasively obtained 

muscle biopsies. Higher cardiorespiratory fitness (CRF) is associated with improved survival and 
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decreased incidence of  CVD and other comorbidities (Al-Mallah et al., 2018). This is an important 

adaptation in skeletal muscle that secures adequate diffusion capacity for oxygen and nutrients 

even at high-intensity exercise when increases in muscle blood flow are profound. Mechanical 

forces present during muscle activity, such as shear stress and passive stretch, lead to cellular 

signaling, enhanced expression of angiogenic factors, and initiation of capillary growth (Hoier et 

al., 2014). The most central angiogenic factor in skeletal muscle capillary growth is VEGF. During 

muscle contraction, VEGF increases in the muscle interstitium, acts on VEGF receptors on the 

capillary endothelium, and thereby stimulates angiogenic processes (Gavin et al., 2017).  

The ability of the capillary network to expand is quite remarkable due to its plasticity. Well-

trained endurance athletes may have three to four times more capillaries per muscle fiber than 

sedentary individuals (Hoier et al., 2014). Aerobic exercise training induces an increase in muscle 

VEGF levels. VEGF secretion from skeletal muscle is an essential step in capillary growth. 

Aerobic training may increase capillary to fiber ratio either with or without a parallel change in 

fiber area. The fiber area is usually unaltered. Resistance training differs as it may cause substantial 

change in fiber area that can be matched by an increase in capillary to fiber ratio. The adaptations 

to exercise training have been studied through different training/protocols. Future studies should 

focus on mechanisms underlying VEGF secretion in muscle. It would also be beneficial to further 

study the role the intensity of aerobic exercise may have in enhancing VEGF levels in skeletal 

muscle. 

Adequate skeletal muscle capillarization can enhance muscle protein synthesis by 

ensuring the transport of amino acids and growth factors to muscle fibers (Moro et al., 2019). 

The progressive loss of muscle mass and function that occurs with aging is associated with 

morphological and structural alterations within skeletal muscle. For example, aged muscles have 
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smaller fibers, a phenomenon that is particularly evident in type II fibers, along with a decrease 

in capillary content (Miljkovic et al., 2015). The decline in skeletal muscle mass (sarcopenia) 

advances slowly with healthy aging but can be accelerated by concurrent diseases resulting in 

mobility limitation, disability, frailty, and loss of independence (Larsson et al., 2019). 

Appropriate nutritional interventions and habitual physical activity are often employed to 

counteract the onset of sarcopenia (Bosaeus & Rothenberg, 2016). Resistance exercise training is 

the most effective strategy to increase skeletal muscle mass and strength (Bechshøft et al., 2017). 

Adequate muscle perfusion supports the transport of nutrients, oxygen, and hormones into 

muscle fibers.  

Exercise-induced angiogenesis normally occurs to increase oxygen diffusion and to 

enhance the removal of metabolites during muscle contraction (Hoier & Hellsten, 2014). Exercise 

programs with comparable intensity and volume have similar effects on muscle capillarization 

(Snijder et al., 2017). However, levels of shear stress are mediated by specific mechano-sensors, 

(Hoier & Hellsten, 2014), and thus, different contraction modalities may modify the tension 

applied from the sarcomere to the endothelial cell, resulting in different shear stress intensities. An 

early study suggests that muscle hypertrophy in trained individuals may occur without a parallel 

increase in muscle capillarization (Tesch et al., 1989). However, capillary density and capillary-

to-fiber ratios are lower in untrained/sedentary individuals compared to trained individuals (Zoladz 

et al., 2005). Additionally, endurance athletes present higher capillarization when compared to 

power or strength athletes (Zoladz et al., 2005). To what extent the increase in capillarization 

occurs for the same functional purposes in response to moderate and high-intensity exercise 

remains unclear. 
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High Intensity Interval Training 

Recently, HIIT has attracted growing attention. HIIT is characterized by repeated bouts of 

high-intensity exercise intermixed by low-intensity exercise or passive recovery. Meta-analyses 

have confirmed HIIT to be an appropriate training stimulus to improve cardiorespiratory fitness 

(Weston et al., 2014). Improving cardiorespiratory fitness can reduce the risk of all-cause mortality 

and CVD (Dun et al., 2019). It is widely accepted that lack of time is the most common barrier for 

people to consistently participate in regular exercise. By providing similar benefits to endurance-

styled training in shorter durations, HIIT can serve as an alternative or supplemental training style 

for the public and special populations.  

Increased cardiovascular fitness is associated with enhanced vascular function, and a 

decreased rate of mortality (Torma et al., 2019). Both endurance and HIIT types of training elicit 

large improvements in VO2max. High intensity interval training is one of the best ways to increase 

VO2max and endurance capacity for top athletes and the public. Meta-analyses have confirmed 

HIIT to be an appropriate training stimulus to improve cardiorespiratory fitness and reduce 

metabolic risk factors in patient populations (Weston et al., 2014). Improvements in fitness are 

obtainable with a shorter duration of exercise (i.e., 20 min), if the exercise session incorporates 

bouts of high-intensity exercise (Currie et al., 2015). In one study the difference in the training 

effect between HIIT and endurance was enhanced for older and less fit subjects, suggesting HIIT 

to have appeal for those involved in the fitness programming of older adults and patient 

populations, especially given that the safety concerns associated with HIIT are unfounded. When 

comparing the two modes of training, the gains in VO2max are greater following HIIT (Dun et al., 

2019). Given the well-established link between aerobic fitness and mortality, further investigations 
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into HIIT are therefore recommended to enhance our understanding of the beneficial effects of 

HIIT. 

The ratio and duration of high-intensity and low-intensity intervals are key parameters that 

differentiate MICT from HIIT. HIIT has a significant impact on the skeletal muscle. Studies have 

shown that HIIT is a powerful strategy to improve muscle total fiber amount and type proportions, 

capillary density, as well as the content and activity of glucose and fat oxidative metabolism 

markers (Dun et al., 2019). Interval training at the higher end aims for a peak power output that 

elicits ≥80% peak heart rate (HR). Three common forms of HIIT include intervals of short, 

medium, and long duration. Long-interval HIIT may include 4 sets of high-intensity intervals, each 

lasting 4 minutes interspersed with 3 sets of low-intensity intervals, each lasting 3 minutes. 

Medium-interval HIIT is also commonly used following 8x2 minute high-intensity intervals 

interspersed with 7x2 min low-intensity intervals. For older patients with heart failure, short 

intervals have been commonly used, including a 10x1-minute high-intensity intervals interspersed 

with 9x2-minute low-intensity intervals. Exercise training using high intensity (85-95% peak HR 

or peak VO2 and rating of perceived exertion (RPE) 15-17) with low intensity intervals (50-75% 

peak HR or peak VO2 and RPE 12-14) is proposed for older adults (Dun et al., 2019). However, 

there is no clear consensus on the optimal HIIT prescriptive variables that elicit the greatest 

benefits. 

The effect of high intensity training on capillary growth, endothelial proliferation and 

VEGF levels has also been examined in human skeletal muscle (Jensen et al., 2004). For 4 weeks, 

two knee extensor training regimes were used. One group used 150% of leg VO2max while the 

second group used 90%. Muscle biopsies were obtained throughout the training periods. The 
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results demonstrated that high intensity intermittent training induces capillary growth, but results 

found no significant changes in VEGF levels. 

People of all age groups can benefit from HIIT, and HIIT was recently considered safe for 

special populations including older adults and those with CVD. When prescribing HIIT for these 

groups, specific considerations are necessary as they may experience impaired balance, 

multimorbidity, frailty, and other side effects with age. Modifying HIIT to best accommodate each 

of these factors, making it safe and enjoyable, may facilitate the HIIT adherence in this population. 

One strategy is to include less strenuous exercise intensities for clinical populations compared to 

athletes. It may also be appropriate to use a combination of objective and subjective methods when 

prescribing HIIT. By accommodating for risk factors, more people may participate in HIIT that 

may result in similar or even superior physiological exercise training adaptations compared to 

MICT. 

 

Difference in Physiological Adaptations to Exercise old vs Young 

Aging is associated with a reduction of angiogenic factors with consequent reduced 

angiogenesis in muscle tissue and endothelial cells (Herrera et. al., 2010). The adverse effects of 

aging such as stiffening of large elastic arteries and endothelial dysfunction make aging the greatest 

risk factor for CVD. Vascular aging is driven by oxidative stress which can have detrimental 

effects on the endothelium like reducing NO bioavailability and stimulating changes in the 

extracellular matrix. Regular aerobic exercise is the most evidence-based strategy for reducing 

CVD risk associated with aging in both men and women. Much of this CV-protective effect of 

aerobic exercise is due to its vascular health-enhancing influence. Large elastic artery stiffening 

with advancing age is attenuated in healthy adults engaged in aerobic exercise training, and aerobic 
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exercise interventions improve arterial stiffness in previously sedentary middle-aged and older 

men and postmenopausal women. Regular aerobic exercise also enhances endothelial function 

with aging in men by reducing oxidative stress and preserving NO bioavailability. 

There is lower skeletal muscle capillarization and VEGF expression in aged versus young 

men (Ryan et al., 2006). One study obtained biopsies of the vastus lateralis before and at 4 hours 

after a submaximal exercise bout to measure capillarization and VEGF. The older group had a 

mean age of 65 while the younger group had a mean age of 21 years of age. Both groups were 

previously sedentary. The results were that muscle VEGF mRNA and protein levels were lower 4 

hours after post-exercise in the older adult group. The capillary-to-fiber perimeter exchange and 

muscle capillary contacts were lower in the aged group 4 hours after exercise (Ryan et al., 2006). 

These results confirm that VEGF expression and skeletal muscle capillarization are lower in older 

adult men compared to younger men.  

Another study analyzed VEGF protein and mRNA as well as the VEGF receptor response 

to acute exercise in the vastus lateralis muscle of aged vs young women (Croley et al., 2005). The 

vastus lateralis muscle biopsies were obtained before and after a 4-hour submaximal exercise bout 

for the measurement of morphometry and VEGF and VEGF receptor expression. This study found 

that capillarization surrounding type II muscle fibers, resting VEGF protein, and the exercise-

induced increase in VEGF mRNA are lower in older women when compared to younger women. 

Muscle VEGF was 35% lower in older women at rest, and the exercise induced increase in VEGF 

mRNA was 50% lower on older women compared with younger women. These results indicate 

there may be an aging-related impairment of the angiogenic response to exercise training. In our 

current study, though we did not measure VEGF receptor expression, we hypothesized the older 

adult mice would see lower VEGF protein levels than the younger mice.  



 

   

 

   

 

Chapter III: Methods 

Experimental strategy: 

This study's main purpose was to investigate the impact of age on endothelial (vascular) 

response, in the form of baseline VEGF levels, to HIIT. Second, this study sought to determine the 

impact that age and training modes had on the amount of capillarization in the gastrocnemius 

muscle. For this purpose, homogenized C57BL/6 mice gastrocnemius muscle samples from the 

study by Pajski et al. (2021) were used to determine VEGF expression levels at two days following 

the last exercise bout of a 3-month training period. The Pajski et al. (2021) study's main purpose 

was to evaluate the effect of endurance exercise training protocols on the physical function of adult 

and older adult mice. Comprehensive Functional Assessment Battery (CFAB) is a composite 

mathematical construct that provides a sensitive assessment of the ability of an individual mouse 

to perform complex motor tasks and exercise capacity. This is in relation to the average of a control 

group which can provide a reliable, repeatable, noninvasive, and powerful numerical 

quantification to understand physical function. CFAB is comprised of the well-validated functional 

tests of: rotarod (overall motor function), grip meter (strength), inverted cling 

(strength/endurance), treadmill maximum speed (endurance), and activity/volitional exercise rate 

(using voluntary wheel running) (Graber et al., 2020). In the parent study, Pajski et al. (2021), 

mice were tested for physical function before and after the training period using the CFAB scoring 

system. After training and functional test completion the mice were humanely sacrificed and were 

homogenized. In this current study, western blotting was performed on the homogenate samples 

to detect changes in VEGF expression and immunohistochemistry was performed to determine 

capillarization of muscle cross-sections. 
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Subjects:  

This study used male C57BL/6 mice, which are common in aging studies. The age 

equivalencies to humans are the following: 6-months old (6m) mice are equivalent to a young 

adult human (early to mid-20’s) and 10-months old (10m) at the end of exercise training 

(equivalent to start of middle age in humans correlating to about mid- to late 30’s); 22-months 

old at start (correlates to a human in early to mid-60’s) and 26-months old (equivalent to early 

70’s human) at the end of training (Dutta & Sengupta, 2016). Due to complications incurred 

during the SARS-CoV-2 epidemic, we used a slightly older 28-months old control group (28m, 

equivalent to 78–80 year-old human). The mice were randomly divided into groups: sedentary 

control (CON, 10m, n=8, 6 survived to study end, and 28m, n=5), and high intensity interval 

training (HIIT,10m, n=8; 26m, n=10, 9 survived to study end). Sedentary mice were housed in 

groups in cages with environmental enrichment but with no exercise prescribed. Exercise mice 

followed the exercise programs described below. The mice were obtained from the NIH NIA 

Aging Rodent Colony and Charles River Laboratory and were treated humanely under approved 

IACUC protocols. 

 

Study Design:  

The mice underwent pre-training functional testing and body composition measurement. 

Mice were then randomized into groups (HIIT, CON) following the pre-training bout of functional 

testing (see below for details). 

 

Exercise Training:   Exercise Details: Details are published elsewhere (Pajski et al., 2021).  

 



   

 

19 
 

HIIT: Based off the maximum running speed at failure from pre-training treadmill functional 

testing, the HIIT mice were placed in similarly paced groups. This group, after acclimation, was 

run on an exercise protocol designed to mimic HIIT. The exercise intervention lasted 13 weeks. In 

brief: The mice warmed-up prior to HIIT by walking at 3 meters per minute for 2 minutes. This 

was followed by repeating intervals based upon a percentage of their maximum speed (determined 

during functional testing). The intervals were separated by 1-minute periods of active rest. Upon 

interval completion (mice started out with three intervals and progressed to five as the study went 

on), the mice had a 2-minute cool-down walk at 3 meters per minute velocity. Each interval began 

with a 30 second acceleration step to running speed (set to 75%, 80%, or 85% max speed to 

increase intensity as tolerated), which was maintained for 60 seconds, before ending with a 30 

second deceleration back to walking speed (2 minute total intervals, separated by 1 minute of 

active recovery). At the study midpoint HIIT mice repeated the functional treadmill test and group 

speeds and assignments changed according to how the maximum running speed of each mouse 

had improved HIIT (treadmill running).  

  

CON: Control mice did not exercise and were placed in environmentally enriched cages. 
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Western Immunoblotting   

Western blots were used to analyze VEGF protein concentrations in the homogenized 

mixtures. The first step was to determine the volume that will be loaded into gel wells. A BCA 

protein assay (ThermoFisher Scientific, Product# A53226) was done using manufacturer’s 

instructions to quantify the total concentration of protein in each homogenate sample. These 

concentrations were used for calculating appropriate amounts of homogenate in mixtures for 

Western blots. For this experiment, 12 μl were loaded into 15 μl wells. To get the best results it is 

best to use a protein load that gives a linear range. After optimization, this value was determined 

to be 23 μg. The total volume consisted of Laemmli buffer, -mercaptoethanol (BME), protein 

homogenate and ddH2O. A quarter of the mixture loaded into the wells will be composed of a 9:1 

mixture of 4x Laemmli buffer and BME. The remaining 75% will be a mixture of protein 

homogenate and ddH2O. Double-distilled water is used to dilute the protein homogenate to 

achieve the desired protein load concentration of 23 μg. These mixed samples will go into labeled 

0.5 mL tubes.  

  

Electrophoresis  

  The homogenate samples of interest and Spectra Multicolor Broad Range Protein Standard 

Kaleidoscope Product# 26634 (ThermoFisher Scientific) were thawed and placed on ice. After the 

homogenate samples have thawed, they were vortexed, spun down and stored on ice. Protein 

homogenate was then mixed with ddH2O, followed by appropriate 3:1 Laemmli buffer ratio to 

achieve the proper protein content per well (23 µg, which was determined using a linear range 

protocol-see Appendix B). This is a crucial step for accurate detection of target samples and the 

interpretation of results. The linear range is the span of signal intensities that displays a linear 
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relationship between the amount of target on the membrane and the signal intensity recorded by 

the detector. To find the proper protein content level, wells were loaded with a wide range of 

protein content per well. The signal was then measured to find linear range. The mixed samples 

were then heated for 5 minutes on the block heater at 95° C, briefly vortexed and spun down on a 

mini centrifuge.  

We used premade SDS gels (15 well 4-15% Graduated Acrylamide Gels Biorad, Product# 

4568086). Before the gel lanes were loaded, the comb and tape were gently removed. Schematics 

were created and noted in a notebook to keep a record of which sample was in each well. 

To perform electrophoresis the electrophoresis cell must be set up in a particular way. Gels 

should be placed with the shorter plate facing inward in the cassette. This cassette is then placed 

in the Mini-PROTEAN Tetra cell (Biorad, Product# 552BR 226776). The cell was then filled with 

a running buffer (150 mL 10x Tris/glycine/SDS + ddH20 to 1.5 liter, Biorad Product# 1610772) 

and a stir bar was put into the cell. The cell was set in a shallow container filled with ice and placed 

on top of the stir plate. Once setup was complete, 5 μl of the protein ladder standard (Spectra 

Multicolor Broad Range Protein Standard Kaleidoscope Product# 26634) was loaded in the first 

well of each gel. Then 12 µl of the homogenate sample mixture were loaded into the 15 μl wells 

in the prior to electrophoresis. This was followed by loading 12 μl of the homogenate mixtures. 

Prior optimization determined that power requirements for the electrophoresis system would need 

to be at a constant 200 Volts for 40 minutes.  
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Blotting  

  To prepare for blotting, the 0.20 PVDF membrane (Immobilon-PSQ, Product# 

ISEQ00010) was first activated in 100% methanol for 1-2 minutes. All transfer sandwich materials 

were then equilibrated in the Towbin transfer buffer (100 mL 10x Tris/glycine/SDS + 100 mL 10x 

Tris/glycine then ddH2O to a final volume of 2 liters) for at least 15 minutes including the gel and 

PVDF. Sandwich materials include 2 foam pads per cassette and four pieces of filter paper (Biorad, 

Product# 1703932) per cassette. The transfer cassettes were also put in the transfer buffer before 

creating the transfer sandwich. Once all materials have equilibrated it is time to create the gel and 

membrane sandwich then carefully close it to avoid smearing. The sandwich was then slid into the 

transfer cassette (Biorad Mini Trans-Blot Cell Product# 153 BR112913) with the cathode side 

facing the back of the chamber. The transfer cell was placed in a shallow container filled with a 

transfer buffer to the blotting line. The cell was kept in a container surrounded by ice during 

electrophoresis. An ice pack was also placed in the open side of the chamber. A stir bar was added 

to the cell and stirred at a fast rate. The power settings, determined during optimization, were set 

to 200 constant Volts for 15 minutes.  

  

Immunodetection  

  After the transfer step was completed, the membrane was then washed in 1xTBS 

(composed of 20mM Tris and 150 mM NaCl). The washing was done using a 5-4-3-2-1 process. 

The washing was done using an orbital shaker initially washing for 5 minutes then washed in clean 

1 xTBS for 4 minutes and so forth. After the wash step the membrane was incubated in 25 mL of 

%3 BSA (blocking buffer) and sat on a rocker for an hour and a half. After incubation, the 

membrane was washed once again using the same 5-4-3-2-1 process but with TBST (TBS + 0.05% 
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tween20). Ten mL of blocking buffer (3% BSA in TBST) was used per membrane. The primary 

antibody (VEGF anti-rabbit PolyAb Proteintech Product# 19003-1-AP) was then diluted to a 

1:2000 in the blocking buffer. The membrane was incubated overnight at 30-40 rpm on a rocker 

overnight at 4 degrees Celsius. 

After the overnight incubation, the membrane was washed in TBST. The Goat Anti-Rabbit 

HRP (horseradish peroxidase)-conjugated secondary antibody (Biorad Product# 1706515) was 

diluted to the 1:20,000 dilution factor and used to incubate the membrane for 1 hour at room 

temperature (approximate 21 °C) with gentle rocking. After an hour of incubating in the secondary 

antibody the membrane was washed with TBST following the 5-4-3-2-1 wash protocol. The 

membrane was then washed once with TBS. Pierce Pico PLUS Product# 34578 was the developer 

used. To prepare the developer a 1:1 mixture was prepared with substrates A and B. These are 

sensitive to light, so foil was used to cover the conical tube from light. Ten mL were used for each 

membrane. After the wash step, the membrane was transferred to an incubation container with the 

developer (Pierce Pico PLUS Product# 34578). The incubation container was covered with a foil 

cap to protect it from ambient light and placed on a rocker for 4 minutes. After 4 minutes the 

membrane was placed in a clear sheet protector and taken to the Biorad ChemiDoc MP imager to 

measure chemiluminescence of the horseradish peroxidase. The membrane was then stripped and 

stored.  

 

Stripping 

The membrane was first incubated in mild stripping buffer (200 mM glycine + 0.1% SDS 

+ 1% Tween-20) at room temperature for 10 minutes. The buffer was discarded, and the process 

was repeated with fresh buffer. The membrane was then washed twice with TBS for 10 minutes 
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each wash. Then the membrane was washed twice with TBST for 5 minutes each wash. The 

membrane was then dried and stored. 

 

Immunohistochemistry 

Immunohistochemistry was performed to determine capillarization of muscle cross-

sections. Skeletal muscles used for immunohistochemistry were trimmed, weighed, and then 

frozen in a liquified pool of isopentane. Most of the isopentane was previously frozen solid in 

liquid nitrogen. Prior to freezing, we set the muscle in optimal cutting temperature compound on 

a foil covered cork at relaxed length and straighten from origin myotendinous junction to insertion 

myotendinous junction. The muscle was then submerged in the isopentane for approximately 10 

seconds. After freezing, we gently removed the muscle (embedded in the optimal cutting 

temperature compound) from the cork with forceps, placed it in a pre-chilled (in liquid nitrogen) 

externally treaded cryotube, and then submerged in liquid nitrogen. The muscle was then stored at 

-80°C until ready to be used. 

 

IHC-Fr: Capillary CD31, αSMA and Laminin on Frozen Mouse Muscle 

The first step was to cut the section into the appropriate size. These muscles were cut into 

7µm thin sections and were air dried. The fixed sections were then placed in acetone at -20°C for 

10 minutes. This was followed by a 3-minute wash in PBS and repeated 3 times. The sections 

were then blocked for one hour in MOM Ms IgG blocking (vector, Cat# MKB-2213) (1drop/ml 

of PBS). Using PBS 2 2-minute washes were completed. This was followed by another one-hour 

block in 2.5% NHS blocking solution at RT (Vector# S-2012). The primary antibody, Rt CD31 

(1:100) (BD Biosciences Cat# 550274) was used for an overnight incubation; Ms IgG2a αSMA 
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(1:100) (Santa Cruz Cat# SC-130616); Rb laminin (1:100) (Sigma Cat #L9393) in 2.5% NHS at 

4⁰C. After the overnight incubation is complete PBS was used for a wash step lasting 3 minutes. 

This was repeated 3 times. This was then followed by a one-hour incubation step in 2⁰Ab Gt anti 

Rt IgG Cy3 (1:250) (Invitrogen, Cat# A-10522); Gt anti Ms IgG2a AF488 (1:250) (Invitrogen, 

Cat# A-21131); Gt anti Rb IgG AF647 (1:250) (Invitrogen, Cat# A-21244) in PBS at RT. The 3 

washes in PBS were repeated 3 times. This was followed by an incubation step of 10min in 

DAPI (Invitrogen, Cat# D3571); dilute (100µm) stock (1:10,000 in PBS) at RT. Two washes 3 

minutes each in PBS followed. The slides were then mounted with vector shield mounting 

media. The excess mounting media was drained. The slides were stored at 4°C. 

 

Statistical Analysis  

We presented the data as mean +/- SE (standard error). A one-way ANOVA was used to 

detect changes in means, with LSD (least significant differences) post hoc testing to avoid type 2 

error (false negatives) with our small sample size. Because of our small sample size and low 

observed power, we also compared the two ages of CON, and CON vs. HIIT with independent 

samples Student’s t-tests. Linear regression was used to determine relationships between the data. 

The statistical significance was set at p<0.05, and trends were reported at 0.05<p<0.10. For 

statistical analysis SPSS v28 (IBM) was used. 

 

 

  



 

   

 

   

 

Chapter IV: Results 

VEGF Western Blots 

Western immunoblotting was performed to detect baseline VEGF levels within the 

gastrocnemius in the sedentary control mice and two days after the final exercise intervention in 

HIIT. There appeared to be no statistical significance between groups HIIT, CON) with a one-way 

ANOVA (F=1.262, p=0.312). However, with a large amount of individual variability and low 

sample size leading to a low observed power post hoc testing was done with independent samples 

t-tests. The t-tests indicated no change detected between 10m CON (mean 1.687± 0.643 and 10m 

HIIT (mean 2.205± 1.242, though there was a trend (p=0.075) for increased VEGF in the 26m 

HIIT (mean 1.868± 1.066) versus the 28m CON (mean 1.068± 0.206). Age played a role in 

baseline VEGF content (p=0.048), with older adult control mice (mean = 1.068 ± 0.103) having 

58% less VEGF protein expression than the 10m CON (mean 1.687 ± 0.243). Interestingly, 

exercise restored VEGF levels in 26m HIIT to comparable levels of the 10m groups. See Figure 1 

for more details. Appendix B includes the blot data and images, including the total protein stain. 

Linear regression was used to probe for relationships between functional outcome 

measures (CFAB and treadmill time) and VEGF expression. Notably, there was a decrease in 

CFAB score with increased VEGF levels. See Figure 2 for more details. The literature indicates 

there is a lack of consensus on VEGF levels following exercise training. One study found 

decreased levels of VEGF protein immediately after a one-hour submaximal cycle exercise bout 

and levels were returned to baseline at two hours after exercise (Gavin et al., 2004). Other 

interventions have also found increases in VEGF expression levels (Rullman et al., 2007; 

Gustafsson et al., 2002). For example, 4-hours after submaximal test, VEGF levels were found to 

be increased in sedentary men and women compared to baseline VEGF levels pre submaximal 
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exercise test (Croley et al., 2005). Others found no change in VEGF expression (Hoier et al., 2012; 

Gustafsson et al., 2007). The discrepant results of these studies reflect the complexity of VEGF 

expression. Future studies should focus on elucidating mechanisms and regulation of VEGF 

secretion. 

 

Immunohistochemistry 

In this study we hypothesized that the exercise group would see increased capillarization 

compared to the sedentary control group. The immunohistochemistry protocol was completed on 

the 26m HIIT and 28m CON groups. The representative images can be found in Figure 7 in 

Appendix C. Similar images were used to measure the number of capillaries per cell. The red 

represents CD31 which is a capillary and endothelial marker, the blue represents nuclei (DAPI 

counterstain), and the sarcolemma outline is represented by purple (laminin). The number of 

capillaries per cell was measured as the outcome. Similar images will be completed for the 10-

month HIIT and 10-month control groups in the future for comparison.   



 

   

 

   

 

Chapter V: Discussion 

Vascular endothelial growth factor is a potent angiogenic factor for the growth of new 

capillaries (Gavin et al., 2017). The regulation of VEGF expression is complex. The literature on 

the effect of acute exercise and training on VEGF protein expression is conflicting. In this study, 

using a one-way ANOVA there appeared to be no statistically significant difference in the 

amount of VEGF protein expression levels between groups (10m and 26m HIIT, 10m and 28m 

CON). We observed no significant difference in VEGF concentrations with either age or exercise 

status two days after the final training session, comparing means with a 1-Way ANOVA. 

However, due to large individual variation, we did post-hoc analysis using independent samples 

t-test and found that older mice had significantly less baseline VEGF, VEGF in older HIIT mice 

tended to be elevated compared to controls, and HIIT restored VEGF levels in older mice to 

 baseline levels of young adult mice. Immunohistochemistry results are pending, but we expect 

increased capillarization from HIIT training. Results from the present study suggest that a HIIT 

training mode may not lead to chronically elevated VEGF levels within muscle in adults but may 

do so in older adults. This could be due to the older sedentary mice needing less stimulus to 

provoke an upregulation in VEGF. These mice began the exercise intervention later in their lives 

than the younger adult mice. It is possible the younger adult mice may require more stimulus to 

see the same level of VEGF upregulation. This could be in the form of higher intensity treadmill 

running or increased number in intervals to see the same effect. Future work may investigate the 

role of increased volume or intensity may have on VEGF expression levels in the younger adult 

mice.  Future work is also needed to determine if VEGF increased transiently after acute exercise 

bouts, and whether age plays a role in this response.  



   

 

29 
 

One reason no significant differences in VEGF concentration were observed between 

groups (HIIT, CON) could be that the upregulation of VEGF event was missed, where the changes 

only occurred acutely after a training session and not at baseline. A few studies have focused on 

the time course of VEGF expression in response to acute exercise in human skeletal muscle and 

found that VEGF is upregulated from between one and six hours after exercise with peak occurring 

between one- and two-hours post exercise (Hoier et al., 2013). However, inconsistent results have 

been observed when investigating protein levels of VEGF in human muscle in response to exercise. 

Hoier et al. (2007) analyzed VEGF protein levels at zero, one, and two hours after submaximal 

cycling and reported no change. These results are like another study that reported unchanged basal 

muscle VEGF protein levels after five weeks of training (Gustafsson et al., 2007). However, 

another study observed that the levels were increased at two hours after moderate- to high-intensity 

cycling (Rullman et al., 2007). Gustafsson et al. examined VEGF protein and mRNA expression 

after short-term exercise training and found both were elevated at 10 days (Gustafsson et al., 2002). 

In another study on mice, VEGF protein levels were elevated after seven days of voluntary 

treadmill running with levels being back to pretraining after 28 days of running (Olenich et al., 

2013). Contrary to the findings discussed above, Gavin et al. (2007) found that immediately after 

a one-hour submaximal cycle exercise bout, levels of VEGF protein decreased, and levels were 

returned to baseline at two hours after exercise. This lack of consensus demonstrates the 

complexity of VEGF regulation. Although there is lack of consensus in the literature, it is possible 

that upregulation of VEGF expression is transient and occurs after exercise and could be the reason 

protein levels did not appear to increase with training in our mouse muscle. Further studies should 

focus on mechanisms underlying VEGF secretion in muscle.  
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In this study, we hypothesized that the exercise group would experience increased 

capillarization compared to the sedentary control group. Currently, the immunohistochemistry 

protocol has been completed on the 26-month HIIT and 28m CON groups. Three samples were 

analyzed per group (26m HIIT, 28m CON). The number of capillaries per cell was counted. A 

representative image was provided in Appendix C. No statistical differences were found in the 

number of capillaries per cell between groups as observed in Figure 5 (26m CON, 26m HIIT). The 

immunohistochemistry will be completed in the 10 months groups in a future study. We expect to 

see an increased capillarization among the exercise groups. We also expect that the older adult 

mice will see less capillarization compared to the younger mice groups, likely because aging is 

associated with reduced angiogenesis in muscle tissue and endothelial cells with consequent 

reduction of angiogenic factors (Herrera et. al., 2010). Studies have also observed lower skeletal 

muscle capillarization in aged versus young men after exercise (Ryan et al., 2006). Finding that an 

increased capillarization occurred without a rise in baseline VEGF expression could indicate there 

could have been an acute spike in VEGF shortly after exercise that returned to baseline. This 

finding would be similar to a study that looked at the effect of high intensity training on capillary 

growth, endothelial proliferation, and VEGF levels in human skeletal muscle (Jensen et al., 2004). 

The results demonstrated that high intensity intermittent training induced capillary growth without 

significant changes in baseline VEGF levels. However, further work is needed to determine if 

VEGF increased transiently after acute exercise bouts, and whether age plays a role in this 

response. 
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Conclusion 

Aging is associated with a dominant risk factor for endothelial dysfunction. The fast growth 

of the older adult population in the world makes it increasingly important to find ways of mitigating 

age-related diseases. Improving or maintaining cardiovascular fitness can reduce the risk of all-

cause CVD (Dun et al., 2019). Exercise plays a key role in reducing falls, maintaining good 

physical function, and maintaining a superior quality of life. In most cases exercise is safe and has 

been shown to decrease the risk for secondary cardiac events. Exercise training should therefore 

be emphasized as a part of prevention programs developed for cardiac patients to minimize the 

risk of cardiovascular events.  

Cardiovascular fitness is a more powerful predictor of mortality when compared with other 

well established risk factors such as diabetes mellitus, hypertension, obesity, and smoking (Dun et 

al., 2019). High-intensity interval exercise training has been shown to elicit comparable and/or 

superior improvements in numerous cardiovascular disease risk factors when compared to the 

MICT most commonly in use in cardiac rehabilitation (Keteyian et al., 2014). Moreover, some 

authors claim that HIIT is a superior method compared to aerobic training, to improve diverse 

physiological functions. By providing comparable chronic physiological adaptations with less 

expenditure of time, HIIT style training protocols may enhance exercise benefits in the general 

population, older adults, and special populations such as individuals in a cardiac rehabilitation 

setting. 

In this study, we hypothesized that a prescribed endurance exercise program, in the form 

of HIIT, would better improve endothelial (vascular) health compared to a sedentary control. The 

parameters for endothelial health were VEGF expression and capillarization. In this study there 

was no significant difference between the groups in VEGF expression. This could have occurred 
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due to missing the spiking event of VEGF expression similar to what has been observed in other 

studies. Future studies should focus on elucidating mechanisms and regulation of VEGF secretion. 

There was no significant difference in the amount of capillarization when comparing the older 

adult mice (26m, 28m) HIIT and CON groups. This may be due to our very small sample size. The 

capillaries per cell were analyzed by one person each. To ensure the accuracy of the data a second 

trial should be conducted to ensure accuracy. Increasing the sample size and repeating the capillary 

count per cell, may lead to a better representation of the data that might lead to finding a difference 

among groups. A better understanding of how exercise intensity affects endothelial health would 

be expected to result in a better comprehension of vascular health. This would be significant as 

endothelial cells play a key role in vascular homeostasis. Given the well-established link between 

aerobic fitness and mortality, further investigations on HIIT training can enhance our 

understanding of the beneficial effects of HIIT. Future studies should focus on elucidating 

mechanisms and regulation of VEGF secretion. Specifically, more models should investigate the 

acute VEGF expression levels shortly after exercise bouts and determine if there is a correlation 

between acute VEGF expression bouts and the amount of capillarization. 
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Tables and Figures 

 

Figure 1: VEGF relative expression: age vs. HIIT. Key: circles = sedentary controls (CON), 

diamonds = high intensity interval training (HIIT). Grey = adults (10m, months) and purple = 

older adults (26m or 28m as listed). * = statistically significant by independent sample T-Test 

with p<0.05; # = trend, 0.05<p<0.10. 
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Figure 2: VEGF expression vs CFAB in 26m HIIT responders. Key: Circles = 26m high 

intensity interval training (HIIT). 
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Figure  3: VEGF relative expression: age vs. CFAB difference in 26m HIIT mice. Key: Circles 

= high intensity interval training (HIIT). (AU) = arbitrary units. 
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Figure 4: VEGF expression vs. CFAB in 10m CON and 28m CON mice. VEGF relative 

Expression: age vs. CFAB in 10m CON and 28m CON. Key: Blue circles = sedentary controls 

(CON), grey circles = high intensity interval training (HIIT).  
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Figure 5: Capillary to fiber ratio in gastrocnemius. Key: circles = 28 month old 

sedentary controls (CON), diamonds = 26 month old mice who completed high intensity interval 

training (HIIT).  
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Figure 6: Representative immunohistochemistry images 26m HIIT and 28m CON. 

Representative images: A) 26m HIIT. Upper left = laminin (cell membrane). Upper middle = 

alpha-smooth muscle actin. Bottom left = CD-31 (endothelial marker). Bottom middle = DAPI 

(nuclei). Upper right combined laminin, CD31, and DAPI, Bottom right = all combined B) 28m 

CON. Left = laminin. Middle = laminin + CD-31. Right = All. KEY: red = CD31 

(capillary/endothelial marker), blue = nuclei (DAPI counterstain), purple = laminin (sarcolemma 

outline), green = a-SMA (alpha-smooth muscle actin, arteriole marker). Orange = arteriole 

(overlap of a-SMA and CD-31). The number of capillaries per cell were measured as the 

outcome. 
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APPENDIX B: Western Blot 
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Blot 2 Total Protein 

 

Blot 2 VEGF Expression 

 

Blot 2 Data Analysis 
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Blot 3 Total Protein 

 

 

Blot 3 VEGF Expression 

 

Blot 3 Data Analysis 
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Blot 4 Total Protein 

 

 

Blot 4 VEGF Expression 

 

Blot 4 Data Analysis 

 

 

 

  



 

   

 

   

 

APPENDIX C: Immunohistochemistry 

 

Figure 7: Representative immunohistochemistry image. Representative of a gastrocnemius 

muscle slice image used to measure the number of capillaries per cell. KEY: red = CD31 

(capillary/endothelial marker), blue = nuclei (DAPI counterstain), purple = laminin (sarcolemma 

outline). The number of capillaries per cell was measured as outcomes. 

 

 

 

 

 

 

 

 



 

   

 

   

 

APPENDIX D: IACUC Approval Memo 
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